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Abstract

The motivation of this work is to respond to high cabin 
temperatures within a parked/stationary vehicle which 
may cause discomfort and lead to vehicular heatstroke. 

The system also intends to ensure sufficient limits of oxygen 
within the vehicle cabin to prevent asphyxiation to the cabin 
occupants. The rise in global temperature is affecting the 
quality of air and comfort of occupants inside a parked car. 
There have been several cases reported of pets and children 
being left unattended or unsupervised in a parked car for a 
long period of time which have led to their deaths due to 
asphyxiation. The use of cost-effective materials like high 
density plastics for interior cabin trim have also been proven 

to contribute to cancer because of the emission of benzene a 
carcinogen by these plastics when exposed to extreme temper-
atures for long periods of time. This paper proposes a system 
where an oxygen sensor is used to measure oxygen levels 
within the cabin and an arrangement to lower the windows 
when a low level of oxygen is detected. The system also includes 
a temperature sensor with a suction and blower fan arrange-
ment where the suction fan pulls the hot air out and the blower 
fan pushes fresh air in. This air flow will ensure air circulation 
in a parked car and prevent the stagnation of hot air within 
the vehicle cabin. It was also a crucial factor that this system 
should not interfere or hinder with any other workings of the 
car. This system will be powered by a compact solar system.

Introduction

Vehicular heatstroke and cabin asphyxiation claims 
many lives a year globally. Cabin asphyxiation occurs 
when the occupants inside a vehicle cabin experience 

a decrease in the air quality and experience symptoms like 
drowsiness before eventually passing out. In most cases, it 
also leads to death. Vehicular heatstroke is a more acute condi-
tion of cabin asphyxiation. It occurs when a vehicle is parked 
out in the sun with occupants inside it. The cabin acts like a 
hotbox and displays greenhouse effect. The rising tempera-
tures and falling oxygen levels in such a scenario causes a 
heatstroke on the occupants. This is enough to kill a man 
within minutes. Heatstroke has been identified as one of the 
leading causes of non-traffic fatalities for children under the 
age of 14 [1].

Cause of Fatalities
The minimum amount of oxygen required for a person for 
safe breathing inside a closed cabin (According to Occupational 
Safety and Health administration, USA) is 19.5% of oxygen 
in air [2]. Death mostly occurs in cabins due to rising amount 
of Carbon Monoxide in air when oxygen is used up by the 
occupants. This is called Carbon Monoxide poisoning. The 
resulting consequences are drastic, as just 0.08% of Carbon 

Monoxide in air causes nausea, dizziness and loss of conscious-
ness in 2 hours, while 0.64% of Carbon Monoxide in air causes 
headaches, convulsions and death in 20 minutes [3]. If the 
concentration increases to 1.28% of Carbon Monoxide, death 
is assured within 3 minutes. Presence of other toxic gases can 
also cause fatalities, but Carbon Monoxide poisoning is the 
most recurring case [4].

The many reasons for cabin asphyxiation are closed 
cabins with no outside ventilation, long periods of re circu-
lated air using air conditioning (AC), toxic fumes that form 
when the dashboard is exposed to sunlight for long periods, 
AC gas leakage and possible rise of petrol fumes through AC 
vents. Carbon monoxide being a colorless, odorless gas cannot 
be detected and occupants do not realize that they are losing 
consciousness; they feel drowsy and eventually pass out before 
they realize what is happening to them. This system tries to 
eliminate that issue by detecting such a situation.

Vehicle Heating Dynamics
The windows of a car easily allow the shortwave radiation of 
the sun to pass with a minimal thermal effect on the windows 
but this shortwave radiation has a tremendous impact on the 
interior of the cabin, this shortwave radiation rapidly heats 
up the cabin in a short period of time when the windows are 
closed [5]. This increase in temperature is also a leading cause 
of heat stroke and asphyxiation.
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The desired solution is an automatic, self-sustainable, 
round the clock system to monitor vehicle cabin interiors and 
take preventive and safety measures in case there is a threat 
of asphyxiation. It also has to be a feasible and economic 
solution which should look for alternatives to procedures like 
breaking the glass. Also, the system should be an easy addition 
to vehicles as an aftermarket fitment as manufacturers would 
not favor fitting one as standard as the market for such a 
system is low and limited to families with small children, pets 
and handicapped members.

Air Quality System An air quality sensor monitors the 
oxygen level inside the cabin at all times and provides this 
data to the microcontroller. When the oxygen level falls below 
a preset value (20%) for safe breathing of humans, the micro-
controller relays a signal to the power window motor to act; 
thereby lowering the windows till the oxygen levels are back 
to normal. To make the system work round the clock, a solar 
panel and battery is used to provide autonomous power to 
the system.

The system uses an oxygen sensor to measure the cabin 
air quality at all times. It does so even when the ignition is 
switched off. It also constantly relays its output to the micro-
controller. Here, the incoming data is processed and is 
constantly checked for the preset safe limit for breathable air. 
It is set with a factor of safety to ensure the cabin never reaches 

dangerously low levels of air. If the incoming data is found to 
breach the preset limit, an output is triggered to the relay 2 
(down) wherein the power window is lowered and fresh venti-
lation is allowed to come in naturally. Once the safe limit is 
achieved again, the microcontroller relays the signal to raise 
the windows again (relay 1).

Thermal Management System To detect the variation 
in temperature inside the cabin, two temperature sensors are 
incorporated (DHT 22) both inside and outside the vehicle. 
The above-mentioned temperature sensors were programmed 
so that the system will run as long as the system reaches an 
equilibrium state where there is no discrepancy in temperature.

The relay (relay 3) act as the switch that will turn on and 
turn off the blower fan and suction fan. A relay is an electro-
magnetic switch that can be controlled by a small electric 
current. A 5V supply from the microcontroller will be used 
to energize the relays so that the 12V current will flow from 
the battery to the power window actuator, blower fan and the 
suction fan there by operating the whole system. A solar panel 
is provided to recharge a secondary battery and keep the 
system running.

Hardware Used 

 1. The gas sensor used for the system is a grove oxygen 
sensor that can sense oxygen concentration based on 
the redox reaction in the sensor. The sensor provides a 
voltage proportional to the oxygen concentration in 
the environment. It works off a 5V DC current and 
gives an analog output.

 2. Two temperature sensors (DHT 22) are used. DHT 22 
is a temperature sensor that gives a digital only output 
and works on the principal of thermal resistance.

 3. ATmega 328 is the microcontroller used to control the 
system. This microcontroller will take the input from 
temperature sensors and oxygen sensor. It will 
analyze the input data and activates the system by 
switching on the relays.

 4. Three Single Pole Single Throw (SPST) relays are 
used; two for the power window motor control (one to 
raise the window and one to lower it) and one relay to 
control blower and suction fans. When the input 
signal from the microprocessor is received at the relay 
input, the electromagnet gets energized and the 
contact bridge is closed, thereby providing the motor 
with a 12v supply.

 5. A GSM (Global System for Mobile Communications) 
module is used to relay the alert message as an SMS 
text message to two preset cell phone numbers when 
the safe limit is breached. The module uses a wireless 
modem that works with a SIM card from a 
wireless carrier.

 6. A solar panel and battery are used along with the 
standard 35Ah, 12V battery. The secondary battery 
used is a 12V, 7.2Ah battery. This can be used to 
provide the required power to operate the system. The 
system is wired in such a way that the system takes 
power of the main battery when the ignition is on and 
takes power off the secondary battery when the 
ignition is off.

 FIGURE 1  Heating patterns in a Chevrolet Cobalt (Image’s 
courtesy of GM and Jan Null, San Jose State University - www.
noheatstroke.org.)

 FIGURE 2  The basic electrical layout of the system.
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Working of the System The sensors will take the input 
data of the temperature sensor and also measure the oxygen 
concentration inside the car cabin. The microcontroller will 
analyze this input data and actuate the required relay to 
function according to the condition inside the car cabin.

When a car is parked under direct sunlight, after a certain 
interval of time there will be steady rise in temperature inside 
the cabin. The temperature sensors will detect this tempera-
ture gradient and in-turn activate the system. The suction and 
blower fan will support the system in bringing the internal 
temperature of the cabin closer to ambient temperature.

The oxygen concentration inside the car cabin is moni-
tored with the help of the oxygen sensor. If the car is parked 
with occupants (e.g.: children or pets) for a long time, there 
will be a reduction in oxygen concentration inside the cabin 
due to the buildup of carbon dioxide. If the level of oxygen is 
less than the threshold level, the system will be actuated. The 
rear window of the car will be  lowered for a period of 10 
seconds. Simultaneously the blower fan and the suction fan 
will start working and will continue working till the oxygen 
concertation inside the car cabin becomes normal.

The GSM module will send a message to two preset 
numbers to warn the owner / operator of the vehicle of the 
low levels of oxygen and also of the high internal temperature. 
The owner/operator of vehicle will also be informed that the 
windows have been lowered to bring down the temperature 
and improve oxygen concentration.

Conclusions
The variation of temperature outside and inside the car cabin 
at different timings is listed in the tabular column and a graph 
is plotted to identify the variation of inside temperature 
against outside temperature with and without “Parked Car 
Thermal Management and Air Quality Control System”.

It was found that when the vehicle is parked under direct 
sunlight the “Parked Car Thermal Management and Air 
Quality Control System” could control the rising temperature 
inside the car cabin to acceptable limits. The highest tempera-
ture measured inside the car cabin without the system func-
tioning was 62.27 oC and with the system it was found to 
be 42.63 oC. The system also maintains the oxygen level inside 
the car cabin to a breathable level.

The “Parked Car Thermal Management and Air Quality 
Control System” was able to reduce the adverse effect of 
temperature rise inside the cabin thereby reducing the genera-
tion of poisonous gases and maintaining the oxygen level 
inside the car cabin. It also reduces the deterioration of plastics 
and upholsteries inside the car cabin due to temperature rise.

Future Scope
This system can be implemented in the vehicle cabin without 
major changes to the existing heating and ventilation system. 
The system design can be improved on by comparison of the 
energy consumption between the parked car thermal manage-
ment system and the original air conditioning system. Further, 
the temperature distribution in different areas of the cabin 
can be identified and the system can increase or decrease air 
flow in the high or low temperature areas.
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_____________________________________________________________________ 

Abstract: Environmental legislations are needed in all countries for safeguarding the 

natural resources from all harms. An environmental forensic investigation not just 

involves identifying who the polluter(s) is/are in an environmental pollution episode, but 

also estimating the monetary cost of the damage. There are many occasions where 

polluters were made to pay for the damages they have caused. If an environmental 

forensic investigation reveals the role of more than one party for a pollution event, the 

damage cost needs to be divided proportionate to their involvement in the polluting event. A 

critical analysis of factors currently used by the legal system for differential responsibility 

allocation is made. A suggestion on developing a structured method incorporating 

technical and non –technical factors is made. 

Keywords: Environmental Forensics, Multiple polluters, polluter pays principle, 

differential responsibility 

_____________________________________________________________________ 

Introduction  

An environmental forensic 

investigation not just involves 

identifying who the polluter(s) is/are in 

an environmental pollution episode, 

but also estimating the monetary cost 

of the damage(Block 1998; Stout et al. 

1998; Siddik et al. 2015; Varghese et 

al. 2015). Generally, when damage 

occurs, there occurs loss to lives, 

health, property and goods. However, 

these losses are often considered as 

compensable, for which laws existed 

in all communities, even since distant 

past. But, damages that occur to 

environment were often neglected until 

a few decades back. The remediation 

for environmental losses are not 

covered in many of the country’s civil 

laws.  Nevertheless, the past few 

decades have seen a shift from this, 

and the need for a justifiable 

compensation for environmental 

damage is addressed by many 

environmental statutes and legislations 
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like, Swedish Environmental Code 

(Ministry of Environment and Energy 

1998), the European Union Directive 

on Environment Liability (European 

Parliament 2004), The National Green 

Tribunal Act of India (Ministry of Law 

and Justice 2010), etc. 

Proper procedural and legal 

frameworks are important for 

allocating compensation to the victims 

of pollution and for assigning the cost 

to the polluters, both for compensating 

victims and to pay for clean-up 

activities.  

Apart from the difficulty in 

calculating the actual cost associated 

an environmental pollution, there is 

another challenge, that of identifying 

the parties responsible and their share 

of responsibility. This study 

investigates the legal provisions and 

practices adopted in fixing differential 

responsibility of pollution in different 

parts of the world. The study then tries 

to identify the shortfalls in the 

provisions and practices and goes on to 

recommend a list of factors to be 

considered while fixing differential 

responsibility among the polluters 

when multiple parties are found 

responsible.  

 

 

Some Existing practices and 

guidelines on responsibility 

allocation  

Currently, countries like U.S follow 

certain guidelines for allocating 

responsibilities. Reasonable factors 

known as Gore factors (H.R. 7020, 

96th Cong., 2d Sess. (1980) developed 

by Albert Gore are used as guidelines 

for liability allocation in the U.S. The 

Gore factors include (i) ability to 

distinguish party’s contribution to the 

nature and extent of problem, (ii) 

degree of party’s involvement in 

activities that caused the problem, (iii) 

degree of care exercised by the party, 

(iv) degree of cooperation of the party 

with government agencies, (v) the 

quantity of hazardous waste involved, 

and (vi) the toxicity of waste. But, the 

Gore factors are neither complete nor 

limited (Pos 1994). Many important 

points like profit from acquiring 

contaminated land knowingly (Nagle 

1994,Ferrey 2009) are not  included in 

Gore factors.  

Though not as popular as Gore factors, 

there is another set of factors adopted 

for responsibility allocation named 

after Judge Ernest Torres of the 

District of Rhode Island. These factors, 

proposed in United States vs. Davis, 

31F.Supp.2d 45 (D.R.I. 1998), include 

(i) extent to which costs are related to 

waste for which each party is 

responsible, (ii) each party’s level of 

culpability, (iii) degree to which the 

party is benefitted from disposal, and 

(iv) ability to pay. Torres factors were 

critical in liability allocation of United 
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States v. Consolidated coal Co.184 

F.Supp.2d 723(S.D Ohio 2002). 

However, these factors do not include 

technical parameters like the nature 

and quantity of waste, risk associated 

with the pollutant, its migratory 

potential, etc.  

The Non- Binding Preliminary 

Allocations of responsibility (NBAR) 

framed by Environmental Protection 

Agency (USEPA Agency 1987) serves 

as a guidance material in responsibility 

allocation. While allocating liability 

usually EPA focuses on factors like 

volume of waste, toxicity of waste, the 

mobility of substances and settlement 

criteria’s listed in an interim policy by 

EPA (USEPA Agency 1987). The 

settlement criteria include factors like 

strength of evidence against the 

polluter, ability to pay etc. The waste 

is allocated based on the volume of 

waste among generators if the wastes 

are in commingled form. The liability 

is distributed among owners and 

generators based on the relative time 

they owned or operated the property. 

The NBAR allocates 100% 

remediation cost among the polluters. 

After fixing the liability the NBAR 

results are provided to the PRP’s 

(Potentially responsible party) for 

further negotiations, etc. 

Factors considered by courts for 

responsibility allocation 

In many countries the statutes 

permit the courts to divide the 

responsibility equitably among the 

responsible parties.  The factors 

considered by the courts for equitable 

distribution are many depending on the 

particular case under consideration. 

The courts consider many non-

technical factors for allocating 

liabilities. These factors include 

economic benefits, cooperation with 

remediation agencies, knowledge 

about contamination, strength of 

evidence, agreement between parties, 

etc.  

i) Economic benefits 

 

Economic benefits gained by 

parties from transaction of 

contaminated land was an important 

factor considered by courts in fixing 

liability in a number of cases (United 

States v. Occidental Chemical 

Corp.,965 F.Supp.408 (W.D.N.Y 

1997), Weyerhauser v. Koppers Co, 

771 F. Supp. 1406 (1991, BCW 

Associates Ltd. v. Occidental 

Chemical Corp.( No. 86-5947,  988 

U.S. Dist. LEXIS 11,275 (E.D. Pa. 

Sept. 30, 1988), Redland Minerals v. 

Environmental Agency; Crest 

Nicholson Residential v. 

Environmental Agency([2010] EWHC 

913 (Admin)). In all these cases, a 

contaminated site was brought by the 

existing owner with prior knowledge 

of contamination. These owners were 
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found to have benefitted economically 

from the deal, although, the previous 

owner’s or operator’s activities had 

resulted in contamination.  

 

 

ii) Cooperation with 

remediation agencies 

Cooperation rendered by polluters 

towards remediation agencies was also 

factor in deciding liability. In United 

States v. Tyson, 258 F. Supp. 2d 809 

(E.D Tenn.2003), it was found that the 

existing owner knew about the 

previous operations of the plant that 

were in a hazardous manner and he did 

not inform the regulators on this. The 

current owner was asked by the 

authorities to clean up the site, which 

he refused to oblige.  The owner did 

not render any sort of cooperation with 

the regulating authorities in clean-up 

process. The court identified the 

factors contributing to liability as the 

improper disposal of waste, less 

cooperation of the party with 

government, etc. Court ordered 50 

percent of remediation liability to 

owner and 50 to generator. 

 

In the case of Amoco Oil v. Dingwell 

(690 F. Supp. 78 (D. Me. 1988)), the 

generators had filed a case jointly with 

the USEPA against the owners for the 

poor disposal systems of the site. The 

court allocated 65% of the liability to 

owner and only 35% to generator 

because of the cooperation rendered by 

the generator. 

 

 

iii) Knowledge about 

contamination 

 

Prior knowledge about contamination 

by polluters was used as a factor for 

deciding liability by courts in a 

number of occasions.  In Ellman v. 

Woo case, 90-0718 (E.D. Pa. 1991) 

court distributed the cost of clean-up 

between lessee and owner. The owner 

sued the lessee for contaminating the 

land. However, it was found that 

although the chemicals discharged by 

the lessee was polluting the land, the 

major cause of pollution was 

petroleum products which were 

released neither from the activities of 

lessee nor from that of the owner. It 

was understood that the owner had 

purchased the property after knowing 

about the contamination from 

petroleum products. The lessee argued 

that it should not be asked to pay 

compensation since the contamination 

due to petroleum as well as other 

chemical will cost the same for 

remediation. Since the owner had prior 

knowledge of pollution and the lessee 

also contributed to pollution, each 

were charged 50% of the remediation 

liability. Similarly, in the cases of 

Gopher Oil Co. v. Union Oil Co., 757 

F. Supp. 988 (1990), Taizhou 
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Environmental Protection Association 

of Jiangsu Province v. Taixing Jinhui 

Chemical Company (Min Shen Zi No. 

1366 (Civil Ruling)), court had 

allocated liability among polluters 

based on their knowledge about 

contamination. 

 

iv) Strength of evidence  

 

Strength of evidence plays a pivotal 

role in getting liability allocated 

against a polluter (O'Neil v. Picillo 

case, 883 F.2d 176 (1st Cir. 1989), 

Sterlite Industries (I) Ltd. Vs Union of 

India and Ors. (Original Application 

No. 22/2013 (SZ)). In O'Neil v. Picillo 

case, 883 F.2d 176 (1st Cir. 1989), out 

of the five companies against which 

charges were filed, only three were 

convicted by the court. The Picillos 

had allowed to dump wastes in barrel 

at their site, which later led to heavy 

fire breakout. Two of the five 

companies that dumped their waste 

were not found guilty by the court 

since the state failed to demonstrate 

that the waste discharged from these 

companies were hazardous in nature. 

The court ordered 5.8 million dollars 

as costs to be shared by the three 

companies. 

In the case of Sterlite Industries (I) 

Ltd. Vs Union of India and Ors. 

(Original Application No. 22/2013 

(SZ)), the applicant had filed case 

against the air and water pollution 

caused by the industry. However, the 

tribunal did not grant compensation 

because their claims were not legally 

established due to the lack of 

monitoring data. 

 

v) Agreement among parties 

In some cases involving multiple 

polluters, court may decide upon 

liability allocation after viewing the 

agreements made between parties. In 

the case of Versatile Metals, Inc. v. 

Union Corp., 693 F. Supp. 1563 (E.D. 

Pa.1988), Versatile Metals brought a 

property from Metal Bank. Metal Bank 

was performing the processing of used 

transformers for reclaiming copper 

cores and iron casings. Versatile 

Metals took the possession of the 

property after signing the agreement 

and paying 50,000 dollars to Metal 

Bank. During the agreement period, 

PCB contamination was found in the 

site. They were asked to vacate the 

site. Preliminary assessment of the site 

revealed that the contamination was a 

result of long term and recent spills of 

contaminants into the ground. The 

Versatile Metals did not participate in 

the cleaning process initiated by Metal 

Bank. The plea of Versatile Metals 

was that that the contamination was 

not caused by them. It was caused 

during the possession period of Metal 

Bank. The judgement of the court was 
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in favour of the defendants Metal 

Bank. According to the agreement 

between them, Metal Bank had agreed 

to compensate Versatile Metals for any 

damage that would result from the 

presence of waste in the inventory at 

the time of agreement. But, this was 

subject to certain conditions in the 

agreement. Though the contaminants 

were present at the site when Versatile 

Metals took procession of the property, 

its failure to adhere to the conditions of 

the agreement made them ineligible for 

compensation from Metal Bank. The 

Versatile Metals were asked to pay 

1,107,489 dollars for the clean-up. 

Versatile Metals were found guilty, 

since the contamination had occurred 

mainly due to the mishandling of 

inventory by them. They were held 

responsible for the pollution caused 

during their possession period.  

Similar is the case of State of NY v. 

Shore Realty Corp., 648 F. Supp. 

255(E.D.N.Y. 1986), where the current 

owner was held liable by the court. 

The pollution had started from the 

period of previous owners. However, 

the current owner was asked to pay for 

the remediation of the land. The 

chemicals stored in large drums were 

found during the ownership time of 

current owner. According to the 

purchase agreement between the 

current owner and previous owner, 

Shore had assumed some 

environmental liabilities of the 

previous owner. Therefore, according 

to the court, current owner was liable 

for the clean-up.  

In United States Gypsum Company v. 

Schiavo Brothers, Inc.,(668 F.2d 172), 

Schiavo Brothers had entered into an 

agreement with the Gypsum company 

for disposing the waste generated by 

Gypsum.. United States Gypsum 

Company owned a landfill site in 

southwest Philadelphia. Schiavo gave 

a part of property to automobile 

junkyard dealers. However, by the 

time Schiavo left the place, the site 

was fully contaminated with debris left 

by the junk dealers. The Gypsum 

Company filed a suit against Schiavo 

for contaminating the site, for the 

holdover rent caused due to the 

occupancy of Schiavo beyond the 

tenure period. The court gave its 

judgement in favour of Schiavo, that 

they had not breached the agreement. 

According to the agreement made 

between the parties, Schiavo was 

bound to return the leasehold property 

in the condition in which it was 

received, however reasonable wear and 

tear was accepted. The finding of the 

court was that, the debris left at the site 

was only a reasonable quantity.  

In the case of FMC Corp. v. Northern 

Pump Co., 668 F. Supp. 1285 (D. 

Minn. 1987), the parties FMC and 

Northern Pump entered into an 
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agreement in 1963, by which Pump 

sold all the shares of manufacturing 

plant operated at Minnesota to FMC 

for operating the manufacturing plant 

running there and later a release was 

granted in 1967 for Pump by FMC. 

FMC brought all the assets of Pump 

through this agreement. According to 

the agreement made in 1963, FMC was 

not to assume any liabilities of Pump; 

and Pump agreed to compensate for 

the pollution caused by them.  

However, as per the agreement, 

remediation of any contamination 

determined until 1967 only, was the 

responsibility of Pump. In 1980, 

Minnesota Pollution Control Agency 

found that the south tract of the land 

was used for waste disposal. The 

presence of harmful chemicals 

including trichloroethylene were found 

in the site in 1980.The court found that 

Pump was not responsible for the 

pollution of the site that occurred after 

1967. After analyzing the agreements 

of lease and release, the court absolved 

Pump from all claims which FMC 

raised. 

Technical factors in liability 

allocation 

 The liability allocated among 

the responsible parties should reflect 

technical aspects of the pollution event 

(Marryott et al. 2000). In addition to 

the non-technical factors discussed 

earlier, the courts have, in a number of 

occasions, considered technical factors 

also for responsibility allocation. 

 

 The important technical 

parameters that need to be considered 

while allocating liability includes: 

• Concentration of pollutant in 

the environmental medium 

• Toxicity of pollutant 

• Mobility of pollutant 

 

• Half-life of pollutants 

 

• Solubility of pollutant 

 

• Extent of contamination 

 

In the case of Browning-Ferris 

Industries of Ill. v. Ter Maat, 13 F. 

Supp. 2d 756 (N.D. Ill. 1998), the 

court had used volume of waste as a 

tool in allocating liability. A landfill, 

taken in lease by a party, located near 

Illinois was operated from February 

1969 to March 1971. The operators left 

the landfill in a bad condition and left 

the place. The groundwater was 

suspected of contamination by 

leachate. The owners then leased the 

site to another party Browning-Ferris 

Industries of Illinois, Inc. (BFI). The 

BFI operated the landfill till 1975. The 

owners then leased it to the defendants 

(MIG/AAA/Ter Maat). The Illinois 
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Environmental Protection agency 

asked for the closure of the site. The 

defendants left the site without 

covering the landfill. From the courts 

findings about 83% of waste was 

generated during the period of 

defendants and 17 % during the time 

of BFI. The court allocated 45% cost 

to the operators 40% to generators and 

5 % to owners. The 45% cost was 

proportioned among BFI and MIG 

based on the volume of waste along 

with other factors which the court felt 

appropriate. 

In the cases like United States of 

America, Plaintiff, Appellee, v. 

William M. Davis, et al., Defendant, 

Appellee. ashland, Inc., et al., 

Appellant, 261 F.3d 1 (1st Cir. 2001), 

Kalamazoo River Study Group v. 

Rockwell International Corp., 274 F.3d 

1043 (Dec. 18, 2001), the share of 

responsibility was allocated by the 

court among the parties based on the 

volume of waste they had disposed. 

In the case of AlliedSignal, Inc. v. 

Amcast Intern. Corp., 177 F. Supp. 2d 

713 (S.D. Ohio 2001), the plaintiffs 

Allied Signal was found to dispose 

waste from their coal tar products plant 

in an abandoned sand pit in Ohio 

named Goldcamp disposal area(GDA). 

The defendants Amcast International 

corp. also disposed its waste from a 

foundry in GDA. For the cleaning up 

of the site, the court ordered 72% of 

liability cost to Allied signals and 28% 

to Amcast corp based on the toxicity of 

pollutant. The waste disposed by 

plaintiffs were having very high 

toxicity than that disposed by 

defendants. 

Factors like transport potential of 

pollutant, physical and chemical 

properties of pollutants, etc. also need 

to be considered in liability allocation 

(Mesard et al. 2015). Similarly, the 

area of contamination, volume of 

waste etc. can also be determining 

factors in responsibility allocation 

(Boehm and Murphy 2015). Factors 

like migratory potential of pollutant, 

duration of contamination etc. were 

also considered by courts in some 

cases (Castaic Lake Water Agency v. 

Whittaker Corp., 272 F. Supp. 2d 1053 

(C.D. Cal. 2003), CPC International, 

Inc. v. Aerojet-General Corp., 777 

F.Supp. 549 (W.D.Mich.1991)). 

As the technical expert involved in the 

investigation of the polluting incident, 

it is the responsibility of the 

Environmental Forensic expert to 

clearly present before the court the 

technical factors that need to be 

considered for responsibility 

allocation. The non-technical factors 

may not fall under his terms of 

reference. But, the forensic testimony, 

presented with clear details 

highlighting the role of technical 

factors will result in a situation where 
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the responsible parties are made to pay 

for the damage. Ideally, the technical 

factors should form the basis for 

preliminary allocation, which is 

modified to the extent as demanded by 

the non-technical factors. 

Conclusions 

From the review of different court 

orders, a distinction was made between 

the technical and non-technical factors 

considered in responsibility allocation 

when multiple polluters are involved in 

a polluting event.  Presenting the 

technical factors with due care before 

the court is the responsibility of the 

forensic expert. Sometimes, non-

technical factors outweigh technical 

factors in responsibility allocation. 

But, it is the responsibility of the 

forensic expert to ensure that this is 

neither because of the shortcoming in 

her/his investigation, nor because of 

her/his failure to convince the 

importance of the technical factors to 

the judiciary.  
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A B S T R A CT  

All over the world India bangs the top most position in crash deaths. Nearly 1.2 lakh people die every year 

on Indian roads. Crashes involving rolloverand lateral skidding are now responsible for almost 1/3 of all 

highway vehicle occupant fatalities. So, rollovers and skidding are more serious than other types of crashes. 

One of the major reasons for such incidents is vehicle instability at curves due to its inconsistent geometric 

design. This necessitates a review on current design guidelines followed in India. Many researchers have 

pointed out drawbacks of current design approach and a few have identified various influential factors 

which are significant in curve design to reduce rollover and lateral skidding. When some researchers 

conducted field studies to measure vehicle stability at selected curves, some carried out computer 

simulations. There are efforts to incorporate vehicular characteristics in curve design which is much 

appreciable. This paper aims to project efforts made by researchers to reduce vehicle instability at horizontal 

curves. Moreover, gaps in these research works and scope for further research are highlighted. 

 

Keywords: crash, rollover, skidding, vehicle stability 

1 Introduction 

As per Ministry of Road Transport and Highways, New Delhi (MORTH), about 15% of road crashes on 

highways occur at horizontal curves among which 8% is due to vehicle overturning or lateral skidding. A closer 

look at the crash statistics records of a few years reveals that road crashes involving vehicle overturning and 

lateral skidding are increasing drastically, especially heavy vehicle crashes.  Several studies are conducted to 

identify the factors causing road crashes and prevent them. Crashes are multi causal and are affected by 

numerous factors like geometric design, traffic volume, traffic composition, variation in speed between vehicles 

of the same class and different classes, weather, motivation for travelling, driver's attentiveness and so on 

(Aljanahi et al., 1999).  

James McKnightet. al., 2008 conducted ‘Large Truck Crash Causation Study’ for 967 crashes, with 1,127 large 

trucks, 959 non-truck motor vehicles, 251 fatalities, and 1,408 injuries. The identified causes are misjudged 

speed, insecure loading, inattentiveness, loss of steering control, vehicle characteristics like tire, brake and 

suspension. Numerous research works are carried out by researchers across the world to identify influence of 

geometry on crash rate. Yingxue Zhang et al, 2009 identified curve radius, width, superelevation, transition 

curve and sight distance have important effect on traffic accidents. According to Sunanda Dissanayake and 
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Niranga Amarasingha, 2012, highway design features such as horizontal curvature, vertical grade, lane width, 

and shoulder width influence the occurrence of large truck crashes. 

Vivek Bhuseet al., safety engineers at JP Research India Pvt. Ltd, Pune, India conducted a study on rollover 

crashes involving passenger cars in India using accident data from 2011 to 2016. They observed that fatality 

rate in passenger cars was higher than in trucks. 45% of the passenger car rollover crashes were tripped and 

remaining 55% were untripped rollovers. 50% of passenger cars involved in rollover were SUVs and MUVs 

where as 39% were sedan and hatchback models and vans constituted 11%. 

Current design guidelines for horizontal curves (point mass model) rely on the simple engineering mechanics 

of centrifugal force acting outward the curve being resisted by superelevation provided at the curve and lateral 

frictional force acting at tire-pavement interface. The point mass model is given by: 

 
Where e=superelevation, f = lateral friction factor, V=velocity of the vehicle in m/s, g = acceleration due to 

gravity, R=radius of the horizontal curve 

This model consider vehicle as a point mass with whole mass of the vehicle concentrated at its centre. It does 

not take into account vehicular characteristics. i.e. it treats a motor cycle, a passenger car, a heavy truck/bus 

and a huge truck with trailer in the same manner (Harwood et al. 1994). Even though the model assumes that 

vehicle traverses a uniform circle at constant speed, the nature of horizontal curves in India is too complex 

comprising of compound curves, multiple curves and combined curves. No provision is made for the reduction 

of design lateral friction due to other driving modes such as braking or an erratic emergency maneuver 

(Kontaratos et al. 1994). Another reason for lateral instability of vehicles at horizontal curves is modern heavy 

vehicle design with optimum power/mass ratio to carry heavier load, their-by resulting in higher center of 

gravity position and lower rollover threshold.  

2 Geometric design consistency and Vehicle stability 

More than half of the total fatalities on rural highways are crashes that occur on curves (Lamm et al. 1992). 

Thus, curves and the adjoining transition zones become the most unsafe regions on rural highways. One of the 

main causes for crashes at rural highways is the lack of geometric design consistency, defined as the extent to 

which highway elements are designed to avoid dangerous driving manoeuvres and confirm safety (Al-Masaeid 

et al. 1995). Also, a consistent highway design certifies that successive geometric elements act in a synchronised 

manner, thereby producing harmonized driving without surprising events.  

Highway geometric design consistency can be measured using either of these criteria (1) operating speed(2) 

safety by achieving vehicle stability (3) extend of driver workload (4)alignment indices 

The point mass model is widely used to design horizontal curves on Indian highways. As stated earlier, since 

this method assumes that whole mass of the vehicle is concentrated at its centre and ignore the distribution of 

frictional forces between front and rear tires, Macadam et. al. in 1985 modified the point mass model to 

introduce a front and rear tire at distances a and b from the mass centre at which frictional forces are considered 

separately. This vehicle model is called bicycle model. But this model simply distributes the frictional forces 

equally to front and rear tires of the vehicle model. Later an extension to bicycle model is developed by adding 

width to the vehicle model (Two axle model). That is, two additional frictional factors are added for the outer 

wheels in addition to two frictional factors for the inner wheels. This model has its mass centre at a height h 

from the ground. Due to the effect of body roll and load transfer to outside tires during vehicle cornering, the 
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friction factors that result from the two-axle model are not same as that obtained from point-mass formula 

(Wong 1978, Macadam et al. 1985). 

A more precise full vehicle model is vital to predict behaviour of a cornering vehicle like lateral ride comfort, 

rollover propensity and handling. The most simplified vehicle dynamic model is a two degree of freedom bicycle 

model, representing the lateral and yaw motions. This model can be used to understanding the basics of vehicle 

dynamics. But, it donot reflect the suspension and tire characteristics.14-degree of freedom vehicle dynamics 

modelconsists of a single sprung mass (vehicle body) connected to four unsprung masses (wheels). This model 

being more precise predicts vehicle motion better than the bicycle model. But this model does not consider 

relative wheel movement with respect to body. So, as the degree of freedom increases, the vehicle model 

becomes more precise and gives accurate results. But the model becomes too complex. 

3 Measures of vehicle stability 

The vehicle instability at horizontal curves may be caused by two reasons: Lateral skidding and rollover. 

Passenger cars are more prone to skid laterally and heavy vehicles are more likely to overturn ((McGee 1981, 

Chang et. al., 2001, Said Easa et al. 2003, Mehrara Molan et. al., 2014, Eric Donell et. al., 2015, Al Abdi et. 

al.,2019). The risk of lateral skidding of a vehicle at horizontal curve can be determined by comparing the 

available lateral friction and lateral friction demanded. If the demanded friction is more than available one, the 

vehicle will skid laterally. Similarly, margin of safety again rollover can be found by measuring the lateral 

acceleration experienced by cornering vehicle. If the lateral acceleration experienced by a vehicle turns out to 

be more than its rollover threshold, the vehicle will overturn.  

4 Different approaches to evaluate vehicle stability 

As stated earlier, lateral friction at pavement tire interface and lateral acceleration experienced by the cornering 

vehicle are the main indicators of vehicle stability. There are different methods to measure these indicators. 

One such approach is to conduct full scale field tests. But they are time consuming, laboursome and consume 

large amount of resources. With the introduction of computer simulation technologies, testing of dynamic 

behavior of vehicles in a virtual 3D environment has become ordinary. Computer based modeling approach 

provides economic and safe method to examine dynamic behaviour of vehicles for different geometric design 

variables.  

Some simulation tools commonly used for understanding vehicle performance and behaviour are 

• Automated Dynamic Analysis of Mechanical Systems (ADAMS), from mechanical dynamics Inc. 

• Carsim from mechanical simulation Corporation (Michigan, America). 

• Trucksimfrom mechanical simulation Corporation (Michigan, America). 

• MATLAB-Simulink from Mathworks 

• ANSYS software 

ADAMS, multi body simulation software can simulate moving parts of automobiles and load distribution on 

mechanical systems very well. TruckSim Mechanical simulation calculates the performance characteristics of 

heavy truck or a combination vehicle where as CarSim offers dynamic modeling and analysis of four wheeled 

vehicles. MATLAB-SIMULINK environment can be used to develop road-vehicle-driver model in the form 

of building blocks using graphical user interface but not very helpful for modeling very complex mechanical 

3D systems (Raffaele Di Martino, 2012).  ANSYS, a finite element analysis tool offers numerous platforms like 

ANSYS Mechanical, CFD and multiphysics simulation and hence is highly beneficial to solve any mechanical 
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structural or automotive systems. But the computational power and time requirement is dependent on the mesh 

size. 

Obviously, the final selection of simulation tool is the discretion of research worker and depends on the ultimate 

goal of research, because one does not need to model the entire physics of vehicle but only a part of it. It seems 

that best solution is to couple/integrate different compatible software to arrive at best results. 

4.1 Lateral Friction as vehicle stability measure 

Barnett in 1936, Stonex and Noble in 1940, Moyer and Berry in 1940conducted full scale field tests using ball 

bank indicator device to determine lateral friction available at tire-pavement interface. Average lateral friction 

factor was determined to be 0.15. The point at which driver feels discomfort of lateral shift or overturning and 

undergo immediate reaction like slowing down, steering, or braking was used to find lateral friction values. But 

many researchers pointed out that the design value of friction factor needs to be updated as it was developed 

many years ago(Harwood et al. 1994, Carlson et al.1999).In 1994, Harwood and Mason noted that lateral 

friction demanded was very high for a horizontal curve with overlapping vertical alignment. They also pointed 

out that lateral skidding occured when vehicle crossed the design speed even marginally or when vehicle 

traversed the curve at less than design radius. Later, Morrall and Talarico, 1995 found that using these lateral 

friction values in curve design resulted in safety issues during wet weather. 

Lamm et al. (1995) evaluated design consistency based on vehicle stability using the difference between lateral 

friction demanded and supplied (Δf) as follows: 

• Good design: Δf ≥+0.02 (improvements not needed) 

• Fair design: +0.02 >Δf ≥-0.02 (relation between superelevation and operating speed but be utlised to 

ensure that lateral friction supply will accommodate lateral friction demanded).  

• Poor design: Δf< -0.02 (to be redesigned). 

Amirarsalan MehraraMolan in 2014 conducted vehicle simulation studies on combined horizontal curve with 

longitudinal grade. Based on their results, curves with downgrades experienced greater side friction factors. 

Also, Braking had a pronouncing impact on side friction factors, especially for a sedan car.  

Behrouz Tavassoliet. al. in 2018 utilised vehicle multi-body dynamic simulation modelling to evaluate 

performance of following vehicles: sedan, utility vehicle and truck traversing several scenarios when horizontal 

curves were associated with vertical sag curves. Regression modelling was done to determine the maximum 

lateral friction demand created in various conditions. The outcome of their research stated that the probability 

of skidding increased when a horizontal curve was combined with a vertical sag curve. Moreover, the maximum 

lateral friction between the pavement and vehicle tire was found to occur when the lower part of the sag curve 

and midpoint of horizontal curve coincide. 

The results of Ali Abdi et al (2020) were in contrast to Behrouz tavassoliet.a l, 2018. They concluded that the 

grade and relative position of horizontal and vertical curve to each other did not affect the lateral friction factor 

for the sedan and SUV, and could thus be neglected. But margin of safety against skidding decreased for a 3 

axle heavy truck when it cornered a curve with longitudinal grade. This study also emphasised that curves with 

clothoid transition had considerable impact on increasing the margin of safety, especially for curves with high 

radius. 
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4.2 Lateral displacement as vehicle stability measure 

Alice Boruah et al., 2019 conducted intensive literature review to discover different existing methodologies and 

equipment to measure lateral placement of vehicles at horizontal curves. The paper also presents various 

modeling approaches. They found that studies incorporating different types of curves, vehicles and roadside 

configurations are essential to develop more accurate lateral position prediction models.  

The literature review done by Alice Boruah et al (2019) provides recent updates of lateral position measurement 

methodologies and equipments. In early 1970s to 2000s, video cameras mounted at a fixed position near the 

horizontal curve were used to measure lateral position of vehicles at horizontal curves. This was aided by 

reference markings on the surface of pavement. Some researchers used recording vehicles mounted with video 

cameras at suitable headway distance from the test vehicle. Spacek (2005) used 12 regular delineator  poles 

equipped with a ultrasonic sensor,   LCD  display,  infrared  transmitter  and  receiver,  electronic  part  with  

microprocessor,  memory  card  holder,  charge  and  batteries.  The  measuring  unit  was  capable of measuring 

the lateral distance between  measuring pole and the vehicle. With the advent of latest technologies, some 

researchers (Bella (2013), Hassan & Sarhan (2012)) used driver simulator approaches with drivers of varying 

age group and driving experience.  Even though driver simulator techniques has the advantage  in  testing  

various  conditions and suggested road improvements, discrepancies arise because the driving participants know 

that they are driving a simulator and their concentration levels and safety concerns may not be as fully realized 

as in real world scenario. 

A few researchers (Imran et al. (2006), Maljković&Cvitanić (2016), Cerni&Bassani (2017), Eboli et al. (2017), 

Kozempel et al. (2014)) used GPS and GIS technology to measure lateral placement of vehicles on horizontal 

curves. One of the limitations of GPS method is the lack of standard matching algorithms. A few studies used 

LIDAR technology for lateral positon data collection. Statistical analysis of data collected shows that time  of  

the day,  the travel direction,  vehicle type,  operating speed  and  lateral  placement of vehicle  at  point  of  

entry  had paramount influence on trajectory profile of vehicle at horizontal curve. Also, when passenger cars 

and trucks were compared, differences in lateral placement were found to be higher in cars than 

trucks.(Fitzsimmons et al. (2013)).  

4.3 Lateral acceleration as vehicle stability measure 

Lino O. Garcíaet. al., 1851 conducted field study on a five-axle tractor–trailer unit with various load 

combinations under actual operating conditions through curves of various radii. The loading conditions 

considered were empty, partially load, and loaded with bottled spring water packed in boxes. Even when, the 

tractor trailer unit travelled at or below posted design speed, the actual lateral acceleration experienced by both 

tractor and trailer unit exceed the expected values on the basis of geometric design characteristics. Vehicle 

carrying partial load displayed the highest chance to overturn with lateral acceleration values close to 90% of 

the corresponding rollover threshold. Clearly, this raises questions about the adequacy of current design 

guidelines against rollover. 

Bedard J T in association with Transportation Association of Canada during 1986 developed mathematical 

models which predict rollover threshold of heavy trucks. He identified the important vehicle parameters which 

greatly influences rollover threshold as centre of gravity height, axle characteristics, tire characteristics and 

suspension characteristics. But he also pointed out the difficulty in determining these vehicle parameters with 

greater accuracy. 
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The basic measure of rollover stability is the static rollover threshold, expressed as lateral acceleration in 

gravitational units (g). The rollover threshold of passenger cars were always greater than 1 g. But for light trucks, 

vans, and SUVs, rollover stability wasin the range of 0.8 g to 1.2g. But unfortunately the rollover threshold of 

a loaded heavy truck was much below 0.5 g (Harwood et al. 1994, C. B. Winkler and R. D. Ervin, 1999). With 

worst case loading, the static threshold value may decrease upto 0.25 g. 

Tang Hesien Chang,2001 highlighted the importance of vehicular characteristics in geometric design of 

horizontal curves. He conducted an analytical study by considering vehicle as a sprung mass with suspension 

characteristics to arrive at a better equation which can be used for design of horizontal curves. Design equations 

were presented for both passenger cars and trucks. 

𝑅𝑚𝑖𝑛 =
𝑉2

121(0.5𝑒+𝑓)
     For passenger cars 

𝑅𝑚𝑖𝑛 =
𝑉2

122.5(0.75𝑒 + 𝑓)
For trucks 

Bayburaet. al., 2001 considered lateral jerk as the comfort criterion in geometric design of highways and defined 

lateral jerk as change of lateral acceleration with respect to time created by the centrifugal force on the horizontal 

curve. They stated that lateral jerk must be below the predetermined limit values for the safety and comfortable 

driving. Minimum Horizontal Curve Radius based on the Limit Value of Lateral Jerk was also presented. Said 

M Easa and EssamDabbor in 2003 evaluated the effect of vertical alignment on minimum radius requirements 

using computer simulation: VDM Road, especially using design vehicle as truck. For 3-D alignments, the results 

indicated that current design guidelines for minimum radius have to be increased by as much as 20% to achieve 

roll stability. Minimum radius of horizontal curve was derived by Baykal et. al., 2009 taking into account the 

limit value of the lateral acceleration as follows:  

For highways,  𝑅𝑚𝑖𝑛 =
𝑉2

12.96(√1+𝑒𝑚𝑎𝑥
2 𝑎𝑦+𝑒𝑚𝑎𝑥𝑔

 

Where Rmin is minimum radius of curve, emax is maximum superelevation and V is design speed 

Research carried out by Jin Xu et.Al.(2014) in China compared the influence of curve radius and driver speed 

on lateral acceleration experienced by different variants of passenger cars. The lateral acceleration experienced 

by passenger cars was at comfortable level(<3.5 m/s2) for both six lane and four lane highways. But on two 

lane roads, the lateral acceleration experienced was above comfortable level (>8m/s2). They also arrived at the 

conclusion that driver speed has a positive correlation with lateral acceleration experienced by the vehicle only 

on two lane roads. Curve radius had a negative correlation with lateral acceleration experienced. Based on the 

results of Amirarsalan MehraraMolan, 2014, Downgrades witnessed greater lateral acceleration values for a 

truck than on upgrades. Mehrara et al., 2014projected that the most crash-prone part of a combined curve was 

point of curvature, because of the changes in the steering angle. At point of curvature, the propensity to rollover 

and skidding was 8.5% greater than at any other part of the curve. Faisal Awadallahet. al. 2005 related 

superelevation rates with vehicle speed beyond the speed limit at which drivers start feeling lateral acceleration. 

𝑒 =
(
𝑉 + 𝑉𝑠

3.6 )2

𝑔𝑅
− 𝑓𝑠 

Where, e=superelevation rate in decimal form, V=design speed (kmph), Vx=speed increment above design 

speed before drivers feel lateral acceleration (kmph) g=gravitational constant, R=curve radius (m), fs=design 

side friction factor 

https://doi.org/10.21467/proceedings.112


Remya et al., AIJR Proceedings, pp.515-523, 2021 

 

 

 

 Proceedings of International Web Conference in Civil Engineering for a Sustainable Planet (ICCESP 2021) 

 521  

Dhahir& Hassan, 2016 conducted reliability analysis using vehicle dynamics software CarSim to estimate lateral 

friction demanded and lateral acceleration experienced depending on the geometric characteristics of horizontal 

curves. A quantitative evaluation of curve design in terms of probability of failure (POF), probability of 

noncompliance (PNC), and reliability index (β) was provided in the paper. 

Vehicle dynamics simulation by Ali Abdi et. al., 2017 was to analyse the effect of shoulder properties on vehicle 

roll angle. They concluded that the width, cross slope and material of shoulder influence the roll angle of vehicle. 

Xiaotong Dong et. al. in 2018 developed a high fidelity validated model considering chassis flexibility, 

suspension, tire characteristics and steering input. A three dimensional stochastic road was modelled. The lateral 

acceleration, roll angle and the yaw rate increased with the increase in the velocity and the steering wheel angle. 

Ali Abdi et al (2019) conducted multiple simulations using CarSim and TruckSim dynamic simulation softwares 

on following vehicles: a sedan, SUV, and truck. Speed, deflection angle of curve, gradient, and location of 

horizontal and vertical curves relative to eachother were the simulation parameters considered.The authors 

examined the lateral friction demanded and lateral acceleration experienced by the test vehicles. Deflection 

angle of curve had a significant influence on lateral acceleration experienced by the truck. Recently, Yanna Yin 

et al. (2020) conducted a simulation study by modeling human, road, and vehicle assembly for a utility truck 

with rear wheel drive. They investigated the effect of road geometry, speed and superelevation on the stability 

of the vehicle. For this, lateral acceleration and load transfer ratio was used as measure of vehicle rollover, side 

way force coefficient as a measure of vehicle skidding and side slip angle as measure of vehicle lateral drift. 

Simulation using CarSim software resulted that as super elevation and side way force coefficient increases, road 

safety margin in terms of rollover, skidding and lateral drift improves. But, safety margin decreases much as 

speed of the vehicle increases. A closed loop driver simulation for a quasi static rigid vehicle model with 27 

degree of freedom was used.  

5 Concluding remarks and scope for future research 

Obviously, the rollover propensity of heavy vehicles is an important issue that has caught the attention of 

government agencies and engineers. This paper presents a review of existing literature on the vehicle stability 

at horizontal curves. Various lateral stability indicators: Lateral friction demanded by the vehicle, Lateral 

acceleration experienced by the vehicle and lateral position of vehicle are subjected to a closer look. The 

different factors contributing to the instability of the vehicle on a curve are investigated. The various data 

collection methodologies used over the decades from ball bank indicators, video cameras to latest driver 

simulation approaches and their benefits have also been presented.    

Following are the major findings from literature: 

• Current design procedure for horizontal curves does not consider vehicle characteristics like size, loading, 

suspension and tire characteristics etc. 

• Current design procedure does not give proper guidelines to design other than simple horizontal curves 

• Point mass model’s adequacy to access vehicle motion is doubtful 

• Lateral friction demanded at tire-pavement interface exceeds expected expected values even at slight 

increase in operating speed from design speed 

• Lateral acceleration experienced by a cornering vehicle varies with position of centre of gravity of the 

vehicle and therefore depend on vehicle size and loading condition. 
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A closer look of the literature indicates that a limited number of factors like operating speed, curve radius and 

superelevation have been analyzed. Extensive studies relating to the negotiation of different vehicle classes on 

different types of curves can lead to significant insights which help in the development of  the prediction 

models.  
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Abstract. Saline water intrusion is one of the global issues, which increases the demand for 
freshwater around the coastal region. The saline content in drinking water makes so many 
health impacts on human beings. There are many new technologies available for reducing 
salinity such as desalination, membrane technologies, reverse osmosis, etc. But these are 
expensive too. There is a need for cost-effective treatment which is suitable for domestic 
purpose in coastal regions. In this paper, a new technique is introduced which reduces the 
saline content in groundwater by installing this barrier device in wells of coastal regions. A 
non-woven Geo textile along with natural zeolite is used as a filter cum adsorption unit. Tests 
results show a decrease in electrical conductivity and total dissolved solids with an 
increase in filter thickness for all selected salt concentrations irrespective of the adsorbent 
materials used viz., natural zeolite and thermally activated natural zeolite. This indicated a 
reduction in chloride ions as the only salt added to the water samples tested was 
commercial salt. Authors suggest that a thermally activated zeolite filter could be a 
possible cost-effective, efficient and easy solution for increasing saline water intrusion 
issues in coastal drinking water wells. 

1.  Introduction 
Saltwater intrusion, which is the induced flow of saline or brackish water into freshwater, is an ever-
increasing problem in coastal areas. Seawater intrusion is often regarded as the only factor causing 
saltwater contamination. But, there are seven other causes of salinity in groundwater like tidal and 
storm surges, pollution from agricultural land, etc [1].Once saltwater intrusion occurs, the changes in 
the aquifer may be permanent or may take many years to recover. 

Saline water intrusion impacts are associated primarily with losses of freshwater resources and 
contamination of water supply wells, and only a few studies consider adverse ecological impacts 
directly linked to saline water intrusion. Environmental degradation arising from this is commonly 
linked to the application of high salinity groundwater in agriculture, resulting in modified soil 
chemistry and reduced soil fertility [2]. While the direct and indirect intrusion of salinity in fresh 
groundwater affects human well-being, its serious implications on population health must be clearly 
understood. Owing to the use of saltwater, numerous diseases including skin ailments, hair fall, 
diarrhoea, gastric diseases, and high blood pressure are suffered. 

A lot of techniques have been used to manage/control salt/seawater intrusion and protect 
groundwater resources. The principle is basically to reduce the volume of saltwater intrusion and 
increase the volume of freshwater. Mahesha [3] and Rastogi et al. [4] combined the methods of 
injection of freshwater and extraction of saline water to increase the volume of freshwater and to 
reduce the volume of saltwater pose effective but the setback is the cost factor involved in the 
construction and maintenance of the wells. Several of these methods are costly and some might not be 
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applicable in certain cases especially with the growing population and increasing demand for water [5-
6]. Another technique of control is maintaining a seaward hydraulic gradient and a proportion of the 
natural freshwater recharge flowing into the sea. The movement may be insignificant, but in 
collaboration with other methods, it is possible to eradicate saltwater intrusion [7]. Application of a 
geotextile material along with sand, as a new absorbent has been reported for fluoride and other salts 
removal [8]. 

Extensive researches have been carried out to investigate saline water intrusion in coastal aquifers. 
However, a limited number of researches have been directed to study the control of saline water 
intrusion into a coastal well in a cost-effective manner. Hence this project aims to provide a better 
method to reduce saline water intrusion by introducing a filter unit inside the well. 

2.  Materials used 

2.1.  Natural zeolite 
Natural zeolites, a hydrated alumino silicate mineral, in fine grade powder form used in this study was 
collected from Sam Industries, Gujarat. Natural zeolites are well known for their adsorption behaviour, 
cation exchange capacity, low density and high porous structure. The physical and chemical properties 
of the zeolite used in the study are provided in Table 1. 

Table 1. Properties of Natural Zeolite 

Grade Natural Zeolite Fine Powdered (Clinoptilolite) 
Type Adsorbent 
Formula (Na K)6 (Si30Al6O72)H2O 
Si / Al Ratio 4 – 5 
Main Cation Na, K, Ca 
Cation Exchange Capacity 2-2.6 meq/g 
Specific Gravity 1.89 
Pore Diameter 4 - 7 angstroms 
Specific Surface Area 40 m2/g 
Specific Weight 2.20 – 2.44 g/cm-3 

2.2.  Thermally activated natural zeolite 
The natural zeolite in powder form was thermally activated by heating in a hot air oven to a 
temperature of 2250C for 3 hours. Thermal activation will increase the adsorption efficiency of natural 
zeolite. 

2.3.  Sand 
Sand-filled behind the filter unit inside the L-shaped tank was procured from Manali river, Amballur, 
Kerala. It had a specific gravity of 2.67 and an effective particle size of 0.35mm, while the uniformity 
coefficient and coefficient of curvature were 3.7 and 1.07 respectively. The maximum and minimum 
dry unit weights were 16.28kN/m3 and 13.73 kN/m3 respectively. The river sand was washed several 
times, sun-dried and sieved through 1.18 mm IS sieve to get the required gradation and was filled 
behind the filter unit in the L-shaped tank. 

2.4.  Geotextile fabric 
Non-woven needle punched monofilament geotextile made of polypropylene used in the study was 
purchased from Sri Raghavendra Textiles, Thiruvallur, Tamilnadu and the material specifications are 
listed out in Table 2. The geotextile acts as a separation layer and prevents the intermixing of sand and 
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adsorbent during the flow process. The geotextile having an apparent opening size of 0.065mm was 
found to satisfy the permeability criteria and retention criteria to be satisfied by a filter fabric with 
respect to the gradation of zeolite filled inside it. 

Table 2. Properties of Geotextile fabric 

Type Non-Woven Needle Punched Monofilament Polypropylene 
Thickness 1 – 2 mm 
Application Filtration 
Min. Grab Elongation 20 % 
Gab Tensile 150 lbs 
Puncture Resistance 45 lb 
UV Resistance 70 % at 2500 hr 
Tear Strength 135 N 
Pore Size 0.5 mm 
Mass / Unit Area 156 g/cm2 
Apparent Opening Size 0.065 mm 
Porosity 85.4 % 
Permittivity 2.50 s-1 

2.5.  Saltwater 
TDS values are usually highest during the summer season indicated by a rise in Chloride, Sodium and 
Hardness according to the rise of TDS concentration. The values of the highest and lowest TDS 
measurements from some of the previous studies were noted and test solutions were prepared by 
dissolving commercial salt into freshwater at three different concentrations 35 g/L, 4.8g/L, 0.87g/L to 
attain high, medium, low concentration level. The pH of these solutions ranged between 6.5 to 6.7 and 
the electrical conductivity and TDS values were as shown in Table 3.  

Table 3. Characteristics of saltwater used for the study 

Salt Water Solution EC (mS) TDS (ppt) 
High concentration 59.14 32.50 
Medium concentration 11.10 6 
Low concentration 3.40 2 

3.  Methodology 

3.1.  Filter unit 
The filter unit consisted of a non-woven geotextile bag filled with the adsorbent at a density of 1.2 
g/cm3. It had variable thickness (5cm, 7cm, 9cm, 12cm, 15cm) and a cross-section of 10cm x 10cm 
across which the flow would occur in a horizontal direction. To retain the desired size and rectangular 
shape, the entire filter assembly was set inside a frame made up of aluminium sheets by stitching the 
geotextile fabric onto the frame. The aluminium frame was chosen as it is non-corrodible when in 
contact with saltwater. A sponge of 3cm thickness was also provided at the outlet side of the filter unit 
to draw out clear water and rubber bushes were provided to avoid leakage of flow. 

3.2.  Experimental setup 
The experimental setup comprised of three tank units made with transparent acrylic sheets of different 
dimensions and shape. The schematic diagram of the test setup is shown in figure 1(a). The first unit, 
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which was the feeding tank unit, comprised of two rectangular tanks of dimensions, 40 x 30 x 30 cm 
with a capacity of 36 L and 30 x 20 x 20 cm with a capacity of 12 L. It was provided with a regulating 
valve to control the saltwater inflow and to maintain a constant head throughout the test. The second 
tank unit was an L-shaped tank filled with sand into which the filter unit can be inserted in the slot 
towards the outlet end as shown in figure1(b). The water coming out through the filter unit was 
collected in the third tank (collection tank) and was tested for required properties. 

 
(a)       (b) 

Figure 1. (a) Schematic diagram of the experimental setup (b) L-shaped tank with filter unit 

3.3.  Test details 
A preliminary batch adsorption study was conducted before the detailed tests on filter units to 
ensure the effectiveness of natural zeolite as an adsorbent material and to understand its 
adsorption behaviour. Jar test apparatus was used to ensure proper mixing and contact period 
between the saltwater (high concentration) and natural zeolite. After 100 revolutions in the jar test 
apparatus, the solution was kept undisturbed and allowed to settle. Samples were taken from the 
middle of the solution after 15 minutes and 45 minutes to conduct tests on Electrical conductivity 
(EC) and Total Dissolved Solids (TDS) as these two parameters indicate the salt concentration in 
water.  The batch adsorption study ascertained that an increase in adsorbent dosage and contact 
period improves the salt removal efficiency. But the contact period cannot be increased beyond a 
certain limit in the case of a filter unit designed for coastal wells. So as an alternative, the natural 
zeolite was thermally activated so that the contact time can be modified accordingly. The 
adsorption mechanism of natural zeolite can be well explained by the Electrical Double Layer 
theory. 

The preliminary study was followed by a detailed experimental analysis to determine the salt 
removal efficiency of the two filter units viz., Natural zeolite filter unit and Thermally activated 
natural zeolite filter unit. Tests were conducted at different filter thicknesses (5cm, 7cm, 9cm, 
12cm, 15cm) and input salt concentrations (high, medium, low). The 5cm, 7cm, 9cm, 12cm and 
15cm thick filters had adsorbent dosages in the order of 100g, 150g, 200g, 250g, 350g 
respectively. The head of flow was kept constant throughout the filtration process. The effect of 
filter thickness on the salt removal efficiency at different salt concentrations was analyzed based 
on Electrical conductivity and TDS test results of the filtered saltwater coming out from the filter 
unit. The performance of both the filter units was compared and the results are presented in the 
following sections. 

4.  Results and Discussions 

4.1.  Batch adsorption study 
Figure 2 (a) and (b) shows the percentage reduction in EC and TDS with an increase in adsorbent 
dosage at different contact periods for high concentration salt solution (with initial values of 
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59.14mS and 32.50ppt for EC and TDS respectively). The percentage reduction in EC and TDS 
was found to increase with an increase in zeolite dosage with a maximum value of 20.41% for EC 
and 27.60% for TDS. Thus, it is clear that by increasing adsorbent dosage salt removal efficiency 
can be increased. The efficiency can still be increased by providing a sufficient contact period for 
adsorption. The above conditions can be achieved in a filter unit by increasing its thickness while 
remaining within the limitations on the thickness of a filter unit that can be installed in a well. 
The test results are tabulated in Table 4.  

 
(a)     (b) 

Figure 2. Variation of EC and TDS with adsorbent dosage 

Table 4. Effect of adsorbent dosage on saltwater removal at different contact time 
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A
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r 
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A
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r 
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High -
concentrati
on 

4 53.05 29.70 49.95 25.87 10.30 15.54 8.62 20.40 
6 52.72 29.52 49.16 25.07 10.86 16.88 9.17 22.86 
8 51.27 27.68 48.38 24.19 13.31 18.19 14.83 25.57 
10 50.84 26.43 47.07 23.53 14.03 20.41 18.68 27.60 

4.2.  Natural zeolite filter unit 
The effect of filter thickness on EC and TDS at three different salt concentrations and varying filter 
thickness are presented in table 5. The initial values of EC for high concentration, medium 
concentration and low concentration salt solutions were 59.14mS, 11.10mS and 3.40mS respectively 
whereas the initial values of TDS were 32.5ppt, 6ppt and 2ppt respectively.  

Figure 3(a) shows the variation of electrical conductivity with an increase in filter thickness. It 
can be observed that the EC decreases with an increase in filter thickness irrespective of the 
concentration of the saltwater. Another major observation was that the filter unit was most 
effective for treating low concentration salt solution with a maximum percentage reduction of 
38.53% when compared to the medium and high concentration solutions. 

TDS also showed a similar trend as that of electrical conductivity (see Figure 3(b)) The TDS 
removal efficiency increased with an increase in filter thickness. The percentage reduction varied 
from 16.50% for a filter thickness of 5cm to a value of 40% for a filter thickness of 15cm for a 
low concentration salt solution. 
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4.3.  Thermally activated natural zeolite filter unit 
A study similar to the one done for natural zeolite was done with thermally activated natural zeolite as 
an adsorbent in the filter unit. EC and TDS tests on treated saltwater coming out from the filter unit 
were conducted at different filter thicknesses and input salt concentration. Test results are 
presented in Table 6. 

Figure 4 (a) and (b) illustrate the variation of EC and TDS with filter thickness for thermally 
activated zeolite filter unit. Both the parameters followed a similar trend as in the case of natural 
zeolite filter unit. The EC and TDS decreased with an increase in filter thickness for all selected 
salt concentrations. The percentage reduction in EC and TDS varied from 38% to a maximum 
value of about 48%. A significant observation was that the thermally activated filter unit was 
effective on all salt concentrations with almost the same maximum percentage reduction attained 
in all the cases. So, it can be believed that a thermally activated zeolite filer unit of 15cm 
thickness can be effectively used as a barrier for a wide range of salt concentrations. 

Table 5. Effect of natural zeolite filter thickness on EC and TDS 

Concentration of 
solution 

Filter 
Thickness 

(cm) 

EC 
(mS) 

TDS 
(ppt) 

% Reduction 
in EC 

% Reduction 
in TDS 

High 
concentration 

5 53.04 28.64 10.31 11.88 
7 50.56 27.30 14.51 16.00 
9 47.40 25.59 19.85 21.26 

12 43.28 23.37 26.82 28.09 
15 37.60 20.56 36.42 36.74 

Medium 
concentration 
 

5 10.12 5.54 8.83 7.67 
7 9.73 5.18 12.34 13.67 
9 9.08 4.89 18.20 18.50 

12 8.26 4.35 25.59 27.50 
15 7.05 3.65 36.49 38.50 

Low 
concentration 

5 3.03 1.67 10.88 16.50 
7 2.89 1.61 15.00 19.50 
9 2.73 1.51 19.71 24.50 

12 2.42 1.41 28.82 29.50 
15 2.09 1.23 38.53 40.00 

 
(a)       (b) 

Figure 3. Percentage reduction in (a) EC and (b) TDS in natural zeolite filter unit 
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4.4.  Comparison Between Performance of Natural Zeolite and Thermally Activated Zeolite as 
Adsorbent 
Figure 5 (a) and (b) shows the comparison between the salt removal efficiency of the two filter 
units in terms of percentage reduction in EC and TDS for medium concentration salt solution. 
When compared to natural zeolite, thermally activated zeolite was found more effective in 
reducing the salt concentration in water. Thermally activated zeolite showed a maximum 
percentage reduction of around 47% for all filter thickness tested. This can be advantageous when 
it comes to a reduction in filter thickness and size. The increased efficiency might be due to an 
increase in pore volume resulting from the expulsion of water molecules from the zeolite matrix 
on thermal activation. Also, the Si/Al ratio increases which enable efficient adsorption of ions on 
to zeolite particle. 

Another significant observation during the study was that the pH of the saltwater solution after 
passing through the filter unit did not vary much when compared to the value before. The pH 
ranged between 6.5 to 6.7 before filtration and 6.6 to 6.8 after filtration. 

Table 6. Effect of thermally activated natural zeolite filter thickness on EC and TDS 

Concentration of 
solution 

Filter 
Thickness (cm) 

EC 
(mS) 

TDS 
(ppt) 

% Reduction 
in EC 

% Reduction 
in TDS 

High 
concentration 

5 36.16 20.02 38.86 38.40 
7 35.20 19.46 40.48 40.12 
9 33.54 18.34 43.29 43.57 

12 32.22 17.56 45.52 45.97 
15 31.13 16.90 47.36 48.00 

Medium 
concentration 
 

5 6.61 3.62 40.45 39.67 
7 6.46 3.54 41.80 41.00 
9 6.23 3.33 43.87 44.50 

12 6.10 3.26 45.05 45.67 
15 5.79 3.15 47.84 47.50 

Low 
concentration 

5 2.01 1.16 40.88 42.00 
7 1.93 1.12 43.24 44.00 
9 1.88 1.09 44.71 45.50 

12 1.84 1.07 45.88 46.50 
15 1.79 1.05 47.35 47.50 

 
(a)      (b) 

Figure 4. % reduction in (a) EC and (b) TDS in Thermally activated natural zeolite filter unit 
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(a)     (b) 

Figure 5. Comparison between percentage reduction under low concentration in (a) EC and      
(b) TDS for natural and thermally activated zeolite filter  

5.  Summary and Conclusions 
A decrease in electrical conductivity and total dissolved solids was observed with an increase in 
filter thickness for all selected salt concentrations irrespective of the adsorbent materials used 
viz., natural zeolite and thermally activated natural zeolite. This indicated a reduction in chloride 
ions as the only salt added to the water samples tested was commercial salt. The efficiency of salt 
removal can be easily enhanced by increasing zeolite dosage and contact period which can be 
achieved by increasing filter thickness. Natural zeolite filter could achieve a maximum 
percentage reduction of 38.53% and 40% in EC and TDS respectively. By modifying natural 
zeolite by thermal activation, the EC and TDS can be reduced further. With a 15cm thick filter 
unit of thermally activated zeolite, it was possible to reduce the EC and TDS by around 47% at all 
the concentrations of saltwater tested. The filter unit with thermally activated zeolite 
accompanied by a geotextile separator can be used as a potential barrier for reducing saltwater 
entry into coastal wells with no significant variation in the pH of water. A thermally activated 
zeolite filter could be an efficient and easy solution for the saline water intrusion issues in coastal 
drinking water wells. 
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Abstract. Liquefaction induced damages are plenty and cause various levels of destruction to 

civil engineering infrastructure. It is possible to prevent liquefaction-induced hazards by 

understanding the mechanism and adopting some improvement techniques or design the 

structure to resist the soil liquefaction. In the present study, the influence of cyclic preloading on 

the liquefaction resistance of sand-silt mixtures is analyzed by conducting undrained cyclic 

triaxial tests on the cylindrical samples reconstituted at medium dense conditions (Dr = 50%). 

All samples were tested at an effective confining pressure of 100 kPa by varying the cyclic stress 

ratios (CSR) in the range of 0.127 to 0.178 using a sinusoidal waveform of frequency 1 Hz. The 

results are presented in the forms of the pore pressure build-up, axial strain variation and 

liquefaction resistance curves. Test results indicate that the liquefaction resistance of silty sands 

is increased substantially with the application of preload under drained conditions.  

1.  Introduction 

Liquefaction induced damages are plenty and cause various levels of destruction to civil engineering 

infrastructure. It is possible to prevent liquefaction-induced hazards by understanding the mechanism 

and adopting some improvement techniques or design the structure to resist the soil liquefaction. The 

first possibility is to avoid the construction on liquefiable soil deposits as far as possible. However, it is 

mandatory to utilize the available land for the various infrastructure developments due to scarcity in the 

availability of land even it does not satisfy the required properties. Hence, the second option is to make 

the structure resistant to liquefaction by adopting deep foundations. Nevertheless, the deep pile 

foundations may not prevent liquefaction damages in all cases.  Piles are causing to deflect in 

liquefaction susceptibility zones. Hence, the third option is liquefaction mitigation which involves 

improving the strength, density, and drainage characteristics of the soil. The selection of the most 

appropriate ground improvement method for a particular application could depend on many factors 

including the type of soil, level, and magnitude of improvement to be attained, required depth and extent 

of the area to be covered.  This paper presents an experimental study regarding the applicability of 

preloading for the improvement of liquefaction resistance.  

2.  Literature review 

Preloading of the soils occurs naturally (for eg., erosion, the flow of groundwater, etc)  or artificially  

(purposeful preloading to improve the soil properties, demolition of structures, etc). A few researchers 

have analyzed the liquefaction resistance of preloaded soils. The details are given in Table 1.  
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Table 1. Studies reported by various authors  

Author Remarks 

Finn et al. [1] Cyclic preloading improves the resistance of sand 

Ishihara and Okada [2] Cyclic preloading at higher amplitudes reduces the cyclic strength of 

sands 

Stamatopoulos et al. [3] Preloading can decrease significantly the danger of liquefaction, at 

least in the free field. 

Bouferra and Shahrour [4] Preloading at great amplitudes increases liquefaction susceptibility 

Wichtmann et al. [5] The samples with preloading experience the high liquefaction 

potential 

Lopez and Modaressi [6] The usage of preloading reduces the rate of pore pressure which is 

build up in the soil (conclusion based on FEM analysis) 

Stamatopoulos and Balla [7] prestress ratio and cyclic shear strength are directly proportional 

Stamatopoulos et al. [8] Conducted field experiments to prove the effectiveness of preloading 

in liquefaction mitigation 

 

The above review highlights that in most cases, preloading improves liquefaction resistance; but 

some scholars reported contradictory findings [5]. Hence this work attempts to study the influence of 

cyclic preloading on liquefaction resistance of sand and sand-silt mixtures. 

3.  Methodology 

In this study, the authors utilized the soil combinations obtained by mixing various amounts of non-

plastic fines by weight into the sand.  The basic laboratory tests were performed on soil combinations 

to find the index properties. The gradation curves derived from the particle size analysis are shown in 

Figure 1. Table 2 summarises the obtained properties of soil combinations.  

The cyclic triaxial testing (conducted in computerized triaxial equipment) involves various stages 

such as sample preparation, saturation of soil, consolidation, application of drained preloading and 

application of the undrained loading. A detailed description of each stage is given in [9]. 
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Figure 1. Particle size distribution curves 
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Table 2. Basic properties of various soil combinations [9] 

Notation FS SS10 SS20 SS30 SS40 

Fines content (%) 0 10 20 30 40 

G 2.62 2.66 2.71 2.72 2.69 

D50, mm 0.28 0.26 0.23 0.2 0.15 

Cu 2.36 4.00 4.67 6.25 7.33 

Cc 0.87 1.28 1.17 0.72 0.74 

ρmax, g/cc 1.66 1.71 1.81 1.86 1.79 

ρmin, g/cc 1.41 1.44 1.48 1.52 1.42 

ρtest, g/cc 1.52 1.56 1.62 1.67 1.58 

 

4.  Results and Discussions 

Cyclic triaxial tests were performed on the silty sands with and without preloading. The samples were 

prepared by combining the moist tamping - under compaction procedure [10] at medium dense 

conditions and consolidated at an effective pressure of 100 kPa. Initially, the samples were subjected to 

5 and 10 cycles of preloading with CSR = 0.076 in drained conditions. The samples were then subjected 

to the cyclic stress amplitude of 0.127, 0.152 and 0.178 in undrained condition until failure.  

Figures 2 to 6 show the effect of cycles of preloading on the undrained response of silty sands (tested 

at CSR = 0.178). Table 3 summarises the effect of cycles of preloading on undrained response and 

liquefaction resistance of silty sands. The number of cycles to liquefaction (i.e., when the excess pore 

pressure becomes equal to the effective consolidation pressure) is given in the table.. 

It is evident from the figures that the pore pressures build up and axial strain propagation become 

more gradual in the soils which are subjected to drained preloading than in the soils without preloading. 

Preloading slows down the build-up of pore pressures during undrained cyclic triaxial loading. Also, it 

is worthy to note that the soil samples with cycles of preloading experience both the compression and 

extensional strains whereas the samples without preloading only experience compression strains. The 

samples become more resistant to liquefaction and withstand large deformations when they are subjected 

to preloading in drained conditions. Similar trends were observed in other tested CSRs too. 
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Figure 2. Results of FS sample 
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Figure 3. Results of SS10 sample  
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Figure 4. Results of SS20 sample  
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Figure 5. Results of SS30 sample  
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Figure 6. Results of SS40 sample  

Table 3. Summary of results 

Soil 
Cycles of preloading 

0 5 10 0 5 10 0 5 10 

CSR = 0.178 CSR = 0.152 CSR = 0.127 

FS 28 38 49 53 68 77 85 113 133 

SS10 20 33 38 43 58 65 77 101 116 

SS20 10 24 30 33 47 59 71 89 104 

SS30 8 19 23 24 39 51 66 81 99 

SS40 4 14 18 14 28 44 62 76 89 
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     (c) SS20                                                                 (d) SS30 
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Figure 7. Liquefaction resistance curves 

Figure 7 shows the effect of cycles of preloading on the liquefaction resistance curves of all soil 

combinations. The CSR corresponding to 20 cycles is found from this and is used to evaluate the 

effectiveness of preloading on liquefaction resistance. Figure 8 plots the variation of CSRNl = 20. The 

figure clearly shows that the CSR values are increasing as the number of cycles of preloading is 

increasing, irrespective of the soil type.  

0 2 4 6 8 10
0.14

0.16

0.18

0.20

0.22

 

 

C
S

R
 a

t 
N

L
 =

 2
0
 c

y
cl

es

Cycles of preloading

 FS

 SS10  SS20

 SS30  SS40

 

Figure 8. Improvement of CRR values 

5.  Summary and Conclusions 

The authors studied the liquefaction resistance of silty sands subjected to initial preloading. The analysis 

of test results allow to draw the following conclusions: 

 The low amplitude drained preloading slowed down the buildup of pore pressure and 

propagation of axial strain. 

 The samples subjected to preloading experience both positive and negative strains.  

 From liquefaction resistance curves, CSR corresponding to 20 cycles is found and it is used to 

evaluate the effectiveness of preloading on liquefaction resistance. CSR values increase as the 

number of cycles of preloading increases, irrespective of the soil type.  

However, to make consistent conclusions, liquefaction susceptibility is to be investigated by varying, 

among others, the consolidation pressures, relative density, frequency of loading. 
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Effect of Plasticity of Fines on Properties
of Uniformly Graded Fine Sand

M. Akhila, K. Rangaswamy, N. Sankar, and M. R. Sruthy

1 Introduction

Even though researchers separate soils based on particle size as sand, silt and clay,
in the field, soil always exists as a combination of all these. There are many studies
concentrating on the effect of fines on the shear characteristics of sand [1–3] and
liquefaction [4–7] but only a few studies have considered the other properties.

Yang and Wei [8] have analysed the change in critical state friction angle for
Fujian and Toyoura sands. For clean sand without fines, the critical state friction
angle tends to decreasewith increasing roundness of sand particles.When those sands
were tested with fines (round shape), the critical state friction angle of the mixture
tends to decrease with an increase in fines content. But for fines with an angular
shape, the critical state friction angle tends to increase with fines content. Phan et al.
[9] have conducted one-dimensional consolidation tests on sand–silt mixtures (with
low-plastic fines at a constant void ratio and constant relative density) and indicated
that the behaviour of the mixtures were similar to those of loose sand. The effect
of fines on void ratios was studied by Cubrinovski and Ishihara [10]. The authors
reported that the void ratio initially decreases as the fines content increases from
0–20% and above 40% fines, the maximum and minimum void ratios were seen to
increase steadily.

It is clear from the literature that the studies on the effect of plasticity of fines on
the properties of sand are limited. Hence, the present study is focused on the effect
of the amount of fines and the type of fines (or plasticity index of fines) on various
properties of sand like specific gravity, limiting void ratios, grain size characteristics,
angle of internal friction and compression index.
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2 Material Tested

The soil materials utilized in the present study are natural sand, M sand, natural clay
and kaolinite clay. The natural sand was collected from Turavoor region in Kerala
state. The M sand was collected from a local quarry in Calicut, and the non-plastic
silt powder was derived after sieving the M sand through 75-µm sieve. The natural
clay was collected at a depth of 3 m from Pantheerankavu which is 12 km far from
south of Calicut city in Kerala. The index and strength properties of natural clay
are listed in Table 1. The commercial kaolinite clay was procured from Sajeev and
Co. Ltd. at Calicut district of Kerala state. The physical and chemical properties of
kaolinite clay have been provided by the manufacturer as shown in Table 2. The
results of tests conducted on natural sand are listed in Table 3.

Table 1 Index and strength
properties of natural clay

Property Value

Index property

Specific gravity 2.56

Liquid limit (%) 79

Plastic limit (%) 48

Shrinkage limit (%) 27

Plasticity index 31

Clay size (%) 50

Soil classification MH

Strength property

Maximum dry density (kN/m3) 17.5

Optimum moisture content (%) 32

UCS (kPa) 64

Table 2 Properties of
kaolinite clay

Physical (Mass
%)

Chemical (Mass %)

Acid soluble 0.94 SiO2 44

Water soluble 0.35 Al2O3 38

Oil absorption
(mm/100 g)

35 Fe2O3 0.25

Specific gravity 2.62 TiO2 0.35

pH 5 ± 0.5 CaO 0.05

Moisture
percentage

1.5 ±0.06 0.5 Na2O 0.06

TDS 100 K2O 0.05

MgO 0.07
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Table 3 Basic and index
properties of sand

Property Value

Specific gravity 2.62

D50, mm 0.28

Uniformity coefficient, Cu 2.36

Coefficient of curvature, Cc 0.87

emax 0.858

emin 0.578

Among the numerous trial combinations of low-plastic soils mixtures processed,
the combinations of 50% kaolinite + 50% silt, 100% kaolinite and 20% clay +
80% kaolinite mixtures were found to possess plasticity indices of 5%, 10% and
15%, respectively and hence decided to be used for the current work. A total of 17
soil combinations were prepared by mixing the above-mentioned low-plastic soil
combinations to the fine sand. The effect of presence of fines in the sand matrix
on its properties was investigated by conducting various test including grain size
analysis, relative density tests, specific gravity, direct shear test and one-dimensional
consolidation tests. The tests were performed as per IS test procedures at different
percentage fines (0, 10, 20, 30 40%) and plasticity index of fines (0, 5, 10, 15%).

3 Results and Discussions

Test results for index properties and some engineering properties on all the soil
combinations adopted in the study are presented in the following sections.

3.1 Effect of Particle Size Characteristics

A combined dry sieve and hydrometer analysis was performed on all the soil combi-
nations to obtain the particle size distribution. The gradation curve of fine sand is
shown in Fig. 1. The values of average particle size,D50, were found from the grada-
tion curves, and its variation with respect to amount and PI of fines added is reported
in Fig. 2. D50 gives an understanding of physical properties of the soil which in turn
affect its strength and load bearing properties. It is clear from Fig. 2a that the D50 of
sand decreases with the addition of fines at every tested value of PI. But, the plasticity
index of fines has no much influence on the gradation of the soil (Fig. 2b).
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Fig. 1 Particle size
distribution of sand
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Fig. 2 Effect of a fines content and b plasticity index on D50

3.2 Effect on Void Ratio

Relative density tests were performed as per the IS code procedure to arrive at the
maximum density of all soil combinations. The minimum densities of soil combi-
nations were attained by pouring it steadily with zero height using paper cone into
the CBR mould of 150 mm size. The average values of maximum and minimum
densities of soil combinations are reported in tables after repeating the tests thrice.
Based on limited densities, the maximum and minimum void ratios are estimated by
using the empirical equations, and its variations are shown in Figs. 3 and 4.

It was observed that both the maximum and minimum void ratios decrease as the
fines content increases at all tested values of PI of fines. The variation with respect
to the PI of fines showed different trends with different fines contents. At low fines
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Fig. 3 Effect of a fines content and b plasticity index on emax
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Fig. 4 Effect of a fines content and b plasticity index on emin

content (10%), both emax and emin decrease with the increase in the plasticity of fines.
At higher fines content, a contradiction was observed between the variations in emax

and emin. At higher fines content, emax shows an initial decrease with the increase in
the PI of fines and then shows an increase. But the variation of emin is exactly the
opposite.

3.3 Effect on Specific Gravity

The specific gravity of all the soil combinations was found using pycnometer.
Figure 5a and b shows the influence of fines on the initial specific gravity of natural
fine sand which was found to be 2.62. It is clear from Fig. 5a that specific gravity
increases with an increase in fines content. The influence of PI of fines on specific
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Fig. 5 Effect of a fines content and b plasticity index on specific gravity

gravity of sand is shown in Fig. 5b. The specific gravity of natural sand showed an
initial decrease followed by a gradual increase with increase in PI of the fines added
at all tested fines content.

3.4 Effect on Angle of Internal Friction

Direct shear tests were carried out in the small direct shear box (6 × 6 × 5 cm) to
understand the changes in shear strength properties of natural sand due to addition
of fines. The soil samples were filled in the direct shear box under loosest as well
as densest states, and tests were conducted at normal stresses ranging from 100–
300 kPa. From the test data, maximum and minimum angle of friction were found
and are plotted in Figs. 6 and 7. It can be observed from Figs. 6a and 7a that the value
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Fig. 6 Effect of a fines content and b plasticity index on maximum angle of internal friction
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Fig. 7 Effect of a fines content and b plasticity index on minimum angle of internal friction

of the angle of internal friction increases with the addition of non-plastic fines (both
in loosest and densest state of soil). But on addition of low-plastic fines to the sand,
an opposite trend can be seen with a decrease in friction angle corresponding to an
increase in fines content.

An average reduction of 62.5% from the initial values was observed in friction
angles when low-plastic fines of PI= 15% was added to sand (Figs. 6b and 7b). The
reduction trends can be seen overlapping at all fines content. The angle of internal
friction decreases significantly with increase in the plasticity of fines.

3.5 Effect on Compression Index

One-dimensional oedometer tests have been conducted on all the soil samples in the
loosest and densest possible states. The e-log p curve of natural sand is shown in
Fig. 8. From this, the compression index is found as 0.04 in the loosest state and 0.03
in the densest state. The effect of fines on compression index of sand is shown in
Figs. 9 and 10. It is clear from Figs. 9a and 10a that the addition of low-plastic fines
increases the compression index of sand. But the variation in compression index due
to the addition of non-plastic fines is negligible. Figures 9b and 10b indicate that at
all tested fine content, Cc increases with an increase in PI of fines. Also, if the value
of sand is excluded in Figs. 9 and 10, the remaining points will show a linear trend
between Cc and PI.
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Fig. 8 e-log p plots of sand
in loosest and densest state
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Fig. 9 Effect of a fines content and b plasticity index on Cc (loosest possible state)
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4 Summary and Conclusions

The present paper discussed the effect of non-plastic and low-plastic fines on the
properties of sand. Effect on grain size characteristics, limiting void ratio, specific
gravity, angle of internal friction and compression index is elaborated. The following
conclusions are derived:

1. The D50 of sand decreases with the addition of fines at every tested value of PI.
But, if particular fines content is taken, the plasticity index of fines has no much
influence.

2. Both maximum andminimum void ratios decrease as the fines content increases
at all testes values of PI of fines. The variation of emax and emin with respect to
the PI of fines is contradicting to each other.

3. Value of angle of internal friction is increased with the addition of non-plastic
fines (both in loosest and densest state of soil). But an opposite trend is found
with the addition of low-plastic fines. The angle of internal friction decreases
with increase in the plasticity of fines.

4. The addition of low-plastic fines increases the compression index of sand, but
the effect of non-plastic fines is negligible.At all tested fine content,Cc increases
with increase in PI of fines.
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a b s t r a c t

One of the major issue faced by the construction industry is the degradation of structures due to different
loads acting on the structure. So retrofitting and rehabilitation has become quite inevitable and it can
help in regaining the original strength of the structure. Use of ferrocement is an effective method and
it is used in developed countries as it is considerably cheap and materials of construction are easily avail-
able. Ferrocement is a system of construction using reinforced mortar or plaster applied over an armature
of metal mesh, woven expanded-metal or metal-fibers and closely spaced thin steel rods such as rebar.
The skill required is of low level and it has superior strength properties as compared to conventional rein-
forced concrete. The main drawback of ferrocement is corrosion. Thus to avoid corrosion stainless steel
jacketing is employed for rehabilitation within the study that opens the scope for a new jacketing
methodology.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International
Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

Concrete is the most popular construction material which is
made of cement, aggregate and water. Water is acting as the bond-
ing agent between the component. On adding water, the concrete
is in a plastic state and acquires strength with time. Portland
cement is the ordinarily used type of cement for production of con-
crete. Concrete is used in the construction of the major structural
elements like foundations, columns, beams, slabs and other load
bearing components. The use of traditional construction materials
such as steel and concrete showed signs of deterioration due to
prolonged action of loads which results in degradation of overall
strength of the structure which makes it futile. This degradation
is a result of poor construction techniques, flaws in designing pro-
cess or may be due to poor updating of the methods specified in
design codes. Proper maintenance is a partial solution. So is a
necessity of an effective rehabilitation technique which will
improve the life expectancy of the structure. Earlier studies
focused on steel meshes which is prone to corrosion. My study
focuses on a non corrosive technology for rehabilitation. The scope
of stainless steel as a jacketing method is not studied formerly.

In most of the developed countries, the development trade has
almost reached saturation. So there is an increasing demand to
ameliorate and strengthen the existing structure instead of demol-
ishing. The damages are mainly due to the environment degrada-
tion, design inadequacies, poor construction practices, irregular
maintenance, requirement of revision of codes in practice, increase
in the loads and seismic conditions etc. Rehabilitation is one of the
practical solution for such structural collapse and it can be done
effectively by strengthening the load bearing components or by
strengthening the vital components of the building which results
in the failure of the building. Therefore, rehabilitation and upgrad-
ing of degraded structure has become one among the foremost
vital challenges in development industry. In several cases, the
whole demolition of the existing structure is not an economical
answer as it becomes an exaggerated money burden. So upgrading
or repairing the structure is an effective practical approach. Col-
umn is the major compression load bearing component member
and the failure of which results in the failure of the whole building.
During earthquakes, columns are likely to undergo brittle failure.
So the ductility of columns has to be improved to prevent the
inelastic deformation occurred during earthquakes. Whereas
repair and rehabilitation using ferrocement enhance the strength
and ductility of the column. Proper selection of the strengthening
material is inevitable to enhance the properties of the column.
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Many experimental studies conducted in recent years con-
cluded that beams and columns repaired by ferrocement jackets
showed superior performance both at the service and ultimate load
[1]. Abdullah et al. [2] observed that providing jackets over the
entire length of the columns increased the ductility of columns
tremendously. An effective retrofit technique using ferrocement
jacket reinforced with expanded steel meshes for shear deficient
concrete columns was suggested by Kazemi and Morshed [3].
Study on the behaviour of RC columns strengthened using FRP by
Kumutha et al. [4] proved conventional jacketing not effective
due to stress concentration at corners. The influence of the round-
ing of corners on the strength of small scale square concrete col-
umn specimens confined with FRP composite laminates was
studied by Salloum [5] and observed that circular section had the
best performance. Kondraivendhan and Pradhan [6] showed that
providing confinement using external ferrocement jacketing can
enhance the ultimate concrete compressive strengths and failure
strains of circular cylindrical specimens. Wu and Wei [7] studied
the effect of cross sectional aspect ratio on the behaviour of axially
loaded short rectangular columns strengthened with car- bon
fibre-reinforced polymer (CFRP) wrap. Xiong et al. [8] proposed a
method to strengthen the columns with ferrocement including
steel bars (FS) jackets and observed that the compressive strength,
ductility, energy absorption capacity and deformation capacity of
the FS columns were higher compared to that of others. Studies
conducted by Kaish et al. [9] proved that confinement with
improved square ferrocement jacketing techniques were effective
to overcome the stress concentration problem of conventional
square ferrocement jacketing under both concentric and eccentric
modes of loading. Full scale rectangular columns were tested by
Realfonzo and Napoli [10] for performances of different strength
techniques with FRP. Mourad and Shannag [11] studied one-third
scale square RC columns preloaded up to various fractions of its
ultimate load and found that strengthening of square RC columns
preloaded up to failure with ferrocement jacketing restored the
original load carrying capacity of control columns. Shannag and
Mourad [12] also developed flowable high strength cementitious
matrices of varying strengths for casting ferrocement laminates.
This when used for confinement of cylindrical studs was found to
improve ultimate load and load deformation response.

2. Ferrocement as a rehabilitation technique

Ferrocement is a composite type of construction material con-
sisting of a mesh layer and a mortar layer. The mesh layer can
either be metallic or non metallic layer. Commonly used mesh lay-
ers are glass fibre reinforced polymers (GFRP), carbon fibre rein-
forced polymers (CFRP), mild steel, steel laminates etc. Due to
the presence of mesh layer, the structure will get more stability
reducing the volume of concrete used for construction. Thin sec-
tions and strong components can be made with ferrocement. A rich
mix of cement, sand and water constitutes the confining mortar.
Due to its flexibility in construction it can be moulded to any com-
plicated shapes and ferrocement is most commonly used in the
construction shell slabs, hulls for boats and water tanks. Less
skilled labours are needed due to its simplicity in construction
and it results in rapid construction. Ferrocement is advantageous
as retrofitting technique in earthquake prone areas because of uni-
form distribution of mesh and presence of additional reinforce-
ment [1].

The use of ferrocement as a jacketing method to concrete col-
umn is investigated in this study. Ferrocment exhibits many bene-
ficial behaviour in strength aspect and potential applications
compared to conventional concrete. The jacketing has uniform dis-
tribution of reinforcement throughout the confinement, so load

will be distributed proportionately which results in improvement
of many of the engineering properties of the material, such as ten-
sile and flexural strength, toughness, fracture, crack control, fatigue
resistance and an impact resistance and added advantage of easy
fabrication. In developing countries, the raw materials for ferroce-
ment construction are easily available, and also it could be con-
structed in any complicated shape. The skill required is of low
level and it has superior strength properties as compared to con-
ventional reinforced concrete. These are the reasons for which
the ferrocement is considered to be an appropriate confinement
material in developing countries such as India.

The major downside of ferrocement is that it is a labour inten-
sive method of construction and it is uneconomical for industrial
applications. Also if there is any presence of air voids during con-
struction, due to too dry a mixture of the concrete being applied,
or not forcing the air out of the structure while it is in its wet stage
of construction, through vibration, pressurized spraying tech-
niques, or other means there will be chances of rust resulting in
corrosion of mesh layer. During curing process, water particles will
be entrapped in the air voids resulting in the initiation of corrosion
if the steel is untreated. So a corrosion resistant method is indis-
pensable to enhance the method of rehabilitation.

Major problem of ferrocement is corrosion. So to prevent corro-
sion Stainless steel jacketing is used in the present study for reha-
bilitation. The introduction of stainless steel in construction
industry improved many attractive advantageous features like cor-
rosion resistance, durability, high strength-to-weight ratio, ease
and speed of transportation, construction, and maintenance, fire
resistance, nice look and recyclability of the material [1]. Chro-
mium and nickel are the two significant alloy-elements in stainless
steels, as these deliver the basic corrosion-resistance and bright-
ness of stainless steel members. It is well established that the
mechanical properties of carbon steel are not same as those of
stainless steel. For carbon steel, the proportional limit is at least
70% of the yield strength, whereas it is 36% to 60% for stainless
steel [3].

3. Stainless steel as a construction material

Stainless Steel is a highly efficient construction material mainly
known for its corrosion resistance, strength and stiffness proper-
ties due to high chromium content. Stainless steel was introduced
in construction date back about 90 years and include landmark
examples such as the cladding on the Chrysler Building in New
York and the Gateway Arch in St. Louis. There is an increase in
the use of stainless steel recently as it can achieve desirable dura-
bility, aesthetics and structural properties. It is commonly used in
the construction of buildings, towers, domes, footbridges and road
bridges. The uses of cold-form stainless steel tubular structures
have been rising recently due to different attractive advantageous
features such as: corrosion resistance, durability, high strength-to-
weight ratio, ease and speed of transportation, construction, and
maintenance, fire resistance, nice look and recyclability of the
material. Stainless steel is composed of two alloy metals chromium
and nickel which is the main reason for corrosion resistance and
strength of stainless steel components. It is proven that the
mechanical properties of carbon steel are not same as those of
stainless steel. For carbon steel, the proportional limit is at least
70% of the yield strength, whereas it is 36% to 60% for stainless
steel [1]. In the present study, stainless steel meshes with a yield
strength of 215 N/mm2 are used with mesh openings of size 0.5,
1 and 2 in. are introduced to find the optimum mesh size to obtain
maximum strength (Fig. 1. Fig. 2).
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4. Ferrocement confinement on RC rectangular column

Column is the main load bearing component of a structure and
if a column fails, it will result in the failure of the whole building.
Confining and strengthening the major load bearing is an effective
method of repairing. So column was taken for the experimental
study as it is an integral part of the building. Certain preloads were
provided to simulate the actual failure of column in a structure.
The experimental study was done on 8 identical rectangular col-
umns of size 115 � 170 � 500 mm. Control specimens were chosen
to obtain the ultimate load of failure. The effect of localization of
jacketing was also studied by providing stainless steel jacketing
up to the crack prone area. Rectangular columns were selected
for the study with an aspect ratio of 1.5. Only single layer mesh
was provided. For localization 0.500 mesh was selected. The param-
eters studied were optimum size of mesh, corner radius and local-
ization of stainless steel mesh. The methodology of the present
study is demonstrated in Fig. 3.

Mini Soman [5] investigated the effect of ferrocement with steel
meshes in square and rectangular columns. The parameters stud-

ied were the effect of aspect ratio, number of layers of meshes
and the effect of corner radius. Corner radius is an important factor
in jacketing as stress concentrations are higher at the corners. The
researchers observed that the confinement effectiveness decreased
with increase in aspect ratio and the effectiveness was enhanced
with increase in number of layers. The investigation by Mini
Soman [5] is compared with the present study to analyze the effect
of steel and stainless steel as confinement.

5. Reviews of the study

From the experimental study conducted it was observed that
certain characteristics of the confined concrete was improved.
The reviews of the research conducted using ferrocement using
stainless steel mesh as jacketing are presented in the following
sections.

5.1. Breaking load of column

The researchers observed that the breaking load of the jacketed
column was higher in specimen with 100 mesh but increase in

Fig. 1. Stainless steel mesh of opening size 0.5 and 1 in.

Fig. 2. Stainless steel mesh of opening size 2 in.

Fig. 3. Methodology of experimental study.

Fig. 4. Test setup for compression test of 70% preloaded specimen.
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preloading the load decreased. Test setup for compression test is
shown in Fig. 4 and details of specimen are described in Table 1.
The stress–strain curve is depicted in Fig. 5. Stress strain graph
implies the specimen wrapped with ferrocement with a preload
of 70% have higher stiffness and energy absorption is higher. Even
with localization the specimen gained ample stiffness. The factors
considered for the study are discussed below.

5.1.1. Mesh size
The study was done on 3 specimens with different mesh size

which includes 0.500,100 and 200 based on availability in market. Even
though the specimens were identical specimen with 100 mesh has
shown maximum results. The diameter of wire should also be con-
sidered as 100 and 200 mesh wires were identical. From the results it
was evident that as the mesh size decreases, confinement pressure
increases. Ultimate load of failure of specimens are depicted in
Table 2.

5.1.2. Effect of preload
70% and 100% preload was given to the column. As 100% pre-

loaded specimen is a fully failed column the percentage of strength
regained was slightly lesser than that of lesser preloads.

5.2. Localization of mesh

As stainless steel is costly compared to steel meshes used in
conventional ferrocement construction, localization study was
done for cost effectiveness. It was done with 0.500 mesh as it pro-
vides sufficient confinement even for smaller heights of jacketing.
70% preloaded columns were considered as cracks are more local-
ized in this loading. Even with localizing sufficient strength was

regained which paves the way for a new cost effective method.
The test set-up is shown in Fig. 5. The test set-up is shown in Fig. 6.

6. Theoretical model for ultimate load

The ultimate load of a confined model can be analysed using
softwares and empirical formulas. Analytical validation is a tedious
process and modelling is difficult. Empirical equations are formu-
lated based on experimental study done by researchers. The empir-
ical formulations are usually easily applicable for design purposes.
More advancements are needed in software field for accurate anal-
ysis of confinement models. The study by Mini Soman et al. [5] and
Kumutha et al. [8] considered the effect of corner radius, aspect
ratio, number of layers of confinement, mesh size and preload
are taken to formulate an empirical equation for calculating the
ultimate load bearing capacity of the jacketed specimen. From
the study done by Kumutha [8] the formulation of confinement
effectiveness was extracted. Load vs displacement graph and
stress-stain graphs obtained are shown in Fig. 6 and Fig. 7. Test
setup of localized specimen is shown in Fig. 8.

6.1. Confinement effectiveness

Confinement effective coefficient (k) was introduced by
Kumutha et al. [8] to relate the strength of confined concrete
(fcc) and strength of unconfined concrete (fco).

Table 1
Details of specimens.

Group ID Preload (%) Mesh size (inches) Height of jacketing (mm)

Rectangular CS-0 100 0 0
R-70-0.5 70 0.5 480
R-70-1 70 1 480
R-70-2 70 2 480
R-100-1 100 1 480
R-100-2 100 2 480
Rl-70-0.5 70 0.5 250

Fig. 5. Test setup for compression test of 100% preloaded specimen.

Table 2
Ultimate load of specimens.

Group ID Ultimate load (kN) Strength gain

Rectangular CS-0 445 1
R-70-0.5 788.9 1.77
R-70-1 876.55 1.96
R-70-2 820.9 1.84
R-100-1 611.8 1.37
R-100-2 368.95 0.83
Rl-70-0.5 895.85 2.01

Fig. 6. Load Vs Displacement graph of specimens.
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f cc ¼ f co þ kf 1 ð1Þ
The effect of confinement pressure exerted by ferrocement jack-

eting was formulated by Jamil et al. [5] as

f 1 ¼ 2NAwðHj þ bwÞ
DcHjbw

f ywð 2Þ

where N- number of mesh layer,
Aw- cross sectional area of individual wire,
bw- opening of wire mesh,
Hj- height of ferrocement jacket,
Dc- diameter of concrete core.

6.2. Ultimate load

In the study done by Mini Soman [5] the effect of preloading is
also considered. A constant of Preload (Pr) was used in formulation
of ultimate load (Pu). The confined strength of concrete is changed
as,

f cc
f co

¼ 0:844þ ½31:265 f 1
f co

þ 0:863
2r
b
� 0:0127Ar � 0:517Pr � ð3Þ

Thus the ultimate load bearing capacity (Pu) of jacketed column
can be expressed as

Pu ¼ f ccAc þ f yAs ð4Þ

Pu ¼ f cof0:844

þ 31:265
f 1
f co

þ 0:863
2r
b
� 0:0127Ar � 0:517Pr

� �
gAc

þ f yAsðPrÞ0:1 ð5Þ
where r- corner radius,
Ar- aspect ratio,
Ac- area of concrete

7. Conclusion

The present study focused on effectiveness of ferrocement con-
finement with stainless steel and steel meshes. With respect to the
study done by different researchers the following conclusions were
obtained:

1. With the use of steel mesh and stainless steel mesh, the
regaining capacity was improved by 19% and 49% respectively. So
confinement using stainless steel is an effective method of rehabil-
itation as it enhances strength and improves corrosion resistance.

2. Ferrocement confinement method holds good for localization
of jacketing in crack prone areas with a regaining capacity of 50%
which makes the method viable.

8. Research gaps

Rehabilitation studies are mainly focused on the use of polymer
composites. There is a huge research gap exist in the field of ferro-
cement as a rehabilitation technique and few are listed below.

1 More studies are to be conducted in the effective use of jack-
eting in localized areas of crack propagations, thus minimizing the
cost of construction.

2. The effect of corner radius influences the load carrying capac-
ity of column as stress concentrations are more at the corners
resulting in the rupture of meshes. Effect of corner radius on spec-
imen confined with stainless steel mesh should be conducted for
further studies.

3. For accurate and uncomplicated design of confinement mod-
els of jacketing proper analysis tools should be introduced for ana-
lysing complicated methods of rehabilitation.
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Abstract - To improve personal satisfaction in any country, the 

strategies for strong waste management should be reinforced. 

In India, the concept of engineered landfilling is not fully 

utilized. On the off chance that enough land is usable, it is 

viewed as a savvy practice. Aside from certain progressions, 

for example, reusing and source moderation methodologies, it 

has been found that garbage removal in landfills will stay an 

unavoidable piece of the strong waste administration 

framework. The bioreactor landfill concept changes the 

purpose of landfilling from storage to treatment of waste. The 

working hypothesis is that they encourage and speed up the 

natural exploitation of waste by safeguarding ideal dampness 

content inside the cells where the squanders are handled. The 

distribution of leachate assists with controlling dampness and 

microorganisms help to settle natural waste. The development 

of Bioreactor landfills can give natural and monetary 

advantages, and it is a promising strong waste administration 

framework for a thickly populated and emerging nation like 

India. This paper examines the possibility of a Bioreactor 

landfill for waste handling in the Indian context. The main 

features, types, operations, advantages, disadvantages and 

differences to the conventional landfills are discussed in detail.  

 Keywords—bioreactor landfill, waste disposal, 

sustainability 

I. INTRODUCTION  

Attributable to different sources of strong waste with 

quick development in the populace worldwide, maintainable 

metropolitan strong waste administration has become a 

necessity. The age of MSW has become an inexorably 

significant worldwide issue throughout the most recent 

decade. The expanded age of strong waste has provoked the 

execution of coordinated MSW the board, which 

incorporates reusing, fertilizing the soil, incineration and 

landfilling. About 80% to 90% of metropolitan waste is 

discarded in landfills without proper administration 

strategies or open copying, as indicated by gauges 

prompting air, water, soil contamination. Natural substances 

and actual cycles in landfill conditions encourage the 

biodegradation of natural squanders in MSW. Natural 

boundaries, like landfill liners and covers, are regularly 

utilized in ordinary landfills to keep dampness out, which is 

essential for waste biodegradation. Therefore, wastes are 

caught in a "dry burial place" and stay unharmed for 

extensive stretches going from 30 to 200 years, possibly 

outliving the landfill obstructions and covers. Liner 

disappointment in customary dry landfills is a chance, later 

on, representing a critical danger of groundwater and 

surface water pollution. Today, one idea that has got a ton of 

consideration is the "Bioreactor landfill." Within 5 to 10 

years of presenting the bioreactor interaction, a bioreactor 

landfill is a sterile landfill that utilizes improved 

microbiological cycles to change over and balance out the 

promptly and respectably decomposable natural waste 

constituents. In contrast with what might somehow occur in 

a landfill, the bioreactor landfill incredibly builds the level 

of natural waste decay, transformation rates, and cycle 

adequacy. The expansion of leachate or other fluid 

revisions, the expansion of sewage muck or different 

alterations, temperature control, and a "bioreactor landfill" 

give control and cycle streamlining, mostly through the 

expansion of leachate or other fluid changes, temperature 

control, and supplement supplementation. Additionally, the 

activity of a bioreactor landfill can require the option of air. 

Various types of "bioreactor landfills, for example, 

anaerobic bioreactors, oxygen-consuming bioreactors, and 

vigorous anaerobic bioreactors have been created and 

worked around the planet dependent on waste 

biodegradation mechanisms. 

 

This paper means to raise peruse consciousness of the 

bioreactor landfill as a possibly reasonable waste 

management tool. It is required to be an essential 

commitment to future conversations among landfill 

proprietors and administrators, lawmakers, controllers, 

preservationists, and the overall population. 

 

II. WASTE MANAGEMENT IN INDIA 

It has been found that MSW, which ordinarily contains 

half biodegradable materials, 20% recyclable materials, and 

30% dormant and inorganic materials including sands, 

rocks, and rock, has enormous energy potential. The 

metropolitan urban communities and towns of India's 

different states produce about 0.5 kg of MSW per capita 

each day. Only 12–14 % of MSW is formally taken care of 

in India, with the rest going to open unloading and landfill 

removal choices. As per the Planning Commission Report 

(2014), around 377 million individuals living in 

metropolitan territories produce 62 million tons of MSW 

each year, with 165 million tons each year and 436 million 

tons each year projected later on. The MSWM rules are set 

up to decrease the measure of waste that winds up in 

landfills by reusing likely material and assets from MSW. 

The various waste management methods for Indian MSW 

are listed below (Nandan et al., 2017; Pujara et al., 2019) 
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A. Composting 

Indian MSW, where the natural waste part is 60 -70%, 

composting is perhaps the most generally utilized treatment 

technique The most critical considerations for the 

composting process are a piece of ground, either on-site or 

off-site, with proper aerobic conditions, suitable 

microorganisms, optimal temperature, and moisture for 

microbe survival. Inside a month to a couple of months, the 

fertilizer is prepared. Manure materials might be employed 

for a few purposes, including soil disintegration avoidance, 

land and soil recovery, wetlands building, and landfill 

covers. It ought to be noticed that the fertilizing the soil 

approach is both practical and possible for execution it helps 

in the decrease of MSW volume and can change squander 

into an asset. Besides, it can be marketed and produce 

income for the country. In any case, the most troublesome 

part of this methodology is guaranteeing that 

microorganisms make due in ideal natural conditions. Other 

natural issues related to treating the soil incorporate 

contamination of surface and underground water due to 

leachate spillage, fermentation of the property, smell, and 

wellbeing impacts from drinking dirtied water. 
 

B. Anaerobic digestion 

Anaerobic processing is a system where natural matter 

can split in anaerobic conditions, bringing about the 

essential side-effects of carbon dioxide and methane. The 

condensation might be utilized as excrement or as a dirt 

conditioner. It was perceived that 55–60 % of methane is 

gotten during this interaction, which can be applied as a fuel 

for different modern and isolated purposes. As per 

measures, a controlled anaerobic digester will deliver 2–4 

times more methane from 1 ton of MSW in 3 weeks, 

contrasted with 6–7 years in landfills. 

C. Incineration 

Incineration is the most secure cycle for managing 

strong waste within the sight of air at a temperature of 

850°C. Notwithstanding, carbon dioxide is delivered into 

the environment, and non-flammable materials, like debris, 

are made in this cycle. To manage strong waste, different 

kinds of incinerators like moving mesh, fixed mesh, rotating 

oven, and fluidized bed have been made. In any case, 

because of the great dampness substance and low calorific 

estimation of Indian metropolitan strong waste, cremation 

isn't usually suggested. 

D. Sanitary Landfilling 

It is a type of conclusive garbage removal that utilizes a few 

liners and is soil-covered. It is the most widely recognized 

and financially savvy removal technique in agricultural 

nations. The landfill is an office planned to discard strong 

waste steadily. The baseliners and top front of the landfill 

are believed to be the main parts in forestalling leachate 

from infiltrating the dirt. It additionally emanates landfill 

gases, for example, CH4 that can contaminate the climate, 

also as leachate that can harm humans and common 

frameworks. Methanogens emanate LFGs, which 

incorporate methane and carbon dioxide, just as CO, N2, 

alcohols, hydrocarbons, and organosulfur compounds, as 

they deteriorate complex particles. Leachate can dirty both 

surface and groundwater. Both soil and groundwater might 

be tainted by leachate. After being dealt with, these gases 

can be utilized to produce power. One of the arising 

inventions that numerous Indian urban areas have received 

is a bioreactor landfill. Power is created utilizing LFGs. 
 

III. BIO-REACTOR LANDFILLS 

A Conventional Landfill intends to screen the liquids 

identified with the landfill, for instance, limit penetration 

and accumulate any leachate. In an assessment, a Bioreactor 

Landfill, which is worked as a wet cell, is to rapidly degrade 

and adjust the characteristic waste constituents. Within 5 - 

10 years of executing this technique, a bioreactor landfill 

has become the perfect landfill that uses improved 

microbiological cycles to change over and balance out the 

expeditiously and nicely decomposable regular waste 

constituents. This enormously improves the measure of 

natural waste disintegration, change rates, and interaction 

productivity contrasted with what might some way or 

another occur inside the framework (Warith, 2003). 

The bioreactor landfill needs complex administration 

systems and authoritative upgrades to improve microbial 

decay measures. Fluid expansion and the executives are the 

absolute generally basic and practical cycle. Waste 

breaking, pH modification, supplement expansion, waste 

pre-removal, and post-removal cooling, and temperature 

control are a portion of different procedures for improving 

the bioreactor activity. The creation and execution of 

focused authoritative and key systems are likewise required 

for compelling execution (San and Onay, 2001). 

The bioreactor technique requires a lot of fluid added to 

accomplish and keep up ideal conditions. By and large, 

leachate is lacking to support the bioreactor activity. It's a 

protected plan to supplant leachate with water or other non-

poisonous or non-dangerous fluids and semi-fluids. 

Contingent upon administrative endorsement, other 

interaction adjustment techniques can be utilized. The pace 

of landfill gas age tops soon after a bioreactor landfill is 

shut. For the following 5 to 10 years, it will quickly decay to 

a consistent, moderately low, and diminishing speed. 

Additionally, numerous leachate toxin focuses can drop 

from exceptionally poisonous levels an excessive amount of 

lower levels demonstrative of supported adjustment not long 

after a landfill is shut. Since the measure of leachate at the 

conclusion is little, on-location treatment with insignificant 

off-site transport, treatment, and removal is conceivable. In 

the case of a post-conclusion fractional control framework 

disappointment, the consistency of the leachate created by 

invasion into a bioreactor landfill would be a lot better than 

that delivered by other drier landfills.  

Bioreactor innovation is a cycle-based innovation that 

utilizes a physical, synthetic, and organic interaction in a 

mix with legitimate leachate the board to extricate bioenergy 

as landfill gas and build-up as fertilizer (Warith, 2002). 

• Physical technique - The actual interaction involves 

destroying the loss to a standard size, joining the 

waste appropriately, etc.  

• Chemical strategy - A substance interaction for 

improving microbial development incorporates 
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leachate distribution, pH change, buffering, and 

supplement expansion, in addition to other things.  

• Biodegradation measure - A bioreactor landfill 

works in anaerobic air to accelerate the 

biodegradation cycle. 

Bioreactor landfills are of three unique sorts dependent on 

the interaction arrangement (Chart et al., 2010): 

• Aerobic bioreactor landfill: Leachate is collected 

from the bottom layer, piped to liquid storage 

tanks, and recirculated into the landfill in a 

regulated manner in an anaerobic bioreactor 

landfill. To encourage aerobic activity and 

accelerate waste stabilization, the air is injected 

into the waste mass through vertical or horizontal 

wells.  

• Anaerobic bioreactor landfill: To accomplish ideal 

humidity levels, dampness is applied to the waste 

mass as recycled leachate and different sources. In 

the absence of oxygen, biodegradation occurs, 

resulting in the formation of LFG. LFG is captured 

for energy applications, mainly methane.  

• Hybrid bioreactor landfill: By using a sequential 

aerobic-anaerobic treatment in the upper sections 

of the landfill and extracting gas from the lower 

sections, waste degradation is accelerated. Rather 

than high-impact landfills, a half-breed framework 

brings about a previous beginning of 

methanogenesis. 

A. Main features 

To accelerate the characteristic biodegradation measure, 

leachate can be infused into the bioreactor. Bioreactors, then 

again, frequently require extra fluids to increase leachate 

and improve the microbiological cycle, for example, 

stormwater, wastewater, and wastewater treatment plant 

slop. Thus, it contrasts with a landfill that recycles leachate 

for fluid administration, since landfills that essentially 

recycle leachate can not generally work as upgraded 

bioreactors. The bioreactor innovation requires the upkeep 

of an ideal dampness content close to the handle limit. 

Waste breaks down because of the dampness and the 

organic action of microorganisms. Leachate distribution into 

landfills is a method that utilizes improved microbiological 

cycles to change over and balance out promptly and 

reasonably decomposable natural waste constituents in a 

more limited period, for example, 5 to 10 years after the 

bioreactor interaction is executed. Oxygen-consuming or 

anaerobic microscopic organisms can be available in 

bioreactor landfills. Instead of traditional landfills, the 

anaerobic bioreactor unit produces methane gas at a prior 

phase of the landfill's life and a lot higher rate. 

There are three reasons for using bioreactor technology 

ie,  

• Leachate stockpiling or treatment  

• To recover accessible air space  

• To guarantee long-term practicality  

The following are some of the possible operational 

advantages of leachate recirculating bioreactors:  

• Temporary leachate storage and partial in-situ 

treatment of leachate, as well as improved leachate 

efficiency.  

• Leachate volume is minimized by maximizing 

evaporative losses during recirculation.  

• Increase in the rate of LFG output and total yield  

• Enhanced decomposition speeds up the settlement 

of MSW.  

• An increase in landfill space due to increased waste 

mass density  

• Post-closure tracking takes less time and costs less 

money.  

• Years of decomposition and biological stabilization 

vs. decades in a conventional landfill  

• Due to both aerobic and anaerobic environments, 

waste toxicity and mobility are decreased.  

 

To utilize the bioreactor landfill procedure viably, you 

should have a point-by-point comprehension of the whole 

corruption invigorating cycle. The measure of leachate 

produced is dictated by the waste's field power, which can 

be kept up by changing the fluid expansion as indicated by 

the waste information. The absence of satisfactory 

dissemination strategy, short-circuiting, ponding, side-leaks, 

and impedance with a gas assortment are large issues that 

happen during early distribution endeavors. To amplify 

leachate distribution, the bioreactor landfill ought to be 

compacted as little as could be expected. In a bioreactor, 

leachate proficiency increments rapidly, bringing down 

leachate removal costs. Landfill volume decays as recovered 

airspace is recuperated, permitting landfill administrators to 

drag out the landfill's operational life. As opposed to 

customary landfills, bioreactor landfills produce gas prior all 

the while and at a higher speed. On account of the sped-up 

deterioration measure, the gas from the bioreactor landfill is 

radiated throughout a more limited time, however, the net 

outcome shows that the bioreactor creates more LFG than a 

customary landfill. 

B. Components of Bio-reactor landfill 

Essential components of the system are (Patrick and 

Philip, 2002) 

1) A liner framework at the base and sides of the landfill  

2) A leachate assortment and control office  

3) A gas assortment framework and control office  

4) The last cover at the highest point of the landfill.  

5) A surface water seepage framework  

6) A natural checking framework  

 

Liners: Liners prevent leachate from seeping into the 

subsurface soil layers and contaminating groundwater. 

Single composite liners, single non-composite mixed 

composite liners, and double liner systems with leak 

detection systems are the various types of liners. In normal 

landfills, a composite liner comprising of a geomembrane 

and a dirt layer is utilized. A 2 fold composite liner 

framework can likewise be utilized to forestall leachate from 

spilling into the climate.  

 

Leachate collection system: To catch, concentrate, and 

handle leachate, the leachate assortment framework ought to 

be cautiously and effectively arranged. It ought to be built 

so that it can gather a bigger measure of water, like how 

distribution is utilized in bioreactor landfills, which implies 

the line size or siphoning limit would be bigger than in 
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conventional landfills. Since there is a danger of fine 

particles stopping up with expanded biodegradation 

movement, the channel, and operational layers ought to be 

worked around the leachate assortment pipe structure. To 

hold a water-powered head inside the landfill, the lingering 

leachate that is kept in the wake of recycling ought to be 

depleted.  

 

Leachate distribution system: Pre-wetting of waste, leachate 

spraying, surface ponds, vertical injection wells, and 

horizontal subsurface introduction are the five types of 

distribution systems used in bioreactors. When settling on 

the kind of conveyance framework to utilize, ecological 

impacts, climatic conditions, laborer openness, dissipation 

misfortune, solidness, consistency, and feel are completely 

considered. 

 

Landfill Gas collection system: The quick deterioration of 

waste in bioreactor landfills requires the establishment of a 

gas assortment framework from the start of the landfill 

cycle. As the landfill's stature rises, a flat gas assortment 

framework can be worked sometime in the future. 

 

C. Operations 

The bioreactor landfill is a garbage removal office. 

Throughout landfill tasks, framework productivity is more 

basic than it is in a drier landfill. The effective activity of a 

bioreactor landfill relies upon the administration and control 

of organic, synthetic, and hydrologic measures that happen 

inside it. Operational and support projects covering 

settlement, landfill gas, and leachate might be decreased to 

an absolute minimum until the landfill is shut and the reject 

has generally balanced out. Strong waste pre-treatment or 

isolation Bioreactor tasks are the best and proficient when 

they deny has a high natural substance and an enormous 

uncovered explicit surface territory. As a feature of waste 

isolation, building and destruction squander ought to be 

isolated from MSW. A limited quantity of destroying should 

be possible by extending deny in far lifts and utilizing 

landfill gear to part open plastic sacks and separate holders. 

Mechanical destroying can lessen molecule size and 

effectively open sacks; in any case, it is a tedious, high-

upkeep, and significant expense measure that may not be 

financially savvy. Destroyed squanders can likewise turn out 

to be profoundly thick. 

 

Solid waste pre-treatment or segregation: Bioreactor 

tasks are generally proficient and powerful when the waste 

has a high natural substance and a wide uncovered explicit 

surface region. As an outcome, squander that has been 

isolated to enhance natural substance and that has been 

destroyed, thrashed, or in any case controlled to increment 

uncovered surface territory ought to be the objective of 

bioreactor activities. As a component of waste isolation, 

building and destruction squander ought to be isolated from 

MSW. A limited quantity of destroying should be possible 

by extending deny in far lifts and utilizing landfill hardware 

to part open plastic sacks and separate compartments. 

Mechanical destroying diminishes molecule size and 

permits packs to be opened effectively and proficiently.  

 

Leachate Seeps: As fluids are applied to strong waste 

landfills, the danger of leachate leaks or breakouts 

increments, and the landfill should be figured out how to 

limit these dangers. The stormwater overflow should not be 

dirtied by the leachate. Leachate leaks should be observed, 

and the activities plan should incorporate a snappy reaction 

activity to fix any leaks that happen. Standard strategies for 

settling this condition incorporate slant and toe channel 

development, surface regrading, filling and fixing breaks as 

needed to limit surface water entrance, and bringing down 

the fluid expansion rate. Incline leaks can likewise be 

evaded by accurately taking care of fluids.  

 

Daily and Intermediate Cover: In a bioreactor landfill, 

the utilization of soil cover requires additional alert. Since a 

cover is more porous than squander, it will coordinate 

leachate to the sides, where it should be gathered and 

depleted appropriately. Every day covers with low 

porousness can block fruitful leachate and water permeation. 

It might likewise discourage the development of leachate 

and landfill gas to capacity and conveyance frameworks. At 

the point when low porous soil is utilized as a cover, it is 

capacity to go about as a boundary ought to be limited by 

scarifying or incomplete expulsion before strong waste is 

put on top of it. It ought to be evaluated to deplete once 

more into the l when low porous soil cover is put inside 50 

feet of the inclines. Much of the time, elective covers are 

very financially savvy when contrasted with soil.  

 

Management of Nutrients and Other Supplement 

Addition: Supplement needs are generally met by 

squandering segments, albeit ongoing exploration 

demonstrates that supplements and other natural and 

compound enhancements could be utilized to help organic 

movement. The utilization of such added substances in the 

field still can't seem to have endeavored. The expenses of 

supplement and supplement increases, including those of 

waste isolation or destruction, would be supported. 

Methanogens fill best in a pH scope of 6.8 -7.4. In research 

center trials, it was found that buffering leachate to keep the 

pH in this reach improved gas proficiency. Throughout the 

beginning phases of leachate distribution, cautious 

consideration ought to be paid to pH and buffering 

necessities. The cautious activity of the landfill bioreactor at 

first through the sluggish presentation of fluids ought to 

limit the requirement for buffering. 

 

D. Advantages of bio-reactor landfill (Pohland, 1994; 

Warith and Sharma, 1998) 

• Increase the rate of LFG generation — creating and 

recuperating LFG under oversaw conditions build the 

effectiveness of the LFG, which improves the 

financial aspects of LFG recuperation and usage.  

• Minimize environmental impacts — planned BRLF 

would viably influence groundwater, surface water, 

and the overall environment by taking care of 

leachate and controlling LFG releases. Another 

enormous advantage of bioreactor landfills is the 

removal of ozone-exhausting substance releases.  

• Development of an end product that does not need 

landfilling — the bioreactor land cells could be re-
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utilized, and the final result could be conveyed 

ashore as fertilizer-like material, through advancing 

microbial corruption of strong waste and extricating 

idle final results by occasionally designed mining. 

The ability to reuse BRLF cells significantly 

enhances the bioreactor cell technology's economics.  

• Lower average landfilling costs — by reusing the 

same bioreactor landfill cell several times, overall 

costs are minimized by not needing to create new 

landfills every 15–20 years. Bioreactor landfills 

could be constructed in modules, with additional 

cells added as required.  

• Lower capital and maintenance costs for leachate 

treatment — a BRLF improves the natural and 

substance progress of both natural and inorganic 

constituents inside the landfill airspace, bringing 

down the last leachate treatment prerequisites.  

• Lower post-closure treatment, repair, and danger — 

on account of the oversaw settlement of strong waste 

during landfill administration, the low potential for 

leachate movement into the subsurface framework, 

and the recuperation of LFG during landfill  

• activity, a bioreactor landfill lessens long haul 

natural danger and risk. The legitimate activity of a 

bioreactor landfill would limit the requirement for 

landfill observation.  

• A drop in impurity concentrations over the service 

time of the BRLF results in a decline in the landfill's 

total contaminating life cycle.  

E. Disadvantages of bio-reactor landfill 

• They utilize more water and the expanded 

dampness could make the landfill less steady.  

• Initial expenses are higher due to the establishment 

of the water/air circling framework and observing 

framework.  

• Bioreactor landfills are bound to contain hydrogen 

sulfide gas (H2S), which has a spoiled egg scent.  

IV. SUMMARY OF RECENT STUDIES 

Interest in the bioreactor landfill was moderate initially 

due to concerns about the effectiveness of landfill lining 

systems and aversion to leachate production, which often 

resulted in groundwater pollution. However, modern 

composite liners (especially using geotextiles) used for 

landfills limit leakage to very small amounts when properly 

installed (Bonaparte et al., 2002). Consequently, the 

introduction of water and/or the recirculation of leachate is 

now considered reasonable (Reinhart et al., 2002).  

Enhanced decomposition increases the rate of MSW 

settlement (Hossain et al.,2003), which provides the landfill 

owner with additional airspace before closure and limits the 

potential for settlement-induced damage of the final cover 

(Benson, 2000). The accumulation of air space has societal 

benefits as well because more effective use of permitted 

capacity results in a reduction in total land use for landfills. 

Enhancing the rate and extent of decomposition also 

increases the rate of landfill gas production (Mehta et al., 

2002), improving the viability of gas-to-energy options. 

Recirculating leachate can also reduce leachate treatment 

costs (Reinhart et al., 2002). 

Some laboratory studies included simulation of landfill 

conditions in a laboratory test setup. Moisture distribution 

patterns in landfills were found to be influenced by the 

precipitation or leachate infiltration, hydraulic conductivity, 

porosity, and other material properties. The field monitoring 

techniques used include electrical resistivity methods, EM 

methods, neutron probes, gas tracers, optical fibers, as well 

as other methods. In general, electrical resistivity imaging, 

TDR and neutron probing were frequently used in the 

studies (Hanumanth and Krishna, 2012). 

 

V. FUTURE SCOPE  

Laboratory studies can provide only limited information 

regarding bio-reactor landfills. More field studies are 

required to get comprehensive information regarding the 

performance of landfills. One of the most challenging tasks 

is to develop a reliable real-time, non-intrusive, inexpensive 

technique to monitor moisture distribution in landfills. 

Previous studies have shown that some geophysical 

techniques are promising in this regard, but further 

evaluation of these techniques should be made, and 

guidance for practical use should be developed. It is well 

recognized that MSW is highly heterogeneous, and it 

undergoes degradation with the time that can lead to 

transient changes in the hydraulic properties affecting the 

leachate distribution. The literature on spatial and temporal 

variation in properties of degrading MSW is limited. 

 

VI. SUMMARY AND CONCLUSIONS 

A landfill is a coordinated waste disposal procedure. When 

showed up diversely concerning many developed nations, 

the chance of bioreactor landfills is still new to India. As a 

reaction to blundered open dumps in the country, an 

accurate recovery technique should be organized and 

executed. This masterminding ought to consider the various 

benefits of working dumpsites as bioreactors and ought to 

be conceptualized fittingly while making proposals. The 

BRLF development is the prompt aftereffect of the 

arrangement and headway of another time of earth sound 

solid waste expulsion advancement that gives environmental 

protection while shielding the environment. The mechanical 

issues that this advancement appearance ought to be settled 

by the continued execution of gigantic extension programs 

and the disclosures ought to be circulated in a way that 

enables the data to be used for the most part. It is believed 

that new bioreactor landfill headways will stimulate our 

solid waste industry to rethink an insightful elective for 

dealing with our waste. 
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Abstract— Today, the lifestyle of people has paved the way for 

rise in spinal cord disorders. Severe cases have been reported 

which could be treated if diagnosed early. Scoliosis is a 

deformity to spine and ribs which is the primary cause of 

spinal curvature. The major challenge of scoliosis disease is the 

unnoticeable change in the orientation of spinal column at its 

early stage. Moreover, it is visually detectable only in the 

prodromal stage. The early diagnosis could help cure the 

disease through exercises and minor surgeries. Depending on 

manual diagnosis techniques is a tiring task as it can deliver 

inaccurate results. An automatic segmentation method which 

helps in the early diagnosis is proposed in this paper. Initially, 

CT image which is the input is fed into the system. CT images 

have high contrast between bone and adjacent tissues. Sagittal 

view datasets have been chosen in order to calculate the cob 

angle for the measurement of scoliosis intensity.  Further, 

distortions are removed from the image and pre processing is 

performed followed by K-means clustering which detects the 

spinal canal. In order to segment the required features, the 

output of clustering is loaded to Active Contour Model. Finally, 

segmentation of spinal canal is completed. Experimental 

results prove the accuracy of 95%,86.86%,92.22% for Lumbar 

Vertebrae    CT , Lumbar spine CT, Lumbar spine CT  with 

multiple compression fractures respectively for the proposed 

system which is greater than traditional diagnosis methods. 

Subsequently, this would be a revolutionary study which 

assists the doctors for the early diagnosis of the disease. 

Keywords— Scoliosis, sagittal view, K- means clustering, 

Active Contour Model, spinal curvature. 

I. INTRODUCTION 

The progress in technology has altered the lifestyle of 

people which resulted in spinal disorders. People hardly 

identify the disease at its early stage. Subsequently, the 

disease becomes the part of their life as it cannot be cured as 

whole. Early diagnosis could save the patient affected with 

the disorders and give a complete cure. The major challenge 

in disease detection is the unnoticeable change in early 

stages. Today, various techniques are available for the early 

diagnosis. Relying on manual detection techniques could 

provide inaccurate results. Spinal curvature defects refer to 

the deformity in the column. The vertebrae in human body 

constitute thoracic, cervical, lumbar and sacro coccygeal 

vertebrae. The deformities in these vertebrae results in 

spinal disorders which further affects the posture and body 

movement. The paper mainly focuses on the patients 

affected by scoliosis disease. The experiment is conducted 

based on the various stages of scoliosis disease. Scoliosis is 

a disease affecting spine which cannot be cured if not 

978-1-6654-4126-1/21/$31.00 ©2021 IEEE

diagnosed early. It is commonly observed in thoracolumbar 

region.  

Automatic segmentation is necessary for the early diagnosis 

as various studies validate this. Specific diagnostic features 

are hard to identify through manual techniques or planar 

imaging techniques. For easy identification of these small 

diagnostic factors which help in effective treatment, 

computer aided or automated techniques can be adopted.  In 

Computer-aided diagnosis, the accuracy is high and has less 

computational time. The paper aims at implementing an 

automatic segmentation method for the early diagnosis of 

spinal disorders. The paper is parted as follows; 

Section II deals with the discussion of various studies 

performed by researchers. The section II demonstrates the 

proposed system and the theories regarding the proposed 

system. The experimental analysis and results have been 

discussed in section IV followed by a conclusion in section 

V. 

II. LITERATURE REVIEW

Various studies have been performed in the field of 
segmentation of spinal canal for the diagnosis of spinal 
disorders. [1] Proposed a repetitive segmentation which 
utilizes the whole convolution neural network segment. It 
analyzes images with the help of data from both image as 
well as memory in order to identify the adjacent vertebrae. 
Dice score of vertebrae segmentation was 94.9±2.1%. The 
paper [2] discusses about the automated global level set 
approach used for the image segmentation of lumbar 
vertebrae. In this method, hybrid morphological filter and 
Gaussian mixture model is used for the generation of smooth 
contour. Quantitative comparisons were performed for 
validating the proposed result. A level set method based on 
active contours is illustrated in paper [3]. The method uses 
minimization of energy functional whose energy parameters 
are weighted based on the relevance in detecting boundaries. 
The paper [4] elucidates the various properties within noise 
and edge points. In order to distinguish noise and edge 
points, local regional properties were used. In accordance 
with the local regional properties, a variable regional 
coefficient and an enhanced ESF is implemented[5]. 
Computerized Tomography images are analyzed for the 
detection of spinal disorders and the techniques in [8, 16] 
discusses about iterative topology refinement and knowledge 
based automatic segmentation. [7] discusses about a learning 
based edge detection approach for identifying defects in 
thoracic vertebrae providing an accurate spinal segmentation. 
Numerous segmentation approaches using MRI images are 
briefed in papers [10-15].Different approaches are studied 
regarding the detection of spinal disorders and some are 
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categorized under efficient and robust techniques. Relying on 
such effective techniques would contribute to the effective 
early diagnosis of the spinal disorders. 

 

III. PROPOSED SYSTEM 

The study on the early diagnosis of spinal disorders mainly 

focused on the methods which are reliable, easy to operate 

and would provide accurate results. It led to the 

development of an automatic segmentation method. The 

schematic diagram of the proposed method is shown in Fig 

1.  In this approach, CT images of the spinal canal are 

obtained which fed into the system as the input. In 

computerized tomography, a narrow beam of X-rays are 

targeted at a patient and is rotated around the body which 

provide signals processed by computer to deliver cross 

sectional images of the body. CT images are preferred due 

to its high contrast within bone and adjacent tissues. 

Moreover, spine segmentation can be easily performed. 

Further, preprocessing is done for the removal of distortions 

in image. Preprocessing is an important step to be performed 

as it involves the sorting of required data set from larger 

database available and also to enhance the dataset. Sagittal 

view datasets have been chosen in order to calculate the cob 

angle for the measurement of scoliosis intensity. K- means 

clustering is performed for the identification of unknown 

clusters in the data set which helps in the detection of spinal 

canal. K-means algorithm determines the k number of 

clusters and each cluster belongs to the cluster with adjacent 

mean. In order to segment the required features, the output 

of clustering is loaded to Active Contour Model. Finally, 

segmentation of canal is implemented which identifies each 

area of the spine individually.  

 
 

Fig 1: Schematic diagram of proposed system 

 

A. Scoliosis 

      Scoliosis is a deformity to spine and ribs which is the 

primary cause of spinal curvature. Fig. 2 shows the 

difference between a normal and scoliosis affected spine. It 

is mainly seen in the thoracolumbar area. Scoliosis is a 

three-dimensional deformity, which can be a single C-

shaped or S-shaped curve. The major challenge in scoliosis 

affected patients is the unnoticeable changes at its early 

stages. Therefore, a patient hardly gets cured completely. 

The early diagnosis of scoliosis can cure the disease with 

some exercises and minor surgeries. The proposed system 

aims at the early diagnosis of spinal disorders and is tested 

in scoliosis affected patients.  

 

Fig. 2.Difference between a normal and types of scoliosis affected spine 

[17] 

B. CT Image 

Computerized Tomography is a prevailing imaging 

modality which combines two dimensional x-ray images 

taken from various angles around the body and creates three 

dimensional cross sectional images with the help of 

computer processing. It possesses least computational time 

and is less expensive. In the proposed system, CT images are 

preferred over MRI due to its high contrast within bone and 

adjacent tissues. Moreover, CT is a conventional method; it 

is widely used for spine related issues. Therefore, our study 

will be also based on CT images. The data sets can be of 

axial and sagittal. In the proposed system, sagittal view is 

adopted. In the sagittal view, the Cobb angle is calculated, it 

is the standard angle used to measure the intensity of 

scoliosis. At first, a parallel line is drawn to the greater 

vertebral end plate from the most tilted vertebra at the upper 

part of the curvature of the spine. Then a second parallel line 

is drawn to inferior vertebral endplate from the most slanting 

vertebra at bottom of the curvature of the spine. The angle 

formed by the perpendiculars drawn from the parallel line is 

called the Cobb angle as shown in Fig. 3. Larger the angle 

larger will be the intensity of the disease. 

 

Fig. 3.Sagittal view of the scoliosis affected spinal canal and   Cobb 

angle  
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C. Preprocessing 

Preprocessing is an important method which should not 
be neglected. Required dataset is sorted out from the larger 
database and distortions are removed from the image. In the 
proposed system, Gaussian filter is adopted for the removal 
of distortions.  Gaussian filter is a linear filter which blurs the 
image or reduces the distortion as per the requirement. 

D. K- means Clustering 

K-means clustering [6] is performed for the identification 
of K clusters in the data set. It segments input image into 
relevant feature sets called k clusters required for the 
investigation. The process of K- means Clustering is as 
follows: 

Step 1: Random selection of K-clusters. 

Step 2: Calculation of Euclidean distance (d) from cluster 
centre to each pixel of the input image. The equation for 
Euclidean distance is; 

  d = ||P(x, y) - Ck ||  (1) 

Where  is the new cluster centre; P (x, y) is the pixel value 

of the cluster in x and y coordinates. 

Step 3: Based on the Euclidean distance, each pixel is 
allocated to a cluster with adjacent center, 

Step 4: Recalculation of position of centre using the 
equation; 

 (2) 

Step 5: The process is continued until it converges. 

Step 6: The cluster pixels are further joined to an image. 

E. Active Contour Model 

Active contour model divides the required feature from 

a distorted input image [9]. It involves curve of energies. 

The curve can be moulded to any shape to extract the 

required image from the input image. There are many 

methods to achieve the outline of the required area of the 

input image. Initially, the model needs an initial user 

approximation of the outline of the required object. Later the 

curve is deformed to get the object outline as shown in 

Figs.4  

To get the object outline the weight of the energies is 

varied and the actual value which gives the required image 

is found. These weights control the rate of contour 

minimization to get the object outline. This method is called 

the final approximation of the contour. Here, the energy 

value is changed by varying stimulated forces. When these 

forces reach equilibrium the minimal state is obtained which 

gives the object outline and finally the segmented spinal 

canal image is obtained for early diagnosis of spinal defects. 

 

Fig. 4.Active Contour detection result the required area is obtained by 
removing the noise is represented inner side of the green circle 

 

IV. EXPERIMENTAL RESULTS 

The dataset extracted from typical CT studies which 

includes multiple, serial and axial computed tomography 

images derived from thorax and abdomen of Scoliosis 

patients were used. The images are of size 1280×720 pixels 

and in jpg format. The results of segmentation are tabulated 

and the segmentation results of lumbar spine and lumbar 

vertebrae of various postures of patients are illustrated in 

Fig 5 and fig 6 respectively.   In Fig 5, red color indicates 

the spinal canal whereas red color in Fig 6 indicates the 

vertebrae for men.  

 

Fig 5. Segmentation results of lumbar spine of various postures of 

patients 

 

 

Fig6. Segmentation results of lumbar vertebrae of various postures of 
patients 

Table I demonstrates the performance analysis of the 

proposed system with various properties. The properties 

analysed are a true positive, true negative, FP, FN sensitivity, 

specificity and accuracy of the proposed system. The system 

has an overall accuracy of  92.22  with CT of lumbar spine 

having multiple compression fractures and accuracy of 95 

with lumbar vertebrae CT. 
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TABLE I.  PERFORMANCE ANALYSIS OF THE PROPOSED 

SYSTEM WITH DIFFERENT PROPERTIES 

V. CONCLUSION 

Scoliosis is a disease which can be cured when diagnosed 

early. The proposed method aimed at the early diagnosis of 

spinal disorders. The scoliosis patients were taken for 

detailed study about the implementation of the system. It is 

highly important to identify which minor deformities will 

eventually result in major deformity the importance of our 

system is that it helps in early diagnosis of the disease that 

too in the very starting stage of the disease when there is 

only a slight variation in the angle of orientation of the 

spine. For scoliosis, earlier the treatment is started the more 

effective the treatment will be, this shows how important is 

the early diagnosis of scoliosis. The automatic spinal canal 

segmentation system will help in diagnosing scoliosis at the 

early prodromal stage itself. This not only decreases the 

need for surgery but also the disease can be easily controlled 

through exercise and minor treatments.  Experimental 

results validate the accuracy and efficiency of the proposed 

system.  
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Parameters 

Lumbar 

Vertebrae    

CT 

CT of lumbar 

spine 

CT of Lumbar 

spine with 

multiple 

compression 

fractures 

TP 57 54 56 

TN 3 5 4 

FP 38 32 27 

FN 2 8 3 

Sensitivity 0.966102 0.870968 0.949153 

Specificity 0.073171 0.135135 0.129032 

Accuracy 0.95 0.868687 0.922222 
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Abstract

There are different textual content summarization processes available in natural Language Processing. Amongst them abstractive
textual content summarization is one of the challenging problems in natural language processing and that too, with very little
research done in regional languages. Unlike other summarization techniques, which reuses the words and phrases from the source
text, abstractive text summarization builds a short and concise precis of a huge text document built from the underlying message
of the text not necessarily using the same words and phrases from the source. The objective of the proposed work is to create a
brief and understandable abstractive summary of a Malayalam document. Malayalam is one of the 22 scheduled languages of India
spoken by over 34 million people and is designated as a Classical Language in India. Being a Classical language, Malayalam has a
very unique syntactic and semantic rules which makes this work more important. The proposed work attempts to create an attention
mechanism to generate the summary of the source document. In this work, the goal was to compare the efficiency of Attention
model with sequence to sequence baseline model of Malayalam text and thereby implementing a better abstractive text summarizer
for a malayalam document.
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1. Introduction

Text summarization is a method of extracting the salient and important information from the source document to
generate a precise version of the document. To extricate the relevant information from the enormous collection of
documents in a short amount of time is very difficult. To address this issue, people prefer to have a tool to summarize
large documents. Thus the technique of text summarization for extracting relevant information from larger data has
become a necessity. Malayalam is a morphologically rich language. Vocabulary of Malayalam language is borrowed
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from other classical languages, mainly from Sanskrit and Tamil. Two characteristics make Malayalam unique from
other languages: a) it does not have predicate agreement between subject/object and verb for gender, number and
person b) having prevalent usage of copulas in utterances.
The main contribution of this work is to develop an attention based sequence to sequence learning model for generating
the summary and compare its performance with sequence to sequence baseline model. The model developed ensures
that the encoder encodes the input sentence and decoder focuses on the appropriate words at each step of generation.
The performance was compared using Rouge evaluation matrix and the results outperforms the state of the art methods
currently available for malayalam documents.

2. Related Works

Abstractive Summarization extracts the contents from the source document, determines which are important and
relevant, and returns them in a concise, readable and structured form. The summary should include the following
features[1]:

• Salience : the summarized document should address the main contents.
• Relevance: the summary should be relevant to the topic.
• Non-redundancy: redundant contents has to be avoided.
• Length: the document should be bounded in length.

The abstractive summarization is classified based on number of documents, approaches etc. Based on the number of
documents considered for summarization, Text summarization can be classified into two - single and multi-document
summarizations. Another classification of text summarization based on the summarization approach are called as
extractive summarization and abstractive summarization. In extractive summarization, important sentences from the
original text are identified and few of them are recombined as it is to form the summary of the document. Abstractive
summarization is the process of extracting key elements from the source and combine them grammatically to generate
a concise summary.
Statistical, structured and semantic based approaches were used earlier. In statistical approach, the keywords and
phrases are identified from the source document by computing the salient score of each word/phrase as discussed by
Bing L et al in [2]. Phrases/words with high score are then merged to generate new sentences. In structured approach
[3], the important information from the document is encoded using some extraction rules to build specific structures
like trees, graphs etc. In the tree based approach, a dependency tree is built to represent the text of the source
document. Similarities between the structure of trees and also between the lexical items are measured. In semantic
based approach, semantic representation of the text is used in natural language generators. This method segregates the
document text into noun and verb phrases using linguistic data. In semantic graph based method used by Moawad IF,
Aref M [4], the abstractive summary is obtained by initially creating a rich semantic graph of the original document
and then reducing the generated semantic graph by applying algorithms to arrive at the best summary.
Semantic rank and semantic role labeling are the semantic based approaches used for summarization. Semantic
rank [5] is a graph-based ranking algorithm for keyword extraction and sentence extraction from documents. The
algorithm generates a semantic graph with text as nodes and edges represent the semantic relationship. Semantic
role labelling method as mentioned by Khan A et al[6] uses role labelling to represent the text through predicate
argument structures. These predicate argument structures which are semantically similar are grouped by employing
similarity measures. These structures are then scored based on some weighted features and then optimized by some
optimization algorithm., The different possible document representation using graphs are carried out by G. S. Hassan
et.al [7]
Currently, most of the approaches for abstractive text summarization using deep learning are based on the Encoder-
Decoder model[8] [9]. Summarization based on neural model generate a neural attention model[10] which is then
combined with a contextual input encoder to prepare the words of the final summary. This approach incorporates less
linguistic structure compared to other abstractive methods. On the basis of the input sentences, this model produces
each word of the summary. For effective summarization, the model has to be trained with a huge amount of data. The
encoder and the decoder generation models are jointly trained on the sentences. A neural attention model merged with
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an attention-based contextual encoder is proposed by Rush [8] for learning the alignment between the source with the
generated summary automatically. This model is trained on Gigaword dataset and evaluated it on the DUC-2003 and
DUC-2004 dataset. The results proved that their model performed better than the other baselines.

3. Encoder-Decoder Framework

In the proposed methodology, the summary of the document is built using the abstract sentences generated from
a model built using a Neural network. The reference model used Sequence to sequence baseline model and attention
mechanism learning technique to build the proposed model from the raw data.

3.1. Sequence to Sequence Baseline model

Sequence to sequence learning is a training mechanism used to convert sequences available in one domain to
sequences in another domain. This is a very popular technique used in machine translation as well as scenarios where
free form sentences need to be created. In this work, the long sequence of words from the source document is treated
as input sequence and the output is a sequence of words conveying the same meaning, but with fewer words which
forms the short summary. The conversion is based on vector mapping and prediction techniques. Two components of
a sequence to sequence model are encoder and decoder The essential work flow of Encoder-Decoder model comprises
of two stages:

• Encoding: In this stage, the model peruses the input sequence and convert it into an intermediate vector repre-
sentation by using neural network.
• Decoding: From the intermediate vector representation, the model uses another neural network to generate the

output sequence.

During the training process, the pre-processed input sequences is passed on to an Encoder-Decoder model which uses
Sequence to Sequence architecture. The outcome of this step produces a model which is used for validation by using a
test dataset. During Validation stage, the test dataset also undergoes the same pre-processing steps as used by training
dataset, before it is passed into the model. As the Source sentences is feed into the model, it generates output version
which is a prediction by the model. This is then compared and analysed to its target abstract sentence (originally
present in the dataset) stated in the Source-abstract pair for determining accuracy.

3.1.1. Encoder Decoder Architecture

Fig. 1. Encoder-Decoder Architecture

The architecture in Fig 1 is a pictorial representation of Encoder-Decoder model. The Sequence to Sequence
architecture is similar to a ‘many to many sequence modelling’ architecture. This is a type of Encoder-Decoder model
using RNN (Recurrent Neural Network). RNN is a class of artificial neural networks which uses their internal state
(memory) to process variable length sequences.
The encoder takes the source sentence, denoted by x = (x1, x2, ..., xn), and transforms those sentences to its hidden
states he = (he1, he2, ..., hen); while the decoder accept context input as in the form of hidden states and then produces
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a summary y = (y1, y2, ..., ym). Here, xi is the one-hot representation of the words in the source article and y j is the
same of the summary. Here, n and m are the representation of the number of tokens (document length) of the original
source document and the summary respectively.
Encoder-Decoder architecture consists of two LSTM (Long Short-Term Memory) networks - the encoder LSTM and
the decoder LSTM. LSTM is a type of RNN with an added advantage of mapping long sentences while overcoming
the long-term dependencies. The sentences are divided into sequence pairs, first one being the input sequence (Source
sentences) and second being the output sequence (Abstract sentences). The input to the encoder LSTM is the source
sentence and the input to the decoder LSTM is the abstract form of the source sentence with a start-of-sentence token
‘START ’ and end-of-sentence token ‘ END’. This is done so that the model can distinguish when the particular
sentence starts and when it ends. The output of the encoder is discarded and only the internal states are retained. To
initialize the hidden and cell states of the LSTM decoder, encoded vectors are used. Initialization of hidden states are
done as follows:

hd
0 = tanh(We2d(he

m ⊕ he
1)) (1)

The decoder accepts two inputs - the internal states from the encoder and then the input sentence. The internal state
which is also known as Encoded vectors consists of hidden state and cell state of the encoder. The input sentence fed to
the decoder input is the target sentence with the start-of-sentence token appended at the start and end-of-sentence token
appended at end. Here, superscript d denotes the decoder and is a concatenation operator. At each decoding step, we
first update the hidden state hd

n conditioned on the previous hidden states and input tokens, i.e., hd
n = LS T M(hd

n1, Eyn−1 ).
Since only the hidden states are passed, the cell states in the input and output of LSTM are not explicitly expressed.
The vocabulary distribution can be calculated with

Pvocab,n = so f tmax(Wd2vhd
n + bd2v) (2)

, where Pvocab,t is a vector whose dimension is the size of the vocabulary V and

so f tmax(vt) =
exp(vt)

Στexp(vτ)
(3)

for each element vt of a vector v. Therefore, the probability of generating the target token w in the vocabulary V is
denoted as Pvocab,t(w).

3.2. Attention Model

The performance of Sequence to sequence encoder is relatively poor when used with long sentences. One of the
reason for this can be attributed to the poor long term dependency for these models. In order to solve the problem
of loss of relevant information from long sentences, models can be developed using the attention mechanism. The
attention model consists of an encoder, decoder and the attention layer. The Fig 2[11] shows the architecture of

Fig. 2. Attention Model

attention model. Attention layer[12] [13] consists of

• Alignment Score
• Attention weights
• Context vector
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3.2.1. Alignment Score
The alignment score ei j maps how well the input around the position j and the output at position i match. The score

is based on the previous decoders hidden state, S (i − 1) just before predicting the target word and the hidden state, h j

of the input sentence.

ei j = a(si−1, h j) (4)

The alignment score calculation needs the output from the decoder from the previous output time step, e.g. S (i − 1)
. The initial score of the output for the decoder will be 0. The function a() is called the alignment model and is
implemented as a feed forward neural network. The alignment score quantifies the amount of attention the decoder
will place on each of the encoder output when producing the next output.

3.2.2. Attention Weights
The score normalization permits them to be treated like probabilities, indicating the chances of each encoded input

time step (annotation) being relevant to the current output time step. These normalized scores are called attention
weights. For calculating Attention weights, softmax the alignment score.

at = so f tmax(ei j) (5)

3.2.3. Context Vector
The new attended context vector is calculated by multiply each annotation with the attention weights(a) from which

the current output time step can be decoded. The context vector is a weighted sum of the hidden states and normalized
alignment scores.

h∗t = Σiat
ihi (6)

3.2.4. Decode
Decoding is performed as per the Encoder-Decoder model. Context Vector will be concatenated with the previous

decoder output. It is then fed into decoder RNN cell to produce a new hidden state. The output of the decoder (s) is
referred to as a hidden state in this paper.

4. Experimental Results

The following are the details of the corpora and the evaluation analysis of the defined approach

4.1. Datasets and Preprocessing

The required dataset was built by translating the publicly available news repository and its summary from BBC
into Malayalam language. A paragraph text and its abstract form is treated as one training data. Pairs of such source
sentences (input word sequence) and its abstract form (target word sequences) forms a dataset. The overall dataset
is first passed through a pre-processing stage where the sentences in the dataset are cleaned and prepared. Certain
data cleaning operations are performed on the dataset which includes removal of quotes, special characters, numbers,
spaces and invalid characters. Appending the abstract target sentence with start-of-sentence tag (‘START’) and end-
of-sentence tag (‘END’) is carried out before proceeding to the next stage. Tokenization and stemming of the data
is done in the next stage. Tokenization reduces the complexity of sentence structure. It is the process of splitting up
a sentence into small pieces known as tokens or words. Instead of processing the complete sentence at a time, parts
of sentences can be processed at a time by tokenizing the sentences. Stemming is the process by which each word
in the document is taken and its root word is identified by removing its suffixes. Similarly, Plural forms of the words
are converted to singular form. In this system, a rule-based stemmer is used where rules are in the form of suffix and
denotes the letter to replace. The prathyayam rule of Malayalam language as shown in Fig 3 is used for implementing
this rule. Based on the suffix of word, this rule will classify the word as subject or object. This rule states that if any
word ending with sounds shown in the prathyayam rule, then the word can be categorized as subject according to the
rules by altering the suffix of the word. Stemming is avoided for negation words and some of the verbs. Stemming of
verbs depends upon the suffix in the word. An example is shown in Fig 4
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Fig. 3. Prathyayam Rule of Malayalam Language

Fig. 4. Word After Stemming

4.2. Model Training and Testing

Initial training of the model is done on the translated BBC News corpus dataset for single document summarization
task. The google translator is used for translating the corpus. The dataset contains 5546 sentence pairs with 3500/2046
training/test split. For training the encoder decoder model, three data structures has to be defined here, i.e. encoder
input data, decoder input data and decoder target data which is used as decoder input as well as output. As LSTM
expects input sequences with the same length, Padding is done on the sentences to address the varying length of input
data to arrive at fixed length vectors.
The model will be trained in such way that it takes encoder input data and decoder input data and turns it to the decoder
target data. The model is trained for 90 epochs. The decoder target data is ahead of one time steps when compared
to decoder input data. With the help of the input at the decoder input and the internal states from encoder, this model
will predict the starting word for predicting the target sentence which will be compared with decoder target data for
computing loss and gradients. The errors and updates are propagated through time in order to update the parameters
of the network. The attention mechanism can be implemented by taking inputs from each encoder sequence and
to allow multiplication with one-hot vectors to get attention weights and vectors. The weightage depends on the
contextual importance. It helps pay attention to the most relevant parts of the input data sequence so that the decoder
can optimally generate the next word in the output sequence. The final prediction of output word in decoder sequence
is done by the attention layer. It helps allow the decoder individual encoder state information. The figure5 shows the
output of a document generated by the model. The above sample outputs are the predictions of our trained model,
where the input is the first 100 words of the translated input article, the Actual summary is the targeted summary and
the System Summary is the what the model had output for that input. According to our sample outputs, the model is
able to capture the key words in the input most of the times.

4.3. Comparitive Analysis

The quality of the generated summaries is evaluated by ROUGE metric. This metric is still the standard metric used
to evaluate summary qualities since its introduction by Lin[14]. ROUGE stands for Recall-Oriented Understudy for
Gisting Evaluation, and it computes for a generated summary a score based on how well the summary over- laps with
a set of golden truth summary references that are typically human generated. In this paper, ROUGE-1, ROUGE-2 and
ROUGE-L measures are used for evaluation. The first two are computed based on respectively unigrams and bigrams
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Fig. 5. Summary Obtained in Seq2seq and Attention Model

overlaps and are special cases of the more general ROUGE-N measure defined for n-grams. ROUGE-L is based on
the longest common substring (LCS) and has the advantage of computing in-sequence matching instead of limiting
the computations to the consecutive matches within n-grams. The Table 1 and Table 2 and the Fig 6 show the analysis
of two models with batch size 64 and

Model Rouge 1 Rouge 2 Rouge-L
Seq2Seq 15.14 14.01 14.82
Attention 19.73 18.72 19.39

Table 1. ROUGE Scores of the model with batch size 64

Model Rouge 1 Rouge 2 Rouge-L
Seq2Seq 24.33 23.11 24.02
Attention 28.25 26.31 27.41

Table 2. ROUGE Scores of the model with batch size 128
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Fig. 6. Comparison of ABS with seq2seq baseline model

5. Conclusion and Future Work

The paper presented a sequence to sequence approach for abstractive summarization task for malayalam language,
with promising results. The proposed system discovers various inherent semantic and compositional aspects as part
of document-independent features. The model predict an understandable and summary with reducing the training loss
for some documents. An important limitation of the system is needed to fix the length of the source and summary. As
part of the future work, new models are to be built on this dataset which learn any length and generate the summary
which has no fixed length. It is also proposed to develop a new dataset for abstractive summarization in malayalam
language and establish a benchmark on it.
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Abstract— Methodical analysis of features of spinal canal is 

important for early diagnosis of diseases that affect spine. Main 

issues with CT images are that they have poor illumining. In this 

paper, Contrast Limited Adaptive Histogram Equalisation 

(CLAHE) method is used to improve the poor illumination. 

Finally, the spinal canal is segmented and the shape is 

determined. So with minimum effort and time, accurate 

diagnosis of spinal curvature disorder can be found. This 

proposed method can accurately extract and analyse features 

from CT Sagittal images and will help in the early diagnosis of 

the disease. Scoliosis is an unusual horizontal bend of the spine. 

It is regularly analysed in youth or early immaturity. 

Indications of scoliosis, when they do show up, can go from an 

absolutely restorative deformation to gentle inconvenience to 

hazardous breathing interruptions. Fortunately, most cases are 

effectively correctable. By far most of individuals with 

scoliosis—with a little information and the assistance of spine 

trained professionals—will not allow the condition to back them 

off. The key inquiry identified with scoliosis is that how a little 

deformation, which doesn't need treatment, winds up as a huge 

disfigurement with careful mediation as time progress. In basic 

cases, it might require spinal fusion surgical procedure, which 

may have a post-activity inconvenience as it influences the spinal 

flexibleness. It is essential to distinguish which minor 

deformations will ultimately bring about significant 

disfigurements. To examine the minor distortions, automated 

segmentation of the spine is needed, as the bigger scope 

perspective on the spinal picture can't viably help in the finding 

of minor disfigurements in the spinal column. In the proposed 

framework for pre-preparing, we utilize CLAHE for picture 

improvement. 

 Keywords— CLAHE, Scoliosis, Spinal canal, CT-images, 

Adaptive Histogram Equalisation, Segmentation 

I.  INTRODUCTION  

The spine is made of bones that are stacked one on top of the 
other. This spinal gives the fundamental help for your body, 
which makes you to stand erect, twist, and contort, and 
furthermore shield the spinal column from any wounds. 
Scoliosis is a distortion that causes a uncommon bend in the 
spine. There are a few kinds of scoliosis. They are sorted 
dependent on the reason and age when the bend creates and 
most of patients have no known reason. Hazard components 
of Scoliosis consist of age from 9 years to 15 years, female, 
and family ancestry. Examination should be possible by the 
actual assessment and by utilizing imaging modalities, for 
example, X-rays, CT scans, or MRI. Here in this paper we use 
CT scans of Spine images for the detection of Scoliosis. CT 
scans are preferred due to their less computational time and 

readily available to all people. Contingent upon the 
seriousness of the bend, scoliosis must be treated with 
perception, screwing of melded bones, or medical procedure. 
Shockingly there is no remedy for scoliosis, however the side 
effects can be decreased a great deal. The Spine CT images 
that we get has a lot of noise parameters in it. So noise 
reducing and image enhancement is the first major step that is 
to be carried out. 

Image enhancement is used to find the important features of 
an image. In photos, the edges or lines is to be improved to 
discover structures or different items. Sometimes, the contrast 
is the one to be upgraded. Often, linear filtering might be 
everything necessary for particular kinds of improvement, 
however the most helpful upgrade tasks are non-linear in 
nature. So we can understand that image enhancement can be 
done by suppressing the noise or by increasing the image 
contrast. Preprocessing done here involves noise reduction, 
detail preservation, visibility sharpening and perceptibility 
improvement of the various regions of an image and to 
identify the picture highlights inside these locales. The actions 
required to accomplish these objectives can be 1) cleaning of 
picture from different kinds of commotion 2) contrast 
improvement among contiguous features 3) retaining features 

 
Fig.1. Flowchart for Image enhancement  
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or regions of desirable scales. Figure 1 represents the 
flowchart to enhance the input CT image. 

II. RELATED WORKS 

Arun R [1] proposed that the Adaptive histogram equalization 

gave a superior outcome, yet the image isn't liberated from 

cleaned out appearance. The sharpness is nearly poor and the 

foundation data is hazed and has poor contrast. Blair Silver 

[2] proposed that global histogram adjustment endeavors to 

modify the spatial histogram of a picture which intently 

match a uniform conveyance. Histogram equalization isn’t 

acceptable decision for holding neighborhood detail because 

of global treatment of the picture. Jinshan [3] proposed global 

histogram equalization that changes the intensity histogram to 

rough the uniform conveyance. Negi [4] proposed a 

methodology that changes contrast and gives image 

sharpening strategies. Gray scale picture is liable to contrast 

extending and afterward it utilizes Laplacian mask, and 

finally, Laplacian picture is consolidated to the first gray 

scale picture to get the ideal sharp picture. Wu [5] proposed 

wavelet transform for limiting the repetition happening in the 

real strategy for contour let transform. WT and cycle 

interpretation are then blended. Finally, adaptive function is 

chosen for enhancement. This technique amplify the pictures 

and the picture edges. Wang [6] proposed Simulation and 

identification processes with NIE. This method increases the 

quality of blurred image. 

 

III. IMAGE ENHANCEMENT TECHNIQUES 

 

The various Image enhancement techniques are 

1.  Histogram Equalization (HE) 

Histogram of an image is appropriate for gray-scale levels. It 

can be used for enhancing the visual appearance of an image 

[7]. The process can be written as follows: 1) Divide picture 

into segments. 2) Histogram can be utilized to discover the 

pixel values for the gray levels. 3) Histogram Equalization 

can be utilized to figure the intensity values and is utilized to 

expand the unique scope of pixels. 

2. Brightness Preserving Bi-Histogram Equalization 

(BBHE)  

The BBHE procedure is utilized for preservation of 

brightness of a picture. Brightness protection is the primary 

qualities of a picture. In this cycle it partitions the picture's 

histogram into halves. Significant issue here is that the 

brightness of a picture might be changed after the histogram 

levelling because of the straightening of the HE [8]. The 

BBHE is an answer for this issue [9]. The qualities of this 

calculation is to utilize free histogram balances independently 

with two sub pictures got from disintegrating the information 

picture dependent on its mean with a condition that the 

subsequent adjusted sub pictures are consolidated by one 

another around the information mean. The proposed 

calculation preserves the mean brightness of a given picture 

contrasted with conventional histogram equalization 

3. Brightness Preserving Dynamic Histogram 

Equalization (BPDHE) 

In Dynamic Histogram Equalization (DHE) the histogram of 

input image is apportioned into sub histograms. The DHE 

technique give mean brightness and intensities to have 

another reach [10]. It gives sensible pictures by look. Here 

the forces are adjusted independently. BPDHE is an 

expansion to the DHE strategy. It can move the mean 

brilliance between the resultant histogram picture and unique 

picture. In this manner the mean brilliance is safeguarded. It 

likewise delivers the mean intensity of info and yield pictures 

as equivalent. This procedure utilizes various filters, for 

example, Gaussian filter, and so forth which smoothest the 

information by smothering picture commotion for the picture 

[11]. So DHE strategy gives better mean brightness to a 

picture. 

4. Adaptive Histogram Equalization (AHE)  

Adaptive Histogram Equalization is utilized for improving 

difference in pictures. The difference of area for a picture 

won't be adequately improved by Histogram Equalization. 

AHE improves this upgrade by changing every pixel with a 

transformation function got from a local region. It is utilized 

to conquer a few impediments of global linear minmax 

windowing strategy. Hence it diminishes the measure of 

commotion in regions of the picture. AHE have the capacity 

for improving the difference of grayscale and shading picture 

moreover. 

5. Stochastic Resonance (SR)  

In some non-linear frameworks, the presence of clamor can 

indeed upgrade the feeble signal strength or the low 

difference pictures. This is stochastic resonance. Stochastic 

resonance is comprehensively applied to depict any event 

where the presence of clamor in nonlinear framework is brew 

for output signal quality [12]. To upgrade the difference of a 

picture it uses outside clamor of a picture. 

 

Even though all these techniques are meant for enhancing the 

images, few techniques show low contrast in images and 

takes more computational time (Table.1) 
Enhancement 

Techniques 

Limitations Reference 

Histogram 

Equalization 

Not much suitable for 

colour images 

L. Li, S. Sun and C. 

Xia,2014 

BBHE It takes more 
computational time 

R Sunita 
 and Kaur Amandeep,2014 

BDHPE Not Giving Clear 

images 

Kong.N.S.P and Ibrahim 

.H,2008 

AHE  It produces unwanted 

images 

Suganya et.al,2013 

SR Only useful for very 

low contrast images 

Suganya et.al,2013 

Table.1. Limitations of enhancement techniques 

IV. CONTRAST-LIMITED ADAPTIVE HISTOGRAM 

EQUALIZATION (CLAHE) 

We use contrast-limited adaptive histogram equalization 
(CLAHE) to improve the differentiation of the grayscale 
image. It works on small regions in the picture, called tiles, as 
opposed to the whole picture [13]. Each tile's differentiation is 
improved, so the histogram of the output locale roughly 
coordinates with the histogram determined by the circulation 
boundary. The adjoining tiles are then joined utilizing bilinear 
introduction to dispose artificial boundary. The differentiation, 
particularly in homogeneous regions, can be restricted to try 
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not to intensify any clamor that may be available in the 
picture. 

Methodology 

At first, the histogram of a digital image is a discrete function 
having an intensity level in the scale of [0; L-1].  

 = ,      (1) 

Where ‘h’ is the histogram of the image  - the kth intensity 

value;  - the total count of pixel in the input.   

So the histogram is given by: 

 =               (2)
  

 
where Pr(rk)is the occurrence of intensity level rk in an image 
and k = 0, 1, 2 …….L-1. For a normalised histogram, the sum 
of all components is equal to 1. The histogram equalisation is 
a technique of contrast adjustment by image's histogram. It 
improves the global contrast of the image. The histogram 
equalisation is done by: 

 =    , k = 0, 1, 2 …….L-1,    (3) 

Where  is the new distribution of the histogram. 

When the grey scale is non-uniform CLAHE is used. In 
normal cases, the image is divided into a certain number of 
regions and the same histogram equalization method is done 
on the pixels in each region. In illumination invariant cases 
this method cannot be used. For example when grayscale 
distribution is highly localized, it is impossible to convert very 
low-contrast images by full histogram equalization. In such 
cases, the adjacent grey scale will be so near that that they will 
be mapped to a significantly different grey scale. This is 
prevented by limiting the contrast that is permitted through 
histogram equalization. The combination of this restricted 
contrast method along with adaptive histogram equalization 
results in CLAHE proposed. Fig. 2 shows the change in 
contrast of an image when CLAHE is applied. 

 

 

V. CONCLUSION 

This paper have examined about different improvement 

strategies with proper output. Contrast Limited Adaptive 

Histogram Equalization (CLAHE) yields great execution for 

improvement of scoliotic spine picture. CLAHE strategy is 

utilized to improve the nature of the CT scan picture which is 

normally a gray scale picture which won't uphold extraction of 

minute features. 
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Fig 2(A) Input Image (B) Result of CLAHE 
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Pedestrian Counting Using Yolo V3 

 

 

Abstract— Object detection is the process of determining the 

presence, location, and type or class of at least one object using 

a bounding box. The person detection process produces a 

bounding box and allot a class label as a person based on YOLO 

v3. In YOLO v3 the features are learned, divides the image cells 

and each cell says a bounding box and entity classification 

directly. There could be more than one bounding box per 

person, but the system makes use of non-maximum suppression 

to reduce the number of bounding boxes to one per person. 

Finally, the number of persons in the image and video are 

calculated using the count of the bounding boxes. The dataset 

used for static pedestrian detection is the INRIA dataset and 

ShanghaiTech dataset. Yolo_Mark is used for marking 

bounding boxes of persons and gets its annotation files using 243 

images from the INRIA dataset. Darknet is used as the 

framework for implementing YOLOv3. From INRIA Dataset 

120 images are used for testing purposes. Testing on the INRIA 

dataset resulted in an accuracy of 96.1%. From the Shanghai 

tech-B, dataset 56 images are used for testing. Testing resulted 

in an accuracy of 87.3%. 

Keywords—Yolo, CNN, CUDA. 

I. INTRODUCTION 

Computer vision is the region of study that expects to build 

up a technique that upholds computers to watch and 

comprehend the substance of advanced pictures, for example, 

photos and recordings. Computer vision has a number of 

multidisciplinary applications like military human-computer 

interaction, mobile robot navigation, industrial inspection, 

and medical image analysis. Many popular computer vision 

applications like object classification, object identification, 

object verification, object detection [3], and object 

recognition recognize objects in images or videos.  

 

Object detection has two levels; Object tracking and Object 

localization. Object tracking is the process to detect and track 

individual objects and grouped objects.Object Detection is 

made easy with the introduction of Neural Network. Neural 

networks are used to simulate the human cerebrum 

framework to take care of general learning issues. Neural 

networks use numerous algorithms that help to identify 

patterns. Deep learning [1] is the group  of machine learning 

networks. Deep learning has become a popular 

implementation of speech recognition [2]. Deep learning is 

the field of computer vision, which contains better 

performing models that may require more data but less digital 

signal processing expertise to train and operate.  

 

A CNN, or ConvNet [4] is gaining much popularity in the 

area of deep learning.  A CNN has an input, multiple hidden 

and an output layer.The pooling layer in the form of non-

linear down-sampling and the most commonly used one is 

max pooling function. Finally, the fully connected layers 

done high-level reasoning.YOLO is the second group of 

strategies object recognition focused on real-time processing. 

YOLO represents You Only Look Once, introduced in 2015.  

 

Outdoor pedestrian counting techniques help to monitor 

parks, recreational facilities, and trails help to recognize and 

count the number of individuals visiting public spots. The 

system assists in designing traffic infrastructure according to 

the peak traffic experienced in an area and finding out the 

bottlenecks in the existing traffic system. It also helps in 

calculating the capacity ratings for the traffic infrastructure 

like bridges while designing the infrastructure projects. 

During pedestrian detection, there might be many bounding 

boxes representing different entities of regard within the 

image, and it is difficult to know how many beforehand.  

 

ILSVRC is a strategy including classification and recognition 

of several object classes and  images. Image classification 

process algorithms generate a catalogue of entity classes there 

in the image, with a bounding box representing the 

location[5]. The R-CNN, Regions with CNN Features was 

presented by Ross Girshick et al.  in the year of 2014. 

Selective search [6] choosing a vast number of regions using 

this method to get only 2000 regions.  

 

The R-CNN model [7], comprises three modules: Region 

Proposal, Feature Extractor, and Classifier. AlexNet deep 

CNN [8] is the feature extractor used here. Linear SVM is the 

classifier that takes the output of the CNN layer. 

 

To solve the speed issue of R-CNN, Ross Girshick, 

introduced an extension to create a faster object detection 

method, Fast R-CNN [9] in 2015. This technique is similar to 

the R-CNN process. This model took the image and a group 

of region recommendations. For feature extraction, a pre-

trained CNN using VGG-1 is employed. To improve the 

speed of training, detection techniques, Faster R-CNN [10] in 

the year 2016.  

 

A. Motivation 

 
All the advanced methods use locales to detect the object 
within the image. Those methods only consider the image 
pieces that have peak probabilities of acquiring the object. 
YOLO applies a single neural network trained process that 
takes an input image and plots bounding boxes for entities 
with corresponding class labels. YOLO looks at the image 
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once and makes predictions with a single network evaluation 
model, which makes YOLO fast. YOLO is trained on full 
images and directly optimized detection performance. For 
improving the accuracy, YOLO reached out to variants 
YOLO v2 and YOLO v3. 

 

B. Contributions 

The proposed method contributes an efficient   pedestrian 
detection and counting using the YOLO v3 model. The 
proposed method detects the person on both images and 
videos. It handles images of different lighting conditions, 
varying viewing angles, and scales. Estimate the count of 
detected persons in the images, using the Inria dataset and 
Shanghaitech-B dataset. Estimate the peak count of persons 
in the videos. 

II. RELATED TECHNIQUES 

In [11], Zhang et al. introduced a technique that can calculate 
the crowd count by using the MCNN system influenced by 
the multi-column deep neural networks [12]. The system 
holds three columns of CNN with filters sizes, large, medium, 
and small. The arrangement of MCNN consists of Max 
pooling for every region.Features maps transform to the 
density map, they use filters with dimensions 1 × 1 [13]. The 
system calculates the final prediction by averaging the unique 
predictions of every deep neural network. They evaluate the 
design on four distinct datasets; three existing datasets and 
their dataset. The performances of MCNN on Shanghai tech 
dataset obtain values 110.2, 173.2, 26.4, 41.3 for MAE and 
MSE respectively. 

 

In [14], Siyu Huang, Xi Li et al., developed the person 
counting method from the view of semantic modelling. 
Existing methods [11,15] mostly focused on modelling using 
the properties of full body or the heads, disregarding the 
semantic structure data. The pedestrian semantic model 
consists of three elements: peoples, heads, and their context 
structure. They formulate three elements and design them as 
two models: a first-named body  map and context structure of 
body parts [16]. 

Existing methods like conventional density maps [17], ignored 
the shapes of individual pedestrians, structured density maps 
focus on both  density distributions and shapes of humans and 
to model semantic structure information. They evaluate the 
method using four datasets, the WorldExpo'10 dataset [18], the 
Shanghai tech-B dataset [11], the UCSD dataset [19], and the 
UCF_CC_50 dataset [20]. 

 
In [21], Boominathan et al. developed a framework for 
calculating the density of crowd from dense crowds. Focusing 
on the obstacle of scale variation, the model concurrently 
performs at high and low-level patterns generated using deep 
and shallow cnn. The deep network concentrates on the 
desired high-level semantics required architectural design 
similar to the VGG-16 model [22]. Adding the total predicted 
density maps gives the total count. By using a  Gaussian 
kernel, They also perform two types of augmentation for scale 
variations in crowd images and improves CNN's performance.  
 
In [23], Lingke Zeng et al. introduced MSCNN for static 
crowd counting. In prior systems [11] [21], that overcomes the 
problem of scale variations, but it has two weaknesses; needs 

a pre-trained model and requires more parameters to added 
computing resources. Multi-Scale Blob (MSB) is the scale 
feature, contains various filters with various kernel sizes. 
ReLU [24], which performs as the activation function of 
preceding convolutional layers. The ShanghaiTech and UCF 
CC 50 datasets. Using the ShanghaiTech dataset MCNN 
attains MAE and MSE values 83.8, 127.4, 17.7, and 30.2 
respectively. Using UCF CC 50 dataset achieves MAE and 
MSE values 363.7 and 468.4. 
 
In [25], Jianing Qiu et al. proposed a Two-Column CNN 
(TCCNN) to calculate highly dense crowds. The  design is 
derived from VGG-16 and Alexnet. They joined two networks 
to output the density map. Before being fed into the network, 
the system creates crowd image patches with a resolution of 
224 x 224 pixels. The number of people within each patch can 
be obtained by finding the  integral density map, and the sum 
of people in each patch can add up to find the total number of 
people. The combination of adjusted VGG-16 and Alex net 
gave an excellent performance. The method achieves high 
accuracy on the above datasets. 
 
In [26], Youmei Zhang et al. proposed a model to focus on 
head positions used for crowd counting. AM-CNN contains 3 
shallow layers, attention models. The system evaluates using  
the above 3 datasets. They use Gaussian kernels for density 
maps. For ShanghaiTech and UCF CC 50 datasets, the MAE 
values for Large, Medium, Small are 112.0, 121.1, 129.1.1 
respectively, and MSE values obtained are 166.1, 200.8, 198. 
The performance of this  model is 29.2/40.7 (L), 39.4/39.1 
(M), and 32.6/29.4(S). 

 
In [27], Hailong Li et al. proposed method Alex Net [28] 
with multi-layers and edge boxes. For extracting training 
data edge boxes were used. The INRIA pedestrian dataset, 
including 614 samples used for training and 218 samples 
for testing. Boxes algorithm achieves good results.The false 
rate is 10%, missing range is  23%. In [29], Joseph Redmon 
proposes that YOLO is swift for object detection in images. 
Existing methods repurpose classifiers to perform 
detection. Data sets from PASCAL VOC 2007 [30] and 
2012. The VOC 2012 test set achieves a mAP of 57.9%.  
 
In [32], Jiahuan Zhou et al. developed a detection system 
the model consists of 9 convolutional layers.  The YOLO 
bounding boxes coordinates data contains (xcentre, ycentre, 
w, h)) with a confidence value [0, 1]. The pre-trained 
method trained on VOC2007.The system obtained a MAP  
of 44.3% in their dataset. In [33], Igor R. de Almeida et al. 
developed a computer vision technique to find the dynamic 
changes in crowds. 
 
In [34], Qiming proposed a discriminative weighted sparse 
partial least model for feature selection .This method is  
used for human detection. This applies sparse PLS for 
feature selection. To create a latent matrix, formulate a 
discriminative regularized weighted least square problem. 
The training phase extracts different channel features, 
including LUV colour channels, gradient magnitude, and  
histograms to generate a large number of channel features.  
 
The discriminative features can be selected based on the 
weight matrix. Evaluated the performance of the DW SPLS 
approach on three challenging human datasets, including 
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INRIA [35], Caltech [36], and TUD-Brussels [37] 
pedestrian data sets. 
 
In [40], Athanasios Tsitsoulis et al. presented a method for 
the extraction of the person in an image. For person 
detection, this system uses the location, dimensions, and 
colour of the face. The primary contribution of the method 
joins information from several kinds of image 
segmentation. First, the algorithm can assign firm edges in 
the image. This system combines the global detection 
technique with an appearance model. Evaluated the 
algorithm using INRIA person dataset. 
 
In [42], Kuan-Hui Lee et al. proposed a system which 
detects persons from video and finds the persons. The 
system uses the ETH Mobile Scene (ETHMS) dataset. The 
detection rate of the model is 75%. In [43], Shen Li et al. 
developed a CD-CNN, for visual tracking. The method 
evaluated on OTB 2015 benchmark and the OTB 2013 
Benchmark. The method has 0.600 AUC value for 
OTB2015 and 0.627 on OTB 2013.In [44], Zheng Tang et 
al. proposed a video scene framework that tracks multiple 
human objects and estimates their 3D poses. 
 

III. METHODOLOGY 

A. Overview 

 Object detection is the process of recognizing the presence, 

area, and class of at least one object within an image. The 

person detection process draws a bounding box around every 

person in the image and allots them with a ‘person’ label. 

YOLO is an object detection strategy with a deep 

convolutional neural network to detect the object. YOLO was 

proposed by Redmon et al.[29], in the year of 2016. It looks 

at the full image only once then it passes through the network 

and detects objects. 

    

YOLO takes an input image and divides it into S x S matrices. 

The centre of an object drops into a matrix region, that region 

is responsible for distinguishing an object. The confidence 

value represents how likely the box contains an object and 

how exact is the bounding box. YOLO has an organization 

structure of 24 convolutional layers, a max-pooling layer, and 

two completely connected layers towards the end. 

  

YOLO v2 is a version of the YOLO, proposed in the year 

2017 to improve the accuracy. But, in the case of small-sized 

object detections YOLOv2 struggles.YOLO v3 has few 

incremental improvements compared to YOLO v2 [46]. 

YOLO v3 was introduced in April 2018 [47].  

    

The proposed system is designed for pedestrian detection in 

images and videos using YOLO v3. YOLO v3 first takes an 

input image then divides it into grids, that grid region is liable  

for recognizing an object. YOLO v3 then figures the 

bounding boxes, their corresponding probabilities for person 

objects.  

 

Bounding Box Prediction is the process to draw the bounding 

boxes for each recognized object and predict confidence 

value, which has five components; x-coordinate, y -

coordinate, width, height and class of the object (x, y, w, h, 

c). The (x, y) coordinates signify the centre of the box, 

comparative with the matrix cell area. The (x, y) values are 

normalized to [0, 1]. The (w, h) coordinates denote width and 

height also normalized to [0, 1]. Here, c denotes the class of 

the corresponding object (1 denotes a person). The system 

obtains the objectness score using logistic regression.   

  

YOLO v3 makes predictions over scales; YOLO v3 applies 

three various scales. The most powerful feature of YOLO v3 

is prediction across three distinct scales for all positions of 

the input image. YOLO v3 makes predictions identical to the 

feature pyramid network, FPN. Every prediction is made  of 

a boundary box, objectness, and class score. In Darknet-53 

the convolutional layers are added for feature extraction. The 

earlier version YOLO v2 utilized Darknet-19. YOLO is a 

fully convolutional network.  

 

 

 

Fig.1. YOLO Person Detection flow 

The proposed method begins with the dataset collection step. 

From the dataset images are divided into two, train dataset, 

and test dataset. Using 243 images from the train dataset, 

Yolo_mark labelling tool marks the bounding boxes for 

persons and obtains the corresponding annotation files. The 

darknet YOLO v3 framework gets trained using the weight 

values obtained from annotation files. After pedestrian 

detection, the system determines the count of people in that 

image. Figure.2 shows the procedure for pedestrian detection 

and counting. 

 

 

Fig.2.Represents  proposed system working 

  . 

B. DATASET 

Pedestrian detection and counting process uses an extensive 

collection of images and videos. The image datasets used are 
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the INRIA dataset and Shanghai tech-B Dataset. INRIA used 

a static pedestrian detection data set. The INRIA dataset is 

categorized into two, for training, testing purposes. From the 

INRIA dataset, 243 positive samples which contain a total of 

1416 persons are used for training YOLO v3. The test set has 

122 positive samples which contain a total of 309 persons and 

include 58 negative samples. The negative samples do not 

contain pedestrians. The ground truth of the images is not 

available, and thus, the total count is estimated via visual 

inspection. Shanghai tech-B Dataset contains comments on  

images that were taken using various cameras in the busy 

streets in Shanghai. In the Shanghai tech-B dataset, for testing 

purposes the ground truth of the given images is given. For 

the testing, the system uses 56 images containing persons.  

 

For pedestrian detection in videos, the system randomly 

selected 15 videos from the internet. The system aims to 

detect the highest traffic experienced in different locations in 

a city over different periods of time.  For identifying the 

highest density of traffic experienced in an area in a specified 

period, the peak count is calculated rather than the total count. 

The ground truth of the videos is not available, and thus the 

peak count is estimated via visual inspection`. 

 

C. GENERATE LABELS 

Annotation tools are used for annotating the image for 

training YOLO. First, each person is marked in the images, 

from the INRIA dataset, using visual GUI-software, and then 

label each of them for generating annotation files. The system 

uses Yolo_Mark labeling tool [48] for marking each person 

in that image. Yolo_Mark creates a .txt file for each .jpg 

image in the same folder with the same name. The .txt record 

contains the following values: <object-class> <x_center> 

<y_center> <width> and <height>. 

 

The object-class denotes the class of the object using integer 

numbers starting from 0. This system focuses only on one 

class, which is a person so it is set to 0. The x_center and 

y_center are the x and y coordinates of the center of the 

bounding box, it can range from 0.0 to 1.0. Width and height 

denote the width, height of the bounding box also it can range 

from 0.0 to 1.0. 

 

Normally annotation tools follow two steps, first draw the 

bounding box in an image and then store  top-left and bottom-

right points in the corresponding text file. Then convert the 

points into YOLO input format. Yolo_Mark labeling tool 

combines these two steps. It draws the bounding boxes on 

image and creates a .txt-file for each .jpg image-file that 

contains points in the YOLO input format. Yolo_Mark 

calculate the annotation values using equations 3.1, 3.2, 3.3, 

3.4 as follows: 

 Center-x = x /W                                (3.1) 

 Center-y = y/H                                   (3.2) 

 Width = w/W                                                                 (3.3) 

 Height = h/H                                     (3.4) 

 

  Here x denotes the x-coordinate of  the center of bounding 
box, y denotes y-coordinate of the center of bounding box, w 

denotes the width of the bounding box, h denotes the height 
of the bounding box, W denotes the width of the whole image 
and H denotes the height of the whole image. For the labeling 
process, the system loads images from the Inria dataset to the 
Yolo_Mark image directory and sets the number of classes to 
zero and object name as a person. Then run Yolo_Mark using 
the command, yolo_mark.exe data/img data/train.txt 
data/obj.names. Then open all the images from the dataset, 
mark bounding boxes for each pedestrian, and finally the 
corresponding .txt file containing the coordinates are 
obtained. The .txt file contains values as follows: 

0 0.508594 0.516667 0.367188 0.755556  

0 0.458984 0.433333 0.280469 0.636111 

0 0.499609 0.531944 0.308594 0.561111 

In the first line 0 represents the value for the object class 

person, 0.508594 denotes the x-center value, 0.516667 

denotes the y-center value, 0.367188 denotes the width and 

0.755556 denotes the height. 

D. TRAINING 

The training process method makes use of three files .data, 

.names and .cfg. After creating the files of the above-

mentioned extensions copy the dataset images and 

annotations to the corresponding directory. Using pre-trained 

weights YOLO starts training [51]. Darknet [49] [50], is an 

open-source framework to train neural networks, which is 

written in C or CUDA (Compute Unified Device 

Architecture), and serves as the basis for implementing 

YOLO. It supports CPU and GPU computation and 

installation is simple. Darknet is easy to install as it only 

requires two optional dependencies, OpenCV and CUDA. 

OpenCV is used to increase the variety of supported image 

types and CUDA is used for enabling GPU computation. 

Clone the Darknet git repository and run make- file to 

compile it.  

1. YOLO v3 Configuration Parameters 

Firstly, create the configuration files to train YOLO v3 for 

person detection. Download the yolov3.cfg file and copy the 

same contents to the Yolo-person.cfg file. The configuration 

file contains the training parameters like batch size, 

subdivision, etc. Here set the batch=64, the batch parameter 

represents the batch size. For one iteration 64 images were 

used to update the parameters. Then set subdivisions = 8, 

darknet provides a variable called subdivisions to define the 

part of the batch size to be used for one time on our GPU. The 

GPU process batch/subdivision number of pictures at any 

time. The Complete  iteration would be finished only after 

processing all the 64 images. 

The parameters determine the input size and the number of 

channels. Assign the values for width = 416 and height = 416. 

If the design expands the size, it will produce good results but 

the training takes more time. Then set the channels = 3, it 

denotes the 3 channels for processing RGB input. The 

momentum and decay parameters manage the weight is 

updated.Here momentum equal to 0.9 and decay equal to 

0.0005, which controls the penalty term.  

The learning parameter rate regulates aggressive methods 

should learn based on the current batch of data. Generally, the 
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value ranges from 0.01 to 0.0001. In   training, it starts with 

zero learning. The learning rate should decrease over time. 

The method has a below learning rate for a small period of  

time frame at the  origin. 

Data augmentation is a process to create new training data 

from our training data artificially. For the data augmentation 

process, the angle parameter in the config file will provide a 

random rotate to the given image by ± angle. The process 

transforms the colors of the whole image using saturation, 

exposure, and hue, it is yet an image containing the person. 

For training, the model system wants to determine the number 

of iterations. It contains only one object class, person, so 

change the max_batches to (classes*2000), so set max_ 

batches=2000. 

 The training process wants to specify the number of classes 

used for detection. Here having only one object class, people 

so set classes = 1 in every  YOLO layer. The process wants 

to determine the number of filters, set filters = (classes + 5) * 

3 in all  the YOLO layers. So in our model value of classes=1 

and value of filters=18. 

2. Creating Data File 

For training, the process wants to create a ‘.data’ file. 

Person.data file contains the number of classes,  names of the 

object classes, t path to train and validation files, and the path 

to a backup file for storing the weights file. The Person.data 

file contains the following values:  

classes  equal to 1 

train equal to data/train.txt 

valid equal to data/test.txt 

names equal to data/person. names 

backup equal to backup/ 

3. Creating Name File 

In the data file, the line names represent the way the file 

consists of the  name of the classes. For that, we create a file 

Person.names that contains the name of the objects with a 

newline. The named file contains only one object name, 

person. 

4. Image and Annotation File 

Copy the set of .jpg images from the INRIA dataset, used for 

training, and corresponding .txt files created by Yolo_Mark 

to the object directory of the darknet, 
build\darknet\x64\data\obj\. Then create a train.txt file in the 

data directory of the darknet. The train.txt file consists of 

filenames of the images. Add each filename with a new line, 

for example;  

 data\person\crop_000010.png 

 data\person\crop_000011.png 

 data\person\crop_000012.png 

5. Download Pre-trained Weight 

For training purposes, the model needs the convolutional 

weight file. The pre-trained weights are downloaded  to the 

darknet directory. The convolutional weights are trained on 

ImageNet. Finally, start training the darknet YOLO v3.The 

weight file will be saved in the backup file after completing 

the 100 iterations. The best weight  used for person detection. 

E. DETECTION 

Person detection using YOLO-v3 requires four input 

arguments; Input image, YOLO-v3 configuration file, trained 

YOLO-v3 weights, and the text file containing class name 

person. Firstly, the width and  the height of the input image 

are obtained. Then the colors for the label and the bounding 

boxes are applied. The function cv2.read From Darknet, 

creates a network using weight and configuration files. 

Finally, the input image passes through the deep neural 

network [52][53]. 

YOLO-v3 uses multiple output layers to obtain the 

prediction. The detected person region is marked by the 

bounding boxes. The function draw-bounding-box for draw 

the bounding boxes. The class label value is assigned over the 

bounding boxes. The confidence value obtained indicates 

how confident that the bounding box contains a person. 

Higher confidence value indicates the network trust the 

bounding box contains the object, lower confidence value 

indicates that the network distrusts the objects in the 

bounding box. For that reason, the model considers only the 

objects with a confidence value greater than 0.5. Filtered out 

all the weak detections using the confidence value. 

The same object can be detected more than one time. The 

model wants only one detection for one object with bounding 

boxes and confidence value. This is obtained using Non-max 

suppression. Non-max suppression is the process to ignore 

the weak detection for the same objects. There could be more 

than one bounding box per person. First check the value of 

pc, which is the confidence of an object to be in the image, 

for each box then discard all boxes with pc <=0.6. Then if 

there are any remaining boxes left, select the box with the 

largest pc value. Example, if the YOLO-v3 detects the single 

person with three bounding boxes. The confidence value for 

three bounding boxes 0.6, 0.7, and 0.9 respectively. Here the 

model selects the bounding box with the greatest value, 0.9 

for that person. 

 

F. GROUND TRUTH 

After detecting the persons, the total count of people in that 

image is calculated and the model wants the actual count in 

the image to assess the accuracy. This actual value is named 

as ground truth. The ground truth of the images is not 

available and thus, the total count is estimated via visual 

inspection in the case of the INRIA dataset, video files. In the 

case of the Shanghai tech-B dataset, which was used for 

testing purposes, the ground truth of the given images is 

available. ShanghaiTech B-Dataset consists of 120 images 

and its corresponding ground-truth value as .mat files. 
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Fig.3.Ground Truth values for ShanghaiTech B-Dataset 

IV. EXPERIMENTAL RESULT 

 

A. REQUIREMENTS 

Pedestrian detection and counting uses the software and 

hardware platform listed as follows; 

● CMake 3.8 

● CUDA 10.0 

● OpenCV 3.7.1 

● cuDNN 7.4 for CUDA 10.0 

● MSVS 2017 (v15) 

● NVIDIA GetForce 920MX 

 

B. DATASET:  

From the INRIA dataset, 243 positive samples which contain 

a total of 1416 persons are used for training YOLO v3. The 

test set has 122 positive samples which contain a total of 309 

persons and also include 58 negative samples. The negative 

samples don’t contain pedestrians. The negative samples 

contain images of the road, desert, etc. 

From Shanghaitech-B dataset 56 images containing persons 

used for the testing purpose, the ground truth of the given 

images is available. For the testing process using video is 

conducted over a sample of 15 videos, containing people 

collected randomly from the internet. The ground truth of the 

videos is not available and thus the peak count is estimated 

via visual inspection. 

Yolo_Mark is used for drawing bounding boxes of persons, 

gets its annotation files using 243 images from the INRIA 

dataset. Yolo_Mark creates a .txt-file for each .jpg image-file 

in the same directory with the same name. Figure 3 shows the 

labeling process of the Yolo mark Labelling Tool using the 

Inria dataset images. 

 

The pedestrian detection using YOLO v3 draws a bounding 

box around every person in the picture, and allot with a 

person label, and the confidence scores each person. The 

detection process uses the images from the Inria dataset and 

ShanghaiTech B-Dataset. Detection results both Inria and 

ShanghaiTech B-Dataset images shown in the figures, Fig.4 

and Fig.5 Each person detected with the bounding boxes 

labeled as a person and corresponding class confidence 

values greater than 0.6.  

 

 

Fig.4..Generating Label Using Yolo_mark Labelling Tool 
 

 

Fig.5.Using Inria dataset image persons detected with  their confidence 

values  

 

 

 

Fig.6 Using  Shanghaitech-B Dataset image persons detected 

 

 

After detecting the pedestrians, the total count of people in 

that image is calculated. In the case of videos, the peak count 

is calculated rather than the total count for identifying the 

highest density of traffic experienced in an area in a specified 

time period. The ground truth of the videos is not available 

and thus the peak count is estimated via visual inspection. 

Count the total number of pedestrians present in images using 

the Inria dataset shown in the figures Fig: 6 & Fig: 7. 

Calculate the total number of pedestrians present in picture 
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using ShanghaiTech B-dataset shown in the figures, Fig: 8 & 

Fig: 9. Fig: 10 & Fig:11 shows the total count of pedestrians 

obtained using video samples. 

 

Fig: 7. Detection and counting using Inria dataset image 

 

 

Fig:8.Total count of detected pedestrians using Inria dataset 

 

 

Fig:9.Total count of detected pedestrians using ShanghaiTech B-Dataset 

 

Fig.10.Detection and counting using ShanghaiTech B-Dataset image 

 

 

Fig.11.Detection and counting using Video samples 

 

 

 

Fig:12.Total count of detected pedestrians in video 

 

V. CONCLUSION  

Object detection decreases human endeavors in numerous 

fields. YOLO-based Convolutional Neural Network group  of 

models for object detection and the most recent version is 

called YOLOv3. Pedestrian detection and counting using 

YOLO v3 fastest, and one of the most accurate algorithms. 

The efficiencies of the yolov3 system are the greatest 

advantage of it, as the system only needs to go over the input 

only once. The results obtained in person detection using 

yolov3 is one of the best among the existing systems. The 

time taken by the system to produce the output is much less 

than the existing ones. Detections at 3 layers helps to address 

the issue of detecting very small objects compared to the 

previous versions of YOLO. The testing on the Inria dataset 

resulted in an accuracy of 96.1% whereas that on the 

ShanghaiTech dataset is comparatively less at 82.1% as the 

images are crowded. 

VI. FUTURE SCOPE 

 The algorithm detects the persons whose full body is included 

in the frame, which degrade the accuracy in crowded scenes, 

which could be improved in the future. It can’t detect 

duplicates when someone re-enters into the frame the person 

has counted again as a new person. The algorithm could be 

extended to overcome this problem. The training could be 

extended to detect persons using the head for better handling 

of crowded inputs. Slightest improvements in these 

algorithms can improve accuracy. 
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Abstract—Sentiment evaluation is the problem of examining
texts,critiques, mind and conditioned emotional response pub-
lished with the aid of various users in microblogging systems.
Twitter is one of the maximum extensively used micro running
a blog systems and has proved to be the biggest source of
statistics.Twitter can give a clear cut view about the current
trends. A big dataset of tweets is used to perform sentiment
evaluation. The tweets are labeled into two classes, positive and
negative. There are various techniques which can be utilised to
perform this task. In this paper we aim to perform a comparison
between a multilayer perceptron and a factorization machine
for classification of tweets in the Sentiment 140 dataset. We
apply this approach using two different lexical resources namely
AFFIN dictionary and SentiWordNet. The generated models are
compared based on the lexicon used as well as the classifier
adopted (multilayer perceptron or factorization machine) for
their accuracy and training time.

Index Terms—Micro-blogging platform, multilayer perceptron,
factoristation machine,AFFIN dictionary,SentiWordNet

I. INTRODUCTION

Artificial Intelligence (AI) deals with making computers
work like humans. This is accomplished by observing human
ways of thinking and decision making and applying the
outcomes to develop software and systems comparable to
human capabilities. AI has been utilized in numerous fields
like speech recognition, hand writing recognition, gaming
and robotics. Natural Language Processing (NLP) which is
a subfield of AI has a range of techniques for the purpose of
obtaining human-like language processing for different tasks
or applications [1]. It is an effort to get computers closer to
human level understanding of language. Sentiment Analysis
falls under NLP. It is a process by which all the content
can be evaluated to represent the ideas, beliefs and opinions
of the public. It can be accomplished at various degrees
like document, section, paragraph and phrase level. With the
upward push of social networking tendencies there was a surge
of online generated content material. Many people proportion
their thoughts and opinions on microblogging websites. Twit-
ter is one of the broadly followed micro blogging platform
for expression of opinion and experience. It was created
and launched in the year 2006 [2]. It evolved as a golden

platform for companies to disclose about their brands and
success. Twitter users include a variety of users ranging from
regular users, celebrities, politicians, entrepreneurs, veterans
and other persons of influence. The primary advantages of
performing sentiment analysis encompass scalability and real
time evaluation. Efficiency and cost effectiveness of processing
large huge data contributes to scalability. Real time analysis is
performing analysis on real time data which can be tweets that
are tweeted in a certain scenarios or even critical situations.
Sentiment analysis systems help the companies to get meaning
of the sea of data by automating business process which saves
long hours of manual data processing.

One of the main challenges identified in this area is the
use of unstructured text format. As people express opinions in
different manner sentiment analysis can be challenging. Fake
comments by users, context dependencies of opinions also
cause an issue. By using lexicon based approaches unstruc-
tured data can be processed more efficiently and context de-
pendencies can be overcome by machine learning techniques.

Rest of the paper is prepared as follows. In segment II we
talk related works on sentiment evaluation of micro blog data.
In segment III we present our proposed methodology. Segment
IV and V discuss consequences and conclusions.

II. RELATED WORKS

A. FEATURE EXTRACTION

For sentiment evaluation the unique feature of textual con-
tent or documents needs to be represented as a feature vector.
The subsequent functions may be used for the same.

1) Term Presence or Term Frequency: In Pang et al (2002)
[3], it is said that this is one pointer that makes sentiment
analysis distinct from other text classification errands. The
terms can be unigrams, bigrams or on the other hand other
higher request n-grams. Barnaghi et al [4] used unigrams
and bigrams and applied Term Frequency Inverse Document
Frequency(TF-IDF) to find weight of features and thereby
selecting the ones with the largest weight. This method has
been proved to be efficient in this field.
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2) Syntactic Features: Algorithms can also employ syntac-
tic features for the task of classification. The style in which a
text is written plays an important role and have been used as
reliable style markers. Patterns like collocations are used as
functions for locating subjectivity of textual content.

3) POS Tags (Parts of Speech): POS tagging helps to
capture the structure of sentences. It explains how a word is
used in a given sentence. Syntactic dependency patterns can
be created by parsing dependency tree. In Bhumika and Vimal
Kumar [5] this method is used as a part of pre-processing.

4) Opinion words and phrases: Sometimes some phrases
can convey sentiment rather than just words. Using the cor-
responding words and phrases can be used as features for
sentiment analysis. [6]

5) Negation: Negation is a significant component because it
has the ability to reverse sentiment in a text. It is likewise hard
to decipher this element in light of the fact that the nearness
of a negation changes the extremity of text [7].

B. APPROACHES FOR SENTIMENT ANALYSIS

Sentiment Analysis is defined as a text-classification prob-
lem. The approaches are aspect level based [8], lexicon based
and machine learning based. Hybrid approaches can likewise
be received [9]. Along with these approaches, it is possible to
use unsupervised and supervised techniques.

Classification in unsupervised learning method is performed
by analyzing the different features of a given text to determine
the polarity before it is used. [10] This is performed by
counting the number of positive and negative word lexicons
in the given text whose sentiment is to be analyzed. On the
off chance that the record has more positive vocabularies, it
is positive else it is negative.

Supervised techniques involve the building of a classifier.
The classifier needs training models with realized class names.
Models for such calculations are Support Vector Machine
(SVM), Naive Bayes classifier and Multinomial Naive Bayes
[10]. Therefore, in supervised method, the text to be analyzed
must be represented in the form of feature vector.

1) Aspect level based: Sungheetha et. al. [8] proposed
aspect level sentimant analysis of text in a given document
based on the polarity. The proposed methodology can be
applied on online reviews available which is a great source
of text stuffed with sentiments. The proposed methodology
divide text in a given document based on its semantics using
aspect routing.

2) Lexicon Based Approach: Prabhu et al. [11] proposed
a system which uses lexicon based sentimental analysis of
twitter data. In their system lexicon was formed from Serendio
taxonomy and major part of it comprised of negation, phrases,
stop words, negative and positive words. Lexicon was created
from the Serendio taxonomy. Most part of Serendio taxonomy
comprises of positive, negative, negation, stop words and
phrases. The lexicon based sentimental analysis depends on
the logical assessment direction which is the total of the
opinion direction of each word or expression. SentiWord-
Net and WordNet-Affect [12] are the open lexicon which

are developed for supporting Sentiment Analysis. Serendio
sentiment analysis engine is used to extract and analyse
sentimental behaviour for a given item and list of features.
The manual creation of lexicon was done in this paper and
created dual categories of lexicon. One was regular lexicon,
which contains information having the equivalent semantic
importance or sense over various domains and classes and
other one was category specific lexicon which contains product
catalogue that identifies all the things that are needed for
the sentimental analysis and empowers the Serendio engine
to do include feature level examination. After the lexicon
creation pre-processing was done. After the pre-processing,
the lexicon based methodology orders the tweets as positive or
negative, contingent upon the logical assessment of sentiments
of the words. Sentiment estimation was done which is the
conglomeration of the total of the sentiment bearing elements
present in the tweets. The framework yields a f-score of 0.8004
on test informational collection.

3) Machine Learning Approaches : Popular machine learn-
ing methods include Support Vector machine, Naı̈ve Bayes,
Maximum Entropy, Neural Network etc. [10]

Bhumika and Vimal Kumar [5] proposed a technique for
sentiment analysis utilizing support vector machine. Their
proposed method was dependent on semantic analysis and
feature selection. The surveys and suppositions shared by the
user through web are delegated either positive or negative
classification by the sentiment analysis. By pre-processing, the
reviews in unstructured form is converted into structured form.
This is then changed over into numerical score an incentive
by lexicon based methodology. In lexicon based methodology
the dataset is pre-processed utilizing feature selection and
semantic investigation. During the pre-processing of given
text, stop words are removed, stemming and POS tagging
is done and finally sentiment score is computed [13]. Thus,
the score is used to tag the structured word which is the
input to the support vector machine (SVM) The classification
algorithm classifies the review as either positive or negative It
also shows a comparison among optimised SVM, SVM and
Naı̈ve Bayes classifier.

Nipun et al. [14] classify records not by topic yet by in gen-
eral feeling in sentiment identification using maximum entropy
examination of film surveys. Film reviews are used to train
and test the classifier. The framework uses the unsupervised
machine learning method of maximum entropy. Finally, the
challenges faced are also discussed. The maximum Entropy
modelling technique provides a distribution of probability that
is as close as possible to uniform since the distribution meets
certain limitations.

Pak and Paroubek [15] proposed a model to order the tweets
as objective, positive and negative. A corpus for sentiment
analysis and supposition mining was gathered to perform
linguistic investigation. This paper used a corpus of 3 lakh
posts from Twitter and evenly split into three sets of texts
like texts that embrace positive emotions, texts that embody
negative emotions and objective texts. The gathered dataset
was utilized to separate the alternatives which can be utilized
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for instructing the sentiment classifier. Multinomial Naive
Bayes classifier, SVM [14] and CRF [15] was experimented,
out of which Naive Bayes classifier provided the best results.

a) Multi-layer perceptron: Opinions and audits are the
most impacting factors in figuring perspectives of people,
and influences the achievement of an item, service or brand.
Despite being very informative the challenge of using Twitter
is due to its disorganized nature. Nehal et al. [16] made an
effort to perform sentiment analysis of the opinion of people
regarding the top colleges in India. Highlights of this paper
incorporate development of net lingo, removal of duplicate
tweets and spelling amendment using Bayes’ theorem. They
have also done a comparative study on various machine
learning algorithms like Support Vector Machine, Naı̈ve Bayes
and Artificial Neural Network Model-Multilayer Perceptron.

The primary stage was the pre-processing of tweets which
was gathered in JSON format. Only the unique tweets were ex-
tracted. A dictionary that contained 113,800 words was made
to recognize uncertain words from English words. A slang
dictionary which roughly contains 5,200 words along with 270
emoticons was also referenced for expansion of emoticons and
abbreviations. The subsequent stage was spelling correction
for which a probabilistic model dependent on Bayes’ hy-
pothesis was utilized. After pre-processing stage 1295 tweets
were obtained and classified as positive, negative or neutral
based on unigram features. Correlation of the machine learning
algorithms and Artificial Neural Network model proposes that
MLP NN outflanks or coordinates the exhibition of Naı̈ve
Bayes which thus, performs in a way that is better than or
practically equivalent to SVM on the datasets.

b) Factorization machine: Since the stock market is a
serious field, expectation of the stock market has been a
hot exploration point. Conventional techniques are not that
effective because they ignore the latest market information and
focus only on historical stock data. Chen et al. [17] proposed
a novel approach by using factorization machine to predict
stock market trends. Their experiments on real world data
achieved 81% accuracy. Studies in Chang et al. [18] and Oh
et al. [19] concentrate on past market data and it ignores the
current information. Financial news artefacts are used in Fung
et al. [20] and Schumaker et al. [21] as the most recent data
for anticipating the stock market. Financial news for the most
part has huge effect in anticipating the stock market however
there are a few weaknesses, for example, it just mirrors the
perspectives of editors and reporters and the site pages contain
a ton of promotions and noisy data. The main contributions in
Chen et al. [17] are: Analysing the correlation of factorization
machine(FM) with a generalised linear model (GLM) and sup-
port vector machine(SVM), explaining the advantage of social
media over other data sources for stock market prediction
and how textual portrayal and the dimensionality impact the
forecast.

In their experiments they use two evaluation metrics. The
first one is accuracy. In terms of accuracy the Factorization
machine shoed a slightly greater accuracy of 81% compared
to the 77% accuracy of Support Vector Machine and 76%

accuracy of logistic regression. In case of profit FM has a
significantly higher value of 405.4 when compared to 390.4
and 339.2 for Support Vector machine and Logistic regression
respectively.

4) Hybrid Techniques: In this technique, [22] two
discriminatory-word lexicons along with unlabeled data were
used to create pseudo-documents (containing all the expres-
sions of the selected lexicon). The cosine similitude between
pseudo-reports and the unlabeled archives were determined
to appoint either positive or negative sentiment. Naive Bayes
classifier was utilized to train the information.

Rui Xia et al. [23] completed a similar investigation of the
adequacy of the ensemble sentiment classification method. The
ensemble layout is applied to assignments of sentiment anal-
ysis in order to viably incorporate very surprising capabilities
and characterization calculations in order to combine an extra
right correct classification method. To begin with, there are two
kinds of feature sets intended for classification of sentiments,
specifically the feature set dependent on part-of-speech and
the feature sets dependent on word-relation. Second, for every
one of the feature sets, three notable algorithms for text
classification, in particular naive Bayes, maximum entropy
and support vector machines, are utilized as base classifiers.
Third, three sorts of ensemble techniques are assessed for
three ensemble procedures, in particular the fixed, weighted,
and meta-classifier combinations. A wide scope of similar
investigation is accomplished in sentiment classification on
five broadly utilized datasets.

III. PROPOSED METHOD

A. SENTIMENT ANALYSIS IN TWITTER

Twitter Sentiment Analysis is not the same as general senti-
ment analysis due to the difference in the structure of tweets.
Tweets are short and have a word limit of 140 characters. Most
of the Twitter Sentiment analysis tasks are done by employing
machine learning techniques. There are two major reasons for
this. Accessibility of huge quantity of Twitter information for
training and user-labelled test data with emoticons are the
reasons. Some common terms used in Twitter are:

a) Emoticons: These are nothing but facial expression
representations. It is formed of special characters. It easily
conveys the feeling of the writer in a simple format.

b) Hash Tags: It is a word or expression preceded by
a ‘#’. Hash tags indicate tweets on a particular topic. Twitter
users consistently use hash labels to give more emphasis to
indicate the topic they are speaking about.

c) Target: A target is preceded by a ‘@’. It is used in
addressing a person in tweets. In the event that the user needs
to allude to another Twitter user, it is mentioned by a target.

d) Retweet(RT): RT stands for repeated tweet. It is often
used in a reply so that everyone will be able to see the original
tweet.

B. PROPOSED ARCHITECTURE

The proposed system classifies the tweets into two cate-
gories: Positive and Negative. Here the neutral tweets are not
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Fig. 1. Proposed Architecture

taken into consideration. Pre-processing is done on the Senti-
ment140 dataset before passing it to the trained model. Figure
1. represents the architecture of the framework. The proposed
model is generated using a multilayer perceptron network and
factorization machine considering the speed of classification
of these approaches. Both the models are experimented using
feature vectors generated from AFINN dictionary as well as
SentiWordNet. Finally, the performance of models is compar-
atively studied to draw conclusions regarding which model
should be chosen under which circumstance and which is the
dictionary that can be used to obtain increased accuracy.

1) PRE-PROCESSING: The pre-processing of the tweets
is another important task. Various techniques used in pre-
processing are:

a) Stemming: Stemming refers to removing the ‘ing’
forms or other extension attached with a word. Stemming is
important because it diminishes various forms of a word into
a solitary word.

b) Removing stop words: The words such as ‘the’, ‘is’
etc are examples of stop words. These words don’t convey
emotions or meaning associated with it.

c) Removing URLs: Since tweets are considered, every
tweet collected will be having some URLs associated with
it. So remove these URLs since they are not relevant in the
context.

d) Removing emoticons: Emoticons cannot be processed
by neural network. So, convert and replace the emoticons with
words that convey the same meaning.

e) Removing Special characters: Special characters such
as ‘,’, ‘#’, ‘$’ etc do not help in identifying the sentiment of the
characters. When included they can only decrease the accuracy
of the model. So it is important that to remove them.

2) LEXICON GENERATION: The most important part is
the creation of lexicon. For the creation of lexicons, the
SentiWordNet 3.0.0 and AFINN dictionary is used.

a) SentiWordNet: This is a lexical collection of words
for sentiment analysis, opinion mining as well as text mining.
The latest version is 3.0 released in 2016. The SentiWordNet
contains positive, negative and objective score associated with
a word. It also contains the synsets of the words which are the
set of words which have the similar meaning. The dictionary
contains 155000 words. The POS tags for each word are also
present in this dictionary.

b) AFINN dictionary: This is another available lexical
word collection for opinion mining and sentiment analysis.
The majority of these words are physically named as positive
and negative. Unlike the SentiWordNet it does not have a
positive, negative and an object score. It also does not have
any synsets associated or POS tags for each word. Every word
in this dictionary has either positive or negative score. The
latest version was released in 2012 and contains 2477 words.
In order to improve the lexicon, words are added from the
training data set after classifying it as positive and negative.

3) FEATURE VECTOR GENERATION: For generating
models, variable length feature vectors are taken for both
AFINN dictionary and SentiWordNet. The range of feature
vector length is between 40 and 100. For each length, the
observations are recorded. The input to this stage is the list
of words generated after pre-processing stage. For every one
of these words the polarity of the word is substituted in its
corresponding index position in the feature vector.

4) NEURAL NETWORK: The neural network used is mul-
tilayer perceptron. The input layer of multilayer perceptron
has a fixed size of 100. Three hidden layers are there. The
quantity of nodes in hidden layer is varied from 20-300 and the
accuracy for each architecture is observed. The output nodes
will give the calculated value which is considered for labelling
the tweet. The calculated value is approximated either to 1
or 0. If the output is 1 then it is considered as positive and
0 as negative. The activation function used here is sigmoid
function. The equations for the multilayer perceptron are as
given below.

If X = x1, x2. . . xN are input and T = t1, t2...tP etc are
outputs. Then for forward pass: For each neuron i in every
layer j = 1,2...M output from neuron will be as follows:

Yij = f

Ni−1∑
K=1

Y(j−1)kWik) (1)

where f(x)=
1

1 + exp(−x))

Output from the node i for output layer M is given as,

Opi = YMi (2)

Compute error value δji for every neuron i from output
layer to input layer for all layers.

For output layer,

δMi = YMi(1− YMi)(Tpi − YMi) (3)

Proceedings of the Third International Conference on Intelligent Communication Technologies and Virtual Mobile Networks (ICICV 2021).
DVD Part Number: CFP21ONG-DVD, 978-0-7381-1182-7

978-0-7381-1183-4/21/$31.00 ©2021 IEEE 179



And for hidden layers,

δji = Yji(1− Yji)
Nj+1∑
k=1

δ(j+1)kW(j+1)ki (4)

Weight modification for each connection from neuron k in
layer (j-1) to each other neuron j in every layer i:

Wjik(new) = Wjik + ηδjiYji (5)

where η is the learning rate.
5) FACTORIZATION MACHINE: The implementation of

factorization machine is done using the pylibfm library. This is
an implementation of Steffen Rendle’s factorization machine
[24]. The major advantage of using a factorization machine
is that it provides high quality prediction when applied to
sparse data settings. Factorization machines [25] combine
both linear and polynomial regression in its model. It can
estimate interactions between two (or more) variables. The
model equation for linear regression is:
Let x εRp be an input vector with p predictor variables.

ŷ(x) = w0 +

p∑
i=1

wixi (6)

where w0εR , wεRp

Similarly, for polynomial regression (degree 2) the equation
becomes

ŷ(x) = w0 +

p∑
i=1

wixi +

p∑
i=1

p∑
j≥i

Wi,jxixj (7)

where w0εR , wεRp, WεRp×p

Linear regression does not provide pair wise interactions of
variables. Polynomial regression does provide this but cannot
estimate interactions from the data. By using factorization
machines, feature interactions are learned and unobserved
interactions can also be estimated.
Let xεRp be the input vector where there are p predictor
variables. Then the model equation for a factorization machine
of degree 2 is

ŷ(x) = w0 +

p∑
i=1

wixi +

p∑
i=1

p∑
j=i+1

< vi, vj > xixj (8)

where w0εR,wεRp, VεRp×k and k is the dimensionality of
the factorization. < vi, vj >is the dot product of two vectors
which has size=k:

< vi, vj >=

k∑
f=1

vi,f .vj ,f (9)

A two-way factorization machine captures all single and pair
wise interactions present in the variables. < vi, vj > models
the interaction between ith variable and jth variable. The
model parameters are factorised instead of using an own model
parameter wi,j for each interaction. Another highlight is that

the factorization machine model equation can be computed
in linear time. There are three learning methods available in
libfm for implementation of factorization. Stochastic gradient
descent method (SGD), alternating least squares optimiza-
tion (ALS) and Markov Chain Monto Carlo (MCMC). Here
stochastic gradient method is used. (w0, w, V ) which are the
model parameters can be adapted efficiently utilizing gradient
descent approaches. For the task of classification the sign of
ŷ(x) is used and the parameters are optimised. For every pair
(x, y) of the training set the model parameters (w0, w, V ) are
updated as follows:

Θ← Θ− η(
δ

δΘ
)l(ŷ(x), y) + 2λΘΘ (10)

where θ is the model parameter, η the learning rate or the step
size, λ the regularisation value of the parameter θ and l is the
loss function.

IV. RESULTS AND DICUSSIONS

A. COMPARISON OF ACCURACY BETWEEN FACTORIZA-
TION MACHINE AND MLP

Fig. 2. Comparison of accuracy between factorization machine and MLP

The observation shows that the as the feature vector length
increases the accuracy of MLP increases significantly when
SentiWordNet is used. As the feature vector length goes
beyond 90 then the accuracy begins to decrease. Now for
the factorization machine the increase in feature vector length
does not increase the accuracy of the system.When AFINN
dictionary was used , the accuracy of the factorization method
was not affected by the feature vector length. Feature vector
length increases the accuracy of MLP . As the feature vector
length goes beyond 90 then the accuracy begins to decrease.

B. COMPARISON OF ACCURACY BETWEEN LEXICAL
DICTIONARIES

For the MLP, SentiWordNet performs better than AFINN
dictionary for feature vector length of different sizes. The
highest accuracy obtained with SentiWordNet is 74.35% and
AFINN dictionary is 63.2%. In the case of factorization ma-
chine the increase in feature vector length does not give a large
increase in the accuracy. The highest accuracy obtained with
SentiWordNet is 64.44% and AFINN dictionary is 61.75%.
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Fig. 3. Comparison of accuracy between lexical dictionaries

C. IMPACT OF DROPOUT

Fig. 4. Impact of dropout ratio

The impact of dropout ratio on the MLP is shown in Figure
4. Here the impact on feature vector created with AFINN
dictionary and SentiWordNet is shown. The feature vector size
selected for this test is 70 because it was the best performing
feature vector length for both dictionaries. The test shows that
there is no major difference in accuracy as we increase the
dropout ratio. But when the dropout is greatly increased the
accuracy begins to fall rapidly.

D. OUTPUT COMPARISON BASED ON TRAINING TIME

Using AFINN dictionary the factorization machine is a
clear winner. The maximum training time for factorization
machine is 4.89 minutes whereas the maximum time required
for the MLP is 32.1 minutes. When SentiWordNet was used,
the maximum training time for factorization machine is 2.98
minutes whereas the maximum time required for the MLP is
27.11 minutes.

E. COMPARISON OF TRAINING TIME BETWEEN LEXI-
CAL DICTIONARIES

Figure 5. shows the training time of MLP on different
lexical dictionaries. Here the AFINN dictionary takes slightly
more time than SentiWordNet. But as far as the training time
is considered the training time increases significantly as the

Fig. 5. Comparison of training time and MLP machine

length of feature vector increases. The trend is same for both
the dictionaries. With a feature vector length of 100 for the
AFINN dictionary the training time is 32.1 minutes and that of
SentiWordNet is 27.11 minutes. For the factorization machine
with a feature vector length of 100 for the AFINN dictionary
the training time is 4.89 minutes and that of SentiWordNet is
2.98 minutes.

Fig. 6. Comparison of training time between lexical dictionaries

V. CONCLUSION

The task of analysing sentiments, particularly in the field
of micro blogging, is still in the stage of development and
far from complete. Many techniques have been introduced
in this area but each one holds a limitation in one way or
the other. The research in this domain is gaining momentum
because through sentiment analysis brands can easily keep
track of their reputation and know what the customers think
and say about their products and services as well as about their
competitors. In this project two machine learning approaches
viz. a neural network and a factorization machine incorporated
with lexicon knowledge was benchmarked for performance.
The lexical dictionaries used were SentiWordNet and AFINN
dictionary. It was observed that the SentiWordNet outperforms
its counterpart for both the neural network and factorization
machine. This can be accounted to the use of synsets and the
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better algorithms used in SentiWordNet for calculating prior
polarities.

With regard to accuracy the multi-layer perceptron show-
cased a superior performance than the factorisation machine.
The area where factorisation machine scored a goal was in the
training time. The factorisation machine took only a fraction
of the training time that was consumed by the multi-layer
perceptron. It was also observed that for smaller lexicon list
and sparse feature vectors, the factorisation machine proved
more efficient. The way ahead for sentiment analysis is
promising. Since it harnesses the opinion of the crowd very
easily, research in this area is sure to reach greater heights. As
new techniques are combined the focus will be to minimise the
limitations and make sentiment analysis more robust so that it
holds an important position in the business decision process.
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Abstract—Recent years have observed an exponential growth
in the popularity of audio-based authentication systems. The
benefit of a voice-based authentication system is that the person
need not be physically present. Voice biometric system provides
effective authentication in various domains like remote access
control, authentication in mobile applications, customer care
centers for call attests. Most of the existing authentication systems
that recognize speakers formulate deep learning models for
better classification. At the same time, research studies show
that deep learning models are highly vulnerable to adversarial
inputs. A breach in security on authentication systems are not
generally acceptable. This paper exposes the vulnerabilities of
audio-based authentication systems. Here, we propose a novel
downsampling attack to the speaker recognition system. This
attack can effectively trick the speaker recognition framework
by causing inaccurate predictions. The proposed threat model
achieved remarkable attack effectiveness of 75%. This system
employs a custom human voice dataset recorded in real-time
conditions to achieve real-time effectiveness during classification.
We compare the attack accuracy of the proposed attack against
the adversarial audios generated using the CleverHans toolbox.
The proposed attack being a black box attack, is transferable to
other deep learning systems also.

Index Terms—Automatic Speaker Recognition System, Voice
Authentication, Adversarial Attack, Sampling Attack, Clever-
hans, MFCC, Adversarial Machine Learning

I. INTRODUCTION

Recent research trends witnessed tremendous advancement
in the area of voice authentication. Nowadays various appli-
cations such as smart speakers, personal digital assistants,
biometric frameworks, and forensics, enforce voice-based
commands for authentication. Voice biometric system is more
convenient to use as it is a contactless means of authentication.

Voice biometric system incorporates identifying the human
voice and finally verifying the speaker of the audio. As the use
of voice-command-based applications are increasingly rising,
the need to endorse security in such systems has become
a demanding issue. The limitations in uniquely recognizing
the owner of the voice brings the possibility of malpractices.
Any person who is aware of specific voice commands can
operate such systems. Hence these voice-command-based sys-
tems should also incorporate a voice recognition system that
identifies and verifies genuine speakers from voice.

Automatic speaker recognition (ASR) is the challenging
task of authenticating an individual’s identification using voice
biometrics. Fig 1 shows the typical architecture of an ASR
framework. An ASR system [1] involves speaker identification
and speaker verification. It collects voice samples from au-
thentic speakers, extracts the audio characteristics, and trains
the deep learning model using the extracted audio features.
Speaker identification determines the identity of the speaker
from the set of registered users. Speaker verification allows
or denies the claim of the given speaker. Recent updates
in Apple Siri [2] have made it reliably recognize voices,
enabling Home Pod to respond to queries from multiple users
even in shared spaces. Enterprises have started using speaker
recognition technologies for authentication and authorization
purposes even without them being physically present.

The speaker recognition system has attained sufficient cred-
ibility with the advent of deep learning-based classification
techniques. Deep learning approaches have brought efficient
scalability in human audio recognition systems. State of the
art speaker recognition system has revealed that deep learning-
based solutions have an extraordinary improvement over
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Fig. 1. Automatic Speaker Recognition System

legacy statistical approaches. On the contrary, deep learning
models exhibit vulnerabilities to adversarial or perturbated
inputs. Carline et al.[3] recently illustrated that by adding
a hidden disturbance, an attacker could drive the automatic
speech recognition (ASR) framework to misrecognize a voice
command as any adversary-desired command. Fraudulent at-
tacks on such systems can cause security breaches. Com-
manderSong [4] embeds malicious instructions into music,
making individuals treat them as regular ones, though ASR
systems would identify them as instructions and carry them
out accordingly. These instances prove how crucial it is to
have a robust speaker recognition system on top of voice-
command-based applications.

Adversarial Machine Learning (AML) is the area of study
that focuses on identifying the vulnerabilities in machine
learning models. Adding a slight perturbation to the input
data reveals the reliability of the classification model. A
perturbated input datum is called an adversarial sample/input.
These perturbations are often undetectable to humans. Such
adversarial perturbation often fools the learned machine learn-
ing models and ultimately compromises system security. The
presence of perturbated data in deep learning models causes
the system to classify the input incorrectly. Fig 2 depicts
a real-world scenario where the precision and efficiency of
the speaker recognition framework is adversely affected by
extraneous sounds. In this scenario, an authentic individual
tries to open and access his mobile device, enabled by the
speaker recognition framework. Disturbances in the noisy
environment gets superimposed with his voice and cause a
misclassification in the ASR system leading to authentication
failure.

Having sound speaker recognition models that are not
sensitive to adversarial disturbance is a necessity. This paper
discusses a text-independent speaker recognition framework.
We construct an experimental deep learning-based multi-
class speaker recognition system that can identify the voice

characteristics of multiple authentic speakers. We examine
the robustness of our solution by exploring the feasibility of
performing an over-the-air adversarial attack with the help of
custom noise clips taken from youtube. Further, we evaluate
the system using vulnerable samples created utilizing the
CleverHans Toolbox [5]. Finally, the system introduces a novel
adversarial attack called the Downsampling attack, where a
downsampled target audio is embedded into the source audio
to cause a misclassification. The experimentation results reveal
that attaching an imperceptible perturbation into the original
audio misleads the speaker recognition system.

Fig. 2. Effect of Adversary on Speaker Recognition System

The rest of the paper is organized as: Section 2 gives a
brief outline and taxonomy of different adversarial attacks
and defenses performed on ASR systems. Section 3 discusses
the proposed speaker recognition system architecture and the
novel downsampling threat model. Section 4 presents the
results after applying the proposed attack on the ASR system.
Section 5 concludes the work by discussing the future scope
of this research.



II. LITERATURE REVIEW

This section presents an overview of various existing ad-
versarial attacks on ASR systems. In addition to the attack
scenarios, this section also describes the potential defense
strategies. Various attacks on speaker recognition systems [2]
can be categorized as:

• Replay attack [6]: Employs prerecorded/ replayed voice
instructions of a genuine target speaker to deceive the
speaker recognition framework.

• Speech synthesis attack [7]: Speech synthesis is the arti-
ficial generation of human speech. It fabricates a victim’s
voice by studying an acoustic pattern from a confined set
of voice samples.

• Impersonation attack [8]: An adversary could imperson-
ate a victim’s voice through mimicry by manipulating
actual voice samples from genuine clients.

• Voice Conversion attack [9]: Transform the speech of a
(reference) speaker so that it sounds like the speech of a
different (target) speaker.

A. Adversarial Attacks

Li et al. in [10] proved that an i-vector [11] based speaker
verification framework is responsive to adversarial attacks.
This system also explains the transferability of adversarial
samples generated with the i-vector system to a DNN-based
x-vector [12] system. The system performs a Fast Gradient
Sign Method (FGSM) [13] attack on the feature space.

Kreuk et al. [14] demonstrated the helplessness of an end-
to-end DNN-based speaker recognition framework to FGSM
assault. Here the authors perform attack perturbations on the
feature space. This system also evaluates the cross-feature
transferability of the attack. The paper does not suggest any
defense strategy against FGSM attacks.

A Natural Evolution Strategy (NES) based adversarial sam-
ple generation strategy was introduced by Chen et al. in [15].
This attack could successfully counterfeit both the GMM-
UBM and the i-vector [11] speaker recognition systems. They
could achieve noteworthy attack effectiveness using their pro-
posed method. During testing, they included only five speakers
in the test set. To effectively evaluate the robustness of the
system, more speakers could have been included in the test
set.

Wang et al. in [16], exploit the x vector-based speaker
recognition system by performing targeted adversarial attacks.
The system produces imperceptible adversarial perturbations
by achieving targeted white-box assaults to the speaker recog-
nition framework. The attack targeted altering the psycho-
acoustic principle of frequency masking. They construct the
audio adversary by masking the threshold of the original
sound. This approach yields an attack accuracy of up to 98.5%.

Abdullah et al. in [17] constructed adversarial samples
based on gradient information. They have worked with almost
all white box attack strategies discussed in literature [18]. They
have implemented the attack mechanism in various attack
mediums like over the line, over the air, over the telephony,

and others. Tianyu Du et al. in [19] introduces a new class
of attack named SirenAttack to generate perturbated voice
samples. SirenAttack uses the gradient-based method to create
perturbated input and optimize it by using the Particle Swarm
Optimization (PSO) algorithm.

The majority of existing adversarial attacks against the
speaker recognition, construct diverse adversary perturbations
for each input. To make the real-time adversary sample
effective in [20], Yi Xie et al. construct a single universal
perturbation. The advantage is that the universal disturbance
can be applied straightforwardly to any speaker’s articulation.
Since the perturbation is universal, it also helps to reduce the
attack initiation time.

B. Defenses

Wang et al. [21] proposed a regularization-based adversarial
defense strategy that utilizes both FGSM and Local Distribu-
tional Smoothness (LDS) [22] strategy. The proposed method
causes an improvement in the performance of the speaker
verification framework. FGSM was the only attack employed
in the system. This attack is conducted on the feature space
and not on the time domain.

Wu et al. proposed two defensive strategies in [23], a passive
defense method and a proactive method. Passive method aims
to counter adversarial assaults without altering the model.
Here, the model makes use of the spatial smoothing method.
Proactive defense techniques equip new models which are
robust to adversarial instances. The system in [23] uses a
proactive defense strategy comparable to adversarial training.

A Liveness Detection defense approach is proposed by
Abdullah et al. in [17] along with adversarial training. It
points to distinguish whether the source of discourse was a
genuine human or a mechanical speaker. It offers support to
avoid replay sound assaults.

III. SPEAKER RECOGNITION SYSTEM

This section comprises two subsections. The former ex-
plains the architecture of the multi-class speaker recognition
system constructed for evaluation, and the latter illustrates the
proposed downsampling threat model.

A. Target Speaker Recognition Model

Fig. 3 depicts the architecture of our speaker recognition
system. The system makes use of a deep learning-based
network for speaker identification. The proposed system is
a text-independent identification system. It trains the net-
work using audio samples from a custom dataset that can
accurately classify twenty speakers. For efficient classification
performance, the system extracts and makes use of the Mel
Frequency Cepstral Coefficient (MFCC) [24] feature vector. In
the verification phase, the trained speaker recognition model
classifies the feature vector of the test speaker as genuine or
an imposter.

Architecture under study involves three processes: Frontend
Processing, Feature Extraction, and Training the Model.
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Fig. 3. Proposed System Architecture

• Frontend processing removes non-speech portions from
the signal.

• The feature extraction process extracts the speaker infor-
mation trait from the input signal. The extracted feature
further undergoes channel compensation.

• During the training phase, a sequential model is adopted
to perform the feature training.

Preprocessing step disposes of the periods whose signal
energy falls underneath a specific threshold limit. It is typ-
ically a noise reduction stage that identifies portions of sound
containing human speech. The system uses Butterworth high
pass filter with a cutoff frequency of 1000 Hz. Expelling such
unnecessary noise from the audio samples helps to improve
ASR accuracy.

The feature extraction phase splits the preprocessed audio
into short frames and extracts characteristic features from each.
The most commonly used trait in voice processing systems
is MFCC [24]. Extracting MFCC features includes changing
the sound to the frequency domain via a Discrete Fourier
Transform, followed by implementing a Mel Filter Bank, and
then performing a reverse fourier transform to switch the signal
back to the time-space.

To compensate for long-term spectral effects caused by
different microphones and audio channels, standard techniques
such as Cepstral mean normalization (CMN) and variance
normalization (CVN) are employed. The CMN subtracts the
mean vector from each input frame, CVN will normalize the
variance. When CMN and CVN are enabled, features get
normalized to N(0, 1).

Our system devised a sequential model for building the
speaker recognition system. The model employs three layers;
the first layer has an input shape of size 40 with 256 dense
units, the second has 256 dense units and the output layer with
4 dense units with softmax as an activation function. In the
context of multi multiclass classification, the softmax layer

delivers genuine probability values. The Adam optimizer is
used to train your network, which operates efficiently on noisy
and sparse data.

B. The Proposed Threat Model

The speaker recognition system F can be mathematically
formulated as: Given a training set (Si, Ci); 1 ≤ i ≤ n of
speech utterances, where Si denotes the input feature vector
and Ci denotes the corresponding output speaker label to F .
During training, for each given Si the system F learns to
classify it into the corresponding speaker class Ci. Thus the
learning formulates the mapping

F (Si) = Ci; i ∈ [1, n] (1)

An adversary tries to create a perturbated audio sample S∗
i

which is similar to input feature vector Si; S∗
i ' Si, when

given to the trained system, gets misclassified as

F (S∗
i ) = Cj ; Cj ∈ Ci and i 6= j (2)

for a few or all S∗
i

Original Audio (S) Target Audio (T)

   Downsampling

Speaker Recognition 

      System (F(S))

       F(S) == T

(targetted attack)

      F(S) != T

(untargetted attack)

Fig. 4. Downsampled attack model on Audio

The proposed threat model is a played over-the-air black box
attack strategy, where the adversary is unaware of the details
of the classification model. Fig 4 depicts the downsampling
threat model. The adversary crafts an attack by randomly
choosing a pair of utterances from the given set of speaker
utterances C. Let the source speaker audio be S, and target
speaker audio be T . The target speaker audio must be different
from the source speaker audio. The adversary initially down-
samples the target speaker audio by a factor d (downsampling
by 1/2, 1/3, 3/4, 1/4) and produces Td. It then overlays the
downsampled target audio Td with the source speaker audio
S to generate the adversary sample S∗. The adversary can
perform either a targeted attack or an untargeted attack.

F (S∗) =

{
F (T ) if targettedattack
F (T ∗), T ∗ 6= S if untargettedattack

(3)

In a targeted attack, the adversary sample causes the
recognition system to misclassify it into a specific target
speaker F (S∗) = F (T ). In an untargeted attack, the adversary
input causes the system to output any speaker other than the



source speaker F (S∗) 6= F (S).

IV. RESULTS AND DISCUSSIONS

A. Dataset

Most of the available datasets for speaker recognition endure
one or more of the following shortcomings; (i) the audio files
in these datasets are recorded under controlled conditions,
(ii) they have restrictions in the size of the audio, (iii) not
readily accessible to the speaker community. Moreover, to
develop a speaker authentication system for handheld devices
like smartphones and PDA, the system needs to be trained
with real-time human speeches instead of celebrity voices or
any other prerecorded datasets. We compiled a customized
dataset to circumvent these restrictions and achieve real-time
efficiency when authenticating.

Our custom dataset comprises audio samples of 10 speakers
identified as Speaker 1, Speaker 2, up to Speaker 10. An
average of 50 audio samples from each speaker is taken,
making 500 audio samples in total. Speakers 4, 5, 6, 7, and 9
are females, and the rest are males. The recordings have been
performed under uncontrolled recording settings to make the
data set harder and sounder. The audio samples are captured
in diverse natural conditions and under different climatic
conditions. The duration of each record varies between 3 and
8 seconds. The test data set includes 100 audios from the
speakers above.

To evaluate the strength of our speaker recognition system,
we have picked five types of unfavorable noise with varying
properties from Youtube, namely the rain, bus station, chil-
dren’s playing, cars, and crowds on the market. Five noises
were acquired for each category, a total of 25 adversary noises.

B. Experimental Outcome

This subsection evaluates the robustness of our speaker
recognition system with and without the presence of the
adversary.

Evaluation Metric: The classification accuracy is calcu-
lated as accuracy = (Ns/Na) ∗ 100%, where Na is the total
number of test audio samples, and Ns is the number of audio
examples that are correctly transcribed.

Table I shows the classification accuracy of our speaker
recognition system. It represents the accuracy gained during
the training, validation, and testing phase. The system is
assessed by using the test dataset comprising of 100 audios.
We gathered ten audios from each speaker under several
uncontrolled settings. The system exhibits a training and
validation accuracy of 91.26% and 98.08%. When introduced
with random input utterances, our system exhibits a few
misclassifications resulting in a classification precision of 88%.
.

Robustness Analysis: The robustness of the experimental
speaker recognition system is evaluated using (i) the pro-
posed downsampling threat model (ii) adding five types of
adversarial noises to the recordings in the custom dataset.

TABLE I
CLASSIFICATION ACCURACY OF OUR SPEAKER RECOGNITION SYSTEM

Training Accuracy Validation Accuracy Test Accuracy
(%) (%) (%)

91.26 98.08 88

(iii) adversarial audio crafted using CleverHans tool. Table II
presents the overview of the classification accuracy of all three
attack strategies.

TABLE II
CLASSIFICATION ACCURACY OF SPEAKER RECOGNITION SYSTEM UNDER

VARIOUS ADVERSARIAL CONDITIONS.

Attack #Samples Adversary Classification
Category Sample/Type Accuracy

500 Rain Noise 50

500 Bus Station 50

Adversarial 500 Market Crowd 78

Noise 500 Roadside vehicle 81

500 Kids Playing 50

100 FGSM 28

100 BIM 48

CleverHans 100 JSMA 50

100 LBFGS 36

100 CW 50

Proposed Threat Downsampling

Model 100 Attack 25

To efficiently assess the effectiveness of our proposed threat
model, we considered different downsampling rates (3/4, 1/2,
1/3, and 1/4). A downsampling rate of 1/4 indicates a reduction
in the sampling rate of target audio by a factor of 1/4. This
downsampled audio is then overlaid with the source audio and
sent to the ASR system for evaluation. The attack effectiveness
of the system at different downsample rates is demonstrated
in Fig 5. Here we choose four random speakers (speakers 1,
2, 3, 4) only. The precision of the attack at a downsampling
rate of 3/4 is very high. The efficiency of the threat model
diminishes with the increasing degree of sampling. At a lower
downsampling rate, the obtained superimposed audio becomes
perceptible to the users. We eventually arrived at a downsam-
pling rate of 1/3 as it provides fair attack effectiveness of 75%
keeping the hostile audio obscure to the third person.

We compare our proposed downsampling threat model with
the other two attack strategies; (i) adversarial noise taken from
youtube (ii) adversarial voice generated using CleverHans tool.
We have overlaid every audio in the test dataset with 25
adversarial sounds to measure the influence of an opponent’s
audio. This process produces a total of 2500 (25 x 100 =
2500) samples, .i.e 500 adversary audio for each adversary
noise category. Table II shows that the roadside noise of
vehicles has less impact on the classification. Similarly, market



crowd adversary noise attained a classification accuracy of
78%. The other three adversarial noises (rain, bus station, and
kids playing) have reduced the classification accuracy to 50%.
From Table II, the addition of several adverse sounds from
youtube results in a precision decrease of 88 % percent to an
average of 61.8 %.

Fig. 5. Attack Accuracy of different downsampling rate on 4 Speakers

TABLE III
ATTACK ACCURACY ON TARGETTED AND UNTARGETTED ATTACK

Attack Attack Type Attack Accuracy
Downsampling Targetted 67

Attack Untargetted 75

We compared the proposed threat model against attacks
implemented using CleverHans Toolbox. State-of-the-art
studies on adversarial tools state that CleverHans produces
better attack results compared to other toolboxes. CleverHans
implements a total of 16 disruptions, including Fast Gradient
Method (FGSM), Carlini&WagnerL2 (CW), Basic Iterative
Method (BIM), Projected Gradient Descent, Jacobian Saliency
Map Attack (JSMA), DeepFool, Elastic Net, and L-BFGS.
On each of the 100 test audio, the most popular and effective
attack methods like FGSM, BIM, JSMA, L-BFGS, and
CW were performed and analyzed. Table II summarizes
that FGSM yields the lowest classification accuracy (28%)
compared to the other four attack methods. It shows that
FGSM gives a higher attack accuracy and JSMA and CW
methods exhibit the lowest.

The average classification accuracy of our proposed
downsampling attack method is 25% shown in Table II. The
attack effectiveness of the downsampling attack is higher
compared to the other attack categories. We evaluated the
downsampling attack effectiveness for both targetted and
untargeted speakers. Targetted attack effectiveness deals with
how effectively the system can recognize the speaker of
the target audio. The efficacy of an untargeted attack shows

how accurately the system causes a misclassification. The
proposed threat model gives higher attack effectiveness for
untargeted attacks compared to targetted attacks. Table III
shows that the attack accuracy is 67% for the targeted attack,
and the untargeted attack is 75% accurate.

V. CONCLUSION

This paper proposes an effective and imperceptible adversar-
ial attack on Speaker Recognition System. The downsampling
attack being black box in nature will be transferable to other
types of classification systems also. The transferability of this
attack needs to be further explored. From the experimental
analysis, we observe that the proposed attack provides reason-
able attack effectiveness compared to the traditional method
of generating noise. We also found it more effective than the
adversarial audio generated by CleverHans tool. The proposed
attack method can also be extended further by studying the
impact of upsampling on the source audio. Also, it is worth
exploring the possibilities of practical defenses for such an
attack.
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Abstract—There are different text summarization process
available in Natural Language Processing. Among them ab-
stractive text summarization is one of the challenging problems
in natural language processing. Abstractive text summarization
contains a short and concise summary of a large text document
built from the underlying message of the text. The objective of
the proposed system is to create a short and understandable
abstractive summary of a malayalam text document. A sequence
to sequence model is used to create the summary of the
document. In this work, the goal was to increase the efficiency
and reduce the training loss of a sequence to sequence model
thereby implementing a better abstractive text summarizer for a
malayalam document.

Abstractive Text Summarization, Bidirectional RNN, En-
coder Decoder Model, Semantic Graph based, Sequence to
Sequence

I. INTRODUCTION

To extricate the relevant information from the enormous col-
lection of documents in a short amount of time is very difficult.
To address this issue, people prefer to have a tool to summarize
large documents. Thus the technique of text summarization for
extracting relevant information from larger data has become a
necessity. The main objective of text summarization systems
is to develop a method by which the summaries generated
by the machines are similar to the summaries generated by
human beings. A neural network approach to develop a text
summarization system is proposed in this work. The model
developed ensures that the encoder encodes the input sentence
and decoder focuses on the appropriate words at each step
of generation. This model beats the state of the art methods
currently available for malayalam documents.
Malayalam is a morphologically rich language. Vocabulary
of Malayalam language is borrowed from other languages
like Sanskrit, Tamil etc. Two characteristics make Malayalam
unique from other languages: it does not have predicate
agreement between subject or object and verb for gender,
number and person and having prevalent usage of copulas in
utterances.

Some of the challenges[6] in abstractive summarization in
Malayalam language are :

• Morphologically rich - Morphological analysers is re-
quired to identigy the root of words.

• No Capitalization feature - The main trait is no capital-
ization feature in Malayalam language

• Ambiguity - The uncertainity between proper and com-
mon nouns makes it hard to comprehend the words.

• Less Resources - No automated tools are available for
Malayalam Language to perform preprocessing tasks.

• Lack of corpus

II. RELATED WORKS

Abstractive Summarization that extracts the contents from
the source document, determines which are important and
relevant, and returns them in a concise, readable and structured
form. Generating a close, accurate and comprehensible form
of information from a larger document is termed as text
summarization. The summary should include the following
features[2]:

• Salience : the summarized document should address the
main contents.

• Relevance: the summary should be relevant to the topic.
• Non-redundancy: redundant contents has to be avoided.
• Length: the document should be bounded in length.
The first work in automatic summarization system

was made in the late 1950s[9]. Based on the number of
documents considered for summarization, Text summarization
can be classified into two - single and multi-document
summarizations. Multi-document summarization can be
generated by extending single document summarization
techniques with minor modifications. Another classification
of text summarization based on the summarization approach
are called as extractive summarization and abstractive
summarization. In extractive summarization, the aim is to
identify and extract the important sentences in the document
and combine them to form the summary. The compression
rate determines the summary length.This is considered as a
simple and robust method of document summarization. In
abstractive summarization, underlying topics and concepts
in the document collection are identified and presented in
the form of a short abstract. Obviously, finding abstractive
summary is difficult than finding extractive summary. Deeper
analysis of the text is an important requirement in this case.
Abstractive summarization is the process of extracting key
elements from the source and combine them grammatically
to generate a concise summary.

Various definitions are there in the literature for text
summarization. According to E. Hovy and D. Marcu [4],a
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summary is extracted information that is produced from the
source document that contains a significant and relevant
portion of the source, and is less than half of the original
document. Thus Text Summarization can be viewed as a
process of generating an abstract which contains the important
information of the original document .

Mechanisms to classify summarizations techniques are dis-
cussed in the first work on automatic summarization system
carried out by H. P. Luhn [8] in the late 1950s. As the name
suggests, Single document summarization is generated from a
single document and multiple source documents are appended
to create a single document which is then used for generating
a summary in a multi-document summarization technique.
The summarization technique used for single document
summarization is extended to generate multi-document
summarization in this approach. Another technique is to
prepare a summary of every multiple documents and later
generate a summary from the collection of above summaries.
The summarization technique of single document is extended
to generate multi-document summarization in this approach.
Another technique is to prepare a summary of every multiple
documents and later generate a summary from the collection of
above summaries. Extractive and Abstractive summarization
are also a classification of document summarization. In
extractive summarization, extract the important sentences
from the document as it is and appended to one another
to represents the summary of the documents. Vital scores
are calculated for the sentences and then sorted based on
the score. The sentences having top score are selected for
summary. Compression rate determines the summary length.
In Abstractive summarization, instead of using the exact
sentences available in the document, underlying topics and
concepts in the document collection are identified and are
rephrased using natural language generation techniques
to form a short abstract. Hence, implementing abstractive
summary is difficult than finding extractive summary. Deeper
analysis of the text is an important requirement in abstractive
methods.

Abstractive summarizations is the process of extracting key
elements from the document after understanding the source
thoroughly and combine them grammatically to generate a
concise summary as humans do. Statistical, structured and
semantic based approaches are used in earlier. Using statistical
approach to find the keywords and phrases from the source
document as discussed by Bing L et al in [1]. This approach
calculates the salience score for each phrase. Phrases are
then selected based on the score and merged which leads
to generate new sentences. In structured based approach,
the important information from the document is encoded
using some extraction rules to build specific structures like
trees. In tree based method, a dependency tree is used to
address the text of the source document. Similarities between
the structure of trees and also between the lexical items
are measured. Algorithms are applied for finding matching

nodes on a one to one basis followed by combining subtrees
by adding/ removing phrases from selected sentences. In
semantic based approach, semantic representation of the text
is used in natural language generators. This method segregates
the document text into noun and verb phrases using linguistic
data. In semantic graph based method used by Moawad
IF, Aref M [10] , the abstractive summary is obtained by
creating a rich semantic graph of the original document first
and then reducing the generated semantic graph by applying
algorithms to arrive at the best summary.

The choice of the most elucidating terms or entries
from text is pivotal for a few undertakings. [12] presented
Semantic Rank method. Semantic rank is a graph-based
ranking algorithm for keyword extraction and sentence
extraction from documents. The algorithm generates a
semantic graph with text nodes and edges based on the
semantic relationship. Nodes are then ranked using some
ranking algorithms. The evaluation against related state of the
art methods for keyword extraction and sentence extraction
shows that Semantic Rank performs favorably in existing
data sets.
Another semantic based model is the semantic role labelling
method used by Khan A et al[5]. Role labelling is used
to represent the text through predicate argument structures.
These predicate argument structures which are semantically
similar are grouped by employing similarity measures.
These structures are then scored based on some weighted
features and then optimized by some optimization algorithm.
In [3], explain the sorts of graphs for document representation.

Currently, most of the approaches to abstractive text
summarization using deep learning are based on the Encoder-
Decoder model[11]. Summarization based on neural models
generate a neural attention model and combined with
a contextual input encoder to prepare the words of the
summary. This approach incorporates less linguistic structure
than compared to other abstractive methods. On the basis
of the input sentences, this model produces each word of
the summary. It can be made to train a huge amount of
data. The encoder and the decoder generation model jointly
trained on the sentences. A neural attention model merged
with an attention-based contextual encoder is proposed by
Rush [11] for learning the alignment between the source with
the generated summary automatically. This model is trained
on Gigaword dataset and evaluated it on the DUC-2003
and DUC-2004 dataset. The results proved that their model
performed better than the other baselines.

Neural network with attentional encoder-decoder model,
have the potential in creating abstractive summaries of text.
[7] proposed guiding generation model that combines the
extractive and the abstractive methods. Using extractive
summarization model, first the keywords are extracted and
the key information Guide network(KIGN) for encoding the
keywords is introduced to guide the process of generation.
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This is then fed for decoding through a prediction-guide
mechanism to generate the summary.

III. PROPOSED METHODOLOGY

In the proposed methodology, the summary of the document
is built using the abstract sentences generated from a model
generated using a Neural network. Sequence to sequence
learning technique is used to build the model from the raw
data. The required dataset was built by translating the publicly
available news repository and its summary from BBC into
Malayalam language. The proposed architecture is shown in
Figure 7

Fig. 1. System Architecture

A. Data preprocessing

A paragraph text and its abstract form is treated as one
training data. Pairs of such source sentences (input word
sequence) and its abstract form (target word sequences)
forms a dataset. The overall dataset is first passed through a
pre-processing stage where the sentences in the dataset are
cleaned and prepared. Certain data cleaning operations are
performed on the dataset which includes removal of quotes,
special characters, numbers, spaces and invalid characters.
Appending the abstract target sentence with start-of-sentence
tag (‘START’) and end-of-sentence tag (‘END’) is carried
out before proceeding to the next stage. Tokenization and
stemming of the data is done in the next stage.

Tokenization reduces the complexity of sentence structure.
Tokenization is the process of splitting up a sentence into
small pieces known as tokens or words. Larger sentences can
be divided into pieces of words by performing tokenization.
By performing tokenization, instead of processing any task
in entire sentence at a time task can be done in pieces of
a sentence. The Figure 7 shows the output of a malayalam
sentence after performing tokenization.
Stemming is the process by which each word in the document

Fig. 2. Output after Tokenisation

is taken and its root word is identified by removing its suffixes.

Plural forms of the words are converted to singular form. In
this system, a rule-based stemmer is used where rules are in
the form of suffix and denotes the letter to replace. For that
prathyayam rule of Malayalam language as shown in Figure7
is used. Based on the suffix of word, this rule will classify the
word as subject or object.

Fig. 3. Prathyayam Rule of Malayalam Language

This rule states that any if word ending with sounds shown
in the prathyayam rule, then the word is categorized as subject
according to the rules. Stemming is avoided for negation words
and some of the verbs. Stemming of verbs depends upon the
suffix in the word. An example is shown in figure 7

Fig. 4. Output after Stemming

B. Sequence to sequence model

Sequence to sequence learning is a training mechanism
to convert sequences available in one domain to sequences
in another domain. This is a very popular technique used
in machine translation as well as scenarios where free form
sentences need to be created. In this work, the long sequence of
words from the source document is treated as input sequence
and the output is a short summary, which is again a sequence
of words conveying the same meaning, but with fewer words.
Two components of a sequence to sequence model are encoder
and decoder

C. Encoder -Decoder Model

The essential work stream of Encoder-Decoder model com-
prises of two stages:

• Encoding: In this stage, the model peruses the input and
convert the input into intermediate vector representation
by using neural network.

• Decoding: From the intermediate vector representation,
the model uses another neural network to generate the
output
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Fig. 5. Components of Sequence to Sequence Model

Fig. 6. Encoder-Decoder Architecture

The conversion is based on vector mapping and prediction
techniques. After pre-processing the input sequences, it is
passed on an Encoder-Decoder model which uses Sequence to
Sequence architecture. The pre-processing steps include data
cleaning, preparation and transformation. The outcome of the
technique produces a model which is used for validation by
using the test set from the data set.

The test set also undergoes the pre-processing steps that
of training dataset before it is passed through the model
generated earlier for validation. As we pass on the Source
sentences to the model, it generates its own version of the
output predicted by the model, which is compared to its target
abstract sentence (originally present in the dataset) stated in
the Source-abstract pair. Both are compared and analyzed for
determining accuracy.

1) Encoder Decoder Architecture: The above architecture
in figure 5 is a pictorial representation of Encoder-Decoder
model. The Architecture that is going to be used is an Encoder-
Decoder model. The Sequence to Sequence architecture is
like a many to many sequence modelling architectures. This
is a type of Encoder-Decoder model using RNN (Recurrent
Neural Network). RNN is a class of artificial neural networks,
in which they use their internal state (memory) to process
variable length sequences.

The encoder takes the source sentence, denoted by
x = (x1, x2, ..., xn), and transforms those sentences to its
hidden states he = (he1, he2, ..., hen); while the decoder
accept context input as in the form of hidden states and
then produces a summary y = (y1, y2, ..., ym). Here, xi is
the one-hot representation of the words in the source article
and yj is the same of the summary. Here, n and m are the

representation of the number of tokens (document length)
of the original source document and the summary, respectively.

Encoder-Decoder architecture which consists of two LSTM
(Long Short-Term Memory) networks the encoder LSTM
and the decoder LSTM. LSTM is a type of RNN with an
added advantage of mapping long sentences with overcoming
the long-term dependencies. The sentences are divided into
sequence pairs, first one being the input sequence (Source
sentences) and second being the output sequence (Abstract
sentences). The input to the encoder LSTM is the source
sentence and the input to the decoder LSTM is the abstract
form of the source sentence with a start-of-sentence token and
end-of-sentence token. This is done so that the model can
distinguish when the particular sentence starts and when it
ends.

The start-of-sentence token used is ‘START ’ and the end-
of-sentence token used is ‘ END’. The output of the encoder is
discarded and only the internal states are retained. To initialize
the hidden and cell states of the LSTM decoder, encoded
vectors are used.

Initialization of hidden states are done as follows

hd0 = tanh(We2d(h
e
m ⊕ he1)) (1)

The decoder is defined with two inputs, i.e. the hidden
state and cell state (which are the internal states) from the
encoder which is also known as thought vectors and then the
input sentence. The input sentence fed to the decoder input is
the target sentence with the start-of-sentence token appended
at the start and end-of-sentence token appended at end.

Here, superscript d denotes the decoder and is a concate-
nation operator. At each decoding step, we first update the
hidden state hdn conditioned on the previous hidden states
and input tokens, i.e., hdn = LSTM(hdn1, Eyn−1

). Since only
the hidden states are passed, the cell states in the input and
output of LSTM are not explicitly expressed. The vocabulary
distribution can be calculated with

Pvocab,n = softmax(Wd2vh
d
n + bd2v) (2)

, where Pvocab,t is a vector whose dimension is the size of the
vocabulary V and

softmax(vt) =
exp(vt)

Στexp(vτ )
(3)

for each element vt of a vector v. Therefore, the probability
of generating the target token w in the vocabulary V is
denoted as Pvocab,t(w).

2) The LSTM Layer: LSTM networks has the power to keep
contextual information of the input sequence by incorporating
a looping structure that will allow information to persist and
flow from one step to the next. Human brain functions by
making decisions by reasoning and experience. The LSTM
predictions are mostly conditioned by the past experience of
the input given to the network. As more time passes, it is
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less likely that the next output of the sequence depends on a
very old output. This is known as long term dependency and
LSTM networks manage this by learning when to remember
and when to forget, with the help of their forget gate weights.

IV. EXPERIMENTAL RESULTS

The following are the details of the corpora and the evalu-
ation analysis of the defined approach

A. Datasets

Initial training of the model is done on the translated BBC
News corpus dataset for single document summarization task.
The dataset contains 5546 sentence pairs with 3500/2046
training/test split

B. Implementation Details

For training the encoder decoder model, three data
structures has to be defined here, i.e. encoder input data,
decoder input data and decoder target data which is used
as decoder input as well as output. During initializing all
these are set with zero values. As LSTM expects input
sequences with the same length, Padding is done on the
sentences to address the varying length of input data
to arrive at fixed length vectors. The number of unique
words in the input and target sequences would be used as
index of word in vocab. The max length of input as well
as target is used as a parameter for defining the data structures.

The encoder input data will be representing words of
input sentence which is source sentence. The decoder input
data will be representing word of abstract target sentence
with ‘START ’ token appended and the decoder target data
which is one time step ahead of the decoder input will be
representing the target sentences appended with ‘ END’
token. The ‘ END’ token will be used to stop prediction
procedure of an unseen source sentence. While testing with
the test dataset, the end token will denote the end of abstract
sequence and signal to stop the prediction looping process.

The model will be trained in such way that it takes
encoder input data and decoder input data and turns it to
the decoder target data. The model is trained for 75 epochs.
The decoder target data is ahead of one time steps when
compared to decoder input data. With the help of the input
at the decoder input and the internal states from encoder, this
model will predict the starting word for predicting the target
sentence which will be compared with decoder target data
for computing loss and gradients. The errors and updates are
propagated through time in order to update the parameters of
the network.
Once the model is trained, the decoder is trained to begin
generating the target sentence word by word depending on
the information encoded by the encoder. This connectivity or
link will generate the abstract sentence which must depend
on the source sentence to maintain semantics.

During model prediction the input sequence will be
encoded by the encoder as thought vectors. It will be similar
to step of that in the training time. Then the model starts
generating the output sequence in a loop, word by word. At
the decoder side initially the decoder’s initial states will be
set up as thought vectors coming from the encoder and the
first word will be the ‘START ’ token. So after predicting the
first output of the target sentence, this word and the internal
states of the previous time step will be provided to next
time step to generate the second output word of the target
sentence. This is what is meant by saying that decoder target
is one time step ahead of the decoder input, i.e. the input to
decoder in the next time step is the output of the decoder
from previous time step. This loop enumerates or continues
till the decoder encounters the ‘ END’ token in the decoder’s
input and thus breaking the loop.

The figure 7 shows the output obtained using sequence to
sequence model

Fig. 7. Summary Obtained using Sequence to Sequence Model

C. Evaluation Metrics

The quality of the summary generated by the system is eval-
uated by using ROUGE: ROUGE-1 (unigram) and ROUGE-
2(bigram) as means of assessing informativeness. The Table I
shows the analysis

TABLE I
ROUGE SCORES ON THE MODEL

Model Rouge 1 Rouge 2 Rouge-L
Seq2Seq 24.33 23.11 24.02
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V. CONCLUSION AND FUTURE WORK

The paper presented a sequence to sequence approach
for abstractive summarization task for malayalam language,
with promising results. The proposed system discovers var-
ious inherent semantic and compositional aspects as part of
document-independent features. The model predict an under-
standable and summary with reducing the training loss for
some documents. An important limitation of the system is
needed to fix the length of the source and summary.
As part of the future work, new models are to be built on
this dataset which learn any length and generate the summary
which has no fixed length. And also propose a new dataset
for abstractive summarization in malayalam language and
establish a benchmark on it.

REFERENCES

[1] Lidong Bing, Piji Li, Yi Liao, Wai Lam, Weiwei Guo,
and Rebecca J. Passonneau. Abstractive Multi-Document
Summarization via Phrase Selection and Merging. 2015.

[2] Deepali K Gaikwad and C Namrata Mahender. A Review
Paper on Text Summarization. 5(3):154–160, 2016.

[3] Geehan Sabah Hassan, Asma Khazaal Abdulsahib, and
Siti Sakira Kamaruddin. Graph-Based Text Representa-
tion: A Survey of Current Approaches. Research Jour-
nal of Applied Sciences, Engineering and Technology,
14(9):334–340, 2017.

[4] Atif Khan and Naomie Salim. A review on abstractive
summarization methods. Journal of Theoretical and
Applied Information Technology, 59(1):64–72, 2014.

[5] Atif Khan, Naomie Salim, and Yogan Jaya Kumar. A
framework for multi-document abstractive summariza-
tion based on semantic role labelling. Applied Soft
Computing Journal, 30:737–747, 2015.

[6] Kavya Kishore, Greeshma N Gopal, and PH Neethu.
Document summarization in malayalam with sentence
framing. In 2016 International Conference on Informa-
tion Science (ICIS), pages 194–200. IEEE, 2016.

[7] Chenliang Li, Weiran Xu, Si Li, and Sheng Gao. Guiding
Generation for Abstractive Text Summarization Based on
Key Information Guide Network. (2016):55–60, 2018.

[8] H. P. Luhn. The Automatic Creation of Literature
Abstracts. IBM Journal of Research and Development,
2(2):159–165, 1958.

[9] Hans Peter Luhn. The automatic creation of literature
abstracts. IBM Journal of research and development,
2(2):159–165, 1958.

[10] Ibrahim F. Moawad and Mostafa Aref. Semantic graph
reduction approach for abstractive Text Summarization.
Proceedings - ICCES 2012: 2012 International Confer-
ence on Computer Engineering and Systems, pages 132–
138, 2012.

[11] Florian Strub, Harm De Vries, Jeremie Mary, Bilal
Piot, Aaron Courvile, and Olivier Pietquin. End-to-
end optimization of goal-driven and visually grounded
dialogue systems. IJCAI International Joint Conference
on Artificial Intelligence, (September):2765–2771, 2017.

[12] George Tsatsaronis, I Varlamis, and K Nørvåg. Semanti-
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Abstract--With the widespread use of digitally interactive 

multimedia such as audio, images, and video, there has 

been a significant increase in the mode and motivation to 

create digital forgeries. The widespread availability of 

video information and services, as well as the low cost of 

devices such as cameras, camcorders, and CCTVs, has led 

to widespread use of video information and services in our 

society for a variety of purposes such as video 

surveillance, forensics investigation, and entertainment. 

Previously, video editing techniques were mostly employed 

to improve digital information. However, as the popularity 

of low-cost, easy-to-use video editing software has grown, 

so has the number of negative repercussions and risks 

associated with such editing procedures. By merging, 

changing, or synthesising new footage, video forgery is a 

technique for creating changed or fraudulent videos. A 

method based on deep learning is given in the proposed 

system for classifying videos as tampered or original. The 

video clip that is used as input is divided into two 

categories: original and modified. The video is segmented 

into non-overlapping frames, and the authenticity of the 

movie is determined by whether or not all of the frames 

are genuine. The suggested method uses a deep CNN 

model that has two types of layers: (1) CNN layers which 

involve convolutional, pooling and fully connected layers 

and (2) Parasitic layers. 

Keywords:Video forgery,CNN,Parasitic,tampered 

 

 

I . INTRODUCTION 

 

      In the present digital age of internet and social 
media, our day to day life is permeated with digital 
video content as one of the prominent means for 
communication.Developments in video technologies 
such as generation, transmission, storage and retrieval 
along with applications like Video sharing platforms, 
Video-conferencing etc have served the people and 
society in many ways. Applications such as the 
entertainment business, video surveillance, legal 
evidence, political films, video tutorials, ads, and 
other social networking platforms, such as YouTube, 
Facebook, and Instagram, demonstrate their 
unparalleled role in today's context.   
 

 
    
   Videos can be made, stored, transmitted and 
processed in digital format in an easy way, because of 
extensive use of the Internet and inexpensive and high 
quality cameras, computers and user-friendly editing 
tools. Any novice individual can utilize these 
techniques to make unauthorized modifications to the 
video content thereby affecting its integrity and 
authenticity. This possibility raises the need to 
validate whether the multimedia content available on 
the internet, obtained as a part of a video surveillance 
system, or received by a broadcaster, is original or 
not.Digital Video Forgery is the intentional 
modification or alteration of a digital video for the 
purpose of fabrication. Manipulation of a video in 
such a way that the content is perceptually altered is 
referred to as video forgeries. Spatial forgeries and 
Temporal forgeries are the two types of video 
forgeries. The field of digital video forensics was 
created to address the problem of counterfeiting and 
assure the authenticity of digital videos. Digital video 
forensics is a set of tools and procedures that may be 
used to determine whether or not the contents of a 
digital video are verifiable. Digital video forensics, 
also termed as Video Forgery Detection techniques is 
the scientific understanding and skill necessary to 
authenticate and enhance a video. Video Forgery can 
be performed in various ways. The different types of 
tampering that are applied to videos are: 

i) Low Level Tampering 

      The picture is detected from videos and then 
moved to another location or manipulated in the 
picture in this sort of tampering. At the temporal or 
spatial level, this manipulation is employed. 

ii) Frame by Frame Level Tampering  

      The frames from videos are retrieved first, and 
then they are tampered with. The forger may change 
the contents of movies by removing, adding, or 
copying frames. It's one of the major temporal 
tampering methods that can be implemented to 
change frames in videos. 
 

 

Video Forgery Detection using CNN 
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iii) Mass Level Tempering  

      The tampering is done on video blocks, which are 
defined as any set of video frames. In videos, these 
blocks are chopped and replaced. At the block level, 
it's called spatial tampering. 

iv) Voxel Level Tempering  

      Video frames are modified at the pixel level in 
this method. Video voxels are changed, copied, or 
replaced. Spatial attacks are carried out at the pixel 
level. 
The goal of video forgery detection is to expose and 
examine the hidden information about a film. It can be 
divided into two categories namely 

i) Active video forgery detection 
      In active video forgery detection, techniques such 
as Digital Watermarking and Digital Signatures are 
utilised to validate Content Ownership and Copyright 
Violations. 

ii) Passive video forgery detection 

      As opposed to the Active approach, the passive 
method does not necessitate the use of specialist 
hardware and does not necessitate any direct 
knowledge of the video's contents. As a result, it's also 
known as the Passive-Blind Approach.  
The method proposed here essentially consists of the 
following steps 

● The video is split into non-overlapping 
frames, and the authenticity of the clip is 
determined by whether or not all of the 
frames are genuine. 

● After that, the retrieved characteristics are 
handed on to the CNN layers, which 
calculate the video's hierarchical 
representation. 

● Finally, the custom CNN layers(parasitic), 
which act as a classifier, forecast whether the 
films are tampered or original. 

 
     The remaining sections are ordered as follows; 
Section II explains the literature survey, section III 
explains the proposed architecture, section IV 
explains the results and observations, and section V 
includes conclusion. 
 

II. LITERATURE SURVEY 

 

Detecting forgeries in videos has become an 
increasingly important concern that needs to be 
addressed. Some of the methods that have been 
employed for the detection are  
Michihiro Kobayashi, Takahiro Okabe, and Yoichi 
Sato suggested Detecting Video Forgeries Based on 
Noise Characteristics in [1]. The authors of this study 
claimed that there are two types of approaches for 
producing a scene with a static background. The first 
is to replace frames or areas with duplication from an 
existing video sequence: by overwriting certain 
frames, forgers might conceal untrustworthy 
objects.The second is to clip items from other video 

segments and apply those to the  regions which are 
required. Here the main objective is to show items 
that contribute to false evidence. Using duplication 
can assist in returning high correlation with original 
frames and duplicate frames. 
 
In [2],proposed Correlation of Noise Residue for the 
detection of Video Forgery .Sensor noise pattern had 
effectively exploited as intrinsic sensor biometrics in 
recent years. The suggested technique first extracts 
the pattern noise images from training photos 
collected with any of the specific cameras, and then 
uses averaging operations on the pattern noise images 
to obtain the reference pattern noise image. The 
sensor pattern noise was used to identify scanner 
models and detect manipulation in scanned images. In 
addition, the sensor pattern noise was originally used 
to detect forgeries in photographs. To extract the 
sensor pattern noise of the cameras, the following 
strategies have to obtain a number of photos acquired 
from any of the existing video cameras. 
In [3] proposed the detection and localisation of video 
copy-moves has been the subject of several 
investigations. The correlation coefficient is used as a 
measure of similarity to detect large copy-moved 
chunks, with the same method being expanded to 
include spatio-temporal blocks. However, if the 
cloned area is vast and has not been post-processed, 
this approach works effectively. Performance suffers 
when compression, blurring, geometric 
transformations, and intensity shifts occur. This is 
significant since these processes are usually necessary 
to make forgeries more realistic, and they can even be 
done on purpose by a professional forger to deceive 
forensic instruments. 
In [4],proposed Forgery Detection Algorithm for 
Video Foreground Removal. Because even a short 
video might contain hundreds of frames,the 
challenges of algorithms in digital video forensics 
must address the issues of detection accuracy and 
processing cost.The frame-by-frame methods in 
previous detection algorithms resulted in inefficiency. 
Videos with complicated backgrounds were similarly 
undetectable (e.g., Unstable screens, moving trees, 
water waves, noise and change in brightness). The 
research proposes a unique forgery detection method 
for video foreground removal to overcome these 
issues. The energy factor (EF) of each frame is 
determined first to identify the forged frames. In the 
first stage, the adaptive parameter-based visual 
background extractor method(AVIBE)  is utilised to 
find suspicious regions in the counterfeit frames. The 
programme calculates the EF difference between 
suspicious locations in counterfeit frames and similar 
regions in actual frames, and then locates the 
tampering evidence. 
In [5], proposed Spatial Video Forgery Detection and 
Localization using Texture Analysis of Consecutive 
Frames. The detection of forged video segments 
(VSs) as well as the location of forged frames are the 
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subject of this research. The texture of micro-patterns 
in tampered frames is changed during spatial domain 
video tampering, which is a key clue for detecting this 
sort of fraud. To represent the tampering traces in 
video frames, Subramanyam and Emmanuel used the 
texture descriptor Histogram of Oriented Gradients 
(HOG). Gradient orientation is used in this descriptor 
and its variants to efficiently express local texture 
micro-patterns and changes. 

 

III. PROPOSED ARCHITECTURE 

A technique based on deep learning is provided in the 
proposed system for classifying videos as tampered or 
original. The video clip that is used as input is divided 
into two categories: original and modified. The video 
is split into non-intersecting frames, and the 
authenticity of the movie is determined by whether or 
not all of the frames are genuine. The suggested 
technique uses a deep CNN model that has two types 
of layers: (1) CNN layers (convolutional, pooling, and 
dense layers) and (2) custom CNN layers(parasitic). 
Following frame creation, retrieved features are 
transferred to the CNN layers, which calculate the 
video's hierarchical representation.Finally, the custom 
CNN’s dense layer, which acts as a classifier, 
determines whether the clips are tampered or original. 
The following figure depicts the entire architecture. 

 
Fig 1. Proposed architecture 

A)Learning Algorithm 

Learning Algorithm for the proposed architecture is 
explained as follows. 

1. The video clip that is used as input is divided into     

two categories: original and modified.  

2.Input :The video is split into non-intersecting 

frames(VC) of size W. 

3. Feature Extraction: 

    3.1 Extract the frames  

    3.2 Resize the Frames to 128*128*3. 

4.Transfer learning using deep CNN Model. 

5.Output:Classified as Original or tampered videos. 

 

i) Preprocessing and Feature extraction 

      Since a classification architecture to train on a 
video classification dataset is being used, the dataset 
must be preprocessed first. Primarily three steps are 
being done in preprocessing; Extract frames, Resize 
and Normalize frames. In order to be able to classify 
the videos, the videos are first divided into non 
overlapping frames. OpenCV provides a very simple 
interface to do this. The videos are converted into 
frames using python OpenCV bindings. The 
generated frames are then resized to a specific height 
and width. By definition, the larger the image, the 
more the data, and therefore the longer it takes for 
algorithms to process the data. So these dimensions 
are adjusted, which in the proposed system is 
128x128 pixels. After resizing, the resized frames are 
normalized by dividing with 255 so that each pixel 
value then lies between 0 and 1. An empty list is 
declared to store all the video frames and all the 
frames are appended to that list. 

ii)Transfer learning 

It is a deep learning approach in which an existing 
model is taken that has been trained on a large amount 
of data and the characteristics acquired from that data 
are applied to our problem. That model has been well-
trained to discover some features because it has 
learned from a large amount of data. A portion of the 
trained model can be changed and adapted to our 
needs. Instead of training all of the layers of the 
model, transfer learning locks/freezes parts of them 
and uses the trained weights in the locked/freezed 
layers to extract specific characteristics from the data. 
All the lower layers need not be locked, some of the 
lower layers can be retrained because those layers will 
be specialised for the data. Neural networks are used 
in computer vision to determine the edges in the first 
layer, form in the intermediate layer, and task-specific 
features in the latter layers. In transfer learning, the 
initial and intermediate layers are used, and the 
succeeding layers are only retrained.It uses the tagged 
data from the task on which it was trained. In transfer 
learning, it can be used to transfer as much knowledge 
as possible from the prior task on which the model 
was trained to the new task at hand. This information 
can take many various shapes depending on the 
situation and the data.It could be the way models are 
made, for example, which makes it easier to recognise 
new items.Transfer learning provides a number of 
advantages, the most important of which are reduced 
training time, improved neural network performance 
(in most circumstances), and the absence of a large 
amount of data. A lot of data is normally required to 
train a neural network from the beginning, but it's not 
always possible to access data and this is when 
transfer learning can come into use. Transfer learning 
can build an effective machine learning model with 
relatively little training data because the model has 
previously been pre-trained.This is especially useful 
in natural language processing, where huge labelled 
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datasets require a lot of expert knowledge. 
Additionally, training time is minimised because 
building a deep neural network from start on a 
challenging job can take hours,days or weeks. 

 

iii)Parasitic layers 

The input layer and the last three layers of the VGG-
16 model (two dense, namely FC1 FC2, and the 
softmax) are changed in the proposed technique.The 
input layer of the VGG-16 model by default accepts 
an input image shape of 224x224.This layer was 
replaced by a layer accepting an input shape of 
128x128.The last layers were replaced by a custom 
CNN layer consisting of 8 layers. The final dense 
layers of the VGG-16 learn task-specific information 
and are trained using the SGD algorithm, which 
requires a lot of data and a lot of time. The VGG-16's 
FC1, FC2, and Softmax layers have been replaced by 
eight new parasitic layers, which are dependent on the 
activation of the previous layer. These layers improve 
classification efficiency and accuracy by learning the 
video dataset's unique properties. In the proposed 
technique, CNN layers and parasitic layers are 
learnable layers. The CNN layers are pre-trained on 
the ImageNet dataset, and the learnable section only 
includes parasitic layers with a small number of 
parameters and enough data to perform the task. 

 

Fig 2. Custom CNN model 

The additional 8 parasitic layers consist of two 
conv2D layers, two Batch Normalization layers, a 
MaxPooling2D layer, a GlobalAvgPooling layer and 
2 Dense  layers. Batch normalization is a 
transformation that keeps the mean output close to 0 
and the standard deviation of the output close to 1. 
The pool size is still set to the size of the layer input 
when using Global Average Pooling, but instead of 
the maximum, the pool's average is used. They're 
frequently employed in classifiers to substitute fully-
connected or densely-connected layers.Each neuron in 
the dense layer receives input from all neurons in the 
previous layer, making it a deep-connected neural 
network layer. The output of the dense layer is an 'm' 
dimensional vector. As a result, a dense layer is 

mostly employed to alter the vector's dimensions.Here 
the dense layer is associated with the classification of 
output.Softmax takes a set of values and generates a 
probability distribution. Softmax is widely used as the 
activation for the last layer of a classification network 
since the output can be interpreted as a probability 
distribution. 

IV . RESULTS AND DISCUSSION 

 

i)observations: 

Figure 3 and 4 shows the increase in accuracy 
achieved by the custom model over the already 
existing VGG-16 model. 

 

 

Fig 3. Plots of VIFFD trained on VGG-16 .(a) Total 
Loss Vs validation Loss (b) Accuracy Vs Validation 

Accuracy 
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Fig 4. Plots of VIFFD trained on custom CNN model. 
(a) Total Loss Vs validation Loss (b) Accuracy Vs 

Validation Accuracy. 
From the plots(Fig 3 and Fig 4) above it can be seen 
that VIFFD trained on the custom CNN model results 
in better accuracy and a much lesser loss. We have 
trained our custom CNN model upto 50 epochs.The 
Total loss vs Total Validation loss plot of VIFFD 
trained on VGG-16 has values ranging from 1 to 5, 
the same plot of VIFFD trained on custom CNN 
model has loss values in the range 0.2 to 1.4 which 
implies that the loss values of the custom CNN model 
are far lower than VGG-16 model.  

 

  
Fig 5. Accuracy of custom model 

 

 

  Fig 6. Accuracy of  VGG-16 model  

      
 
 Fig 6 shows that the accuracy of the model is 
increased from epochs 45 to 50. The Total loss vs 
Total Validation loss plot of VIFFD trained on VGG-
16 has values ranging from 1 to 5. The same plot of 
VIFFD trained on the custom CNN model has loss 
values in the range 0.2 to 1.4 which clearly shows that 
the loss values of the custom CNN model are far 
lower than the VGG-16 model. The accuracy of the 
model is dependent on certain factors like 
i) Resolution of the image 
      Higher the resolution of the images, better the 
results obtained. The reason behind this is when the 
input image is resized, it would preserve the quality of 
the image which makes the detection of tampered 
frames easier. Higher resolution images will have less 
noise so that it gives the model more data to work 
with. 
ii) Maximum images per class 
      There are two classes in video forgery detection: 
either the video is forged or its authentic.The model 
was trained on few images per class,but increasing the 
number of images per class may result in better 
accuracy at the cost of using much more RAM. 
iii) Choice of pretrained model used 
      A part of the model was made of the layers of the 
pretrained VGG-16 model.This resulted in giving 
better accuracy for our overall model. 
 

ii)User-Interface 

The project uses Pycharm Community Edition 
2021.1.1 and Django 3.2.4 as a visual aid for Video 
forgery detection purposes.Django is a free and open 
source web framework based on Python that uses a 
model-template-views architecture. It enables the 
rapid development of a web application for the 
detection of video forgeries. Pycharm is an Integrated 
Development Environment (IDE) that includes a 
variety of key tools for Python developers that are 
tightly integrated to produce a pleasant environment 
for productive Python, web, and data science 
development. PyCharm has support for Django, which 
is one of its features. PyCharm can be considered the 
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greatest IDE for Django due to its ability to include 
JavaScript functionality. The Django libraries were 
imported into PyCharm, and a user-friendly web 
application was 
constructed.

 

 
 

 
Fig 7. UI Screenshots 

 

V. CONCLUSION 

 

    This project is a framework for finding forged 
frames in a video.This work was able to create a deep 
learning model which detects forged frames and  has 
managed to achieve a validation accuracy of 87%, 
which is a significant increase in validation accuracy 
over the standard VGG-16 which provides 79.5% 
(11% increase). A user-friendly interface for the 
novice user was also incorporated for the novice user 
to be able to use it easily. The proposed model can be 
further expanded to incorporate features like 
Localization of forged frames. Also, the achieved 
accuracy can be further improved by adding more 

layers and optimising weights. Further the model can 
be optimised to handle heavy datasets using better 
hardware infrastructure. 
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Study on Data Transmission Using Li-Fi
in Vehicle to Vehicle Anti-Collision
System

Rosebell Paul, Neenu Sebastian, P. S. Yadukrishnan, and Parvathy Vinod

Abstract This paper examines the relevance of a fast approaching highly secure and
fast data transmission technique using Li-Fi. It describes the upcoming technology
Li-Fi and its applications as well as the developments made in it so far. It enlightens
on the new era that will soon be used in almost all domains like health sector, school,
bank and so on. An application framework design has been studied to analyze the
role of Li-Fi in the process of communication.

Keywords Li-Fi · Light emitting diode (LED) ·Wireless communication · IoT ·
V2V communication · Data transmission

1 Introduction

Light emitting diodes (LED) bulbs that are used in our household as light source
are not only capable of lighting the surroundings but can also be used to transmit
data. This idea forms the backbone of the new technology Li-Fi. Li-Fi stands for
light fidelity and it uses LEDs intensity variation for transmission of data. It is very
difficult or almost impossible for the human eyes to trace this variation as it happens
too rapidly. We can say that Li-Fi is a light-based Wi-Fi technology. The Li-Fi
revolution can possibly eliminate most of the problems of the existing wireless-
fidelity infrastructure (Wi-Fi) in several core areas like medicine and health sector
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since it evokes no electromagnetic reaction. The recent studies made in Li-Fi [1]
reveal that it is going to be a part of the framework of 5G. It has been recognized by
IEEE since the end of 2017, as an IEEE 802.11 working group has been formed for
making the studies on standards for visual light communications. Wi-Fi has to abide
to the country’s particular regulations as it works with the spectrum allocation but
Li-Fi does not.

Professor Harald Haasa German physicist, known as the founder of Li-Fi, intro-
duced the term Li-Fi and he is the co-founder of PureLi-Fi which is a company based
on light communication established by him in 2012 to work intensively on this new
finding. He successfully illustrated a Li-Fi prototype at the TED Global conference
in Edinburgh on 12 July 2011. He used a table lamp with an LED bulb to transmit a
video that was then projected onto a screen. [2]. This idea pioneered by him gave a
new direction to the researchers to explore more on the light waves [3].

In the next section, the basic principle of Li-Fi is explained followed by a briefing
on a few applications of Li-Fi with several examples where it has already been imple-
mented. In the Sect. 4, a comparative study is made with Wi-Fi. Section 5 describes
the market growth of Li-Fi along with a study of converging Li-Fi with several
emerging technologies. Section 6 is a prototype model framework illustrating the
data transmission using Li-Fi in a vehicle to vehicle communication to avoid colli-
sion. Sections 7 and 8 show the analog and digital data transmission in our system.
The results and inferences obtained from our experimental study are mentioned in
Sect. 8. Finally, this paper is a journey through the developments made so far using
Li-Fi and the authenticity of using Li-Fi for data transmission in analog and digital
format is studied using the prototype model.

2 Principle of Li-Fi

Li-Fi can be termed as light-based Wi-Fi, i.e., instead of radio waves, it uses light
to transmit data. In place of Wi-Fi modems, Li-Fi would use transceivers that have
LED lamps that could brighten a room as well as transmit and receive information.
It makes use of the visible portion of the electromagnetic spectrum which is hardly
utilized.

LED bulbs or any light source can be used to transmit the data and the photode-
tector is used to detect the flash light emitted from the transmitter side. The data to be
transmitted has to be encoded into a binary format which consists of a sequence of
1’s and 0’s. This binary stream of data is given as input to the LED light source and
it will be transmitted when the LED glows. These flashes are then detected by the
photosensors. The photosensors transfer the binary data for amplification, thereby
strengthening the signal in order to decode the binary digits. Finally, the decoded
data is transferred to the end device [4].

The block diagram of a Li-Fi transmitter and receiver system is depicted below.
Transmitter section consists of the Web server, modem and LED driver (Fig. 1).
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Fig. 1 Basic block diagram of the transmission section

Fig. 2 Basic block diagram of the receiver section

Modem performs the necessary modulation to the incoming data, thereby making
the data signals more suitable. As we change the intensity of the current send to the
LED bulb, the brightness of the bulb changes which can then be converted into 1 s
when illumination is maximum and 0 s when illumination is minimum. In this way
the LED bulb is rapidly flickered, millions of time and is not visible to our naked
eyes. In order to control this flickering properly, we make use of modulation. The
three different types of modulation in Li-Fi are: single carrier modulation (SCK),
multiple carrier modulation (MCK) and color modulation [2].

LED driver changes the driving current for this LED bulb according to the
incoming streaming data to get the flickering. It plays the role in the conversion
of digital signal to photonic signal.

Receiver section consists of the photoreceiver and is then given for signal
conditioning before being transferred to the computer (Fig. 2).

Photoreceiver or the photodiode converts the optical signals received into elec-
trical impulses. Signal conditioningmainly performs the necessary amplification and
processing of the received signals before sending to the work devices. Thus, we can
say that Li-Fi provides a one to one point of communication between any two devices
in a highly secure manner. It has a speed much faster than the existing connection
technologies. Though the term came into being in 2011, several studies and research
are still being done to make it accepted all over the world. Since it makes use of the
visible light spectrum, it can be used to pave way for communication at places where
Internet access is denied like petrol pumps, operation theater, aircraft, etc. A study
on the several applications developed using Li-Fi in several systems reveals that this
technology will soon conquer the whole world. Li-Fi can protect the mankind from
radio waves as the light spectrum used in Li-Fi does not penetrate through the body
and is much safer when compared to the hazards caused by radio waves [5].
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3 Applications of Li-Fi

3.1 Li-Fi in Medical Department

The radiation hazards caused to the human body can be drastically reduced if we
make use of Li-Fi technology. The minute details of patients can be continuously
monitored as long as there is a LED light in the room and the data transmission is done
in such fast rate that emergency situation can be handled well. The main challenges
in our hospitals are that the rooms require multiple access, and therefore the network
becomes dense and heavy and complex cables are needed for the different equipment.
The typical network architecture which consist of laying cables, installing routers,
switches, etc., becomes difficult in hospitals. Schnell Li-Fi along with Huawei has
come with the idea of all optical hospital in which they use Li-Fi and optic fiber
as a better choice for hospital infrastructure. They called it green networks as Li-Fi
technology uses passive light with no known health hazards. Similarly, Li-Fi is the
best option in a room which has confidential information as it cannot be hacked.
The photonics network will always be preferred in future for sensitive environment
which consist of several medical devices as theWi-Fi signals might interfere with the
device signals at hospitals thereby affecting the readings. The various devices in the
hospitals are connected to each other and may also require to transfer data to cloud
for future analysis. As IoT enters the surgery room, Wi-Fi will become obsolete.
The Li-Fi devices of Schnell were proven to be compatible with the Huawei and so
they just had to plug and play making it easy to assemble and reconfigure. Thus, Li-
Fi provides wireless connectivity for telemedicine, lifesaving applications, hospital
security systems and vital body sensors. Similarly, Li-Fi indoor positioning system
can optimize the navigation within the hospitals [6].

3.2 Li-Fi in Aircraft

For the first time in world, Air France A321 tested Li-Fi Technology during a flight
in a 12-seater specially designed aircraft in which the travelers could play video
games. By working on it for a short time span of a little of 6 months they built the
system and successfully usedLi-Fi describing it to be amuch simpler technology than
the traditional equipment they used and hosted the Air France Trackmania Cup in
October 2019. They used fiber optic cables to transmit the light-based Internet access.
They installed a baggage compartment which acts as the server that was designated
to transmit the data notably the video games. They had installed a dedicated headrest
for the screen and a dongle for transmitting Li-Fi communications. A detector was
installed for optical transmission. Thus, Li-Fi enabled 10 gamers to play together
and it is several times faster than Wi-Fi, thereby provided a more viable experience.

The ability to safely access the Internet at 30,000 ft is becoming commonplace
nowadays. However, as passengers place greater demands on the in-flight Internet
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bandwidth, the connected experience could become less of a benefit to the experience
and more of a frustration, because airplane mode blocks your connection to cellular
networks and it is not possible to communicate or make calls using phone calls. The
airplane mode will turn off the Wi-Fi connection and thus will abrupt all the services
that requires Internet connectivity.

Li-Fi solves a ‘congestion’ issue. In the data-driven world that we live in, we are
running out of radio spectrum. This is a problem in crowded places like airports and
aircraft interiors as it means that the current available bandwidth does not support
the hundreds of people wishing to use data-intensive applications and the Internet
in the same place at the same time. Li-Fi solves this issue by using 1000 times the
bandwidth compared with the entire radio frequency spectrum. This is additional
free, unregulated bandwidth in the visible light spectrum.

Li-Fi paves the way for local area networks to be established, which means that
passengers canmake calls, use the Internet and access in-flight entertainment systems
more easily.

In a world fast being dominated by big data, safeguarding information is
paramount. In the cabin, although Li-Fi signals can leak through windows, the tech-
nology offers greater protection to passengers than a Wi-Fi connection. But the
biggest gains will be experienced by OEMs. Their manufacturing halls often have
lots of LED lighting and few windows, which will enhance data security in their
facilities.

3.3 Underwater Communication System Using Li-Fi

The underwater communication system is a research area of great demand as the
limitations in bandwidth, energy consumption of the devices used and distance pose
a big challenge. The underwater communication system based on Li-Fi technology
provides protection against ship collisions on the sea. Most remotely operated under-
water vehicles (ROVs) are controlled by dedicated wired connections. Since light
can travel through water, Li-Fi based communications could offer much greater
mobility. An underwater communication system utilizing visible light communica-
tion (VLC) technology will be ideal for military and scuba divers operating under
vessels, allowing communication within the light spectrum to a certain radius via an
audio system built into their diving suits. This project focuses on the safety of the sea
in which the headlights, which consist of LEDs acting as transmitters, communicate
with photosensors acting as receivers. White LEDs used in the head and tail lights
can effectively be used for short-range communication with the photodetectors. The
application is cost effective as LEDs are cheap and simple algorithms are proposed
for signal generation and transmission.

A study on the usage of Li-Fi for underwater communication by observing the
propagation of visible lightwhich is affected by inherent optical properties absorption
and scattering is made in. It describes the bio-optical model which concentrates on
the chlorophyll approach of propagation of light in seawater [7].
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Recently, SaNoor’s Laser Li-Fi Solutions used laser-based rays underwater for
data transmission and to link several devices and allow Internet of underwater things.
They claim that this technology enabled them to allow transmission at giga bytes per
second. This system removed all the hassles created in the several existing underwater
data transmission systems which consists of lot many of wires as well as and has
limited operational range. The signal was sent from seafloor passing through sea
and air in spite of the constant motions of the sea waves as well as the foams and
bubbles. They found this solution useful for many applications like underwater pipe
leak monitoring, underwater environment monitoring, offshore wind fan, etc.

3.4 Li-Fi in Office Rooms

PureLi-Fi came up with a fully networked Li-Fi system by the end of 2017. In the Li-
Fi-enabled boardroom, they equipped six lights and it was more than enough for any
kind of uninterrupted streaming services. They had come up with a dongle in 2016
which can be connected via universal serial bus to the laptops or other devices on
which we need the data transfer and Internet connectivity. This dongle consists of a
photodiode and the Infrared transmitter which is used to transfer data back to the LED
source. PureLi-Fi had then revealed their future plan of making of semiconductor
technology to neutralize this usage of dongle and make Li-Fi core-integrated.

BeamCastor is aLi-Fi-based local area networkwhichwas developed by aRussian
companyStinsComan in 2014. In this, theymade use of a routerwhichwas capable of
transmitting signal using a light beam that had a coverage of approximately 7–8 m. It
was successfully transmitted to eight devices at same timeplaced at different positions
in the office and achieved a four times faster rate than Wi-Fi. The transmission
model has to be installed on the ceiling and the receiver model is configured on the
work devices. The key highlights of this system were the mobility and the ease of
configuration and it could be easily disassembled.

3.5 Li-Fi in V2V and V2I Communication

Vehicle to vehicle communication (V2V) has an underlying wireless protocol called
dedicated short-range communications (DSRC). A lost cost V2V communication
system is developedDSRCandglobal positioning system (GPS). Thevehicle control-
ling information such as transmission rate, brake status, speed, acceleration, global
positioning and path history are taken into consideration to prevent crashes. With
the help of these information if a vehicle in front puts a sudden brake suitable trans-
mission of warning signal can be sent. Similarly, if a vehicle in front makes a slow
movement and the vehicle you are driving is moving at pace faster, it might cause a
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collision. V2V communication helps to pass the alert on time using the wireless
communication. Li-Fi technology can be clubbed suitable in this system as it is
having high speed transmission rate which will help in this time critical situations to
prevent accidents [8].

In case of traffic system, Li-Fi can be used to enable the vehicle to infrastructure
communication (V2I) as the LED in the traffic lights can act as the medium to pass
signal to the first car in the lane. This car can then transmit this information to the
one behind it. The one to one point communication technology principle of Li-Fi
helps to ensure secure communications without congestion. The usage of Li-Fi in
smart traffic net which is soon going to be the upcoming transportation system has
been described in [9].

4 A Comparative Study Between Li-Fi and Wi-Fi

4.1 Wi-Fi Technology

Wi-Fi is an existing wireless networking technology which was invented by NCR
corporation in 1991 and is widely in use. By using this technology, we can
exchange the information between two or more devices. The radio waves act as
the medium thereby making the Wi-Fi networking possible. Wi-Fi uses routers and
radio frequency and the radio signals are transmitted from antennas and routers.
These signals are picked up by Wi-Fi receivers, such as computers and cell phones
that are ready with Wi-Fi cards. Wi-Fi is used for Internet browsing with the help of
Wi-Fi kiosks orWi-Fi hotspots.Wi-Fi data transfer speed ranges from 150 to 2 Gbps.
It has a coverage area of up to 32 mWi-Fi radiations that can harm human health. It
is not suitable for airlines and undersea communications.

4.2 Comparison with Li-Fi System

(a) System Requirements: Li-Fi only needs lamp driver, LED bulb and photode-
tector which are not at all expensive. Wi-Fi requires routers to be installed and
subscriber devices are referred as stations.

(b) Capacity: The visible light spectrum is several thousand times larger than the
spectrum of radio waves. For visible light, the frequency ranges from 400 to
700 THz, but for radio waves, the range is from 3 kHz to 300 GHz. Thus, Li-Fi
signals which are based on visible light spectrum will definitely have a larger
capacity.

(c) Efficiency: LED lights consume less energy and are highly efficient. Li-Fi can
successfully work in a high dense environment, whereas Wi-Fi can flawlessly
work in less dense environment due to interference related issues.
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(d) Availability: Light sources are present in every nook and corner of the world.
Hence, the availability is not an issue. The billions of light bulbs worldwide
need only be replaced by LEDs.

(e) Interruption: Light of course does not cross the walls and thus data transmis-
sion using light waves is more secure than Wi-Fi where the radio waves can
penetrate across the walls. Thus, it is not easy to intercept the data transmitted
via light beam, but hackers can eavesdrop the data transmission using Wi-Fi.
On observing the electromagnetic spectrum, the bandwidth of the radio waves
is up to 300 Ghz. The bandwidth of the visible spectrum alone is up to 300 Thz
which approximately thousand times more compared to the bandwidth of the
radio waves. Thus, apart from attaining higher speed, there will not be any
electromagnetic interference.

(f) Data Transfer Speed: 4G LT and LTE advance have a maximum of 1 Gbps for
stationary users and100mbps formobile userswhich are theoretical figures and
the actual speedmight be lesser than these. The average 4GLTE speed provided
by countries with highest Internet usage is 40–50 Mbps. Researchers have
found up to 10 Gbps in Li-Fi prototype models. This speed can be increased
more by using array of LED source or by using the multiple color RGB LED’s
where each of it can transfer at a speed of 10Gbps. In such a manner up
to 100Gbps, when the whole visible spectrum can be used. Wi-Fi standards
IEEE 802.11.ac have a maximum 1.3 Gbps transfer speed which comes under
5GHzband and IEEE802.11.ad provide amaximumspeed of 7Gbps as defined
theoretically. Though these speeds are enough to meet our daily need now, as
we step into the era of Internet of things, these might not be enough and there
comes the urge of maybe 100 Gbps where Li-Fi comes into effect. Thus, Li-Fi
is ten times better than the current Wi-Fi on the basis of speed [10].

(g) Coverage: Li-Fi coverage depends on the intensity of the light but expected
coverage is 10 m. Wi-Fi provides about 32 m (WLAN 802.11b/11 g) and it
will vary based on the transmit power and antenna type.

(h) Technology: Li-Fi present Infrared Data Association (IrDA) compliant devices
and Wi-Fi presents WLAN 802.11a/b/g/n/ac/ad standard compliant devices
[11].

Specification Li-Fi Wi-Fi

System requirement LED bulb, photodetector Router, subscriber devices

Capacity 400–700 THz 3 KHz–300 GHz

Efficiency Consume less energy and
highly efficient

Affected by inference and less
efficient

Availability Light sources and widely
available

Need special requirements

Data transfer rate Very high (~1Gbps) Low (100 Mbps–1 Gbps)

Cost and power consumption Low High

(continued)
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(continued)

Specification Li-Fi Wi-Fi

Coverage ~10 m (depending upon the
intensity of light)

~32 m (depending upon the
transmitting power and
antennae type)

Technology Infrared data association
(IrDA) compliant devices

WLAN standard compliant
devices

5 Li-Fi in the Industry and Convergence of Li-Fi
with Emerging Technologies

There are many companies that have started to bring the Li-Fi-based products into
the markets.

PureLi-Fi, co-founded by Professor Harald Haas, provides kits to support the
evaluation of high speed Li-Fi components, light antenna technology for integration
into the mobile devices and the systems that allows to deploy Li-Fi.

Oledcomm is providing Li-Fi network interface devices. And they are concen-
trating on improving the design of Li-Fi router solutions for LED-based systems.

LightBee is working on automotive control access and car2car communications
modules.

Velmenni, Firefly, Lucibel, LightBee, LVX System, Signify, Vlncomm, LIFX,
Luciom are a few of themwhich are all concentrating on Li-Fi technology. According
to the survey made by marketresearchfuture.com, Li-Fi market is expected to grow
at approx. USD 51 Billion by 2023, at 70% of CAGR between 2017 and 2023.
Because of the revolution in the technical world where all the devices are getting
connected high speed of data transmission is going to be a matter of prime concern
and foreseeing this many companies like General Electric and Philips are investing
into Li-Fi market.

5.1 Li-Fi and IoT

Internet of things is a system of interrelated computing devices which can exchange
information and transmit data without human interaction. IoT devices comprises of
several sensors, actuators, connectivity/communication electronics and software to
capture, filter and exchange data about themselves, their state and their environment.
However, this widespread development in IoT which interconnects larger scale of
heterogeneous devices creates a big challenge so as to how to safeguard the hardware
and the networks in the IoT system and transfer data without interferences and delay
[12]. Thus, integrating the Li-Fi concept with IoT provides solutions to a wider
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variety of problems in different domains. Unipolar orthogonal frequency division
multiplexing (U-OFDM) which is used in Li-Fi technology gives high speed data
transmission alongwith room illumination.As a result, enough bandwidth is obtained
to accommodate large number of IoT devices [13]. Massive multiple input multiple
output (MIMO) which consists of several antennas at the transmitter and receiver
based on visible light spectrum will have higher bandwidth [14].

5.2 Li-Fi and Cloud

Cloud acts a centralized storage and it allows to store, manage and process data over
the Internet using large group of servers based on virtualization technology. The
data is stored and retrieved in a data center, instead of locally on the user device. As
IoT-enabled environment requires large amount of data to be stored and processed
frequently, cloudmakes it possible to enable access of the same data and applications
from any part of the world. The increasing demand of wireless communication has
posed a problem of acquiring real-time data without latency delay and bandwidth
bottleneck problems from cloud. In the existing IoT network, especially in highly
dense environment, the available radio spectrumbecomes insufficient. Li-Fi due to its
high speed and greater bandwidth can be a stand in such a scenario. The challenges of
the existing cloud IoT paradigm and a Li-Fi-based hybrid cloud framework study are
described in [15]. In their study, a layered architecture comprising of infrastructure
layer or the physical layer, local or private cloud layer and global or public cloud layer
is proposed. The communication between the local cloud and the IoT devices in the
physical is established using Li-Fi enabled access point which acts as a forwarding
device. The IoT devices will be embedded with LED and photodiode which will
make the light communication possible [12].

5.3 Li-Fi and Real-Time Analytics

Time critical applications such as tracking and navigation are mainly based on real-
time analytics. The large amount of data gathered is analyzed by applying logic and
mathematical concepts to make conclusions, decisions and future predictions. The
current business world which concentrates on making all the services much easier
for customers keeps a constant watch on the data which can be the customer behavior
pattern and gives suggestion for the next activity based on the analysis. This can be
applied in the area of online shopping, medical sector, traffic system and so on. The
Li-Fi-based companies have already startedworkingwith the real-time data analytics
using the data which gets stored on their cloud using indoor positioning system (IPS).
IPS is a system similar to global positioning system (GPS) but it is within the indoor
environments where the satellite technologies are less efficient.
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There are different technologies for IPS like acoustic systems, proximity based,
infrared systems, Bluetooth based and so on. GeoLi-Fi is a Li-Fi-based geolocation
platform by Li-Fi supporting companies like Basic6 and Oledcomm for indoor envi-
ronments. Light fidelity access point installed in a dense network will gather accurate
location information and create a map. The system comprises of Li-Fi LEDs that
stream information as unique identifiers, LED Li-Fi modulator which transforms
LED lights into a very simple Li-Fi antenna, Li-Fi-enabled tablets utilizing software
communicate to consumers, centralized managerial interface and tools to perform
the analytics, planning, forecasting and management. Each of the light source has a
unique identifier and a mapping is defined of where all these lights are located and
a unique identifier for those positions [16]. The tablets which are customized with
the photodiode, and therefore whenever the tablet is under the Li-Fi enabled light its
location is accurately identified. Instead of customized tablets, it is also possible to
make use of Li-Fi-enabled dongle which can be easily plugged into our smartphones.

This system can be used in big supermarkets and the customer shopping pattern
which is tracked using IPS is sent to cloud, real-time analytics can be applied, and
thus the future shopping pattern can be predicted accurately. It can also make the
shopping process much easier by giving information regarding the necessary item’s
location in the store and any additional information regarding it. This Li-Fi-based IPS
can also be installed in emergency places like hospitals so that optimized navigation
can be made without any delay [6].

6 Prototype Description

In this prototype, light is used as a medium of transmission. With the advent of
Internet of vehicles, the entire traffic is going to be automated soon. Hence, using
the headlights of the vehicles, an automated brake system can be implemented with
Li-Fi support [2]. Earlier spread spectrum mechanisms were used in order to meet
the needs of communication between vehicles. The military vehicle services are
maintained and scrutinized based on the spread spectrum methodology.

Amajor drawbackof the traditional system is that it requires the complete attention
of the driver to control the speed and occurrence of a collision. But according to the
proposed system in [2], the alert signal send to the vehicle as demonstrated with
the help of light signals. Here, automation can be achieved as the distance between
the vehicles if reduces below a specific limit and the controller reacts and hence
avoid the accident. Basically, the light rays emitted by the car at the front through
the brake light/stop light will be received by the car behind through a receiver at the
front bumper which triggers the car according to the situation. As the emission is
purely based on light rays, there is no chance of environmental issues or scattering
of important signals.



530 R. Paul et al.

6.1 Hardware Requırements

(a) Arduino UNO: The Arduino Uno is a microcontroller board based on the
Microchip ATmega328P microcontroller and it is programmed with the help
of an open-source Arduino software. This software acts as an integrated devel-
opment environment (IDE) which will help to perform coding on the computer
side and upload it to the physical board. Thus, we can say that Arduino UNO
has hardware and software parts. The hardware section of the board comprises
of digital and analog input/output (I/O) pins that may be interfaced to other
circuits. This Arduino UNO is enough for the data transfer from one device to
another.

(b) LED:Li-Fi bulbs are outfittedwith a chip thatmodulates the light imperceptibly
for optical data transmission. Light emitting diodes (LEDs) are used in Li-Fi
as visible light transmitters. Li-Fi data is transmitted by the LED bulbs and
received by photodiodes. The LED is connected to one of the digital pins. The
LED blinks according to the binary logic sent from the processing software.

(c) LDR: An LDR is a component that has a (variable) resistance that changes
with the light intensity that falls upon it. It is a passive component, which uses
the concept of photoconductivity and has a resistor whose resistance value
decreases when the intensity of light decreases. This optoelectronic device is
mostly used in light varying sensor circuits. The light from theLED is identified
by using LDR and the data is transmitted to the Arduino.

(d) Solar Panel 5v: In our system, it acts as a data receiver of analog digitals. Here,
we have used 5v solar panel. In our system, solar panel acts as a data receiver
of analog signals and not a power source. The LED light source combined with
a solar panel can form a transmitter-receiver system. LED transmits encoded
information which is received by the solar cell and made available where the
information is required.

(e) Ultrasonic Sensor: An ultrasonic sensor is an electronic device that measures
the distance of a target object by emitting ultrasonic sound waves and converts
the reflected sound into a signal. In our system, the ultrasonic sensor is fixed in
front of our vehicle and it measures the distance between the car and obstacle
in front and gives an alerting signal if the distance is beyond a certain limit.

(f) Speaker and audio amplifier
(g) LCD display and batteries.

6.2 Software Requırements

(a) Arduino programming language: Arduino is an open-source platform used
for building electronics projects. Arduino consists of both a physical
programmable circuit board (often referred to as a microcontroller) and a piece
of software, or integrated development environment (IDE) that runs on your
computer, used to write and upload computer code to the physical board. The
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IDE supports C and C++ and includes libraries for various hardware compo-
nents, such as LEDs and switches. The program which is also known as sketch
is uploaded to the Arduino board via a USB cable. Here, it can be run and will
remain in memory until it is replaced.

(b) Python IDLE: Python IDLE is an integrated development environment (IDE)
for Python. The Python installer for Windows contains the IDLE module by
default. IDLE can be used to execute a single statement just like Python shell
and also to create, modify, and execute Python scripts.

(c) Tinkercad: Tinkercad is a free, online 3Dmodeling program that runs in aWeb
browser, known for its simplicity and ease of use. We have used it to stimulate
circuits and to generate Arduino codes.

7 System Design

The system uses the ultrasonic sensor which reads the distance to the obstacle in front
of the vehiclewhere the sensor is fixed. The distance is then sent to theArduinoUNO.
Basically, the light rays emitted by the car at the front through the brake light/stop
light will be received by the car behind through a receiver at the front bumper which
triggers the brake according to the situation. As the emission is purely based on light
rays, there is no chance of environmental issues or scattering of important signals.

The prototype makes a study on digital and analog data transmission. For analog
data transmission,wemade use of audio source, LED, solar panel and audio amplifier.

7.1 Analog Data Transmission

See Fig. 3.

Fig. 3 Block diagrams of analog data transmission
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7.2 Schematic Diagram for Analog Data

(a) Transmitter Section:

Depending upon the change in the music which is the analog signal the LED glows
and its light intensity varies according to the fluctuations in the analog signal (Fig. 4).

(b) Receiver Section

At the receiver side, solar panel is used for light detection from the transmitter side
and it then given to an audio amplifier followed by the speaker (Fig. 5).

8 Digital Data Transmission

The light signals emitted from the vehicle at the front will be received by the car
behind via an LDR. Light-dependent resistors are very sensitive to light. When
the required signal reaches the LDR, the input is also obtained. Ultimately when
the distance between the vehicle or vehicle and the object is less than or equal to
predefined limit known as safe distance, and the vehicle itself will apply brakes to

Fig. 4 Block diagram of
transmitter section
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Fig. 5 Block diagram of receiver section in analog data transmission

avoid the accident. If the distance between the vehicle are more than the defined safe
distance, then the systemwill give a warning and emergency notification to the driver
as a safety measure. The distance between the car and obstacle is measured by the
ultrasonic sensor and then passed on to the Arduino UNO. Then, if it is less than the
limit, then it is passed on to the LED and then the LED blinks accordingly.

8.1 Transmitter Section

The value measured using ultrasonic sensor is stored into a variable, say ‘time’. We
then take the half of it and store it in a variable ‘t’. This value is used to compute
the distance which is calculated as 340/t, as 340 m/s is the speed of the sound in air.
The safe distance between car and the object is taken as 15 or above for our study.
Here, a checking is done again to find if it is less than or equal to 5 and if so the LED
glows for a time duration of 25 ms indicating brake should be applied otherwise the
LED will glow for a time duration of 20 ms which is a warning sign. This is how the
transmitter gets activated and starts sending data as Li-Fi signals and is depicted in
the flowchart of the transmitter section (Fig. 6).

Fig. 6 Block diagram of transmitter section in digital data transmission
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8.2 Receıver Sectıon

The LDR records data from the LED blink in 0 s and 1 s. It is then passed on to
Arduino UNO and the alert or the warning message is sent. Here, instead of buzzer
system, we used an LCD display. The value read from LDR is stored in a variable ‘d’.
In the next 20 ms, LDR value taken is stored to the variable val2. A string variable
duration is concatenated with this val2. If val2 value is 1, then we perform a checking
of whether duration is ‘0001’ and if so it displays a warning in the LCD Display else
if the duration is ‘00001’ it causes the braking system to be enabled. The flowchart
for the receiver section depicts this process (Figs. 7, 8 and 9).

The digital data transmission is represented as depicted in the flowchart (Figs. 10
and 11).

Fig. 7 Block diagram of receiver section in digital data transmission

Fig. 8 Schematic diagram of digital data transmission section



Study on Data Transmission Using Li-Fi in Vehicle … 535

Fig. 9 Schematic diagram of digital data receiver section

9 Results

In the systemshowing analogdata transmission,we inferred that the speaker produces
sound only when it is exposed to a light which is having Li-Fi signals. In the digital
data transmission system, the audio signal from the mobile phone using AUX cable
andwas given to the Arduino. And this is the output waveformwhich we got from the
Arduino. Now, it is clear that Li-Fi is an ideal point to point communication medium
among two vehicles.

The plot that the signals have a voltage level variation depending upon the light
signals. Similarly, the pattern was observed by varying the sensitivity of the LDR
module to ensure the promptness of Li-Fi. We have voltage measured in the y-axis
and the time taken in the x-axis.

The first plot shows output from solar panel when there are no variations (Figs. 12,
13 and 14).

10 Limitations and Challenges

1. Difficulty in calibrating the Li-Fi receiver in presence of ambient light.
2. The distance between the Li-Fi transmitter and receiver affects the visible light

communication (VLC) technology.
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Fig. 10 Flowchart of transmission section

3. In some cases, the shorter range of Li-Fi communication, Li-Fi put forwards
security features.

4. We can use laser for long-range Li-Fi communication/data transfer, but in this
case, the components of the setup should be in a fixed position.

5. Refraction cases Li-Fi signal loss
6. The modulation in Li-Fi is a challenge when the light illumination is low.
7. Li-Fi should need line of sight for effective data transmission. Small difference

leads to interruption in the transmission.

11 Conclusion and Future Works

Li-Fi era is not too far and there are many companies who have started marketing
products based on Li-Fi technologies. There are many countries where Wi-Fi usage
is narrowed due to its harmful effects especially for children and health sectors. Li-Fi
will predominantly gain wide spread popularity in those places because of its secure
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Fig. 11 Flowchart of receiver section

and environment-friendly nature. It will gradually conquer the whole world and as
predicted by the researchers working on it. As the wave made by photon produced
by a light emitting diode has no power to penetrate through the skin it will soon be a
safer substitute for the electromagnetic waves in the field of communication which
can penetrate through even walls. In hospitals, where real-time health monitoring is
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Fig. 12 Graph showing the output from solar panel under a tube light (i.e., when there is no
variation)

Fig. 13 Graph showing the output from solar panel under a light integrated with audio signal

extremely time critical, Li-Fi can be used as it provides high speed. Li-Fi as elabo-
rated in the applications can play predominant role in aircraft, underwater systems,
vehicle to vehicle communications and other infrastructures. Even our street lamps
can provide us with high speed Internet with the Li-Fi technology.
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Fig. 14 Graph showing the output from Arduino when audio signal from a mobile phone using
AUX cable
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Abstract-Our generation relies mostly on phones to
get through the day. Due to this, phones have become
more of a personal assistant than a means to just
communicate. Keeping this thing in mind we wanted to
use the concept of a phone as a personal assistant for
helping users to cook like a master even when they
don’t know a thing about cooking. TasteDiary is an
application that allows the user to find recipes for a dish
which he/she wants. Meals are an important part of our
daily lives and, currently, there are many Internet sites
which help us plan these meals. TasteDiary makes it
easier to find recipes easily and faster. The user can
either log in as a beginner or as a professional. The
application not only allows the user to search for recipes
and preparation but also allows them to check on the
calories consumed by them daily. Along with this the
professionals are provided with an additional feature to
upload the recipe of their dish. However there are
available resources for food search,those that do exist
do not include this recipe adding feature. In TasteDiary
we added large-scale recipes which will be helpful for
the user to find their favourite dishes. During this
pandemic situation, the taste diary application helps the
user to learn more about cooking and stay healthy at
home.

Keywords: calories, cook, recipes,

1. INTRODUCTION

Food is important for physical and mental well-being. It
is more than just a primary factor for survival for some,

for others, it is a major factor which can change a
grumpy mood into a frivolous one[1]. Recipes tell you
how to prepare and cook food, including how much
food you want to use[2]. The elements of a cooking
recipe include name, step, tools, materials, time, and
quantity.
Every person has a collection of recipes they would like
to try, whether they love to cook or just eat. Maybe they
have a bunch handed down from a loved one. If either is
true, then they need a more efficient method of keeping
them organized in the long run than index cards in a file
folder, which is old and tedious[3]. The right recipes are
therefore necessary if you want to cook with your
phone.
The idea of cooking meals at home is wildly popular
among urban Indian consumers. Many studies rely on
user data and computer capabilities for specific
purposes, such as research on public security [4],
detecting malware in log files from mobile apps [5],
controlling a wheelchair via a computer [6], and
managing polyclinic queues [7]. Some people are not
able to memorize well the recipes they want.
Furthermore, their material is an obstacle to cooking.
One reason for limited cooking creations is limited
ingredients, especially for someone who lacks a passion
for cooking[8].

You can find applications for everything - from
entertainment to education, and from fitness to cooking.
It only takes a click to access multiple recipes within a
second. All the information you need is provided in the
recipe, from the ingredients to the steps to prepare the
different parts of the dish. In general, these applications
are used by those who wish to learn how to make new

http://../../Downloads/abhianil032@gmail.com
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dishes, those who live alone, or those who are always
pressed for time[9]. Despite the amazing advancement
in technology, all these applications provide you with
the ingredients you need, but you must purchase the
ingredients that aren't readily available.

In order to help users cook great food, we offer simple
recipes that are easy to understand and even easier to
make. The idea of preparing meals at home is becoming
increasingly popular today. An easy source of
beginner-friendly recipes can be difficult to come by.
That's where our app comes in.

It includes features such as,

• Offline availability of recipes

• Smart recipe search

• Self-recipe creation

• Calorie calculation

3. PROPOSED MODULES

2.1 User Selection

The user can choose to sign up as a beginner where they
can only search and view dishes, or they can sign up as
professionals, where they have all the features of a

beginner as well as the possibility of creating their own
recipes.

2.2 Home Page

By clicking on the dishes, the user can view the dishes
or access other options.

2.3 Search Screen

Users can search for their dish of choice and some
recommendations are provided below.
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2.4 Calorie Calculator

Based on three meals, the user can calculate the daily
caloric consumption.

2.5 Create a recipe

Professionals can make their own dishes and upload
them.

2.6 View Dish

Viewing the recipe and the way a dish is prepared can
be done by the user.

3. METHODOLOGY

A recipe is a story that ends with a good meal[10].
Using the application, users can easily find the dishes
along with their recipes that they find convenient to
prepare.

Depending on their proficiency, a user can sign into the
application as a beginner or a professional. A user can
search for meals of his/her choice and calculate their
daily intake of calories. Professional users can also
create their own dishes and upload them for beginners
and professionals to view. There are some dishes
displayed on the home screen to help the user
understand how the information is presented.

The application includes the following modules:

3.1MODULE 1: BEGINNER

• Beginner is the person who can only view the
dish details.

• Search for a dish.
• Calculate calorie consumption.

3.2 MODULE 2: PROFESSIONAL

• Professional is a person who can both view
and create dishes.

• Search for a dish.
• Calculate calorie consumption.
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4. CONCLUSION

The idea of preparing meals at home is becoming
increasingly popular today. Beginners often have a hard
time finding the right recipe sources, that's where our
app comes in. TasteDiary is an easy-to-use and
completely free application for mobile devices. Users
can browse through interesting recipes and perform
quick searches with ease. It also includes a calorie
calculator built right into the app to make things even
easier for the user.
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a b s t r a c t

Wear and corrosion exist as one of the main important factor of energy and material losses in mechanical
and chemical process. This work is about the methods to evaluate the wear and corrosion resistant prop-
erties of the mild steel like EN-8, EN-9 and EN-24 by calculating its corrosion rate. All materials have to be
analyzed for its wear properties since higher wear can lead to a machine failure. The Pin on Disc appara-
tus is used for the analysis. Every oil-washed system- engines, hydraulics, transmissions, and final drives-
produces wear metals in everyday operation. If wear accelerates, the concentration of wear metal parti-
cles increases, signaling a problem. Wear Analysis allows us to find problems before they result in major
repairs or machine failure. Prediction of the material behaviour at the increasing load is necessary for a
safe working of the machines. The ferrous materials are hardfaced using Tungsten Inert Gas welding pro-
cess. The wear analysis of ferrous welded materials is carriedout. The various forms of mild steel selected
are selected are EN 8, EN 9, EN 24. The materials are hardfaced using TIG (Tungsten Inert Gas) welding
process and filler material used is same for all the materials. The materials are cut into specific dimen-
sions using Wire cut EDM process. These specimens are tested for its wear properties, microhardness
etc. Pin on Disc apparatus is used for wear analysis and Vicker’s microhardness tester is used for micro-
hardness. Similarly a corroded component results in reduced life. Corrosion results in unexpected failures
of critical components. Corrosion testing is a very time-consuming process; especially in the case of out-
door atmospheric tests. Such long timescales involved in such tests prevent the opportunity for proper
materials selection. The vey commonly used corrosion tests are measurements of the weight loss or
thickness loss. This test can be simply done in laboratory in limited period of time and thereby it’s pos-
sible to predict the corrosion rate of the materials. By comparing wear and corrosion rates of hardfaced
and non hardfaced surface its possible to conclude that the hardfacing improves both the wear and cor-
rosion resistant property of these materials.
.

� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International
Conference on Recent Advances in Materials and Manufacturing 2020.

1. Introduction

The word steel is used for many different alloys of iron. These
alloys differ both in the way they are made and in the extent of
the materials added to the iron. All steels, though, contain minute
amounts of carbon and manganese. In other words, it can be said
that steel is a crystalline alloy of iron, carbon and several other ele-
ments, which hardens above its critical temperature. A study on
the wear properties of different grades of steel is done. The selected
grades of steels are EN 8, EN 9, and MS. These grades of steels are
widely used in manufacturing of different components like struc-

tural beams, car bodies, kitchen appliances, and cans. The materials
are welded using hardfacing technique to learn the properties of
the material. The welding method used is Tungsten Inert Gas weld-
ing technique or the Gas Tungsten Arc Welding. Corrosion is one
amongst the life-limiting factor of a component. Unexpected corro-
sion failure can happen any time to any critical component at the
worst possible instant. Corrosion testing is a very time-
consuming process; particularly in the case of outside atmospheric
tests. Unfortunately, the higher timescales involved in such tests
prevent the chance for proper materials selection. In real life situ-
ations, the component might already be half way of their lifecycle

https://doi.org/10.1016/j.matpr.2020.11.592
2214-7853/� 2020 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the scientific committee of the Second International Conference on Recent Advances in Materials and Manufacturing 2020.
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when identified with corrosion. A proper accelerated testing for
corrosion has to be done before choosing the material for any com-
ponent. Accelerated testing instead of limiting to the design stage
of a system’s lifecycle, can also be used to provide support at the
time of identification of corrosion. At certain times, the emergence
of sudden corrosion problems requires quick answers. Preventing
corrosion in critical components, to extend its service life and
ensure reliability, is of paramount importance. A clear-cut test data
within a short span of time is required to prevent the corrosion and
predict the characteristics of the material.

Hardfacing is a type of metal working process where a harder or
tougher material is welded over to a base metal. The welding of the
tougher material to the base material, usually is in the form of spe-
cialized electrodes for arc welding or filler rod for oxy-
acetylene and TIG welding. Hardfacing with the help of arc
welding is a kind of surfacing operation to extend the operation
time of critical industrial components, especially on new compo-
nents, or during maintenance program.

Hardfacing is a low cost method of depositing wear and corro-
sion resistant surfaces usually by welding on metal components to
extend service life. It is primarily used to restore worn parts to
usable condition, but hardfacing is also applied to new components
before being placed into service to get a long service life thereby
reducing the cost of maintenance.

Welding material selection depends upon three major factors:

1. Base Metal — Primarily affects the choice of build-up materials.
a. Manganese steel is used for components subject to high

impact loading. Rebuild to size using manganese steel weld
deposits.

b. Carbon and alloy steel components are rebuilt to size using
low alloy steel weld deposits.

2. Type of Wear — The primary consideration in selecting the final
hardfacing layers is the type of wear to be encountered in
service.

3. Corrosion — Chemical attack.

TIG welding is the currently used method for hardfacing the
metal surface. The majority of the of researchers concentrates their
work on reducing the wear rate of material by improving the wear
resistance by addition of alloy elements in the base material [1]. As
we know that the wear is surface phenomena it only occurs on a
surface of the material, surface modification is the most common
and economical way to improve the wear resistance of a material
[1]. Hardfacing is a metalworking process where harder material
applied to the base material with the help of different welding pro-
cesses like Arc welding, TIG welding and plasma Arc welding pro-
cesses. This process is called Hardfacing because the deposited
surfaces are harder than the base metal usually [2]. Hardfacing is
generally used to improve the surface property of the material.
An alloy is homogeneously deposited onto the surface of a soft
material by welding, to increase hardness and wear resistance
without significant loss in ductility and toughness of the substrate
[3]. The hard-facing alloy is applied to the material to achieve high
wear resistance and better properties [4]. Mild steel is the most
commonly used steel. It is the combination of carbon, manganese,
phosphorus, Sulphur, and silicon. It is low carbon steel; Mild steel
is very much suitable as structural steel Mild steel is widely used in
bolted, riveted or welded construction of bridges, building it is also
used in forming tanks, bearing plate, fixture, sprockets, cams,
gears, base plates, forging, brackets, automotive and agricultural
equipment, machinery parts. Augustin Gualco, [4] perform hard-
facing with help of FCAW on iron-based alloy and conclude that
2-layer welding gives higher wear resistance. G.R.C Pradeep [5]
perform hardfacing with 3 different welding processes Tig, Arc
and Gas welding and conclude that the Arc and Gas welding sam-

ples yielded better welding property. Harvinder Singh [1] perform
hardfacing process with 3 different electrode Hardalloy400, Hard
alloy-III and Hard alloy-V and conclude that Hard-alloy V gives bet-
ter hardness compare to another electrode. Z. Horvat, [6] used
SMAW and Induction welding for hardfacing and conclude that
theWeight loss due to erosion was lower on both the ploughshares
as compared to standard shares. John J. Coronado, [7] used SMAW
and FCAW and found that FCAW gives higher Abrasion wear resis-
tance rate than the SMAW. PatrickW. Leech, [8] used the high alloy
(SHS9290) & tungsten carbide–Ni-based matrix composite with
SMAW welding and found that the SHS9290 alloy has lower wear
rate than the WC– Ni-based MMC in the dry sand rubber wheel
tests and pin-on– flat tests using garnet abrasive. Amardeep Singh
Kang, [9] performed MMAW process on spring steel (EN-45A) with
3HCr, 8HCr 10HCr, 18HCr electrode and found the wear rate of
hard-faced material was lower 18Hcr hardfacing electrode gives
higher hardness and maximum wear resistance. Hülya Durmus_,
[10] used arc welding on St37 for Hardfacing processes with Fe-
Cr-C-B, Fe- Cr-C contains electrode and found out that the wear
resistance is not only correlated with hardness but also affected
by the morphology of microstructural constituents. S. Sitthipong,
[11] used MAG, FCAW SMAW, welding on Propeller Shaft AISI with
X111T5- K4, ER110S-G and E11018-GH4R, electrode and conclude
that the grain structure of weld metal by FCAW was finer and
harder than the other welding also at the weld zone structure
are fine then the

HAZ Vickers test FCAW Produced higher hardness value than
other welding Resistance of abrasive wear is higher in FCAWWeld-
ing. M. Kirchgaßner, [12] used the GMAW process with the help of
Fe-Cr- C-Nb hardfacing alloy and found out Fe-Cr-C-Nb alloys pro-
vide good wear behaviour under all test. G.P. Rajeev, [13] used AISI
H13 die steel with CMT welding and Stellite 21 alloy for hardfacing
and found that Stellite coated H13 Plate could be subjected to
quenching and tempering heat treatment to restore the properties
of the welding layer without defects. In present work, the arc weld-
ing process is used to perform hardfacing processes on ASTM A-36
Mild Steel. In this study, two different hardfacing electrode Zed
alloy 550, and Nikko steel Hv-600 are used to prepare different
samples. With the help of Pin on Disk wear testing machine wear
rate of different samples was investigated, also microhardness
and microstructure of the samples are investigated
simultaneously.

2. Experimental details

2.1. Material selection

The materials selected are EN 8, EN 9, and EN24, whose chem-
ical composition is already discussed. These materials are chosen
because of the immense applications of these materials in various
engineering application and less amount of study which is done in
this field. The properties of these materials also make it special and
durable. These materials fall under the category of mild steel. All of
the above materials have carbon in the range of 0.4%. The amount
of carbon in these materials makes it corrosive and thus the mate-
rials are prone to corrosion to a large extent. A study is also made
to analyse the properties regarding the hardness of the material.
The property of the material is found unaltered after hardfacing
the material with the TIG welding filler wire. The filler wire used
here is ER70S2. This is usually used for the welding of mild steel.

2.1.1. En 8
EN8 is an unalloyed medium carbon steel with good tensile

strength. It is normally supplied in cold drawn or as rolled. Tensile
properties can vary but are usually between 500 and 800 N/mm2.
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EN8 is available from stock in bar and can be cut to our require-
ments. Table 1 shows the various Composition of EN 8.

2.1.2. En9
EN9 is an unalloyed medium carbon steel. It is supplied at the

hardness obtained after hot rolling or cold drawing, with hardness
normally within the range of 180 to 230HB. EN9 is available from
stock in bar and can be cut to your requirements. Also EN9 can be
found in plate form and its flame cut to required sizes and nor-
malised. Table 2 shows the main Composition of EN 9

2.1.3. En 24
EN24 is a high quality, high tensile, alloy steel. Usually supplied

readily machine able in ‘T’ condition, it combines high tensile
strength, shock resistance, good ductility and resistance to wear.
MS is available from stock in round bar, flat bar and plate Table 3.
shows the various Composition of EN 24

2.2. Selection of electrode

ER 70S-2.
ER 70S-2 is a copper coated GTAW rod containing Al, Ti and Zr

as strong deoxidents in addition to Mn and Si and is often referred
to as triple deoxidised. This has advantages when rimming or
semi-killed mild steels are welded or where joint preparations
are rusty or contaminated. Fig. 1 show the ER 70S-2 filler rod. ER
70S-2 is primarily used for single pass welding. Table 4 shows
the Composition of ER 70S-2.

2.3. Welding details and parameters

The welding process used here is Tungsten inert Gas welding
process also known as Gas Tungsten Inert Gas welding process.

The same filler material ER 70S-2 is taken for the entire speci-
men. The specimen size is 12 X 50 X 50 mm. The hardfacing is to
be done on the 12 X 50 mm face. The welding speed doesn’t affect
the material much as the required are of welding is small. So the
speed is not taken into consideration. The material after hardfacing
is grinded to get a smooth surface using manual grinding opera-
tion. Each specimen has 3 samples making it a total of 9 samples.
3 for EN 8, 3 for EN9 and 3 for EN 24 specimen.

For Corrosion testing, the hardfaced surface was cut for
25 mm X 10 mm X 10 mm using wire cut EDM and it was
employed for the test. A hole was drilled near the upper edge of
the specimen in order to hook it on to the glass rod for immersion.
The Specimen are polished with emery sheet, degreased and
washed with distilled water. The specimens are stored in desicca-
tors in the absence of moisture before their use for the
investigation.

The welding parameter variation with respect to the specimen
are shown in Table 5, 6 and 7.

2.4. Sample preparation and testing

In this Experiment Mainly Three Test was conducted after
applying the hard-facing layer,

A. Wear Analysis:
1. Micro hardness test.
2. Wear test Pin on Disk (POD).
3. Microstructure Examination.

B. Corrosion analysis:
1. Weight loss method.

3. Result and discussion

3.1. Wear analysis

The first testing method deals with wear analysis. Many types
of wear analysis testing are done.

3.1.1. Microhardness testing
The welded specimen was tested for its microhardness prior to

wear analysis. Due to the carbon content in the specimen the spec-
imen is expected to exhibit a high hardness value. The test for
microhardness is carried out in a Vicker’s Microhardness testing
apparatus. The arithmetic mean value of the diameter is automat-
ically measured and displayed. The test is carried out for a load of
1000gms. Tables 8-10 shows Microhardness test results for EN 8,
EN9 and EN 24 respectively.

3.1.2. Wear test Pin on Disk (POD)
The wear analysis was done for a time period of 10 min for each

specimen and the respective wear of the material was noted with
respect to the time. The test was carried out at 200 rpmwith a load
of 74 N. The mass loss of the material if noted as test proceeds. The
track diameter of the disc is 100 mm.

Table 1
Composition of EN 8.

COMPOSITION

C. Si. Mn. S. P.

0.40% 0.25% 0.80% 0.015% 0.015%

Table 2
Composition of EN 9.

COMPOSITION

C. Si. Mn. S. P.

0.50% 0.25% 0.70% 0.05% 0.05%

Table 3
Composition of EN 24.

COMPOSITION

C. Si. Mn. Cu

0.19% 0.6% 1.65% 0.6%

Fig. 1. ER 70S-2 filler rod.

Table 4
Composition of ER 70S-2.

Material Composition

C 0.05
Si 0.5
Mn 1.2
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The observation for the respective specimen is as shown below:
Tables 11-13 shows Wear analysis on EN9, EN8 and EN24
respectively. Fig. 2, Fig. 3, Fig. 4 shows the Variation of wear with
rest to time for EN8, EN9 and EN 24 respectively.

Wear analysis shows that EN 9 is having maximum wear. The
wear is least for EN24.

Table 5
Welding Parameters for EN 8 specimen.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 100 105 110 115 120
GAS FOW RATE(lps) 6 6.5 8 7.5 6.3
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 6
Welding parameters for EN 9.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 125 115 110 100 120
GAS FOW RATE(lps) 6.2 8.5 8 9 7.2
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 7
Welding parameters for EN 24.

PARAMETER TRIAL 1 TRIAL 2 TRIAL 3 TRIAL 4 TRIAL 5

VOLTAGE (volts) 15 15 15 15 15
CURRENT (amperes) 103 110 115 120 125
GAS FOW RATE(lps) 7.3 8.1 8 6 9
GAS Argon + Helium Argon + Helium Argon + Helium Argon + Helium Argon + Helium
FILLER MATERIAL ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2 ER 70S-2
ELECTRODE Thoriated Tungsten

(2.4 mm dia)
Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Thoriated Tungsten
(2.4 mm dia)

Table 8
Microhardness test results for EN 8.

SI
NO

LOAD (F)
kgf

MEAN DIAMETER (d)
mm

VICKERS

HARDNESSHV ¼ 2Fsin136=2
d2

1 1 0.0799 290

Table 9
Microhardness test results for EN 9.

SI
NO

LOAD (F)
kgf

MEAN DIAMETER (d)
mm

VICKERS HARDNESS

HV ¼ 2Fsin136=2
d2

1 1 0.08123 281

Table 10
Microhardness test results for EN 24.

SI NO LOAD (F) MEAN DIAMETER
(d)

VICKERS HARDNESS

HV ¼ 2Fsin136=2
d2

1 1 0.080 285

Table 11
Wear analysis on EN9.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 0.38 3.45 0.53
2 60 102.34 41.98 0.53
3 120 142.34 34.89 0.54
4 180 245.34 34.76 0.53
5 240 250.56 35.09 0.54
6 300 293.55 36.13 0.54
7 360 323.36 37.03 0.56
8 420 405.11 37.86 0.55
9 480 540.22 40.87 0.55
10 540 670.21 38.97 0.56
11 600 700.74 45.67 0.56

Table 12
Wear analysis on EN8.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 �14.67 2.08 0.63
2 60 10.78 36.57 0.62
3 120 41.39 40.03 0.63
4 180 265.32 38.11 0.63
5 240 440.95 45.98 0.64
6 300 367.9 43.67 0.64
7 360 541.88 40.49 0.66
8 420 513.53 41.5 0.65
9 480 540.22 42.76 0.62
10 540 532.82 42.34 0.63
11 600 645.45 40.08 0.63
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3.1.3. Hardness test
Fig. 5 shows the Variation of hardness with respect to the mate-

rial. The hardness of EN24 is found to be higher than EN8 and EN9.
The microhardness test results prove this. It is expected to have
less wear when the hardness is more. The wear analysis suggests

the same. MS has the least wear when compared to the other spec-
imens. The comparison of wear behaviour of the 3 materials is as
shown in figure below. The results say that the wear of the three
materials selected are increasing with respect to the time. As time
increases the wear of the material keep on increasing. The incre-
ment is almost linear as shown in the figure. Fig. 6 shows the Com-
parison of wear for EN 8, EN 9, EN 24.

The comparison of frictional coefficient of the specimens
selected is shown below. The variation of frictional coefficient is
seen to be almost constant for the materials. MS is found to have
the highest frictional coefficient. Fig. 7 shows the Comparison of
frictional coefficients for the materials.

3.1.4. Microsturcture analysis
The microstructure of the specimens is studied respectively on

the hardfaced area, parent material and the worn area. The image
is captured using an image analysis system. The analysis is done
using the Quantiment image analysis software.

Table 13
Wear analysis of EN24.

SI
NO

TIME
(sec)

WEAR
(mm)

FRICTION FORCE
(N)

COEFFICIENT OF
FRICTION

1 0 0 1.3 0.61
2 60 98.12 42.97 0.64
3 120 100.34 43.52 0.64
4 180 110.71 42.19 0.63
5 240 111.04 43.98 0.66
6 300 133.25 45.1 0.68
7 360 259.45 44.97 0.59
8 420 298.22 44.68 0.61
9 480 244.83 43.44 0.63
10 540 353.83 44.51 0.65
11 600 400.89 43.83 0.76

Fig. 2. Variation of wear with rest to time for EN8.

Fig. 3. Variation of wear with respect to time for EN9.

0
50

100
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200
250
300
350
400
450

0 200 400 600 800

MS

Linear (MS)

Fig. 4. Variation of wear with respect to time for EN24.

Fig. 5. Variation of hardness with respect to the material.

Fig. 6. Comparison of wear for EN 8, EN 9, MS.

Fig. 7. Comparison of frictional coefficients for the materials..
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The images obtained are shown in Fig. 8, Fig. 9, Fig. 10, Fig. 11,
Fig. 12, Fig. 13, Fig. 14, Fig. 15, Fig. 16.

The observations from the microstructure analysis are tabu-
lated in Table 14. EN 24 worn surface is having the higher percent-
age of porosity. The percentage porosity of EN 24 worn surface is
91.11% and the volume fraction is 0.29.

3.2. Corrosion analysis

Sulphuric acid is used directly or indirectly in all industries and
is a vital commodity in our national economy. The widespread use
of this acid places it in an important position with regard to costs
and destruction of corrosion. In some cases, corrosion increases

Fig. 8. Microstructure of the base EN8.

Fig. 9. Microstructure of base EN 9.

Fig. 10. Microstructure of base EN 24.

Fig. 11. Microstructure of worn surface of EN 8

Fig. 12. Microstructure of worn surface of EN 9.

Fig. 13. Microstructure of worn surface of EN 24.
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with concentration of the acid and in others it decreases. For these
reasons, it is important to have a good picture of corrosion by sul-
phuric acid. Therefore the present experiment was carried out by
using 1 N sulphuric acid of commercial grade. The 1 N sulphuric
acid solution was prepared by mixing 28 ml of commercial grade
sulphuric acid in 1000 ml of distilled water.

3.2.1. Corrosion rate expressions
Metals and nonmetals will be compared on the basis of their

corrosion resistance. To make such comparisons meaningful, the
rate of attack for each material must be expressed quantitatively.
Corrosion rates have been expressed in a variety of ways in the lit-
erature; such as percent weight loss, milligrams per square cen-
timeter per day and grams per square cm per hour. These do not
express corrosion resistance in terms of penetration. From an engi-
neering viewpoint, the rate of penetration or the thinning of a
structural piece can be used to predict the life of a given
component.

The expression mil per year (mpy) is the most desirable way of
expressing corrosion rates. This expression readily calculated from
the weight loss of the metal specimen during the corrosion test by
the formula given below:

mpy ¼ 534W=DAT ð1Þ
Where,W =Weight loss, mgD = Density of specimen, g/cubic
cmA = Area of specimen Sq. cmT = Exposure Time, hr

Thus corrosion rate calculation involves whole numbers, which
are easily handled.

The corrosion analysis test using weight loss method is carried
out according to the ASTM standards. Table 15 shows the Corrosion
Rate of different materials.

By comparing the corrosion rates of the three metals before and
after the hardfacing using TIG welding. The following results are
obtained and it is plotted as graphs below in Fig. 17.

From the above graph it is clear that the two meals (EN-9 and
MS) in its original condition has similar corrosion rate and among
this EN-8 shows more corrosion rate.

Next part is to compare the corrosion rates of parent and the
hardfaced metal. The effect of hardfacing on these three metal
shows an improvement in the corrosion resistant properties. The
three comparison graphs are shown below in Fig. 18, Fig. 19 and
Fig. 20 Fig. 21.

After comparing with its parent material, it need to going to
compare the three welded materials and following result are
obtained.

4. Conclusion

Steel being an important constituent in industrial applications
has to be studied for its durability and worthiness. This study gives

Fig. 14. Microstructure of welded area of EN 8.

Fig. 15. Microstructure of welded area of EN 9.

Fig. 16. Microstructure of welded area of EN 24.

Table 14
Observations from microstructure analysis.

s MATERIAL GRAIN
SIZE

PERCENTAGE
POROSITY

VOLUME
FRACTION

1 EN 8 base metal 5.71 78.06 0.22
2 EN 9 base metal 8.23 0.52 0.29
3 EN 24 base metal 9.08 56.82 0.23
4 EN 8 welded area 8.7 55.98 0.25
5 EN 9 welded area 8.52 45.41 0.24
6 EN 24 welded area 9.06 57.16 0.23
7 EN 8 worn surface 6.95 0.37 0.36
8 EN 9 worn surface 9.79 0.38 0.36
9 EN 24 worn surface 4.92 91.11 0.29

Table 15
Corrosion Rate.

Material 1 h (mpy) 3 h (mpy)

EN-8 108.436 195.787
EN-9 105.945 194.081
MS 192.533 287.695
EN-8 (Weld) 87.484 129.768
EN-9 (Weld) 87.20 141.256
MS (Weld) 169.428 244.708
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an idea regarding the durability of the materials. The properties of
the materials are studied. The material due to its wide range of
applications plays a vital role in modern day industry so the study
suggests a better option among the three selected materials. Fur-
ther studies on the properties can give a clear idea about the
selection.

- The wear properties of ferrous welded materials like EN 8, EN 9,
and EN 24 are studied.

- It is found the EN24 has the least wear when compared to EN 8
and EN 9.

- The microhardness of EN24 is higher than EN 8 and EN 9 thus
making it wear resistant than EN 8 and EN 9

- The coefficient of friction in dry sliding condition is found to be
constant throughout the experiment.

- The hardfaced material has much more corrosion resistant
capability than the parent material.

- Hardness of three materials various accordingly with the chem-
ical composition.
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a b s t r a c t

Cobalt-Chromium alloys are in high demand as a material for prosthetics and dental implants. Powder
metallurgy was used to create Co-5Cr-RHA (Rice Husk Ash) hybrid composites in this research. RHA is
made by heating rice husk in a furnace to 700 degrees Celsius. The surface morphology of the Co-5Cr-
RHA hybrid composites is analysed using a scanning electron microscope. Due to the RHA reinforcement,
the Micro hardness of the Co-5Cr-10RHA hybrid composite increased by 8% as compared to other sam-
ples. The density of the hybrid composites has decreased as a result of the addition of RNA. The compres-
sive strength of the Co-5Cr-10RHA (130 MPa) hybrid composites has increased by 4%. The addition of RNA
reinforcement has a positive effect on tribological behaviour, according to tribological studies. Because of
the oxides in the RHA, wear loss and COF have decreased significantly. The after-wear SEM analysis con-
firms that abrasive wear is the primary wear mechanism. The corrosion behaviour of the Co-5Cr-RHA
hybrid composites was investigated using the electrochemical workstation in the presence of a 3 percent
NaCl electrolytic solution. Of all specimens, Co-5Cr-10RHA hybrid composites have a stronger Ecorr value
of �0.812 V.
� 2021 Elsevier Ltd. All rights reserved.
Selection and peer-review under responsibility of the International Conference on Sustainable materials,
Manufacturing and Renewable Technologies 2021.

1. Introduction

The need for materials with exceptional properties in the field
of bio implants, such as dental and orthopaedic implants, has
resulted in substantial research and development activities for
Cobalt matrix composites. As opposed to ceramic matrix compos-
ites, the advantage of using metals as matrix materials is their
superior mechanical and wear resistance [1–3]. Ceramic matrix
composites, on the other hand, are known for their high tempera-
ture stability and corrosion resistance. The reinforcement of natu-
ral ceramic particles such as fly-ash in metal matrix composites
enhanced various properties of the composites [4]. One of the most
important factors that define the mechanical properties of compos-
ite materials is the consistent spreading of reinforcements. Many
composite manufacturing techniques, such as welding, coating
processes such as HVOF, and physical vapour deposition, make it
difficult to achieve uniform reinforcement dispersion. The P/M

(powder metallurgy) method can easily achieve a uniform amalga-
mation of matrix and reinforcements [2,5–9].

Because of its remarkable mechanical properties (young’s
modulus = 210 GPa, hardness = 1040 MPa, density = 8.90 g/cm3),
cobalt is being considered for bio implants. They also have out-
standing temperature control. The above properties make them
ideal for biomedical alloys. Some materials suitable for biomedical
alloys, such as Nickel and Titanium, are allergic to humans As a
result, cobalt is being researched as a possible substitute for the
above materials in dental prosthetics and other bio implant appli-
cations [5,6,10].

Fuzeng Ren et al. evaluated the various tribo-corrosion proper-
ties of nano cobalt developed through a P/M (powder metallurgy)
process. The final results show that nano Cobalt’s mechanical prop-
erties have greatly improved [11]. The nano Cobalt’s corrosion
resistance has decreased, but it still has strong wear resistance.
CoCrMo hybrid composites intended for bio implants were investi-
gated by H. Stevenson et al. The wear tests were performed in
Human Synovial Fluid and Bolvine Calf Serum [12]. Yanjin Lu
et al used the laser melted method to create CoCrW alloy for dental

https://doi.org/10.1016/j.matpr.2021.04.148
2214-7853/� 2021 Elsevier Ltd. All rights reserved.
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use. The corrosion resistance of island formed alloys is higher than
that of in-line formed alloys, according to electrochemical corro-
sion tests [6].

Many researchers have studied the mechanical properties of
composites intended for use as a dental or orthopaedic implant
using a number of manufacturing methods, including stir casting
and thermal spraying. Co-based composites have superior mechan-
ical properties and wear resistance, as well as fair corrosion resis-
tance, but they are not biodegradable. Following a comprehensive
analysis of recent research papers, it was decided that there is
more space for research in biomaterials for bio-implants [13–18].

The main aim of this study is to improve the properties of Co-
Cr-RHA hybrid composites, such as microhardness, tribology, and
corrosion resistance. Mechanical and electrochemical corrosion
properties were investigated, as well as their behaviour in relation
to RHA reinforcement is explored.

2. Materials and methods

In this study three different compositions of composites such as
Co-5Cr-10RHA, Co-5Cr-5RHA and Co-5Cr-2.5 RHA were produced
and their mechanical and morphological characterization were dis-
cussed. All the materials used in this study are research grade with
purity 99.5% purchased from Metal Powder company Madurai.

2.1. Experimental procedure

The processing of Co-5Cr-RHA hybrid composites included the
following steps. In a high energy ball mill, the measured weight
percent of matrix and reinforcements were applied, and the milling
was performed for 2 h at a rotational speed of 300 rpm. The tung-
sten carbide balls were used to minimize particle size and achieve
uniform reinforcement dispersion in composites. The composite
pellets are then compressed using a universal testing system
(550 MPa) to make green pellets. The composite pellets are sin-
tered at 900 degrees Celsius to harden the green pellets. The pho-
tographic view of a cylindrical die is shown in Fig. 1.

2.2. Density of composite materials

The density of sintered composite pellets was assessed using
the Archimedes concept using weight of the pellets as per the
ASTM: B962-13 standard. The density measurements were taken
with five different specimens and the standard deviation value is
considered.

2.3. Micro hardness of composite pellets

The microhardness hardness test is used to examine the ability
of the Co-5Cr-RHA hybrid composites to resist permanent defor-
mation or indentation. The applied load and dwell time were both
kept constant at 1 Kgf and 20 s, respectively. Before the micro
hardness inspection, the composite pellets were polished with var-
ious grades of abrasive papers. Micro-hardness measurements are
taken at five different sites.

2.4. Compressive strength

Compressive loads are encountered in dental and biomedical
implants, necessitating research into the compressive behaviour
of Co-5Cr-RHA hybrid composites. The compressive strength of
Co-5Cr-RHA composite specimen after sintering was investigated
(UTM).

2.5. Wear analysis

DUCOM pin on disc apparatus is used to investigate the wear
and friction of Co-5Cr-RHA hybrid composites. The tribological
studies were carried out in compliance with ASTM G99-05 guide-
lines. The 8 mm diameter composite pellets were made to slip over
the EN 32 steel disc with an axis perpendicular to the rotating disc
as a mating surface. The schematic representation of the pin on
disc apparatus is shown in Fig. 2.

The weight of the composite pellets was measured before and
after the wear test using a digital weighing balance with
0.001 mg resolution. The wear test was performed with a 10 N
applied load, 1000 m sliding distance, and 1.5 m/s sliding speed,
respectively. Wear loss and coefficient of friction of Co-5Cr-RHA
hybrid composites pellets were measured in this analysis.

2.6. Electrochemical corrosion test

To investigate the electrochemical corrosion behavior of Co
based composites, electrochemical corrosion studies were carried
out. In this study (Biologic Sp-150 model), the Potentiometric
Polarization Analysis was used with a three-electrode system in a
3 percent NaCl solution.

Fig. 1. Photograph of Cylindrical Die made up of high speed steel. Fig. 2. Schematic representation of the pin on disc apparatus.
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3. Results and discussion

Fig. 3 give you an idea about FE-SEM pictures of the Co, Cr, RHA,
and Co-5Cr-10RHA hybrid composites. It is obvious from Fig. 3[D]
that the RHA in the composite is distributed uniformly. The RHA
particle reinforcement improved the micro hardness of the Co-
5Cr-RHA hybrid composites slightly. The improvement in micro-
hardness is due to the oxide particles such as SiO2 in the RHA par-

ticles. Co-5Cr–10RHA hybrid composites had a compressive
strength of 130 MPa which has improved to other combinations
due to the load bearing capacity of RHA reinforcements. The
mechanical properties (microhardness and compressive strength)
of Co-5Cr-RHA hybrid composites are given away in Fig. 4. Due
to the addition of less dense RHA reinforcement, the density of
the Co-5Cr –10RHA hybrid composites has produced the lowest

Fig. 3. (a) FE-SEM image of Co; (b) FE-SEM image of Cr; (c) FE-SEM image of RHA; (d) FE-SEM image of Co-5Cr-10RHA hybrid composite.

Fig. 4. The microhardness and compressive strength of Co-5Cr-RHA hybrid
composites. Fig. 5. Density of Co-5Cr-RHA hybrid composites.
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value (7 g/cm3). The density of Co-5Cr–10RHA hybrid composites,
on the other hand, was 7.5 g/cm3, as shown in Fig. 5. The wear
study’s results are shown in Fig. 6. The accumulation of RHA pow-
der has shrunken the loss of materials due to wear sustained by the

hybrid composites, as predicted. COF values have also decreased
sharply. The improvement in wear resistance is due to the oxides
present in the RHA reinforcements and also due to the oxide outer
layers formed at the surface of the specimen which is also known
as tribo-oxide layers. The SEM picture of the Co-5Cr-10RHA hybrid
composites after wear testing is shown in Fig. 7. There is sliding
marks which created a plough like impression which represents
abrasive wear, according to the SEM report. An electrochemical
potentiodynamic polarisation test was used to determine the cor-
rosion efficiency of the Co-5Cr-RHA hybrid composites. The elec-
trolyte used in this analysis was a 3 percent NaCl solution. The
corrosion current (ICorr) and corrosion potential (Ecorr) of the Co-
5Cr-10RHA hybrid composites were discovered to be about
2.8 mA/cm2 and �0.812 V, respectively, which is superior to other
hybrid composite combinations Co-5Cr-2.5 RHA hybrid composites
were found to have a voltage of corrosion (Ecorr) of �0.842 V and a
intensity of corrosion (Icorr) of 3.5 mA/cm2. Effect of RHA rein-
forcement was responsible for the increase in corrosion resistance
(Fig. 8).

4. Conclusions

Powder metallurgy was used to create the Co-5Cr-RHA hybrid
composites.

As compared to Co-5Cr-2.5RHA hybrid composites (190 HV),
the micro hardness of the Co-5Cr-10RHA hybrid composites (205
HV) has improved which is attributed to the RHA particles.

Co-5Cr-10RHA hybrid composites have a higher compression
strength (130 MPa) than Co-5Cr-2.5RHA hybrid composites
(125 MPa) due the uniform binding of reinforcement with the Co
matrix and Cr.

With the addition of RHA reinforcement, the density of Co-5Cr-
10RHA (7 g/cm3) has decreased, which is due to the volume
replacement of metal matrix.

The Co-5Cr-10RHA have increased wear resistance, as shown by
wear and COF values.

The Tafel test shows that the Co-5Cr-10RHA hybrid composites
have better corrosion resistance.

Declaration of Competing Interest

The authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared
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Fig. 6. (a) Wear loss and (b) Coefficient of Friction (COF) of Co-5Cr-RHA hybrid
composites.

Fig. 7. Worn out Surface SEM image of Co-5Cr-10RHA hybrid composites.

Fig. 8. Tafel Plot of Co-5Cr-RHA hybrid composite materials.
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Abstract. In a transport aircraft, there are normally two spars  to withstand bending loads. A 

large part of this bending moment is drawn from the main spar. The main spar in large 

transport wings is an integrally machined part that is physically connected to the skin and ribs. 

At some fastener openings, the mechanical fastening contributes to extreme tension 

concentration where a fatigue crack can originate. This crack will form first in the flange under 

service loading and then expand into the spar network. If not detected during service and 

repaired, this crack growth can lead to catastrophic failure. This investigation aims at 

examining the main spar's alternate structural design to make it damage tolerant. With one 

more intermediate flange and at a height of one-third from the bottom flange, the spar 

construction will be in two separate parts. The bottom flange and web can fail in the case of 

fatigue cracking, but the top flange, web, and intermediate flange will remain intact and can be 

designed to bear the requisite load limit design.  An approach to finite element modelling and 

analysis is also used to analyze all forms of spar constriction and test the principle of harm 

tolerance nature. 

1. Introduction 
Damage tolerance is a feature of a system that refers to its ability to safely retain faults before they can 
be damaged by repair. The approach to engineering design to allow for risk tolerance is based on the  
premise that in any system there will be defects and these defects spread with use. In aerospace 
engineering, this technique is also used to handle the expansion of structural cracks by applying the 
concepts of fracture mechanics. 
The analysis of risk tolerance of aerial structural components [1] provides descriptions of the types of 
damage that are likely to occur during production and damage caused in operation. Harm resistance is 
the ability to withstand fracture for a given period of time from the pre-existing cracks and is an 
integral feature of materials whose failure could result in loss of life or property. The second line of 
protection against premature fracture is then provided by the integration of structural configurations 
and materials that are resistant to sub-critical crack growth and final fracture. “Operational 
survivability” was introduced [4] in 1976 similar to previous work. It contained the principles of fail-
safe and hazard tolerance. Aviation regulations for transport aircraft were adopted in 1994, where the 
definition of operating survivability was assigned as the primary one. In C-130 aircraft [5], due to the 
consequences of hard use, various cracks are occurred. Damage tolerance design greatly lessens the 
possibility of such cracks causing a serious accident or requiring excessive down time for emergency 
repair. Cracks such as these were contained sufficiently by damage tolerance deign to permit safe 
operation until the using command was able to ferry the aircraft to a repair base. 
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Under conditions of severe usage, damage can develop and propagate with unexpected rapidity. A 
damage tolerant structure, however, greatly increases the chances of damage being detected before it 
reaches critical proportions affecting safe operation. Cracking of a spar web is a typical wing damage 
mode that may be treated analytically. Damage tolerance is achieved by ascertaining that un-failed 
wing structure is capable of redistributing the damaged spar web load without causing propagation of 
the damage. Due to fatigue break, numerous catastrophic failures of aircraft systems occurred in the 
20th century [2]. In 1948, a Martin-202 aircraft with 40 passengers crashed because of wing failure 
caused by a fatigue fracture in a 7075-T6 wing spar joint. In 1948, a Martin-202 aircraft with 40 
passengers crashed because of wing failure caused by a fatigue fracture in a 7075-T6 wing spar joint. 

2. Problem Definition 
The primary aim is to examine the main spar’s alternative structural architecture to make it tolerant of 
damage. At a height of 1/3

rd
 from the bottom flange, the spar construction would be in two different 

components with one or more intermediate flange. The bottom flange and web can fail in the case of 
fatigue cracking, but the top flange, web, and intermediate flange will remain intact and can be 
designed to bear the requisite load limit design. In order to analyze all forms of spar construction and 
verify the principle of damage tolerance architecture, a finite element modelling and analysis approach 
will be employed.  

2.1. Geometrical configuration 
The required part is modeled in CATIA and the same was imported into NASTRAN for the analysis. 
The 3D sketch of the model used for the analysis is shown in the figure 1.  

 
Figure 1. Isometric view of the spar 

 
The material used for the model is an aluminum alloy. The name of the material is AL 2024 T351 
alloy. The geometrical specifications of the model is taken as L1 = 500 mm, L2 = 4000 mm, T1 = 2.5 
mm, T2 = 5 mm, t1 = 1.5 mm and t2 = 3 mm. 

3. Stress analysis of spar 
The finite element mesh model consists of quad, tria and bar elements. The total number of elements is 
shown in table 1. Also the finite element analysis of spar is shown in figure 2. 
 

 
Figure 2. Finite element form of spar 
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Table 1. Model summary of wing spar 

Parameter Value 

Grid points 39265 

Bar elements 900 

Quad elements 10592 

Tria elements 56 

 

 

3.1. Load calculations 
The various steps used for calculating the load in spar in discussed in this section. The all up weight is 
2500 kgf while the load factor is taken as 3. Therefore the total design load will be 7500 kgf. This load 
is distributed on the wings and fuselage as 80% and 20% respectively. Therefore the load on both the 
wings of aircraft will be 80% of the total design load (7500 kgf) and that will be equal to 6000 kgf. In 
this study, we are concerned with the single wing. Hence the load on a single wing will be half of the 
load in both wings and that will be equal to 3000 kgf. Further, the load on front spar will be 75% of 
load in each wing and it will be equal to 2250 kgf. This load on the spar is given as distributed load on 
the model as shown in figure 3. The load at tip must be found out as shown in figure 4. It was 
calculated by momentum balance and was found to be 802.875 kgf. 

  
           Figure 3. Load distribution of spar                                   Figure 4. Load calculation at tip 

 
Table 2. Value of load along length 

Parameter Load value along length 

Length 

(mm) 
L0=0 L1=562.5 L2=1125 L3=1687.5 L4=2250 L5=2812.5 L6=3375 L7=3937.5 L8=4500 

Load 

(kgf) 
P0= 438 P1=394 P2=328 P3=272 P4=227 P5=206 P6=175 P7=119 P8=92 
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4. Evaluation of damage tolerance 
For the damage tolerance analysis of the spar, stress intensity factor is to be calculated. The stress 
intensity factor is calculated using Modified virtual crack closure integral method (MVCCI). In order 
to validate this method, a classical problem was chosen. A rectangular plate with a crack at the center 
was taken for the validation purpose. The schematic diagram of this plate is shown in figure 4. 

 
Figure 5. Schematic diagram of rectangular plate with crack at center 

 
The input data for the given problem are P = 2000 kg, 2h = 800 mm, 2b = 400mm and thickness = 
2mm. The rectangular plate as shown in the above figure was modelled analysed in the Patran. From 
the data obtained from the analysis, using MVCCI method, stress intensity factor was calculated. 
These values are compared with experimental proved value. It was found that SIF values obtained 
through FEM method is same as the experimentally proved values. Hence this FEM method is 
validated and it can be used for SIF calculation of any geometry. 

4.1. Procedure for the theoretical calculation of SIF 
At right angles, in an infinite plane, to a uniform stress field σ, the stress pressure factor for a through 
crack of length 2a is given by  

    √                                                                    

 If the crack is centrally positioned on a finite plate of 2b width and 2h height, the stress strength 
element has an estimated relationship given by  

    √   
[  

 
  
      (

 
 
)
 
]

√  
 
 

 

where   is remotely applied stress, a is half of the crack length and b is half of plate width 

 

4.2. MVCCI method for calculating SIF 
In this method, SIF is calculated with the help of data obtained from FEM method. As per this method, 
stress intensity factor, K is given by  

  √    

where G is the strain energy release rate which is given by  

  
 

   
    

 

 
 

(1) 

(2) 

(4) 

(3) 
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where E is the Young’s Modulus,    is length of element near the crack tip,    is opening node 
displacement, F is the force acting at crack tip and t is the thickness of the plate. 
The energy dissipated during fracturing per unit of newly generated fracturing surface area is the strain 
energy release rate (or energy release rate). For fracture mechanics, this quantity is important because 
the energy that must be given to a crack tip for it to expand must be balanced by the amount of energy 
dissipated due to the creation of new surfaces and other dissipative processes such as plasticity. Data 
needed for calculation of K which is to be obtained from the FEM analysis is shown in the figure 5. 

 

Figure 6. Parameters required for SIF calculation 

5. Results and discussions  
In the initial sage, the spar was analyzed and the maximum stress occurring region was found out. The 
stress values occurred at the corresponding regions is given in the table below. In this case, stress 
occurred due to tension is taken into consideration. 
 

Table 3. Maximum shear stress values at each part 

Part 
Stress 

(kg/mm
2
) 

Top skin -25.8 

Top flange -31.4 

Bottom skin 7.33 

Bottom Flange 19.9 

After finding out the maximum shear stress region, using MVCCI method, Stress Intensity Factor was 
calculated. The SIF values for each crack length was found out and tabulated in table 4. 
 

Table 4. Values of K for different crack lengths 

Parameter Crack length and SIF values 

Crack 

length 
5 8 9.4 11 12 46 

SIF  

(K) 
11.661 14.454 15.871 17.203 18.443 48.208 

 
The variation values of SIF along the crack length is shown in figure 7. It is clear from the graph that 
the SIF values are getting higher as the crack length is increased and hence the flange will get failed. 
After the complete failure of flange, the crack get initiated through the web and propagate throughout 
the spar which result in the failure of the aircraft structure. 
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Figure 7. Variation of SIF along crack length 

 
In the further step, crack was simulated through the web and SIF was calculated for the different crack 
lengths. The variation of SIF for different crack lengths in web along crack length is plotted in figure 
8. From the graphical plot it is clear that SIF value keep on increasing which finally results in the 
failure of the structure. So the design was further modified. 

 

 
Figure 8. Variation of SIF along crack length without flange 

 
So in order to modify the model, an intermediate flange is introduced at a height one-third from the 
bottom flange and the same procedure was followed. Here also a graph is plotted to depict the 
variation of SIF along the crack length with intermediate flange in figure 9. It can be seen from the 
plot that the SIF value got reduced when the crack is approaching near the intermediate flange. So it is 
clear that by introducing an intermediate flange, the crack propagation can be arrested to an extent, 
hence the wing spar can be made as damage tolerant. 
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Figure 8. Variation of SIF along crack length with intermediate flange 

6. Conclusions 
In this study the damage tolerance design of transport aircraft is studied. The stress analysis is carried 
out using finite element method (FEM). The stress on the bottom skin and bottom flange are obtained 
and it was found that stress on bottom flange is greater than that of bottom skin. After doing the finite 
element analysis, the Stress Intensity Factor (SIF) was calculated verified using MVCCI method. The 
damage tolerance calculation is carried out by finding out the SIF at different crack lengths. 
Modifications was done on the model to minimize the damage tolerance and it was found that the 
structure will fail in all cases until the use of intermediate flange. The stress analysis and SIF 
calculation has been carried out in the presence of intermediate flange. The results with the presence 
of intermediate flange show that SIF decreases when the crack get nearer to intermediate flange. 
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Abstract. Co-based composites are extensively utilized in the field of prosthesis and dental 

implants. Hybrid composites made using Powder metallurgy process, Co-10Cr-GNSA were 

studied. The surface morphology of the hybrid composites were studied using Scanning 

Electron Microscope. The elemental analysis was carried out using X-Ray Diffraction 

technique. The hybrid composites were analyzed for its various mechanical properties like 

microhardness, compressive strength, and density. Value of micro hardness of the composite 

materials showed slight improvement with addition of GNSA reinforcement. The value of 

density of the hybrid composites was found to be decreasing linearly with the addition of 

GNSA. Compressive strength of the materials showed a reasonable increment. Wear analysis 

to study the tribological characterization of the hybrid composites were done with the help of a 

pin on disc wear testing machine. The wear and COF studies show that with a rise in GNSA 

content, wear resistance increases because of the presence of oxides of GNSA particles. From 

the worn out surfaces of the hybrid composite it is concluded that the deformation of the 

composites takes places initially due to abrasive wear followed by plastic deformation. An 

electrochemical workstation was used to understand the corrosion characteristics of the hybrid 

composites in the presence of 3% NaClelectrolyticsolution.Co-5Cr-5GNSA hybrid composites 

exhibit better electrochemical corrosion resistance compared to other specimens. 

Keywords: Powder metallurgy, Wear, Corrosion, GNSA 

1. Introduction 

Now a days more and more people suffer from osteoarthritis disorder, which makes them experience 

severe pain and discomfort. Recent survey suggests that there are nearly 50 million cases worldwide 

who are suffering from osteoarthritis disorder and in need of joint replacement surgery [1]. Co-Cr-Mo 

alloy is the extensively used artificial prosthetic material considering its higher value of wear, 

hardness and corrosion resistance. Even though Co-Cr-Mo alloys are excellent prosthetic material, still 

there are certain disadvantages such as wear of implants in the hip joints and problems related to bio 

compatibility since Mo is not a bio degradable material[2–5]. Therefore it is the need of the hour to 



ICMSMT 2021
IOP Conf. Series: Materials Science and Engineering 1166  (2021) 012006

IOP Publishing
doi:10.1088/1757-899X/1166/1/012006

2

produce a composite with much better wear and corrosion resistance which is also bio degradable and 

compatible to human body. 

 The ground Nut Shell Ash (GNSA) which is primarily a biological waste and is available in 

abundance all over the world. Moreover the GNSA particles have presence of MgSiO3 and AlSiO3 in 

high concentration .Hence it can be used to replace the hazardous Mo reinforcements[6]. 

 There are many conventional methods to produce wear resistance artificial prosthetic implants 

such as plasma spraying, physical vapor deposition, electro deposition and chemical vapour 

deposition. Since these manufacturing processes includes more complex steps and requires costly 

equipments, the cost of the implants is high. The powder metallurgy technique has its own advantages 

which include uniform dispersion, low processing cost and ability to manufacture high melting point 

materials. Hence the powder metallurgy process possesses great potential for producing Co-Cr based 

hybrid composite materials with highly desirable mechanical properties along with wear and corrosion 

resistance[7–13]. 

 This work aims to develop a Co-Cr-GNSA hybrid composite material with better wear, 

corrosion resistance and mechanical properties. In this study, four different compositions based on 

weight percent is formulated as follows Co-10Cr, Co-10Cr-2.5GNSA, Co-10Cr- 3.5 GNSA and Co-

10Cr-5GNSA. The composite powders are mechanically milled and compacted and sintered in order 

to develop specimens of 8mm cylindrical pellets. The hybrid composites are then studied in order to 

explore their morphological properties using SEM. The mechanical behavior along with tribological 

and corrosion resistance behavior were studied and their mechanisms were reported.  

2. Materials and Method 

The materials CoCr (99.5% purity) which is used in this study were purchased from Mepco Ltd Tamil 

Nadu, India. The ground nut shell ash (GNSA) powder used in this work is prepared using heat 

treatment method which is discussed in our pervious paper [6]. Mechanical ball milling process was 

used for alloying the Co-Cr- GNSA hybrid composites. The process was carried out for two hours and 

was then compacted into 8 mm diameter pellet which is cylindrical in shape. The value of compaction 

pressure was set to 750 MPa consistently. After this, the soft green compacts were hardened by forcing 

them to sintering process at 1000oC for 2h.The morphology of the hybrid composites were studied 

using a Field Emission Scanning Electron Microscope (FE-SEM).ASTM: B962-13 standards were 

used to calculate the density of the Co-Cr- GNSA hybrid composites. The ASTM E384 standards were 

used to study the micro hardness of the hybrid composite pellets at a uniform load and dwell time of 1 

kgf and 10 seconds respectively. Compressive strength of the hybrid composites were studied at a scan 

rate of 5 mm/min, with the help of a Universal Testing Machine (UTM). ASTM G99-05 standards 

were used to study the wear and friction behavior of the composites. EN 32 steel of hardness 65 HRC 

was used for the analysis. The specimens were cleaned using acetone solution before and after the 

wear test. The wear analysis of the composites was done at various sliding conditions such as the load, 

sliding distance and sliding speed. The electrochemical corrosion tests were simulated on a three 

electrode workstation using 3% NaCl solution as electrolyte[14–16]. 

3. Results and Discussion 

3.1 Field Emission Scanning Electron Microscope Analysis 

FE-SEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composites respectively are 

shown in Figure 1. There is a homogenous mixture of GNSA Particles with Co and Cr particles. The 

wettability of the GNSA particles was the major factor in achieving uniform amalgamation. It can be 

noted that due the milling operation the size of Cr particles have reduced to around 500 nm in size and 

are bonded strongly with Co matrix. 

 

3.2 Microhardness  

The microhardness test was done using a Vickers Micro Hardness Testing Machine with the test being 

conducted at five different points. Figure 2 shows the variation in the average value of microhardness 
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of the composites at different configurations based on its composition, i.e. Co-10Cr, Co-10Cr-

2.5GNSA, Co-10Cr- 3.5 GNSA and Co-10Cr-5GNSA. The microhardness of the composites varied 

from 320 HV to 340 HV. The hardness of Co-10Cr was found to be 320 HV and the introduction of 

GNSA resulted in an increase in the microhardness. The maximum microhardness was found to be in 

Co-10Cr-5GNSA composite with a value of 340 HV. The uniform amalgamation of GNSA particles 

was the major reason for this improvement in microhardness. 

3.3 Compressive Strength and Density 

With the addition of the GNSA reinforcement the density of the Co-10Cr –GNSA hybrid composites 

were found to be decreasing. The value of density for Co-10Cr composites was recognized as 8.1 

g/cm3 whereas the density of the Co-10Cr-5GNSA hybrid composites were around 7.65 g/cm3 as 

shown in Figure.3. This reduction in density was attributed by the relatively soft nature of the GNSA 

particles. With the addition of GNSA particles, the compressive strength of the hybrid composite 

materials showed slight increase in its value.  Figure.3 helps us understand the compressive strength of 

different combinations of Co-10Cr-GNSA hybrid composites. The compressive strength of Co-10Cr 

composite was established to be in the region of 380 MPa. The compressive strength has slightly 

increased to 401 MPa for the Co-10Cr- 5 GNSA hybrid composites which is due the presence of 

AlSiO3 particles in the GNSA ash content. 

 

 

Figure 1.FESEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composite. 

 

Figure 2.Graphical Representation of Co-

10Cr-GNSA hybrid composites. 

Figure 3.Comparison of Density and 

Compressive Strength of the Co-10Cr-GNSA 

hybrid composites.
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3.4 Wear and COF Analysis 

The loss of material due to wear of the Co-10Cr-GNSA hybrid composites is shown in Figure 4. The 

variation of wear loss of Co-10Cr-GNSA hybrid composites is depicted as graphical plots. The Figure 

4 (A) indicates the wear analysis data of the Co-10Cr-GNSA hybrid composites at different loads 

(10N,15Nand 20N). The sliding speed (1.5 m/s) and sliding distance (1000 m) were kept constant. The 

Co-10Cr-5GNSA hybrid composites have witnessed very minimal wear loss at all loading conditions. 

The wear loss of Co-10Cr-GNSA hybrid composites at various sliding distance and speed is shown in 

Figure 4 (B&C) respectively. The wear loss has experienced similar trend.With the increase in GNSA 

concentration in the matrix there is definite resistance to wear and thereby the wear loss is very 

minimal for the Co-10Cr-5GNSA hybrid composites. The variation in coefficient of friction at 

different loads, sliding distance and sliding speed for Co-10Cr-GNSA hybrid composites is depicted in 

Figure5(A,B&C). It was observed that with an increase in load, the COF of the hybrid composites 

increased. Whereas, it reduced with an increase in sliding speed. Overall the Co-10Cr-5GNSA hybrid 

composites displayed better COF value. This improvement in Wear and friction characteristics is may 

be attributed to the presence of AlSiO3compounds in the composite material and also due to the tribo 

oxide surface layer formation on the surface of the composite specimen.The worn out surface analysis 

of the Co-10Cr-GNSA hybrid composites after wear analysis is represented in Figure 6. From the 

worn our surface analysis it can be concluded that there is plastic deformation experienced in hybrid 

composites which is preceded by abrasive wear. 

 

Figure 4.Wear Loss plot of Co-10Cr-GNSA hybrid composites. 
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Figure 5.COF plot of Co-10Cr-GNSA hybrid composites. 
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 Figure 6.Worn out Surface analysis of Co-10Cr-GNSA hybrid composites. 

3.5 Electrochemical Corrosion Analysis. 

The corrosion analyses of the Co-10Cr-GNSA hybrid composites were done using an electrochemical 

work station with three electrodes. The electrolyte which was used in this study is 3% NaCl solution. 

The polarization curves are obtained by using tafel extrapolation methods as shown in Figure.7. The 

test results exhibit that the corrosion potential value, Ecorr and the corrosion current value, ICorr of 

Co-10Cr-5GNSA hybrid composites was found to be better compared to other combinations of hybrid 

composites. The Ecorr value of Co-10Cr-5GNSA hybrid composites   was found to be -0.419 V and 

Icorr value was around -0.12 mA/cm2.  The corrosion performance of Co-10Cr-3.5 GNSA was also 

similar to that of Co-10Cr-5GNSA hybrid composites. The Co-10Cr composite shows lesser corrosion 

resistance than the hybrid composites as shown in Table.1. 

Table 1.Tafel plot fallouts of Co-10Cr-GNSA  hybrid composites. 

S.No Specimen Ecorr (V) Icorr (mA/cm2) 

1 Co-10Cr -0.442±0.051 0.5±0.020 

2 Co-10Cr-2.5 GNSA -0.437± 0.044 0.4±0.011 

3 Co-10Cr-3.5GNSA -0.420±0.021 -0.1±0.003 

4 Co-10Cr-5GNSA -0.419±0.0191 -0.1±0.002 

 

 Figure 7.Potentiodynamic polarization plot of Co-10Cr-GNSA hybrid composites 
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4. Conclusions 

The Co-10Cr-GNSA hybrid composites were studied and their r mechanical, Wear and corrosion 

mechanisms were reported.  

 The addition of GNSA reinforcement resulted in an increment in the Microhardness of the Co-

10Cr-5GNSA hybrid composites (340 HV) compared to Co-10Cr composites.  

  The compression strength of the Co-10Cr-5GNSA hybrid composites (401 MPa) has 

improved considerably than the Co-10Cr composites. 

 The value of density of the Co-10Cr-5GNSA hybrid composites showed a considerable 

decrement due to the addition of less dense GNSA reinforcement. 

 The Co-10Cr-5GNSA hybrid composites exhibited a higher resistance to wear. 

 Corrosion resistance of Co-10Cr-5GNSA hybrid composites was found to be better than the 

Co-10Cr composites from the electrochemical corrosion analysis.  
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Abstract. Co-based composites are extensively utilized in the field of prosthesis and dental 

implants. Hybrid composites made using Powder metallurgy process, Co-10Cr-GNSA were 

studied. The surface morphology of the hybrid composites were studied using Scanning 

Electron Microscope. The elemental analysis was carried out using X-Ray Diffraction 

technique. The hybrid composites were analyzed for its various mechanical properties like 

microhardness, compressive strength, and density. Value of micro hardness of the composite 

materials showed slight improvement with addition of GNSA reinforcement. The value of 

density of the hybrid composites was found to be decreasing linearly with the addition of 

GNSA. Compressive strength of the materials showed a reasonable increment. Wear analysis 

to study the tribological characterization of the hybrid composites were done with the help of a 

pin on disc wear testing machine. The wear and COF studies show that with a rise in GNSA 

content, wear resistance increases because of the presence of oxides of GNSA particles. From 

the worn out surfaces of the hybrid composite it is concluded that the deformation of the 

composites takes places initially due to abrasive wear followed by plastic deformation. An 

electrochemical workstation was used to understand the corrosion characteristics of the hybrid 

composites in the presence of 3% NaClelectrolyticsolution.Co-5Cr-5GNSA hybrid composites 

exhibit better electrochemical corrosion resistance compared to other specimens. 

Keywords: Powder metallurgy, Wear, Corrosion, GNSA 

1. Introduction 

Now a days more and more people suffer from osteoarthritis disorder, which makes them experience 

severe pain and discomfort. Recent survey suggests that there are nearly 50 million cases worldwide 

who are suffering from osteoarthritis disorder and in need of joint replacement surgery [1]. Co-Cr-Mo 

alloy is the extensively used artificial prosthetic material considering its higher value of wear, 

hardness and corrosion resistance. Even though Co-Cr-Mo alloys are excellent prosthetic material, still 

there are certain disadvantages such as wear of implants in the hip joints and problems related to bio 

compatibility since Mo is not a bio degradable material[2–5]. Therefore it is the need of the hour to 
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produce a composite with much better wear and corrosion resistance which is also bio degradable and 

compatible to human body. 

 The ground Nut Shell Ash (GNSA) which is primarily a biological waste and is available in 

abundance all over the world. Moreover the GNSA particles have presence of MgSiO3 and AlSiO3 in 

high concentration .Hence it can be used to replace the hazardous Mo reinforcements[6]. 

 There are many conventional methods to produce wear resistance artificial prosthetic implants 

such as plasma spraying, physical vapor deposition, electro deposition and chemical vapour 

deposition. Since these manufacturing processes includes more complex steps and requires costly 

equipments, the cost of the implants is high. The powder metallurgy technique has its own advantages 

which include uniform dispersion, low processing cost and ability to manufacture high melting point 

materials. Hence the powder metallurgy process possesses great potential for producing Co-Cr based 

hybrid composite materials with highly desirable mechanical properties along with wear and corrosion 

resistance[7–13]. 

 This work aims to develop a Co-Cr-GNSA hybrid composite material with better wear, 

corrosion resistance and mechanical properties. In this study, four different compositions based on 

weight percent is formulated as follows Co-10Cr, Co-10Cr-2.5GNSA, Co-10Cr- 3.5 GNSA and Co-

10Cr-5GNSA. The composite powders are mechanically milled and compacted and sintered in order 

to develop specimens of 8mm cylindrical pellets. The hybrid composites are then studied in order to 

explore their morphological properties using SEM. The mechanical behavior along with tribological 

and corrosion resistance behavior were studied and their mechanisms were reported.  

2. Materials and Method 

The materials CoCr (99.5% purity) which is used in this study were purchased from Mepco Ltd Tamil 

Nadu, India. The ground nut shell ash (GNSA) powder used in this work is prepared using heat 

treatment method which is discussed in our pervious paper [6]. Mechanical ball milling process was 

used for alloying the Co-Cr- GNSA hybrid composites. The process was carried out for two hours and 

was then compacted into 8 mm diameter pellet which is cylindrical in shape. The value of compaction 

pressure was set to 750 MPa consistently. After this, the soft green compacts were hardened by forcing 

them to sintering process at 1000oC for 2h.The morphology of the hybrid composites were studied 

using a Field Emission Scanning Electron Microscope (FE-SEM).ASTM: B962-13 standards were 

used to calculate the density of the Co-Cr- GNSA hybrid composites. The ASTM E384 standards were 

used to study the micro hardness of the hybrid composite pellets at a uniform load and dwell time of 1 

kgf and 10 seconds respectively. Compressive strength of the hybrid composites were studied at a scan 

rate of 5 mm/min, with the help of a Universal Testing Machine (UTM). ASTM G99-05 standards 

were used to study the wear and friction behavior of the composites. EN 32 steel of hardness 65 HRC 

was used for the analysis. The specimens were cleaned using acetone solution before and after the 

wear test. The wear analysis of the composites was done at various sliding conditions such as the load, 

sliding distance and sliding speed. The electrochemical corrosion tests were simulated on a three 

electrode workstation using 3% NaCl solution as electrolyte[14–16]. 

3. Results and Discussion 

3.1 Field Emission Scanning Electron Microscope Analysis 

FE-SEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composites respectively are 

shown in Figure 1. There is a homogenous mixture of GNSA Particles with Co and Cr particles. The 

wettability of the GNSA particles was the major factor in achieving uniform amalgamation. It can be 

noted that due the milling operation the size of Cr particles have reduced to around 500 nm in size and 

are bonded strongly with Co matrix. 

 

3.2 Microhardness  

The microhardness test was done using a Vickers Micro Hardness Testing Machine with the test being 

conducted at five different points. Figure 2 shows the variation in the average value of microhardness 
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of the composites at different configurations based on its composition, i.e. Co-10Cr, Co-10Cr-

2.5GNSA, Co-10Cr- 3.5 GNSA and Co-10Cr-5GNSA. The microhardness of the composites varied 

from 320 HV to 340 HV. The hardness of Co-10Cr was found to be 320 HV and the introduction of 

GNSA resulted in an increase in the microhardness. The maximum microhardness was found to be in 

Co-10Cr-5GNSA composite with a value of 340 HV. The uniform amalgamation of GNSA particles 

was the major reason for this improvement in microhardness. 

3.3 Compressive Strength and Density 

With the addition of the GNSA reinforcement the density of the Co-10Cr –GNSA hybrid composites 

were found to be decreasing. The value of density for Co-10Cr composites was recognized as 8.1 

g/cm3 whereas the density of the Co-10Cr-5GNSA hybrid composites were around 7.65 g/cm3 as 

shown in Figure.3. This reduction in density was attributed by the relatively soft nature of the GNSA 

particles. With the addition of GNSA particles, the compressive strength of the hybrid composite 

materials showed slight increase in its value.  Figure.3 helps us understand the compressive strength of 

different combinations of Co-10Cr-GNSA hybrid composites. The compressive strength of Co-10Cr 

composite was established to be in the region of 380 MPa. The compressive strength has slightly 

increased to 401 MPa for the Co-10Cr- 5 GNSA hybrid composites which is due the presence of 

AlSiO3 particles in the GNSA ash content. 

 

 

Figure 1.FESEM images of Co-10Cr- 3.5 GNSA & Co-10Cr-5GNSA hybrid Composite. 

 

Figure 2.Graphical Representation of Co-

10Cr-GNSA hybrid composites. 

Figure 3.Comparison of Density and 

Compressive Strength of the Co-10Cr-GNSA 

hybrid composites.
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3.4 Wear and COF Analysis 

The loss of material due to wear of the Co-10Cr-GNSA hybrid composites is shown in Figure 4. The 

variation of wear loss of Co-10Cr-GNSA hybrid composites is depicted as graphical plots. The Figure 

4 (A) indicates the wear analysis data of the Co-10Cr-GNSA hybrid composites at different loads 

(10N,15Nand 20N). The sliding speed (1.5 m/s) and sliding distance (1000 m) were kept constant. The 

Co-10Cr-5GNSA hybrid composites have witnessed very minimal wear loss at all loading conditions. 

The wear loss of Co-10Cr-GNSA hybrid composites at various sliding distance and speed is shown in 

Figure 4 (B&C) respectively. The wear loss has experienced similar trend.With the increase in GNSA 

concentration in the matrix there is definite resistance to wear and thereby the wear loss is very 

minimal for the Co-10Cr-5GNSA hybrid composites. The variation in coefficient of friction at 

different loads, sliding distance and sliding speed for Co-10Cr-GNSA hybrid composites is depicted in 

Figure5(A,B&C). It was observed that with an increase in load, the COF of the hybrid composites 

increased. Whereas, it reduced with an increase in sliding speed. Overall the Co-10Cr-5GNSA hybrid 

composites displayed better COF value. This improvement in Wear and friction characteristics is may 

be attributed to the presence of AlSiO3compounds in the composite material and also due to the tribo 

oxide surface layer formation on the surface of the composite specimen.The worn out surface analysis 

of the Co-10Cr-GNSA hybrid composites after wear analysis is represented in Figure 6. From the 

worn our surface analysis it can be concluded that there is plastic deformation experienced in hybrid 

composites which is preceded by abrasive wear. 

 

Figure 4.Wear Loss plot of Co-10Cr-GNSA hybrid composites. 
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Figure 5.COF plot of Co-10Cr-GNSA hybrid composites. 
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 Figure 6.Worn out Surface analysis of Co-10Cr-GNSA hybrid composites. 

3.5 Electrochemical Corrosion Analysis. 

The corrosion analyses of the Co-10Cr-GNSA hybrid composites were done using an electrochemical 

work station with three electrodes. The electrolyte which was used in this study is 3% NaCl solution. 

The polarization curves are obtained by using tafel extrapolation methods as shown in Figure.7. The 

test results exhibit that the corrosion potential value, Ecorr and the corrosion current value, ICorr of 

Co-10Cr-5GNSA hybrid composites was found to be better compared to other combinations of hybrid 

composites. The Ecorr value of Co-10Cr-5GNSA hybrid composites   was found to be -0.419 V and 

Icorr value was around -0.12 mA/cm2.  The corrosion performance of Co-10Cr-3.5 GNSA was also 

similar to that of Co-10Cr-5GNSA hybrid composites. The Co-10Cr composite shows lesser corrosion 

resistance than the hybrid composites as shown in Table.1. 

Table 1.Tafel plot fallouts of Co-10Cr-GNSA  hybrid composites. 

S.No Specimen Ecorr (V) Icorr (mA/cm2) 

1 Co-10Cr -0.442±0.051 0.5±0.020 

2 Co-10Cr-2.5 GNSA -0.437± 0.044 0.4±0.011 

3 Co-10Cr-3.5GNSA -0.420±0.021 -0.1±0.003 

4 Co-10Cr-5GNSA -0.419±0.0191 -0.1±0.002 

 

 Figure 7.Potentiodynamic polarization plot of Co-10Cr-GNSA hybrid composites 
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4. Conclusions 

The Co-10Cr-GNSA hybrid composites were studied and their r mechanical, Wear and corrosion 

mechanisms were reported.  

 The addition of GNSA reinforcement resulted in an increment in the Microhardness of the Co-

10Cr-5GNSA hybrid composites (340 HV) compared to Co-10Cr composites.  

  The compression strength of the Co-10Cr-5GNSA hybrid composites (401 MPa) has 

improved considerably than the Co-10Cr composites. 

 The value of density of the Co-10Cr-5GNSA hybrid composites showed a considerable 

decrement due to the addition of less dense GNSA reinforcement. 

 The Co-10Cr-5GNSA hybrid composites exhibited a higher resistance to wear. 

 Corrosion resistance of Co-10Cr-5GNSA hybrid composites was found to be better than the 

Co-10Cr composites from the electrochemical corrosion analysis.  
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Abstract 

 

The catastrophes of history make Vortex induced vibration (VIV) an extensively studied area. 

The VIV predictions of offshore and sub-sea structures have gained importance off-late ever 

since these have been widely used by the petroleum industry. Most of the studies have 

confined to the comprehension of wake characteristics and the estimation of hydrodynamic 

loading and shedding parameters ofstationary cylinders. Computational fluid dynamics (CFD) 

has evolved as one of the effective tools in prediction of VIV characteristics and many 

researchers have studied various aspects of computations that are crucial in the prediction of 

VIV with reasonable degree of accuracy. This paper addresses the effect of the geometrical 

shape of fluid domain that encompasses a marine riser during simulations.Four different 

shapes are analyzed using RANS based commercial CFD solver, ANSYS. All four domains 

have the same number of elements, mesh density and flow Reynolds number (Re).  

Hydrodynamic force coefficients and frequency of shedding in each case were estimated and 

compared with previously published numerical and experimental results. It is observed that 

circular domain is the most efficient in predicting both loading and shedding characteristics 

with less than 10% deviation as against the theoretical results. Elliptical and square domains 

failed to capture the vortex shedding phenomenon. The study reveals a significant 

characteristic of numerical simulations on the modeling and meshing of both near-wall and 

wake regions. 
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Mathematical modeling and design of a unique transmission system for converting linear 

oscillatory motion of variable frequency and amplitude to uniform rotation is discussed in this 

paper. The transmission system discussed here derives its constructional and working principle 

from a candle holder which is further modified to suit a barrel cam mechanism. Any 

longitudinal motion with in the helical grooves produces rotation of the entire body about its 

vertical axis. This principle was adopted to convert the variable linear oscillations of the bluff 

body due to vortex shedding to bi-directional rotations of the barrel cam. A ratchet integrated 

gear mechanism is incorporated to convert the bi-directional rotations to uni-directional. The 

system forms an integral part of a renewable energy generator named Hydro Vortex Power 

Generator, which is capable of generating electricity from slow moving currents. The vertical 

oscillatory motion is transmitted to the slider and the same is transmitted to the barrel cam 

through the cam follower. A complete mathematical model of the transmission system is 

presented in this paper, through which the transmission efficiency is estimated to be 78.7 %. A 

computer aided design model with design specifications of each component of the 

transmission device is also presented. Based on the CAD model, transmission system is 

fabricated and is tested for its efficiency on a standalone HVPG module. The overall 

efficiency of the power generator with the novel transmission system was observed to be 60.2 

% for an output power of 19. 8 W 

1. Introduction 

The earth’s water bodies constitute a huge portion of the planet and their slow and 

steady motion represents a vast, but yet untapped energy resource. Hydroelectric power 

generation is of course a clean source of energy but considering the capital investment and the 

effects of dams on natural ecosystem the need for a much cleaner and safer energy source 

becomes more important [1,2]. Vortex power and studies on its efficacy to produce electric 

power has always been a matter of research. Devices have been developed and deployed on 

648



ocean beds for harnessing the power of vortices shed in the wake of bluff bodies due to ocean 

currents [3]. The elastically mounted bluff body oscillates due to the induced lift force from 

the vortices. The oscillations are then tapped to useful electric power. This process entails the 

incorporation of an efficient power transmission system. There have been many mechanical 

power transmission systems reported in various literature that convert the hydro mechanical 

energy of the bluff body available as oscillations to useful electrical power output [4, 5, 6]. 

However, the transmission modes considered were conventional employing piezoelectric 

conversion or a simple mechanical conversion such as a slider-crank mechanism. The 

efficiency of transmission systems directly affects the power output. This paper presents a 

novel transmission system inspired from a spiral grooved candle holder developed into a 

barrel cam mechanism. The transmission efficiency is found to be satisfactory establishing the 

system’s suitability in the design of power harnessing devices. 

1.1. The Concept of Hydro Vortex Power Generator (HVPG) 

 The HVPG is a device used to tap the hydro mechanical power of vortices and then 

harness the same in the form of useful electrical output. When a cylindrical body is placed 

with its longitudinal axis perpendicular to the direction of a flow, the body starts oscillating in 

mutually perpendicular directions. The oscillations in the direction of flow are called in-line 

(IL) oscillations and those in the direction perpendicular to the flow are known as cross-flow 

(CF) oscillations. The CF oscillations are more predominant and contribute to the power 

harnessing [7]. When the frequency of vortex shredding matches the natural frequency of that 

of the bluff body, the body undergoes harmonic oscillations of large amplitude. This 

phenomenon is known as ‘lock-in’ [8]. During lock-in, frequency of shed vortex shifts to 

natural frequency of the bluff body, leading to oscillations of greater amplitude.  

Vortex shedding occurs at a discrete frequency and is a function of Reynolds number (  ), 

given as in Equation (1) [9]. 

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
 

 

(1) 

 When vortices are shed from the cylinder, uneven pressure distribution happens to 

develop around the upper and the lower part of the cylinder, giving rise to an oscillating 

hydrodynamic lift force on the cylinder. The lift force is given in Equation (2). 

𝐹𝐿 =
1

2
𝐶𝐿𝜌𝐴𝑉2  

(2) 

where, 𝐹 is the lift force, CL is the coefficient of lift, ρ is the density of water, A the projected 

area in the direction of flow and V is the velocity of flowing water. The cylinder also 

experiences a net force along flow (IL) direction and is called the drag force. The drag force is 

given in Equation (3) 

𝐹𝐷 =
1

2
𝐶𝐷

𝜌𝐴𝑉2 

 

(3) 

where, FD is the drag force and CD is the drag coefficient. 

 For the device HVPG to materialize for the intended purpose, a cylindrical bluff body 

has been mounted elastically, enabling the entire module to be considered as a spring-mass 

system undergoing harmonic oscillations. When the natural frequency of the spring-mass 

system matches the vortex shedding frequency, the system encounters resonance condition and 

the cylinder oscillate with large amplitudes [10]. The linear motion of the mass is then 

converted to rotary motions through an appropriate transmission mechanism. This paper 

discusses a novel transmission system for the device in detail.  
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 The transmission system discussed here derives its constructional and working 

principle from a candle holder show in Figure 1 (a) which could convert any linear motion 

with in the helical grooves to rotary. The system is further modified to suit a barrel cam 

mechanism. A ratchet integrated gear mechanism is incorporated to convert the bi-directional 

rotations to uni-directional.  

 The vertical oscillatory motion of the bluff body is transmitted to the slider and the 

same is transmitted to the barrel cam through the cam follower. The elements of 

transmission system are shown in Figure 1 (b). The follower reciprocates and the barrel 

cam rotates in clockwise direction during the upward motion and in the anticlockwise 

direction during the downward motion of the bluff body. The top end of the barrel cam is 

equipped with ratchet integrated differential gear system. One set consists of gears having 

ratchet drives attached to the axis coupled directly to the axis of barrel cam. As the cam 

rotates in clockwise direction the ratchet gear on one side attains the drive and the other 

undergoes free rotation.  

  
(a) (b) 

Fig. 1. Transmission mechanicsm (a) inspirational candle stand (b) CAD model 

In case of anti-clockwise rotation, the drive and free rotation are reversed.  The other set 

of gears, known as output gears, facing each other are meshed at 90° to the ratchet gears. 

The output gears are placed face to face forming a differential gear arrangement. The bi-

directional rotation of the barrel cam is converted to unidirectional rotation, and the 

rotation is obtained from the output gears. The output gears is coupled to the output shaft 

and further to a generator for extracting output DC power.  The process of hydromechanical 

power transmission to generate useful electrical power output is demonstrated using a flow 

chart as in Figure 2. 

 

2. Working Principle - Novel Transmission System 
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Fig.2. Flow diagram of power transmission system 

3. Transmission Mechanism 

 The load acting on the slider in the direction of its motion is FL. A slider bearing of 25 

mm inner diameter for load carrying capacity of 980N is selected [11]. Details of the bluff body 

and the slider, spring specifications , details of barrel cam and the ratchet arrangement are listed in Table 

1[12, 13].The barrel cam in the present design is used to convert linear motion into rotary 

motion, i.e. back driving. The main factor responsible for providing the back drive is the lead 

or helix angle [13, 14]. The barrel cam is provided with screw thread with double start thread 

groove. It has already been proved that thread angle greater than 20
◦
 shows the tendency to back 

drive [15]. On further increasing the thread or the lead angle, the back drive efficiency 

increases. 

In the ratchet gear arrangement the larger gears rotate clockwise and anti-clockwise giving 

unidirectional rotation as output. Here maximum angular speed is obtained when the number of 

teeth on the planetary gear is reduced to that of the sun gears. On further reduction, the 

module of the gears changes resulting in backlash [16]. The net output is unidirectional rotary 

motion at the output shaft which in turn is coupled to a DC generator to produce power. 

4. Theoretical Power Calculations 

 According to previously published work from the authors [11] lock-in vibration occurs 

at reduced velocity, Ur= 5 and frequency ratio, η = 1. The resonance or lock-in condition can 

be represented by Equation (4), where fs is the vortex shedding frequency,  

𝑓𝑛 = 𝑓𝑠 =
𝑉

𝐷𝑈∗
 

 

(4) 

Table 1 Specifications of the transmission system 

Bluff body and slider  

 

Spring  

 

Barrel cam Ratchet gear 

arrangement 

Parameters Specifi

cation 

Parame

ters 

Specifica

tion 

Paramet

ers 

Specific

ation 

Paramet

ers 

Specificatio

n 

Cylinder 

Diameter 

76.2 

mm 

Material SS 

134a 

Material SS Materia

l 

PLA 

Cylinder 

Length 

800 

mm 

Type Squar

e  

Thread Doubl

e start 

Sun 

gear: 

No.of 

teeth 

24 
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(t1) 

Oscillating 

Mass 

6.2 

kg 

Free 

length 

300 

mm 

OD 40mm Planeta

ry gear: 

No. of 

teeth 

(t2) 

18 

CA  0.7 OD 34 

mm 

ID 32mm Module 

(m) 

1mm 

Slider rod OD 25m

m 

ID 30 

mm 

 50mm Shaft 

angle 

90
◦
 

Slider bearing 

ID 

25m

m 

Wire 

thicknes

s 

2 mm Helix 

angle 

50.19
◦
 

Teeth 

width 
5.08mm 

 Slider 

Capacity 

980 

N 

Coils  

(Active) 

8 

Length of 

cam 

680m

m Coils 

(Total) 
10 

4.1. Mass Ratio 

Mass ratio (m*) of the oscillating system is an important parameter that influences the 

amplitude of response and is given by Equation (5), where m ,virtual mass of the system is 

taken as ma + mb, .   is the added mass and    is the mass of the bluff body. mdis is the mass 

of fluid displaced by the body. 

𝑚∗ =
𝑚

𝑚𝑑𝑖𝑠
 
 

(5) 

4.2. Stiffness of the spring (k) 

 Spring stiffness is a very important parameter in the design [17]. The body oscillations 

depends on the restoring forces and the spring should have enough stiffness to sustain the 

oscillations. The spring stiffness is calculated from the circular natural frequency value, ωn 

corresponding to Ur = 5 using Equation (6). 

𝜔𝑛 =  
𝑘

𝑚
 

 

(6) 

The device uses a pair of springs connected in parallel and stiffness of each spring (k/2) 

4.3. Amplitude of Oscillation (y) 

 The amplitude of oscillation ymax during resonance is given as in 

Equation (7) 

𝑦𝑚𝑎𝑥 =
𝐹𝐿

2𝑘𝜉
 
 

(7) 

where ξ is the damping ratio.Various design parameters and the calculated values using 

Equations (1) through (7) used in the design of HVPG is shown in Table 2.CL value is taken 

from the previously published work of the authors for the same Re and m*[11]. 

Table 2 Design parameters 

Parameters 

(HVPG) 

Specifications Parameters 

(DC 

Generator) 

Specifications 
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4.4. Mechanical Efficiency 

The hydro-mechanical efficiency, ηhymech of the system is defined as the ratio of power 

available at the bluff body to the power available at the slider, and is shown in Equation (8). 

𝜂ℎ𝑦𝑚𝑒𝑐 ℎ =
𝑃𝑠𝑙𝑖𝑑𝑒𝑟

𝑃𝑏𝑙𝑢𝑓𝑓
 
 

(8) 

where Pslider is estimated considering the actual amplitude of oscillation obtained from field 

test conducted at Palissery irrigation canal which is presented in Table 3.Pbluff is estimated 

considering the maximum velocity and the corresponding amplitude Ymax., estimated 

theoretically from the value of lift force calculated from Equation (2). CL has been assumed 

based on the numerical simulation carried out in the previously published work by the authors. 

Lift and drag coefficients of a horizontal cylinder were also estimated from a wind tunnel 

experiment conducted at the same Re in the published work [11]. 

4.5. Transmission Efficiency 

The transmission efficiency, of the system is given as in Equation (9) 

𝜂𝑡𝑟𝑎𝑛𝑠 =
𝑃𝑠ℎ𝑎𝑓𝑡

𝑃𝑠𝑙𝑖𝑑𝑒𝑟
 
 

(9) 

The output power of the transmission system is given as in Equation (10) 

𝑃𝑠ℎ𝑎𝑓𝑡 =
4𝜋𝑁𝑠ℎ𝑎𝑓𝑡𝑇𝑠ℎ𝑎𝑓𝑡
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(10) 

𝑇𝒔𝒉 𝒇𝒕 = 𝑇𝑏  
𝑡2

𝑡1
 𝜂𝑔𝑒𝑎𝑟  

 
(11) 

Design velocity 

(V) 

1.2 m/s Output 

speed(Ngen) 
120 rpm 

Density of water 

(ρ) 

998.3 kg/m
3 

Supply Voltage 4.5 – 15 V DC 

Reynold’s 

number (Re) 

1.02 x 10
5 

DC motor type Brushed 

Coefficient of lift 

     
0.75 Shaft diameter 

(dgenshaft) 
6 mm 

Lift force      32.86 N Gearhead type Spur 

Strouhal number 

(St) 

0.2 Length (Lgen) 78 mm 

Mass ratio (m*) 2.89 Width (Bgen) 37 mm 

Natural 

frequency (fn) 

3.15 Hz Current Rating 

( I ) 
2.81 A 

Stiffness (k) 4124 N/m 

Core  Iron 

Maximum 

amplitude – 

theoretical 

       

0.1327 m 

Damping ratio 

 𝜉  

0.03 
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PRINCIPAL’S MESSAGE 

 

 
 

Dr. Praveensal C J, M. Tech, Ph.D., MBA 

Principal, SSET, Patron, ICCME’21 

 

 Mechanical Engineers use computers more extensively than any other physical scientists. 

Computers are used to help in the design process, they control manufacturing equipment and robots, 

and are used extensively in the fields of fluid mechanics, solid mechanics, and heat transfer. 

 

 As many fields of mechanical engineering are so mathematically challenging, computers are 

extremely helpful and are used constantly. They are used in research to extend investigation beyond 

the limits of an experimental setup. It is often much quicker to run a computer experiment than a 

physical one. When computer investigation is combined with careful experiments and sound theory, 

the productivity of computer research can be tremendous. 

 

 As the Patron of the International Conference on Computing in Mechanical Engineering 

organized by the Department of Mechanical Engineering of SCMS School of Engineering & 

Technology during September 22 – 24, 2021, I am  confident that this conference will provide a 

premier interdisciplinary platform for researchers, practitioners, and educators to present and discuss 

the most recent innovations, trends, and concerns as well as practical challenges encountered, and 

solutions adopted in the fields of Computing in Mechanical Engineering. 

 

 I am delighted to note that the accepted papers are being published by AIP & LNME – Springer in 

the form of proceedings. 

 

 I wholeheartedly appreciate all the sincere efforts of the entire team of ICCME 21 and wish them 

a grand success. 
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MESSAGE  

 

 
 

Dr. Rag R L,  

Convener, ICCME’21 

Professor and Head, Department of Mechanical Engineering 

 

 

 ICCME 21’ brought the pioneers in the field of Computational Fluid Dynamics together. After 

sharing the knowledge and the research it’s really appreciable that the department of mechanical 

engineering is bringing a proceedings of ICCME 21’. 

 

 It’s the right time to congratulate the authors for their sincere efforts to learn, work and publish 

their acquired knowledge which is highly beneficial to the humanity. Depending upon the quality of 

the work there will be a further chance of publishing the entire manuscript in the LNME or AIP. 

 

 Hope all the contributions received and published here may enhance the thought process and new 

ideation in the computational field. I am much thankful to the management and the principal for 

giving opportunity to conduct ICCME 21’ and publish the conference proceedings. Congratulations to 

the organizing chair and the entire team of faculty for all the efforts for realizing this publication. 

 

Dr. Rag R L 

          HoD, MED, SSET 
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MESSAGE 

 

 
 

Dr. Vidya Chandran, 

Associate Professor,  

Department of Mechanical Engineering 

Organizing Chair ICCME’21  

 

 The third International Conference on Computing in Mechanical Engineering (ICCME) 

2021, can be marked as one among the most remarkable conferences organized under the 

sponsorship of All India Council for Technical Education (AICTE). The conference was 

hosted during 22nd to 24th of September 2021. ICCME focused on the application of 

computation and simulation techniques in Mechanical Engineering and related fields.  

 

 I express my sincere gratitude and appreciation to Dr. Sheeja Janardhanan, organizing 

chair of ICCME’15 and ICCME’17, for lifting the conference to the global standards. The 

third edition of ICCME, after the grand success of the previous two editions came with 

added advantage of hands on training session on Multiphysics engineering simulation 

software, Omnis 5.1, for the conference participants, offered by Cadence Numeca, Belgium. 

The Conference also included Plenary talks, Keynote sessions, Technical paper presentations 

and Panel discussions. Highlight and charm of ICCME’21 was its keynote sessions led by 

eminent and expert academician from around the globe. Technical sessions also marked 

fruitful discussions on computational research in various domains of Mechanical 

Engineering.  

 

 As the organizing chair of this conference I appreciate the organizing team of ICCME 

whose efforts made this conference a grant success. Also I thanks all our participants from 

around the world for choosing ICCME’21 as the platform to showcase and discuss their 

research findings.  

 

 I am also glad that the select proceedings of the conference is published by AIP 

publishing and Springer.  
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ABOUT THE CONFERENCE 

 

 Computers manifest themselves as a tool for designing, analyzing and experimenting 

scientific processes with much ease and accuracy. The applications of computers in the field 

of mechanical engineering extended the horizons of research and development. 

Computational skills when used effectively with scientific experiments and sound 

theoretical knowledge can tremendously increase research output. Processes such as fluid 

flow, solidification and melting, combustion in the IC engines and many other complex and 

fast physical phenomena can be visualized and every minute aspect of these processes can 

be better comprehended through computational techniques. 

  

 Application of computing is not limited to Computational Fluid Dynamics, but in fact it 

is hard to find an area in mechanical engineering where computation is not used as a tool for 

increasing productivity. While CFD can be used for visualizing and predicting flow 

characteristics, Computer Aided Designing is used in the design and installation phase, 

MATLAB for optimizing designs and processes, CNC programming for controlling 

machines and processes and BIM in the decommissioning phase. High performance 

computing employing cluster, blade and cloud environments have indeed paved the way 

for the most convenient and state-of-the art applications of computing in mechanical and 

allied engineering fields turning tedious impossible calculations to possible. 

 

 ICCME focuses on the application of computation and simulation techniques in 

Mechanical Engineering and related fields. The third edition of ICCME, after the grand 

success of the previous two editions ICCME'15 and ICCME'17, comes with added advantage 

of hands on training session on multiphysics engineering simulation software, Omnis 5.1, 

for the conference participants, offered by Cadence Numeca, Belgium. The Conference also 

includes Plenary talks, Keynote sessions, Technical paper presentations and Panel 

discussions. 

 

Scope of the Conference 

 ICCME’21 revolves around the computational methods and their implementation for 

solving problems of mechanical engineering encompassing the following: 

Mathematical modelling  

Discretization  

Numerical Implementation  

Simulations  

Interpretation of results  

Validation with experimental results/analytical solutions  

 

with due emphasis on: 

Complex mathematical modeling 

High performance computing  
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Developed codes and advanced algorithms  

Visualization techniques  

Advanced numerical methods  

Optimization techniques  

Finite difference, volume, element and particle methods  

Boundary element method  

Strip theory  

Meshless method 

 

on the following themes: 

Fluid Dynamics (Hydro and Aerodynamics) 

Flow Physics (Internal and External Flows 

Fluid Structure Interaction  

Combustion in IC Engines  

Advanced Heat Transfer  

Vibration Damping and Control 

CFD in Medicine and Biology  

Chemical and Process Engineering  

Machine Learning and AI in Computational Fluid Dynamics  

Modeling and Simulation of Composite Materials  

Mechanics of Machining  

Nano fluidics 

Computational Material Science 
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ICCME’21 STATISTICS 

 

 ICCME’21 was a grant success with its exceptional and outstanding keynotes sessions by 

world renowned academicians and researchers from around the globe.  

 

No. of resource persons 7 

Keynote Sessions (International speakers) 4 

Keynote Sessions (Indian speakers) 3 

Members – Panel discussion (Indian) 6 

No. of presenting authors 65 

Presenting authors (From Kerala) 27 

Presenting authors (National) 23 

Presenting authors (Industry ) 4 

Presenting authors (International) 1 

Presenting authors ( SCMS) 8 

No. of participants (Including delegates and 

presenting authors) 

287 

Participants (International) 13 
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ICCME’21 –IN BRIEF 

 

 The third International Conference on Computing in Mechanical Engineering 2021, can 

be marked as one among the most remarkable conferences organized under the sponsorship 

of All India Council for Technical Education (AICTE). The conference was hosted during 

22nd to 24th of September 2021. Out of the received 127 submissions from around the globe 96 

were accepted and 65 were presented successfully at the conference.  

 

 ICCME’21 reflects a genuine cross section of the researchers in the field of computing in 

Mechanical Engineering with delegates from IITs, NITs, Government Engineering Colleges 

with in Kerala and outside Kerala. There was participation from industries like Kirloskar 

Engines Ltd. and from the Research and Development sector with delegates from Defense 

Research and Development Organization (DRDO) and Vikram Sarabhai Space Centre, 

Trivandrum (VSSC). Another remarkable participation is from the Ministry of Health, 

Government of Kerala, who presented real time Covid control and prediction data at the 

conference.  

 

 Out of the 127 extended abstracts received 99 were accepted after peer review by internal 

reviewers and review panel members. Full papers were reviewed by at least two external 

reviewers from the pool of 142 experts and 96 were accepted and scheduled for presentation. 

65 papers were registered and presented during the conference in 17 parallel technical 

tracks. Each track was chaired by eminent academicians and researchers from the country. 

Session chairs evaluated the presentation and outstanding presentations were selected and 

declared.  

 

 Highlight and charm of ICCME’21 was its keynote sessions led by eminent and expert 

academician from around the globe. ICCME’21 was inaugurated by Prof. Dr. Gerardo 

Carbajal Professor, Department of Mechanical Engineering,  Florida Polytechnic University, 

Lakeland, FL, USA with his enlightening inaugural address. The gathering was welcomed 

during the inaugural session by Dr. Praveen Sal C J, Principal, SCMS School of Engineering 

and Technology (SSET) and the conference was briefed by Dr. Rag R L, Professor and Head, 

Department of Mechanical Engineering, SSET. Dr. Anitha G Pillai, Dean Academics, SSET, 

felicitated the event and Dr. Vidya Chandran, Organizing chair, ICCME’21 and Associate 

Professor, Department of Mechanical Engineering, SSET delivered the vote of thanks. 

 

 Day 1 of the conference marked two keynote sessions and one plenary talk. First keynote 

session was on “Transient heat dissipation of a flat heat plate thermal spreader: A 

mathematical modeling and simulation” by Prof. Dr. Gerardo Carbajal Professor, 

Department of Mechanical Engineering, Florida Polytechnic University, Lakeland, FL, USA, 

followed by the second keynote by Prof. Dr. C B Sobhan, Professor, Department of 

Mechanical Engineering Professor, School of Material Science and Engineering, National 

Institute of Technology Calicut (NITC), Kerala, India on a very relevant topic 

“Computations studies on fluid flow and heat transfer in small channels with realistic 

surfaces”.  



xvi 

 Plenary talk during the afternoon session of day 1 was on the “Development of a zero-

emission passenger sailing ship with in depth focus on Electrical Design Challenges” by 

Prof. Dr. Ir. Dean Vucinic Professor at the Brussels School of Governance (BSoG)Vrije 

Universiteit, Brussel (VUB), Belgium. The project being very relevant funded project by the 

European Union attracted more participation and the team members of Prof. Dean’s 

research consortium from Croatia also joined the presentation. Day 1 also had paper 

presentations in 5 parallel tracks following the keynote sessions. 

 

 Day 2 was relevant with two keynote sessions by Prof. Dr. Bale V Reddy Professor, 

Department of Mechanical and Manufacturing Engineering, Faculty of Engineering and 

Applied Science, Ontario Tech University (UOIT), Oshawa, ON, Canada and Prof. Dr. Alam 

Mh. Mahbub, Professor, Harbin Institute of Technology (Shenzhen), University Town, 

Shenzhen, China. The sessions were followed by parallel technical paper presentations in 5 

tracks.  

 

 Day 3 was remarkable with keynote lecture from two eminent professors in the field of 

computational heat transfer and computed aided manufacturing. Dr. Arul Prakash, 

Professor, Department of Applied Mechanics, Indian Institute of Technology Madras (IITM), 

Chennai, India delivered an enlightening session on computational heat transfer analysis of 

hydrophobic surfaces and Dr. Sekar M, Professor and Principal, AAA College of 

Engineering and Technology, Tamil Nadu, talked about computational aspects of free form 

machining. Day 3 had a very relevant session, during which computing experts from 

industry, research and academia debated on the pros and cons of computational methods 

and experimental methods of analysis. The panel discussion hosted by ICCME’21 was 

indeed a great exposure to the participants and an opportunity to interact with experts from 

the field. Day 3 and the third edition of ICCME concluded with 7 parallel technical sessions.  

 

 During all the conference days Cadence Numeca organized the hands-on conference 

workshop on Omnis 5.1, for the participants and 30 % of the participants took advantage of 

the same. Certificates were issued to successful participants by Cadence.  

 

 Submission of ICCME’21 will be published as proceedings with ISBN number. Full 

papers will be published either by LNME, Springer or AIP publication as recommended by 

the technical program committee and the session chair. 
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1. Introduction 

 The payload fairing (PLF) is designed to limit the aerodynamic thermal load transmitted to the 

satellite and attenuate the jet acoustic and aero acoustics. Aerodynamics over a typical launch vehicle 

and aerodynamic flow characteristics is given in B. N. Suresh et.al [1]. During the ascent phase of 

launch vehicle, it ascends through the atmospheric regime and reaches 50-70kms till the first stage 

separation with a velocity of 2km/s as given in M. Vishnu Nampoothiri et.al [2]. In this paper, 

aerodynamic flow characteristics of fore body of a typical launch vehicle for transonic and supersonic 

Mach numbers is studied using CFD. 

 

2. CFD Simulation details 

 Study configuration used is given in Figure 1. The launch vehicle configuration is truncated so 

that the studies can be carried till 10D (D is the diameter of the vehicle), in order to study the area of 

interest only. This configuration contains numerous protuberances such as stringers, Ullage and retro 

rockets, wire tunnels and destruct cord tunnels for various functional requirements. The configuration 

is imported as CAD file (stl format) for CFD simulation. Simulations were carried out using in house 

cartesian mesh based finite volume software PARAS3D. In X direction 35D and 25D is used in 

upstream and downstream of the body, whereas for Y and Z directions, 53D is used to generate the 

initial grid. The initial cell count is 46 million for all Mach numbers. After refinement, the final grid 

is around 120-150 million. 

 
Figure 1 Study configuration used in the CFD simulations 

 

3. Results & Summary 

Mach palette in the vehicle symmetry plane (Z=0) for M=0.8, 1.2 and 2.5, Cp variation along the 

heat shield for wind ward and leeward sides, Cp variation along the length of ullage is given in Figure 

2. The supersonic pocket of flow over the heat shield at M=0.8, shock detachment at M=1.2, shock 

expansion and attached flow over boat tail at M=2.5 is clearly evident from the Mach palettes. 

Similarly increase in Cp values at stagnation points of heat shield, Ullage for all three Mach numbers, 

subsequent jumps along the structure due to the shape is also seen from the Cp plots. Discussion 

about the flow characteristics in detail over heat shield and protrusion will be given in full length 

paper. 
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Figure 2 Vehicle Configuration, Mach palette and Cp variation on various structures 
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1. Introduction 

 It is necessary to dissipate the kinetic of a reentry object from Earth orbit and recover it on the 

ground with small impact point dispersion without exceeding thermal and structural limits. It can be 

accomplished either through aerodynamics or propulsion or both. The entry can be ballistic, semi-

ballistic, or lifting entry.  The re-entry body decelerates from hypersonic (orbital speed) Mach 

number to subsonic Mach number at touchdown/ splashdown (Ref.1).  The aerothermal environment 

created due to the high enthalpy and typical hypersonic flow features over the body in a ballistic re-

entry mission deduced through CFD simulations is the subject of this paper.   

 

2. CFD Simulation details and sample results 

 Study configuration used is given in Error! Reference source not found.a (Ref 1). 2D-

axisymmetric structured grid is generated using Pointwise software. Grid and boundary conditions are 

given in Fig. 1b. CFD++ solver with perfect gas assumption and chemical non-equilibrium reactions 

(Park model with seven species) is used for the present analysis.    

 A reentry body travels through various layers of atmosphere, in its descent phase and faces high 

temperature and associated thermo-physical processes (Ref. 2). This in turn, creates high temperature 

and hence high heat flux over the body.   In this study, CFD simulation is carried out for a typical 

peak heat flux condition (M, altitude) as mentioned in Ref. 3.  Theoretical calculations with perfect 

gas assumption indicate that post-shock temperature exceeds 20000 K, for the Mach number 

considered (M=20).  Hence, air can no longer be treated as perfect gas.  Post-shock temperature and 

pressure, induce chemical reactions and a portion of the energy is distributed into molecular 

rearrangement.  Dissociation of Oxygen and Nitrogen molecules, recombination, ionization take 

place within the shock layer.  The flow is in non-equilibrium because the flow time is not enough for 

the reactions to come to equilibrium.  The simulations are carried out considering chemical reactions 

also, hence, becomes computationally intensive and stiff.  The resulting flow variables are depicted as 

Mach, Pressure and Temperature palette for both perfect and chemically non-equilibrium (CNEQ) 

flows (Fig. 1c).  It is seen clearly that the shock moves closer to body to the chemical non-

equilibrium effect.  Temperature decreases and pressure increases slightly with CNEQ (Ref. 5,6). 
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Figure 1 Study configuration, grid, boundary conditions and flow features for perfect gas and with 

chemical non equilibrium 
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Abstract 
 The study space for morphing wings is astonishingly wide and provides ample scope for enhancements up 

against fixed wings. Morphing-wing research has accumulated considerable recognition in the aerospace 

community over the last decade, and a folding wing is a promising approach that can improve aircraft 

proficiency over multiple varieties of missions which conclusively enhances the capability of the space shuttle. 

In this paper, the conventional shape of the wings is being refashioned to serve the requirements for 

maintaining the flight and also for navigation. The idea was sparked by the traditional Japanese fan and has a 

hinged mechanism similar to that of the fan. This work introduces a novel concept for retractable dynamic 

wings on a space shuttle. Modelling of the spacecraft with modified wings is done in SOLIDWORKS. The 

aerodynamic analysis is performed using the Computational Fluid Dynamics (CFD) method with ANSYS 

FLUENT (2020 R1) as the solver. The aerodynamic force coefficients are estimated for five different specific 

deployment phases, viz, Zeroth (0°), One quarter (7.5°), Half (15°), Three quarter (22.5°), and Full (30°) 

phases. The result reveals that the coefficient of drag drops and the coefficient of lift rises from the primary 

phase to the final phase providing promising inputs into the idea of retractable wings.  

Keywords: Space shuttle, retractable dynamic wings, CFD, wing deployment 

 

1. Introduction 

 A Space shuttle is a partially reusable rocket-launch vehicle meant to go into orbit about Earth, to 

transport people and cargo to and from orbiting spacecraft. Recent years have displayed increasing 

study and advancement in reusable and low-cost space travel with an uptick in the commercial space 

launch market. A considerable factor for the increase in the expense of space travel is the non-

reusability of the space shuttle. During the re-entry of a space shuttle, a substantial amount of heat is 

generated as it reaches the atmosphere of the earth from space [10]. Temperatures exceeding 2000 K 

are produced due to the friction between vehicle and air. Since most metals and alloys cannot 

withstand these temperatures, a special class of materials known as ablators that act as heat shields 

are used. The ablator will be consumed in the heat, thus dissipating a large amount of heat. However, 

these conventional wing designs have numerous limitations. Due to the large amount of forces acting 

on the wing during re-entry, the reusability is limited as the wing material gets consumed during re-

entry [11]. Also, the wing can get damaged due to the same. To overcome this, we have developed a 

new retractable wing mechanism that resembles the Japanese hand-fan, such that the wings of the 

space shuttle will be completely ducked inside the fuselage during re-entry, thus minimizing the 

influence of forces (here the forces of gravity, drag, lift, etc are considered) acting on the wings, 

which can result in a safer and economic space journey. The aerodynamic force coefficients of drag 

and lift forces are estimated numerically using CFD tools for five diff erent deploying phases to study 

the effectiveness of the novel design. Based on the above analysis, this paper studies the aerodynamic 

performance of a space shuttle equipped with deployable wings, with an expectation of proving 

theoretical foundation and technical base for conceptual space shuttle design. 
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 Taking all the deployment phases into consideration the trend was plotted to represent the 

variation of lift and drag during the deployment period. The graph shown in Figure 13 represents the 

variation of drag force and lift force. It is observed that there exists a linear relationship between drag 

and lift coefficients during the deployment period. The values of drag and lift coefficients that is 

obtained from the present analysis for the full deployment phase is compared with results from the 

previously published analysis [8] on a NACA profiled wing which gives the value of the coefficient 

of lift to be 0.5 while the lift is 0.01 for the NACA profiled wing where the experimental value after 

considering the drag on the entire shuttle came to a conclusion of 0.5 coefficient of lift at 0.1 

coefficient of drag. 

 Figure 14 represents the variation of the ratio of the drag coefficient to lift coefficient with 

degrees of wing deployment. The process of deployment can be divided into two separate phases. 

Phase A can be defined from the wing deployment initiation to the completion of quarter deployment. 

During this phase, the shuttle is in a state of freely falling motion with a negligible wingspan to 

provide lift force. Phase B is defined from initiation of half phase deployment to the end of full phase 

deployment. During phase B, the shuttle shifts its flight mode from a freely falling object to a more 

controlled flight. The slope of the relationship curves for phases A and B as observed from Figure 14 

shows a clear distinction between the two flight modes. 
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1. Introduction 

 Effective water conservation calls for minimization of leakage in distribution systems. However 

detection of leakages is usually difficult not only due of the complexity of supply network, but also 

because that many leakages are small and can go unnoticed. Large pipeline networks can be further 

challenging since multiple leaks can offer a noisy environment for leak detection technology. An apt 

solution can be the adoption of a predictive-corrective methodology using CFD before project 

implementation, while its still at the drawing board. Here we present the results from our CFD based 

simulations using own code developed in MATLAB, where in we compare the pros and cons of a 

probabilistic numerical model over deterministic fluid dynamic model, while implemented in a noisy 

environment (multi-leak system). 

 

2. Water Transmission Line  

 The test configuration for water transmission system to implement the numerical codes is as 

shown below in Figure 1. Fluid transients (unsteady pressure head and flow rates) in the pipe flow 

were allowed to develop due to various reasons like sudden closure of valves, sudden power on/off 

conditions, sharp bends, sudden contraction or expansion, etc. The resulting local burst-leakages 

themselves will generate further transient signals. This coupled complex phenomena is highly non-

linear in nature and is essentially a problem of fluid-structure interaction and signal processing. We 

have carefully included water hammer in the transient flow and surge analysis. 

 
Figure 1 Two reservoir supply line 

3.  Methodology 

 For the hydraulic modeling of the transmission line, we adopted the method of characteristics 

(MOC), which offers a robust finite-difference solution to the governing partial differential equations. 

Initially a deterministic model with full numerical control on the breakage was developed based on 

hoop stress characteristic alone. Further, we developed a simple probabilistic model and compared 

the results with the purely deterministic model.  
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4.   Results 

 Transient pressure head under multiple leakage in the system as predicted by the probabilistic 

model were compared with that of deterministic model with nodes eligible for burst. (For eg., as 

presented in Figure 2.)  Also the leak rates, as predicted by both models at various nodes along the 

pipeline, were compared. 

 

 
Figure 2 Comparison of transients predicted by the two different models at the valve 

 

5.   Conclusion 

 A simple probabilistic model for pipe burst leakage was developed based on method of 

characteristics. Allowing only selected nodes to leak based on a coin-tossing probability, results were 

only marginally different from a purely deterministic model. This calls for introducing experiment 

based reliable distribution functions into the model, in order to improve its accuracy. However, the 

probabilistic model required only minimum number of input parameters to arrive at the field solution. 

We also found that the transients predicted were greatly influenced by the nature of equation chosen 

for coefficient of discharge for flow through controlled restrictions such as valves in the pipeline. 
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Abstract 

 Wind tunnels are an inevitable tool in the field of aerodynamics and fluid dynamics which helps in 

understanding the interactions between air and objects in flight. This paper deals with the design of a Low 

Speed Subsonic Open Circuit Wind tunnel (using Autodesk Fusion 360), which can be used to replicate the 

interaction between air and an object in flight, and also to understand the working of a basic open type wind 

tunnel that can be built at a relatively lower cost margin. Also an analysis was done on NACA 4421 airfoil to 

understand its coefficient of lift and drag at various angles of attack, to determine the optimum angle of attack. 

 

1. Introduction 

 The capability of any educational institution to study and perform experimentation in the field of 

fluid mechanics can be immensely increased by the availability of a wind tunnel. The major 

hindrance in procuring such an apparatus is the high costs associated with it. This paper holds a 

discussion regarding the design of a low-cost wind tunnel that can be used for educational purposes. 

The aim of this project is to design a wind tunnel which can achieve a velocity of more than 10 m/s in 

the test section and inculcate factors such as compactness and ease of use in the design. Another aim 

is to perform a simulation analysis of the same and study the flow around NACA 4412. Previously 

constructed subsonic wind tunnels were referred and modifications were done in the design to 

improve the airflow and attain all our objectives. 

 

2. Modelling 

 The initial design of the wind tunnel was created using Autodesk Fusion 360 software, and the 

credibility of the dimensions was checked by looking for any regions of negative pressure or vortex 

formation, also to ensure that the desired flow velocity of 15 m/s was achieved in the test section. 

Finally the dimensions of the wind tunnel was found to be: Test section-420×228×228; Contraction 

cone-520×624.4×624.4; Diffuser-840×228×228; Flow conditioner-150×228×228. 

 

3. Meshing and Simulation 

 The designed model of the wind tunnel is imported to Ansys Workbench R19.2.The fluid domain 

is the wind tunnel geometry and is discretized in Ansys with tetrahedral elements. The model used for 

Fluent solution is the K-Epsilon standard model with enhanced wall treatment. While a fluid domain 

around the NACA 4412 airfoil is a C-Domain which is later meshed in the ANSYS Mesh solver by 

using Edge Sizing and Face Meshing inorder to achieve the desired element density and shape. 
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4. Results and Discussion 

 Analysis of the 2D model of the wind tunnel was done to ensure the correctness of the 

dimensions. From the results of the flow visualization it was made clear that there were no regions of 

negative pressure inside the wind tunnel; the desired flow speed of 15 m/s was obtained in the test 

section; the inlet and exit velocity of the air was found to be the same; the was no regions of vortex 

formation or backflow occurrence. The graph below shows the pressure and velocity along the 

various regions of the wind tunnel. 

  
 Then the analysis was done on 2D airfoil to identify its behaviour at different angles of attack.  

From the  velocity and pressure contours, we see that there is a region of high pressure at the leading 

edge (stagnation point) and region of low pressure on the upper surface of the airfoil. From Bernoulli 

equation, we know that whenever there is high velocity, we have low pressure and vice versa. The 

simulation outcomes of static pressure at angles of attack 0° to 13° with spalart allmaras model was 

obtained. The pressure on the lower surface of the airfoil was greater than that of the incoming flow 

stream and as a result it effectively “pushed” the airfoil upward, normal to the incoming flow stream. 

The coefficient of Lift and drag is calculated for NACA 4412 series for the angle of attack 0° to 

13°.The maximum lift was found to be at α (Angle of Attack) =13◦ . The coefficient of Lift/Drag ratio 

increases with increase in Angle of attack up to 8°. After 8°, Lift/Drag ratio decreases with increase 

in Angle of attack. The results agreed with experimental data to a great extent. 

 
5. Conclusion 

 Through the entirety of this study we were able to deeply understand the working of various types 

of wind tunnel and their importance in the field of aerodynamics and the aerodynamics of an airfoil. 

We were able to successfully design a wind tunnel which fell within the recommended subsonic 

open-circuit design rules as per R.D Mehta design notes and other research. The results from the wind 

tunnel analysis showed an increase in air velocity at the beginning of the test section as required and 

the air was slowed down in the diffuser and returned to atmospheric conditions. 

 From the analysis performed on the NACA 4412 airfoil the pressure distribution sound the airfoil 

was such that there was a higher pressure at the lower surface of the airfoil while there was a higher 

velocity at the upper surface according to Bernoulli's equation and this variation in pressure provided 

a lift force to the airfoil at the lower surface.  
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Abstract 

 The design of a Chemical reactor is a very vital step as it is the heart of a chemical process. It’s designed 

to ensure that the reaction proceeds with the highest efficiency towards the desired output, producing the 

highest yield of product in the most cost-effective way. Commercial process simulators such as ASPEN, HYSYS, 

PROSIM, DWSIM, etc. can predict reactor behavior by modeling it closely to one of the ideal reactors. The 

obtained results are thus a fruit of black-box models which cannot explain the actual phenomenon occurring 

within the reactor. CFD tools can be used to simulate and study the hydrodynamics of any reactor. 

Computational Fluid Dynamics (CFD) involves the numerical solution of conservation equations for mass, 

momentum, and energy in a flow geometry of interest, together with additional sets of equations reflecting the 

problem at hand. In this work, ANSYS Fluent was used to simulate a simple batch reactor involving a second-

order reaction. Batch reactors are used in the industry primarily for the production of fine chemicals and are 

transient in nature. A sliding mesh model was used to describe the motion involving the impeller and the fluid. 

VOF was used for incorporating the air-liquid interaction. The reactive flow was modeled using the Eddy 

Dissipation Concept model. The concentration of the reactant predicted in terms of the mass fraction was 

agreeable with the results of the experiments performed to validate the simulation. 

Keywords: CFD, modelling, batch reactor, simulation 
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1. Introduction 

 Stationary shoulder friction stir welding (SSFSW) process is an improved version of conventional 

friction stir welding (FSW) technology. In case of SSFSW only tool probe rotates and shoulder 

remains stationary during welding. Sinhmar et al. (2020) reported the lesser heat input and lower 

peak temperature due to the absence of heat generation component in SSFSW. Recently, Vicharapu et 

al. (2020) reported the advantage of having reduced residual stresses in SSFSW due to the lower heat 

input. At the same time, Barbini et al. (2018) highlighted that the traverse force experienced by the 

tool probe is higher due to the lack of pre-softening effect in SSFSW, while in conventional FSW, the 

additional heat generation by tool shoulder significantly reduces the traverse force on tool probe. The 

effect of process conditions on in-process forces and tool life are well reported in literature in case of 

FSW (Buchibabu et al. 2017; Arora et al. 2012) while such studies are rarely addressed in SSFSW 

(Vicharapu et al. 2019). Here, we report the comparative study of causative variables that include 

traverse force and shear stress induced in the rotating tool for prior estimation of tool fracture index in 

FSW and SSFSW of AA7075-T6 plate..  

 

2. Numerical modeling 

A 3D heat conduction equation is solved in commercial finite element software in order to 

compute the temperature distribution, where the rate of heat generation is estimated by 
 

                      Q = η
h
×[ η

m
×(1-δ)τ

y
 + δµ

f
P

N
](ωr-U) (A

i
/V

i
)                               (1) 

Whereas, Q=Volumetric heat generation rate (W/m
3
) η

h
 = Fraction of heat transfer to workpiece, η

m
 = 

Mechanical Efficiency, δ =  Fractional sliding, τ
y
 = Yield shear stress of workpiece (N/m

2
), µ

f
 = 

Coefficient of friction between workpiece and tool, P
N
=Axial pressure (N/m

2
), ω =Angular speed of 

rotating tool (rad/s), r and θ=Radial distance (m) from axis of tool and its orientation (degree) with 

the welding speed, respectively. U =Welding speed (m/s), A
i
/V

i
 = ratio of tool-workpiece contact area 

to the shear volume in workpiece (m
-1

). Table. 1 and Table. 2 are the welding conditions and tool 

dimension applied for modeling the process. 

 

Table. 1 Welding input parameters 

 Rotational speed(rpm) Welding speed(mm/min) Workpiece thichness (mm) 

FSW 1500          400 6.3 

 SSFSW 1500         400 6.3 
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Table. 2 Tool dimensions 

DSH DPR DPT LP 

18 6.2 4.0 5.9 

DSH=Shoulder dimeter (mm), DPR= Probe diameter at the root (mm), Probe diameter at the tip 

(mm), LP= Probe length (mm) 

 

3. Results and discussion 

 In the Fig.1(a) and Fig.1(b) isotherms for FSW and SSFSW is shown for the same welding 

conditions i.e tool rotational speed 1500 rpm and welding speed of 400 mm/min for the 6.3 mm thick 

AA7075-T6 plate. Narrow high temperature zone is found in case of SSFSW as shown in Fig.1 

reduces the pre-heating of workpiece-material causes higher tool traverse force. Tool travesre force 

found to be 3.6 kN in SSFSW and 2.2 kN in FSW for the same welding speed of 400 mm/min and 

1500 rpm tool rotational speed. 

 

 
Figure 1 Isotherm for (a) FSW, and (b) SSFSW at 1500 rpm tool rotation and 400 mm/min welding 

speed 

 

4. Conclusion 

 A 3D heat conduction models for FSW and SSFSW are develoved and compared for the same 

welding conditions. Tool traverse force found to be higher in case of SSFSW since the tool has to 

traverse through the relatively stronger work piece material under the lower peak temperatures. 

Therefore, it is evident that the tool life expected to be lower in SSFSW in comparison to that of the 

FSW under the same process conditions.  
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Abstract 

 Over the last decade, aircraft morphing technology has drawn a lot of attention in the aerospace 

community, because it is likely to improve the aerodynamic performance and the versatility of aircraft at 

different flight regimes. With the fast paced advancements in this field, a parallel stream of research is studying 

different materials and designs to develop reliable morphing skins. A promising candidate for a viable 

morphing skin is the sliding skin, where two or more rigid surfaces remain in contact and slide against each 

other during morphing. The overlapping between each two panels create a backward facing step on the airfoil 

surface which has a critical effect on the aerodynamics of the wing. This paper presents a numerical study of 

the effect of employing a backward-facing step on the suction side of a National Advisory Committee for 

Aeronautics (NACA) 4415 airfoil at a high Reynolds number of 10
6
. The effects of the step location on the lift 

coefficient, drag coefficient and critical angle of attack are studied to find a favorable location for the step 

along the chord-wise direction. Results showed that employing a step on the suction side of the NACA 4415 

airfoil can adversely affect the aforementioned aerodynamic properties. A drop of 30.4% in value of the lift 

coefficient and an increase of 140% in the drag coefficient were observed in case of a step located at 45% of the 

chord length and of height 8.5% of chord length. However, these effects are mitigated by shifting the step 

location towards the trailing edge. Introducing a step on the airfoil caused the airfoil’s thickness to change, 

which in turn has affected the transition point of the viscous boundary layer from laminar to turbulent. The 

location of the step, prior or post the transition point, has a noteworthy effect on the pressure and shear stress 

distribution, and consequently on the values of the lift and drag coefficients. 

 

1. Introduction 

 Ever since the first flight by wright brothers in 1904 man has been trying to find different 

methods to enhance the freedom of flight. A promising technique to enhance the flow characteristics 

which is primarily dealt in this study is to modify the geometry of a conventional airfoil by 

introducing backward facing steps which forms a relatively new family of airfoil popularly known as 

'Kline - Fogleman airfoil'. The two patents, US Patent # 3706430 and US patent # 4046338, refer to 

the introduction of a step either on the bottom-KFm1, or on the top of an airfoil-KFm2, or both on top 

and bottom-KFm4. It can also be used with two steps on the top-KFm3, or two steps on the top and 

one on the bottom-KFm7. The step work extremely well on radio-controlled aircraft. 

 

2. Theory behind the KFm airfoil 

 Richard Kline's original goal was to create a paper airplane that will be able to fly long distance 

and overcome wind resistance and turbulence, automatically increasing altitude. This objective was 

achieved by the so-called stepped airfoils. Owing over the airfoil it moves towards the space behind 

the step. The swirling air behaves in such a manner that it can be considered as part of the airfoil. As 

the air flows over the surface behind the step the air stream Becomes separated from the airfoil.This 

phenomenon is referred as the laminar swirling flow. Hence, the aerodynamic properties of the 

airfoils directly affect the aerodynamics of the wing. 
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Figure 1 KFm family of airfoil (flitetest.com) 

 

 
Figure 2 flow over KFm airfoil (theparkpilot.org) 

 

3. Aim 

 This project aims to investigate the comparison between the modified KFm-2 airfoil with step at 

45% chord and 50% chord of 8.5% thickness and NACA-4415 airfoil. 
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1. Introduction 

 The vibration of a vehicle is mostly influenced by the roughness of the road and suspension 

system. Selection of proper suspension system design and parameters play a vital role in providing 

ride comfort to occupants. The majority of manufacturers widely use passive suspension systems in 

road vehicles. Unlike Active and Semi-active suspension systems, a Passive suspension system uses 

conventional coil springs and viscous dampers. A novel criterion for optimal ride comfort is the root 

mean square of the absolute acceleration specified by British standards ISO 2631-1997. A new way 

to reduce vibrations is to take advantage of nonlinear components. The selection of a two-degree-of-

freedom (2 DOF) quarter car model of a suspension system is the simplest way to study and 

understand the dynamic behavior of a vehicle‟s suspension system. The purpose of this research 

paper is to compare the behavior of the quarter car suspension model having linear stiffness spring 

with the springs having non-linear stiffnesses, in terms of main mass displacement and acceleration. 

Helical spring, Conical spring, dual pitch spring, and variable pitch springs are designed to substitute 

them into the MATLAB/Simulink model of quarter car. The new approach of using a 1D lookup table 

to introduce non-linear stiffness into the model has been developed. Whereby, load-deflection data 

for springs is sufficient for introducing non-linearity. The simulation results of the model with non-

linear stiffness springs are compared with that of a linear stiffness spring. 

 Samy Aly Hassan (1986) theoretically investigated the fundamental properties of various 

automotive suspension systems based on vehicle models subjected to realistic inputs chosen to 

represent road surfaces of different Qualities. Krunoslav et al. (2004) investigated main ambient 

factors influencing passenger vehicle comfort and concluded that comfort level is a subjective 

concept experienced differently in a given environment and circumstances by different people. 

Özcan. D. et al. (2008) determined the optimum linear/non-linear spring and linear/non-linear damper 

force versus displacement and force versus velocity characteristic functions, respectively, using 

simple lumped parameter models of a quarter car front independent. Paredes. M. et al (2009) 

proposed a study of conical springs with other types of spirals projected on the conical shapes with a 

constant helix angle, with constant stress at solid, and with a fully linear load-length relation. Unaune. 

D. R. et al, (2011) derived equations of motions with the help of a quarter-car model and made a 

MATLAB/Simulink model to simulate the behavior of vehicle for considered suspension parameters 

and analyze results. Non-linearities in suspension parameters must be considered for the proper 

designing of the suspension system. For this, a simplified model by considering the non-linearity of 

suspension spring and suspension damper was developed by Chavan. S. P and Sawant. H. S. (2014). 

Elsalam et al. (2016) investigated the simulation responses of the nonlinear quarter car suspension 

system as the vehicle ride performance over the simulated model bump as road excitation. A. G and 

Mitra. A. C. (2017) studied a passive suspension system with considering linearity and non-linearity 

approaches to the system. Ganesh D. Shelke et al. (2018). studied the nonlinear behavior of passive 

suspension system for a quarter car with the help of MATLAB/Simulink model for the nonlinear 

quarter car passive suspension system and validated with an analytical model by State-Space 

approach. Varude. V. R. et al. (2018) studied the effect of changing the spring design on ride comfort 

by determining the effect on ride comfort and road holding by inducing non-linearity in the form of 
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minute alterations in linear spring geometry. Abebe. B. A. et al. (2020) compared the performance of 

linear and nonlinear passive suspension systems of built-in MATLAB/Simulink for 2 DOF light-duty 

and heavy-duty vehicle models. 

 

 

Figure 3 Load-deflection curve for helical coil 

spring 

Figure 4 Load-deflection curve for conical coil 

spring 

 

 

 
Figure 5 Load-deflection curve for dual pitch 

spring 

Figure 6 Load-deflection curve for variable pitch 

spring 
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Abstract 

 The design of a football takes into consideration of various aerodynamic parameters to optimize its flight 

characteristics inclusive of surface roughness, number of panels, panel shapes, seam angles etc. The primary 

objective of this study is to determine the influence of the number of panels and surface roughness of selected 

and designed balls a smooth sphere, 32 panels football and FIFA 2014 football Brazuca on their aerodynamics 

in CFD Analysis and hence to give an explanation apprehend the reasons behind the unusual phenomenon of 

knuckling effects.  

 

1. Introduction 

 To begin with, the work of Alam, Chowdary, Moria and Fuss (2010) suggests the study of the 

aerodynamics of 32 panels and 14 panels using the arrangements of experiments in the wind tunnel 

which graphically represents the drag force and the coefficient taking into account the seam angle of 

the balls. Similarly, analysing five non-spinning FIFA accepted soccer balls in the same configuration 

and prediction of their trajectories by Goff, Hobson, Asai and Hong (2016) explained the effect of 

knuckling with respect to Reynolds number and hydrodynamic boundary layers. Even though the 

paper could incorporate the basic parameters that the flow is dependent on, it lacks the consideration 

of ball design traits. In a majority of these studies, the primary layout elements that depend on present 

day football design has now no longer been taken into consideration whilst while experimenting 

which could assist in analysing the unpredicted course of balls and has failed to clarify the motives 

that control the flight of the ball in phrases of football properties and know-how the modern 

enhancement and cutting-edge upgrades added from the conventional 32 panel ball. We investigate 

the drag force and lift force of balls and smooth sphere with surface roughness under the knuckling 

speed in assessment to provide an explanation for the flight characteristics and to analyse the 

knuckling effect. 

 

2. Modelling and Simulation  

 The required models were designed in Autodesk Fusion 360 with the desired dimensions and 

appearance. All the footballs have the standard properties „size 5‟ dimensions diameter 22cm, 

circumference 68cm. The 3D model of football is imported into Ansys Workbench Version 2019 R1. 

The fluid domain around the balls is modeled in a cylindrical enclosure and discretized in Ansys with 

tetrahedral elements. The governing equations used are conservation of mass and the momentum 

equation and the selected model is K- Epsilon standard model. The inlet condition is 32m/s which is 

considered as the knuckling speed. 

 

3. Results and Discussion 

 Influence of number of panels: Since the primary result is to analyze the aerodynamics of the ball 

is obtained without considering the surface roughness, therefore the number of panels offers major 

importance here. The Cd values are unexpectedly high after which generally tend to lower gradually. 

From the graph, the ball with 32 panels has the highest drag coefficient, followed by Brazuca and  
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smooth sphere. The ball with 32 panels has the highest drag coefficient, followed by Brazuca and 

smooth sphere. The Cd of Brazuca is 5% and 32 panel ball is 17% larger than that of sphere. This 

shows that an increase in no. of panels leads to an increase in the drag coefficient. The Cl of brazuca 

is 5% lesser and 32 panel ball 7% is lesser than that of sphere. 

 The roughness with 0.11 is 4% more than the Cd of smooth sphere and  roughnesses 0.55 is 9% 

and 2.75 is 38% more. Then it is determined from graph that Cl for 0.11 is 0.240, 0.232 for 0.55 and 

0.224 for 2.75 at 32m/s. From these values it can be summarized that simply increasing the surface 

roughness doesn‟t bring an impact on lift coefficient. Using surface roughness beyond a certain value 

will increase the lift, making it difficult for the striker to kick the ball. Smoother as the surface gets 

less will be the drag and when surface gets rougher the drag increases and the effect of lift increases 

slightly. The surface roughness factor has to be in balance such that the natural movement of football 

does not get affected. Thus we can conclude that the ball Brazuca with less no. of panels with surface 

roughness act like a perfect sphere with optimum drag and lift without the knuckling giving a 

predictable trajectory in comparison. 

 

 
Figure 1 Cd vs Ietration                                    Figure 2 Cd vs Velocity 

 

4. Conclusion 

 In this study, the impact of surface roughness and number of panels of the footballs on 

aerodynamics and flight characteristics had been evaluated via way of means of numerical simulation 

with the usage of Ansys Fluent on three balls, a smooth sphere, 32 panel ball and Brazuca which has 

different number of panels, panel shapes, seam length and surface roughness with respect to 

knuckling speed. The number of panels increases drag force and lift increases, so that 32 panels have 

the highest drag in comparison, Increase in surface roughness will increase the drag coefficient. With 

the above conclusions the knuckling effect is explained. In the future, footballs designs may 

encounter these kinds of problems wherein it is able to be solved by varying the surface friction factor 

of the surface along with making the decrease or increase in panels. 
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Abstract 

 Although SCR technology is evolved as one of the most promising method to achieve stringent NOX 

emission norms, there are still many problems in application of SCR on diesel vehicles, especially at low 

temperatures. [1] So baseline SCR system is optimized and verified at all EOP to ensure its satisfactory 

performance. SCR AT system along with its geometrical specifications is shown in fig.1. 

 

Figure 1 Schematic of SCR AT system with parameters values 

 

 Geometrical specifications of model used to demonstrate static ROM workflow for verification of 

the optimized design at all EOP is shown in fig.2. 

 
Figure 2 Schematic of bent pipe section model with description 

 Folder structure nedded with optiSLang workflow for design optimization is shown in fig.3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3 optiSLang workflow with folder structure 

Apurva Ananda Pawar ICCME- MS230 

mailto:pawaraa19.mech@coep.ac.in


Third International Conference on  
Computing in Mechanical Engineering Department of Mechanical Engineering, SCMS, Cochin 

September 22
nd 

- 24
th

, 2021 

 22 

 

 20 design points are added by Uniform Latin Hypercube (ULH) algorithm in design space as 

shown in fig.1, giving 15
th
 design as an optimum obtained by comparing output amongst all as shown 

in fig.4. 

 

Figure 4 Results table for total 21 design points including 1
st
 as baseline design 
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1. Introduction 

 During the development of modern low emission Diesel engines, precise air intake flow 

measurement is necessary to verify the better control in engine combustion parameters like EGR, 

Exhaust Gas Aftertreatments in terms of flow considering different engine operating conditions and 

presence of exhaust gases recirculation (EGR) affecting the variations in the measurement system, 

Venturi based mass flow calculation using Intake pressure pulsation is the main outcome from this 

study, by predicting the mass flow, actual engine testing and calibration efforts can be minimized. 

Calculation techniques were used as follow:  

 1D - 3D Coupled simulation 

 1D model was built using AVL Boost tool and 3D modelling was done using computational 

fluid dynamics in AVL Fire workflow. 

 1D thermo-fluid dynamic models are the most common tools used in the industry for engine 

design, due to the low computational effort required and the straightforward application by the users. 

Moreover, 1D models guarantee a high accuracy in representing the whole engine coupled to its 

intake and exhaust systems, for any speed and load condition. However, the intrinsic limit of 1D 

simulation is related to the fundamental assumption of planar wave motion, which is not realistic in 

complex 3D shapes of typical components of the air management system (plenum, manifolds, 

silencers, etc.). For some applications a hybrid 1D-3D simulation approach, based on the coupling of 

the two codes, can be a useful technique: it allows to keep the simplicity of the 1D approach for most 

of the calculation domain and to reserve the complexity of the 3D approach to a minimum of 

calculation domains, for which the 3D modelling is clearly more suitable. 

 In this study 1D-3D simulation result for measuring the intake pressure Fluctuations at Venturi 

throat is used to predict the intake air flow and same is validated in actual engine testing using the 

reference engine test-bed airflow meter 
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1. Introduction 

 The trend that involves in the gas turbine development is to provide maximum efficiency 

followed by the maximum power output. The increase in turbine  inlet temperature simultaneously 

increase the thermal load of the engine components when hot flow gas is being exposed to them. To 

increase the heat-transfer the most effective technique is the double wall scheme. In the current work 

five different geometries of impingement/effusion holes have been investigated and its efficiency is 

being calculated. The heat transfer in the double wall technique is being performed by CFD 

simulations. This study helps in analyzing multiple parameters to increase the power output without 

increasing the pumping power and the optimized design is being finalized.  

 To obtain an maximum efficiency with the lowest pumping power the inlet temperature of the 

engine is being increased. The main drawback of such trend is the over increasing thermal load on all 

the engine components that are exposed to the hot gas flow: to sort out this issue, cooling systems 

have been developed, with the aim of keeping material temperatures to a level that ensures an 

adequate lifespan of hardware. The heat transfer effectiveness completely dependent on   multiple 

parameters like diameter of impingement jets, jet-to-jet spacing, number of impingement jets, and jet-

to-wall spacingThe geometrical features such as the jet plate-to-effusion plate distance, the injection 

hole diameter, the jet-to-jet spacing, and the hole pattern helps in categorizing the 

impingement/effusion cooling system. In this system, we define two principal variables that influence 

the flow and heat transfer characteristics: the ratio H/d of the gap spacing to the hole diameter (which 

represents the distance between the jet   injection plate and the effusion plate) and the jet-to-jet 

spacing (which represents the conformal distance between adjacent impingement jets). Among the 

various cooling schemes, transpiration cooling is known to be the most important method, since 

coolant flow through a porous material can guarantee uniform heat transfer characteristics on the 

surface.  To resolve/ reduce these problem, the geometry is designed in such a way that the 

impingement plate is followed by target plate followed by effusion plate with the mainstream next.  

The effusion plate inner surface such as combustor liners or blade walls, can also cooled by the 

impingement of cooling air. 

 

2. Impingement/ effusion cooling  

 The gas turbine engine experiences a temperature of about 2200K [1] when the aim is to increase 

the turbine efficiency with the minimal input power to the engine. Therefore, the most effective 

method which is used in increasing the heat transfer is the impingement/effusion cooling method. 

Various investigations have been done to understand the impingement cooling in different operating 

conditions. Florschuetz et al. [2] experimentally studied the influence of the channel height, the hole 

diameter, the hole spacing and the hole arrangement on the internal heat transfer of the impingement 

cooling. Huang et al. [3] measured the heat transfer coefficient on the target plate of the impingement 

cooling with different crossflow schemes, and reported that the internal heat transfer rate is 
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significantly affected by the crossflow direction. The results showed the internal heat transfer 

coefficient of the impingement/effusion cooling was higher than that of the impingement cooling. For 

the impingement/ effusion cooling, the effects of different crossflow for the different geometries have 

been analysed which helps in determining the overall heat transfer effectiveness. 

 

 
Figure 1 3D Model of Impingement/ Effusion cooling method 

 

 
Figure 2 Drafting for Impingement/ Effusion cooling 
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1. Introduction 

 Titanium alloys have been widely applied in aerospace, offshore and biomedical fields. The 

alloyTi6Al4V has a property of biocompatibility and bio functionality, hence is used as prosthesis 

and dentistry implants in human body. The powders of Ti6Al4V were produced by the process of 

vacuum atomization which resulted in powders of spherical morphology and were found to have an 

average size of 38μm. According to Shunyu Liu et al. (2018),the powders were additively 

manufactured using Laser Powder Bed Fusion (LPBF)process which resulted in Liquid Phase 

Sintering (LPS) as stated by H. Yeung et al.(2020) of the powder beds. The additively manufactured 

alloy produces high amount of porosity which allows in growth of bone into the implants. Essentially, 

the spherical powders allow heat conduction phenomenon in the radial direction. Hence, the heat 

transfer rate in radial direction for part powder conduction at different plane depths was computed 

using MATLAB. The depths of powder beds used were 20.5mm, 41mm, 102.5mm, 205mm, 410mm 

and 615mm as mentioned in the paper by Wenyou Zhang et al. (2019).  

 A general equation for the radial conduction phenomenon was computed and an algorithm for 

deter mining the time and temperature profile for any depth of powder was developed. The datasets 

were used to compute the time and temperature profiles which determined the variation of heat 

transfer rate with respect to increase in powder bed depth. The relation between powder depth and 

final temperature were found followed by finding the factors affecting the whole process. It was 

concluded that the rate of heat transfer tends to become exponential with increase in powder bed 

depth. Also, the final temperature attained by the powder bed decreased with increase in the depth of 

powder bed. Finally, it can be said that, the behavior of alloy towards heat depends on its thermal 

conductivity and latent heat of fusion. 

 

 
Figure 2 Temperature vs Time plot 
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Abstract 

 Solar Air Heater is one of the applications of solar energy used to heat the atmosphere air for drying 

applications. In this device, to improve the convective heat transfer rate from the absorber plate to the air 

passing over the plate and to reduce the collector top losses study is focused on the double pass mode of flow 

arrangement. The objective of this numerical analysis is to examine the performance of the solar air heater 

with various shaped hole perorated absorber duct insert inside the test section. The absorber duct enhances the 

heat transfer rate, and perforation causes the cross flow and the flow disturbance in the flow stream. Circular, 

triangular, square shape holes are made on the top surface of the absorber duct insert. The effect of the hole 

shape on the performance is analysed with the help of a contour and streamline plot at a different location 

inside the test section of the SAH for the Reynolds number ranging from 3000 to 18000. A rectangular-shaped 

hole performs better in terms of thermal efficiency, and a circular hole performs better in terms of thermo-

hydraulic efficiency. 

Keywords: Thermo-hydraulic efficiency; Perforated duct inserts; Solar air heater; Crossflow; Numerical 

analysis, Different shaped hole. 
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1. Introduction 

 The addition of fins increases heat transfer rate by increasing surface area. It is used in the 

applications where the convection takes place by the means of fluid having low heat transfer 

coefficient and, in the fields, where the cooling must be done immediately. Extended Surfaces are 

used in various industrial applications like in heat exchangers, in economisers, heat sink in electronic 

components, in power plant industries, process industries, refrigeration and air conditioning 

industries etc. The Heat transfer analysis using CFD with the help of ANSYS FLUENT solver is used 

for the solution. The study of transient heat transfer has been done and the optimum fin spacing and 

number of fins to be attached for achieving the maximum heat transfer rate has also been reported. 

 

2. Result and Discussion 

 The investigation has been done to find out the fin performance for positive eccentricity and 

negative eccentricity. The fin position moves upward with reference to base cylinder with positive 

eccentricity, and the reverse happens with negative eccentricity. 

 

  
Fig 1. Contour plot for positive eccentricity Fig 2. Contour plot for negative eccentricity 

 

 The temperature distribution on the eccentric fins has been illustrated in Fig. 1. The cylinder is 

hot and the fins carry away the heat from the cylinder. As the air flow is directed upward around the 

cylinder due to buoyancy effects, we see a temperature field in the fin which is asymmetrical about 

the horizontal central line of the fin. This phenomenon is realistic, and is expected in any natural 

convection. When the eccentricity increases (fins are pushed up with respect to the base cylinder), the 

bottom portion of the fin gets hotter compared to the top portion of the fin. This is due to the fact that 

the hot cylinder can conduct heat quickly to the nearest zone, which is the bottom portion here. It is 

evident from Table 1 that as the eccentricity goes on increasing, more of the fin area goes to the 

lower temperature zone and lesser area of the fin remains in high temperature zone causing heat loss 

to be less from the fin. 

 Figure 2 shows the contour plot or the temperature plume when the fins are having negative 

eccentricity ratio. As the cylinder is hot, it causes the fin to pick up heat form it and the nearest area 

of the fin becomes hotter compared to the farthest area of the fin. The bottom portion of the fin is 

much cooler compared to the top portion. The temperature plume can be seen to be rising from the 

cylinder and in some cases the plume is seen to be little asymmetric (with respect to the vertical 
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central line). The asymmetric plume may be a consequence of numerical simulation. Variation in heat 

transfer rate with negative eccentricity (For Ra = 237852) has been shown in Table 2. 

 

Table 1. Variation of heat transfer rate with 

positive eccentricity (For Ra = 237852) 

Table 2. Variation in heat transfer rate 

with negative eccentricity (For Ra = 237852) 

 Sr No. Eccentricity 

(mm) 

Heat 

transfer 

rate (W) 

  Sr No. Eccentricity 

(mm) 

Heat 

transfer 

rate (W) 

 

1 0 842.25 

 1 0 842.25 

2 -50 840.98 

 2 50 833.24 

3 -55 838.53 

 3 55 818.89 

4 -60 834.33 

 4 60 805.45 

5 -65 832.12 

 5 65 796.24 

6 -70 830.96 

 6 70 784.16 

7 -75 828.87 

 7 75 772.54 

   

 

3. Conclusion 

 The heat transfer rate goes on decreasing overall in both the cases i.e. in positive eccentricity and 

negative eccentricity case. But the decrease in heat transfer rate is marginal. As the convection is in 

upward direction and positive eccentricty is also provided, the wall shear forces get more dominant as 

the area of fin in upward direction increases obstructing the motion of fluid in between the fin 

spacing. The fact that the variation in heat transfer rate is less in case of negative eccentricity than 

positive eccentricity which may be due to availability of more fin area in high temperature zone that 

might lead to less decrement in heat transfer. 
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1. Introduction 

 The main objective of this study is to design and develop an energy-efficient refrigeration system 

powered by solar energy by solar energy. The study presents stages in design methodology for 

converting conventional refrigerators to solar-assisted refrigerators. The reduction in energy 

consumption, sources of solar power loss, and operational improvement with direct current 

compressor were investigated. In creating nations like India, there are few places where the power 

supply is sporadic, in such territories for the preservation of food, medicines, and vegetables the 

refrigeration systems operated on solar energy can be considered as the most favorable solution. The 

photovoltaic (PV) power systems are getting to be essential in the power creation showcase in the 

succeeding year [1]. The design and development of a solar-powered refrigeration system are 

approaching towards the application base optimization of systems. M. Ouali et al. [2] has conferred 

about the better innovative technique to minimize the energy utilization of solar-powered 

refrigerators, which helps in reducing greenhouse gas emission. He has evaluated the losses from the 

solar control system and the energy deficiency in the refrigerator. Kaplanis et al. [3] have presented 

the report on design methodology for converting a refrigerator to a solar-powered refrigerator. He has 

investigated factors that affect the sizing of the solar refrigeration system with minimum heat losses. 

In 1998 and 2000 Kattakayam et al. [4] illustrated the design methodology of a photovoltaic powered 

refrigerator with an experimentation test performed on the refrigerator. He likewise worked out 

variation in COP and change in thermal performance of refrigerator with several door openings. 

Dhouib et al. [5] have exhibited the behavior of a solar-powered refrigeration system using phase 

change material as a substitute for the battery bank. Ewer et al. [6] have built up a solar-powered 

VCR with thermal storage and novel control techniques. O. Ekren et al. [7] analyzed a DC 

refrigerator with a battery bank. They observed that the exergy efficiency of the refrigeration system 

is very low due to low energy. Opoku et al. [8] examined experimentally, a relative techno-monetary 

assessment of a change over the direct current refrigerator and a traditional AC refrigerator when both 

powered by the solar system.  

 The performance of a solar-powered refrigerator is examined by a pull-down test, an energy 

consumption test. The losses in the inverter and charge controller are calculated for records as shown 

in Fig. 1. This study is performed to evaluate the possibility of saving in energy consumption of 

conventional AC refrigerators when powered with solar energy.  

 The reduction in energy consumption, sources of solar power loss, and operational improvement 

with direct current compressor were investigated. The experimental result shows that the refrigerator 

attains the cabinet and freezer temperatures of about 5 
o
C and -12 

o
C in 127 minutes with DC 

refrigerator and 117 minutes with AC refrigerator. The calculated total percentage deviations in 

energy consumption are 1.85% between DC and AC refrigerators. The coefficient of performance of 

DC refrigerator is found to be 1.98, whereas 2.49 with AC refrigerator. The cumulative difference of 

power loss between the solar inverter and solar charge controller is about 0.15 kWh for 8 hours. The 

research signifies that the solar-powered DC refrigerator has the potential to operate as a self-

sustainable unit without grid electricity 
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Figure 1 Distribution of power generated and supplied in a solar-powered DC refrigeration system 
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1. Introduction 

 Confort Air conditioning is an integral part of industrial and domestic application. It helps to 

provide and maintain the temperature and humidity of the space/equipment/human being as per the 

requirement. In domestic applications it consumes around 30% of electricity of total electrical energy 

consumption. Also having adverse effect on the environment. The mist spray direct evaporative 

cooler can be considered as an alternative system for providing and maintaining the comfort 

conditions as required in domestic as well as in industrial applications. Off course with certain 

limitations. This research article focusses on the development of design and development of an 

evaporative cooler without using any cooling pad and water circulation pump. A fine mist spray is 

generated by using a combination of mist nozzle and spinning disc having projected teeth attached to 

the fan blade. 

 The experimental results indicate that the performance of mist spray evaporative cooler is 

improved significantly in respect of a reduction in temperature, enhanced cooling capacity and 

saturation efficiency with a considerable saving in energy input, noise level and reduction in water 

consumption. The unit does not require storage of water and hence it is almost free from fungus and 

mosquitoes. Lot of research work is carried out in this field of mist spray with and without cooling 

pads, different types of cooling pad materials and mist generation techniques. 

 Kang Zhou [1] has performed the calculation to find evaporation rate of swamp coolers mostly 

used in arid regions and the mist spray evaporative cooler and remarked as the mist spray evaporative 

cooling is more efficient and effective in water and energy use. Chakrabarti et al.[2] have provided a 

one-dimensional model mass and energy balance to predict the effect of various parameters as 

feeding water temperature, air flow rate, and air humidity ratio on air temperature inside the air 

washer heat exchanger. Craig Farnham et al. [3] have experimentally investigated the cooling effect 

produced by the oscillating mist fan in a large indoor space and recorded the drop in temperature by 

0.2 to 2.5 K with 5% rise in local humidity. Akintunji et al. [04] have studied the theoretical model of 

feasibility index to evaluate the month wise potential of the evaporative cooler in Niamey, Niger 

Republic. The feasibility index depends on the difference between the wet bulb temperature and the 

wet bulb depression (the difference between the DBT and WBT) and it helps to decide whether 

evaporative cooling gives the comfort cooling or not 

 Igor et al. [5] have analyzed a numerical model having compact metallic air/water interface direct 

evaporative cooler to predict the outlet air temperature. The experimental results are compared with 

predicted results and observed with 1.33% maximum error. J.M. Wu et al. [6] have proposed a 

simplified correlation to find the cooling efficiency theoretically by investigating the exchange of 

energy and concentration among the air stream and water mist particles. Chenguang Sheng et al. [7] 

developed a practical relationship to analyze the performance of outlet frontal air velocity and cooling 

effect. The results indicate that the cooling efficiency is in proportion with the frontal air velocity. EI- 

Sayed G  Predicted temperature of cooled air temperature by empirical correlation is validated 

through experimentation and are good in agreement with experimental values. 
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Figure 1 Comparison of outlet air temperature 
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1. Introduction 

 The battery thermal management system of electric vehicles ensures the safety and maintains the 

state of health of the battery pack. Commercial EV vehicles suffer from poor range, while being quite 

expensive compared to their IC engine counterparts. The life cycle and charging speeds are the 

optimizing factors of an EV battery pack. Higher charge rates translate to higher heat generation and 

increased wear. With the current battery technology in mind, an active cooling system ensures added 

range and less wear of battery material over a long period of time. The current battery surface cooling 

systems does not take the overall compactness and weight ratio into account. To reach an optimal 

specific energy value, the batteries have to be tightly packed within a limited volume. Also, deciding 

on a cooling method vastly depends on the battery material architecture. Batteries that transfer heat 

along their cylindrical axis faster than the radial direction are anisotropic. Asymmetric thermal 

distribution can cause variation in the current discharge and the cell operating behavior So in this 

case, it is naturally better to cool their tabs, despite having a larger lateral surface area. In effect a 

more compact, easy to assemble package is achieved. In this paper, a tab cooled liquid cooling system 

is studied with respect to the anisotropic behavior of the lumped battery system. The maximum 

battery temperature and the temperature difference are plotted to study the trend. This is done in 

comparison with the surface cooled validation model with the same set of boundary conditions. The 

goal is to maintain the temperature of the battery pack at 22
o
 to 30

o
 Celsius. 

 

2. Methodology  

 
Figure 1 Pictorial Methodology Chart 
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3. Results and discussions 

3.1 Battery Only 

 Under the operating conditions, we have generated a maximum module temperature vs. time 

graph and the module temperature difference vs. time graph in all cases. We have also noted the 

Surface contour for the same. The BTMS performance is compared based on these plots. The initial 

temperature of the setup is at 20
o
C. At a 2C discharge rate, the peak temperature at the end of the 

cycle is 38.832
o 

C. The value is 18.832
o 

C higher than the initial pack temperature. At a 3C discharge 

rate, the peak temperature at the end of the cycle is 42.533
o 

C. The value is 22.533
o
 C, more than the 

initial pack temperature. 

 

  
1. (b) 

Figure 2 For 2C, 10g/s and 3C, 15g/s – battery only and with BTMS (a) Maximum Temperature 

graph  

(b) Maximum Temperature difference graph 

 

 The use of a tab-cooling liquid-based battery thermal management system is investigated 

comparing it to the surface cooling method adopted in during the validation phase. For the same 

battery setup and charge-discharge rates, tab cooling setup showcased a reduction in maximum 

temperature and an ideal trend overall. The design is more compact than the surface cooling thermal 

management solution. 
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1. Introduction 

 We are witnessing a transition of fossil fuel vehicles to electric vehicles all around the world. 

Even many government across the globe incentivize the usage of electric vehicles because of the 

environmental problems caused by the fossil fuels. This transition has set the road for the 

development of lithium-ion battery which will perform well and give a performance relative to the 

conventional engines. Also, the lithium-ion batteries come with advantages such as high energy 

density, capacity, long cycle life and low self-discharge rate. Even though the lithium-ion batteries 

have advantages, they have certain conditions at which they have to be used in order to function well. 

The heat generated inside the lithium battery pack is one of the parameters which has to be given 

focus since the heat generated inside the battery has to be dissipated and the temperature of the 

battery pack has to be maintained at certain limit to have a good performance of the battery.  

 In this study we are going to numerically model a lithium-ion battery and simulate the model 

under different existing condition in order to analyses the effect of fins inside the BTMS. This study 

focuses on finding the optimized dimension of the fins since the dimension of the fin will have a huge 

impact on the performance of the BTMS since it will decide the amount of PCM inside the battery 

pack and also the heat dissipation rate. 

 

2. Numerical setup 

 The geometry is drawn using ANSYS design modeler package. The radius of the battery is 9mm 

and the thickness of the pcm is 8mm, thus model has a total radius of 17mm.The fin thickness can be 

seen in the figure. The outer shell is made of acrylic which act as container for the melting PCM. The 

fins used were aluminum and the battery used was made by Panasonic. Validation   of   the   obtained   

results   is   done   by   comparing   the   results   with   that of J. Weng et al. (2019)[1]. 

 

 
 

Figure 3  Geometry 
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 The commercial CFD software package ANSYS FLUENT was utilized for the simulation. The 

model is considered to be two dimensional, and transient. RT-42 is used as the PCM inside the cavity 

between the battery and acrylic shell and 1e-05 is used as the convergence criteria for the residuals. 

The continuity and momentum equations were solved using pressure based solvers. The pressure 

velocity coupling was handled by SIMPLEC scheme and the seond order upwind was used for the 

discretiztion  

 

3. Optimization technique 

 The BTMS model is simulated for different fin thickness in order to find the golden section 

where the introduction of fin will lead to a significant drop in the battery performance thus indicating 

good performance of the BTMS. The simulation result has been plotted in the fig 5.6 as graph 

between battery temperature and flow time. Here we can see that the performance of the BTMS 

shows a significant improvement in the case of fin with thickness 4mm. Thus, the golden section can 

be perceived to be between 3 and 5mm. This range is used for the optimization process of the BTMS 

using the golden section algorithm. 

 

4. Results and discussion 

 After simulating under the golden section, the fin thickness of 4.3mm does show a elevated 

performance and the least battery temperature. After this dimension the battery temperature increase 

which indicate a reduction in performance as the heat dissipation rate cannot cope with the reduction 

of heat storage capacity. A reduction of around 1.8 K in the final battery temperature is being 

recorded. The gradient of the downward slope reaches a minimum of 312.452K at 4.3mm i.e., the 

minimum battery temperature is obtained at this thickness which can be conceived as the 

optimized value. As the dimension of the fin increases the temperature of battery first increases 

and then decreases, the decrease in up to only a optimum dimension since as the dimension 

increases the amount of pcm decreases leading to decrease in heat storage capacity of the model. 

Thus, it is important to maintain a balance between the amount of pcm inside the BTMS and the 

fin dimension since the fin dimension significantly affects the performance of the BTMS 
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1. Introduction 

 The condenser is an important component of a domestic refrigerator and its design has a 

significant effect on the performance of the system. Nowadays, the skin condenser is been widely 

used in small to medium-size domestic refrigerator systems due to improved aesthetics and protection 

from dust, eliminating the possibility of moisture condensing on the outer surface of the refrigerator. 

In modern refrigerators condenser called a skin condenser or hot-wall condenser, has been introduced 

instead of a wire tube condenser. The geometry of the skin condenser is a simple heat exchanger. The 

aluminum foil as an adhesive tape as shown in Fig.1, holds the condenser tube with a galvanized 

plate, which acts like a fin to increase the heat transfer area. It is very important to ensure that the 

tubes are in contact with the wall of the refrigerator before injecting the polyurethane (PU) so that it 

will not be able to enter between the tube and the wall, which would fail the heat exchange system. 

The focus of this research article is to enhance the rate of heat flux from the condenser tube to the 

metallic wall of the refrigerator. 

 

 
Figure 1 Skin condenser with aluminum foil 

 

 The cross-section of the actual skin condenser used in the domestic refrigerator is shown in figure 

2. The tube is copper, steel, or aluminum, which has direct contact with the iron plate, and on the 

sidewalls of the refrigerator, which acts as a fin. 

 

 
Figure 2 Cut sectional model skin condenser used in the refrigerator 

 

 The steady-state energy conservation equation is used to obtain the temperature distribution along 

with aluminum foil. The fin model of a single element is presented in Fig. 3. 
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Figure 3 Heat flux of an element with aluminum foil 

 

 The present work presents the heat transfer analysis of the skin condenser applied to the 

refrigerator with mathematical modelling and simulation using Ansys Fluent. The present work 

investigates the performance of the skin condenser by changing point contact between tube and plate, 

which acts as a fin. The numerical analysis of the skin condenser is allotted to review the heat flux, 

the temperature distribution in conjunction with the composite structure of the condenser.  

 The results obtained from analytical modelling and numerical simulation revealed that the heat 

flux of the skin condenser with the atmosphere is increased by 8.10 % as compared to the existing 

skin condenser configuration used in the refrigerator. The amount of heat ingress to the refrigerator 

cabinet due to skin condenser is reduced by 19.62 % analytically and 17.39 % by simulation. The 

required condenser tube length for the same cooling capacity is reduced by 2.08 m. The result also 

shows a 9.3% improvement in heat transfer rate through walls and a  drop in the heat load to the 

refrigerator due to the skin condenser is reduced by about 4%. 

 

2. References 

1. Bansal, P.K., Chin T.C., (2002) ''Design and modelling of hot-wall condensers in domestic 

refrigerators'', Applied Thermal Engineering,  Volume 22, Issue 14, pp. 1601–1617, 2002. 

2. Bansal, P.K. Chin, T.C., (2003) ' Heat Transfer Characteristics of Wire-and-Tube and Hot-

Wall Condensers'', HVAC & R Research, Vol. 9, issue no.3, pp. 277-290, 2003. 

3. Gupta, J.K., Gopal, M.R., (2008)'' Modelling of hot-wall condensers for domestic 

refrigerators'', International Journal of Refrigeration, Vol. 31, issue no. 6, pp. 979–988, 2008. 

4. Vinícius Brandani Labigalini, Andre Luiz Seixlack, (2013), “Modelling of a skin condenser 

used in domestic refrigerators”.22nd International Congress of Mechanical Engineering ISSN 

2176-5480. 

5. Luka Lorbek, Primoz Poredos, Andrej Kitanovski, Alojz Poredos, (2018) “Analytical 

modelling and numerical simulation of heat transfer in a skin evaporator”. International 

Journal of Refrigeration 88 (2018) 195–203. 

6. Akash D. Raiyani, N. R. Sheth, Niraj C. Mehta, (2012), '' Thermal Analysis of Hot Wall 

Condenser for Domestic Refrigerator'', International Journal of Science and Research (IJSR), 

ISSN: 2319-7064. 

  



Third International Conference on  
Computing in Mechanical Engineering Department of Mechanical Engineering, SCMS, Cochin 

September 22
nd 

- 24
th

, 2021 

 42 

 

  

SINGLE BLOW CHARACTERISTICS OF A POROUS SPHERICAL BED 

REGENERATOR AT LIQUID NITROGEN TEMPERATURE  

 

Abhiroop V M
1
*, Reby Roy K E

2
, Vivek R I

3
 & Vishnu B R

4 

1
 Department   of   Mechanical   Engineering,  

TKM College of Engineering, Kollam, 691005, Kerala, India. abhiroop.v.m@gmail.com 
2
 Department   of   Mechanical   Engineering,  

TKM College of Engineering, Kollam, 691005, Kerala, India, rebyroy@tkmce.ac.in 
3
 Department   of   Mechanical   Engineering,  

TKM College of Engineering, Kollam, 691005, Kerala, India, vivekrindran@gmail.com 
4
Department   of   Mechanical   Engineering,  

National   Institute   of Technology, Trichy, 620015, India, vishnubr.nitt.me@gmail.com 

 

 A regenerator is a typical heat exchanger with high heat capacity porous matrix which stores and 

liberates energy during alternate half cycles, and is widely used for storage of thermal energy in both 

high and low temperature applications. Electrocaloric, elastocaloric, magnetocaloric and magnetic 

systems are the most common applications utilizing active liquid regenerators.  

 Trevizoli et al. (2014, 2016) and Shah et al. (2003) studied the thermal performance on 

regenerators and highlighted its dependency on the pressure drop and heat transfer effectiveness with 

the significance of lower aspect ratios considering viscous and axial conduction losses. In addition to 

the above Trevizoli et al.(2016) reported that the thermal performance of regenerators can be 

improved by using large sized regenerator bed, which on the other hand increases pressure drop and 

matrix volume. Despite the fact that various regenerator beds such as packed spheres and parallel 

plates  are widely used with different heat transfer fluids, Nielsen et al.(2011) pointed out that the 

effect of porosity on regenerators with working fluid at cryogenic temperatures are least explored 

and, satisfactory improvements in heat transfer and viscous drops are not yet achieved. In the present 

paper, investigation on heat transfer characteristics of the spherical bed regenerator with various 

porosities was done with a passive experimental setup for single blow steady flow at liquid nitrogen 

temperatures.  

 The experiment setup consisted of nitrogen gas cylinder, Dewar vessel, flow control valves, data 

acquisition system, heater, flow meter, transfer lines, regenerator and thermocouples as shown in 

figure.1. The regenerator with an l/d ratio (length to diameter ratio) 4.43 and a wall thickness of 1.2 

mm with spherical bed matrix of porosities 0.4, 0.5 and 0.6 were used.  Experiments were conducted 

with LN2 at three different mass flow rates (2.29 g/s, 2.813 g/s, 3.33 g/s). 

 
Figure 1 Schematic diagram of experiment setup. 

 
Figure 2 NPH/NTU vs Reynolds number. 
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 The cold blow experiment was physically similar to chill down process. Flow through packed bed 

of spheres created eddies and hence large amount of turbulence was imparted to the flow. Often these 

eddies could tear off the boundary layer and vapour-fluid interfaces. It was observed that for a lower 

mass flow rate of 2.29 g/s there was a difference of 149 s in chilldown time between inlet and exit of 

the regenerator and, the chilldown time decreased to 67 s with an increase in mass flow rate to 3.33 

g/s. An increase in temperature gradient with respect to the length of the regenerator with increase in 

porosity was observed due to larger void spaces in high porosity regenerator matrix.  

 Figure 2 showed the variation of ratio of non-dimensional numbers such as NPH (number of 

pressure heads) and NTU (number of transfer units) representing pressure drop and quality of heat 

transfer against Reynolds number. The geometry with porosity 0.4 is preferred as the best, 

considering heat transfer and pressure drop. Increase in turbulence could be clearly interpreted from 

the elevated curves at high Reynolds number. 
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1. Introduction 

 The Forward swept wing aircraft is one of the most superior aircraft in terms of both 

aerodynamics and structural configurations. This design has been consistently frustrated by the 

divergence problem. The lift force acting on a wing will tend to bend it upwards and it can also cause 

the wing to twist. It is caused due to the in-concurrence of the centre of pressure with the shear centre, 

which in turn causes both bending and twisting. A catastrophic phenomenon called divergence can 

occur when this wing twisting increases the angle of attack, which consequently raises the lift force 

further or creates further in- concurrence between the shear centre and centre of pressure so that a 

feedback loop emanates until the wing diverges or essentially shears off. This divergence problem 

can be reduced by increasing the wing bending stiffness which in turn increases the weight of the 

wing (Krone, 1975). This weight penalty is encountered by employing composite material, which has 

a high strength-to-weight ratio and high stiffness-to-weight ratio (Autar.K. Kaw,2009). In this 

research, three composite materials namely Carbon Fiber, Graphite epoxy, and Kevlar epoxy were 

utilized. The properties of composite materials such as stiffness and yield strength can be improvised 

by the alteration of the fiber-angle orientation of composite material, which enhances the load-

bearing capacity of the material. This study has been carried out to analyze the buckling behavior of 

different materials with the various fiber-angle orientation so that the material would be sufficient 

enough to alleviate divergence. A laminate of three different materials, Carbon fiber, Graphite epoxy 

and Kevlar epoxy for 20 different stacking sequences, each sequence consisting of 24 plies have been 

analyzed by using FORTRAN and ABAQUS. This analysis involves a combination of single angle, 

double angle and triple angle, and even four angles of stacking sequences, through which a clear 

insight about the influence of orientation towards the stiffness is provided. This study particularly 

involves stacking sequences consisting of 0 °,90 °, +45 °, -45 °. Maximum buckling factor and 

moderate displacement value allow the material to withstand the different buckling load 

environments which in turn reduces the divergence. Hence in this simulation analysis of Carbon fiber, 

Graphite epoxy, and Kevlar epoxy for various ply angle orientations, displacement and buckling 

factor results were considered and observed. By comparing the results of different orientations, it is 

observed that some plies fail quickly, as the load distribution over the plies with corresponding 

orientation, weren‟t capable enough to withstand the applied load. The below mentioned contour as 

shown in figure1 has the better buckling factor and displacement value, irrespective of the material, 

as mentioned in table 1. 
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Table 1 Results of stacking sequence (-45 °/0 °/+45 °/90 °/-45 °/0 °/+45 °/90 °/-45 °/0 °/+45 °/90 °) S 

MATERIAL 
BUCKLING FACTOR 

( No unit ) 

DISPLACEMENT 

(m) 

Carbon fiber 3.24298 0.00044 

Graphite epoxy 4.32526 0.00033 

Kevlar epoxy 1.79551 0.00078 

 

 
Figure 1 Contour of stacking sequence (-45 °/0 °/+45 °/90 °/-45 °/0 °/+45 °/90 °/-45 °/0 °/+45 °/90 °) 

S 

 

 The analysis results showed that the Graphite epoxy has moderate displacement and maximum 

buckling factor values when compared to the other two materials. Also, it shows enhanced properties 

than the other materials. Hence Graphite epoxy can be employed in the application of divergence 

elimination. 
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Abstract 
 The Elasticity of material is important in understanding the elastic deformation, to flexure, to strain 

softening. Elastic properties provide the measure of resistance of a system to elastic deformation thus 

validating its structural stability. Discovery of nanostructures has fascinated the scientific world for its 

applications in future devices. According to previous results, most of the two dimensional materials showed 

non-linear elastic deformation during tensile strain up to the ultimate strength of the material and then strain 

softening after rupture. Understanding the elasticity of a material is important in understanding their response 

to any external perturbations. This is required for their synthesis and practical applications. Mechanical 

stability is determined through the knowledge of second order elastic constants (SOEC) and the higher order 

elastic constants are necessary to understand the non-linear, anharmonic behaviours. A material is said to be 

mechanically stable satisfying the Born stability criteria.  

 In the present study, 2D-SiC was introduced with point (mono- and bi- vacancy) and topological defects 

(Stone-Wales) to understand their mechanical stabilities. SOECs for all the configurations were computed 

using Vienna Ab-initio Simulation Package (VASP) keeping 900 eV as the energy cutoff and 21x21x1 as the 

Gamma-centered kpoints values. The calculated values of SOECs are tabulated in Table 1. Structural integrity 

is observed in Si-monovacancy, Si-bivacancy, C-bivacancy, Si-C-bivacancy and Stone Wales type 

configurations. But, C-monovacancy shows mechanical instability with the introduction of a vacancy in its 

pristine configuration. The values of C11 and C12 implies isotropic behaviour in the case of Si-monovacancy and 

slight anisotropic behaviour in all the bivacancy and SW defective configurations. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 Structure of SiC introduced with mono-, bi- and SW defects. (a) Monovacancy Si,  

(b)  Monovacancy C, (c) Bivacancy Si, (d) Bivacancy C, (e) Bivacancy Si-C, (f) Stone-Wales types 
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Table 1 Second order elastic constants, Young‟s modulus and Poisson's ratio for the defective 

configurations compared with pristine SiC 

 C11 C12 C22 C66 Y ν 

Si-MV 104.37 39.17 104.37 32.60 89.67 0.38 

C-MV -173.56 333.87 -173.56 -253.71 - - 

Si-BV 124.63 60.01 137.53 20.86 95.73 0.48 

C-BV 134.86 44.35 145.72 45.15 120.28 0.33 

Si-C-BV 148.81 50.38 153.64 52.74 131.75 0.34 

SW 160.57 49.76 168.63 59.96 145.15 0.31 

Pristine-SiC 179.20 54.50 179.20 - 162.70 0.30 

Keywords : 2D-SiC; Defects; Second order elastic constants; Mechanical property 
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1. Introduction 

 In recent years the utilization of the polymer based composites has increased drastically in the 

field of coatings, electronic devices, automobile, construction and aerospace applications. Even 

though the polymer based composite materials has been widely preferred it also has its owm 

disadvantages. The polymer composites posseses very poor toughness and thermal properties. Hence 

many researchers are working on improving the mechanical properties of polymer matrix composites. 

In this process many methods has been employed by the researchers such as trying new 

reinforcements such as nanoparticles, nanofibers and nano cellulose. The addition of reinforcements 

has resulted in improving the mechanical properties such as hardness, toughness, tensile strength and 

also thermal and flame retardant properties. Even though the experimental studies are important and 

more works are there in exploring the properties of polymer based composites, it is difficult to predict 

the mechanical properties through experimental methods, hence the need for computational analysis 

of the composite materials in predicting the mechanical properties also increasing.  So the 

computational analysis was utilized by many researchers so as to predict the mechanical properties of 

the polymer matrix composites. There are various types of computational techniques available such 

as micromechanics of composite materials, Integrated computational materials Engineering (ICME) 

and various algorithms.  

 

2. Computational analysis of Polymer Matrix Composites 

 Ever growing demand to improve the mechanical properties of the polymer based composites has 

made the researchers to implement new computational techniques to predict and improve the 

mechanical properties of the polymer based composite materials. There are Different types of 

simulation techniques such as particle based simulations which includes Molecular dynamics 

simulation, Monte-carlo simulations, Brownian dynamics (BD), dissipative particle dynamics (DPD)  

and field theory based simulations such as Finite Element method, etc. These simulation techniques 

are considered widely to investigate the structural, mechanical and thermal properties of polymer 

composite materials. There are many particle based simulation techniques which was considered by 

different researchers to develop models of polymer matrix composites. The above methods are so 

powerful in predicting the mechanical properties of polymer based composites but these methods 

proved to be more expensive when  simulating large scale models. These methods, over the years, 

have proven to be advantageous in gaining molecular insights and predicting the equilibrium 

properties of polymeric systems. However, these methods are computationally expensive to simulate 

bigger systems with large length-scales. The field theory based methods are mostly analytical 

calculations from which we can predict mechanical properties for large scale models with ease 

compared to particle based techniques. 
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1. Introduction 

 Solar Photovoltaic water pumping system is one of the best technologies that utilize the solar 

energy to pump water from deep well underground water sources and to provide clean water for 

irrigation and drinking water worldwide. The total arable land in India being an agricultural economy 

is 160 million hectares (395 million acres). Demand for electricity for electric power irrigation is 

increasing steadily in 21
st
 century and will also augment itself in near future. Due to erratic and severe 

shortage of electricity it is difficult to meet the demand in most parts of rural sector in India. 

Irrigation by electric power is much cheaper than diesel pumps. The abundant solar energy resource 

and groundwater availability in India can be combined and tapped to make much needed potable 

water available to remote areas of the country. Arab et al. [1] has presented a method for estimating 

the loss-of-load probability (LLP) of a photovoltaic water pumping system. Their study was carried 

out for a constant profile, using a tank with a two-day autonomy capacity and two pumping heads 

applied to a centrifugal pump. Abu-Aligah [2] had carried out research work stating that in locations 

where electricity was unavailable, other means were necessary to pump water for consumption. One 

option proposed by them was a photovoltaic (PV) pumping system. Sudhakar et al. [3] had 

investigated the solar water pump for lift irrigation. A “modified pump” was suggested, which is 

suitable for village water supply. The thermodynamic analysis of the pumps is presented. Though the 

solar water pump is intended to be operated with flat-plate collectors, it is analyzed whether the pump 

could be run more efficiently when coupled with concentrating collectors. Barua and Prasath [4]. 

Studied a design and evaluated the grid connected solar photovoltaic roof-top system for an 

academic campus. A design and feasibility study of the rooftop solar photovoltaic system project was 

conducted using tools- PVsyst and design software by inspecting the project area by utilizing the 

NASA surface meteorology data through the geographical coordinator of project place. 

 This research article deals with the design and technical analysis of photovoltaic water pumping 

systems for irrigation and fresh drinking water supply for a region at Gauripur, Dum Dum, Kolkata 

(Latitude 22.6420° N, Longitude 88.4312° E) located in West Bengal, India (See Fig 1). In this 

project work, a MPPT-AC inverter is used for power conditioning of the system. The authors utilize 

the PVsyst version 6.88[5] to simulate the solar photovoltaic water pumping system for different head 

levels (40m and 60m). The inputs of this software are the monthly average solar irradiation, average 

daily water demand, well depth characteristics, selection of PV modules and pump. The simulation 

process on PVsyst software and operates on hourly values. The results of the simulation indicate 

(refer to Table 1) that 40 m deep well has a system efficiency of 52.4% whereas the 60 m deep well 

has a system efficiency of 65.6%. 
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Figure 1 Solar radiation data of the site 

 
Table 1 Comparison of different system parameters for different pump head levels (40m and 60m). 

 

System parameters Numerical values (40 m) Numerical values (60 m) 

Water pumped 237423 m
3
 205493 m

3
 

Water needs 438000 m3 438000 m
3
 

Energy at pump 44875 kWh 56217 kWh 

Unused PV energy (tank full) 36075 kWh 20154 kWh 

System efficiency 52.4% 65.6% 

Missing water 45.8% 53.1% 

Unused fraction 42.1% 23.5% 

Pump efficiency 69.2% 69.7% 
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1. Introduction 

 Free vibration analysis has been done to describe a structure in terms of natural characteristics 

which are frequencies and mode shapes. There are two boundary conditions that are considered: 

Fixed-Simply Supported and Simply Supported- Simply Supported. Galerkin‟s method of weighted 

residuals is used for the formulation of tapered Euler Bernoulli beam with varying width and depth is 

derived with stiffness and mass matrices in FEM. The variation in natural frequencies are derived by 

ranging α (depth variation) & β (width variation)  from 1 to 5 in case of taper ratio. 

 S.M.Abdelghany, K.M.Ewis,A.A.Mahmoud, M.M.Nassar (2015) investigated Vibration of a 

circular beam with variable cross sections using DTM. M. Nourifar, A. Keyhani and A.A.Sani (2017) 

Free Vibration Analysis of Rotating Euler–Bernoulli Beam with Exponentially Varying Cross-

Section by DTM and FEM was expressed. 

 

2. Objective 

 To derive the equations of linearly tapered rectangular Euler Bernoulli beam with varying width 

and depth. To determine the natural frequency and mode shape for different tapered ratio by using 

Ansys. To determine FE formulation by using Galerkin method of weighted residual method.  

 

3. Methodology 

 The formulation of governing equation of tapered rectangular Euler-Bernoulli Beam is  

  (
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Finite Element Formulation Of Tapered Beam 

 The Stiffness and Mass matrix are derived & the 

 formulation of equation of motion will be given as: 

(-w²[M]+[K]){ϕ}    =0 

 

  

(1) 

(2) 
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4. Result 

    

    

 
Variation in frequencies and modes of different values   when   =1 

 

5. Conclusion 

 The natural frequency of a Fixed-Simply Supported beam decreases as the width of the 

beam increases, according to research using Ansys Software. It has been observed that by increasing 

the width of the beam,the maximum Amplitude increases, the natural frequency and the Phase Angle 

remains same for the harmonic response of various boundary conditions. It has been observed that by 

decreasing the depth of the beam,the natural frequency also decreases for different modes. It has been 

observed that the natural frequency ratio in case of Fixed-Simply Supported beam is more as 

compared to the natural frequency ratio of Simply Supported-Simply Supported beam. In case of 

taper ratio when variation in (depth variation)occur from 1 to 5 with constant  (width variation) then 

the natural frequencies increases respectively from mode 1 to mode 4 shown in graphs and tables. 
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1. Introduction 

 There are around 68 million wheelchair users in the world. Among these, about 5% live in 

disaster prone areas. In India, states like Kerala, Odisha, and others face severe floods during 

monsoon. A number of people get stranded during these floods and it takes a lot of grit, determination 

and hard work from the rescue workers to save these people. One of the main difficulties faced by the 

rescue workers in such situations is the rescuing of differently abled people who need external 

assistance for movement. While moving a person on a wheelchair through the flood, the flow and 

drag of the flowing water create difficulty to the rescue worker in maneuvering the wheelchair. The 

commercially available wheelchairs do not provide any functionality to overcome such situations. 

Therefore, by using the conventional wheelchair, we risk both the companion and the differently 

abled person‟s life. Along with the issue of movement, the lack of knowledge of the terrain may also 

prove life threatening. Hence, as a solution to this socially relevant problem, this manuscript aims to 

develop a indigenous wheelchair for the differently abled. This design solves the aforementioned 

difficulties in such a way that during flood time, it acts as a floating wheel chair and a path guide to 

the rescue worker thus, making the rescue of differently abled person easier. Before arriving at the 

initial design a comprehensive literature survey was conducted. The most relevant details observed 

among those are discussed. 

     Wheelchair users experience many situations that affect the stability and associated performance 

of their wheelchair. Stability is affected by user characteristics and abilities, environmental features 

and conditions, and wheelchair modification and accessories. Wheelchair prescribers need effective 

tools and methods to provide quantitative evaluation and prediction of the behaviour of the user-

wheelchair system in a variety of static and dynamic situations. Such information is very important to 

guide efficient management of associated risks and adjust chairs accordingly (Moody et al., 2003). 

Previously, two-wheel wheelchair systems have been receiving attention since they have high 

mobility better than conventional four-wheel wheelchair systems. However, in two-wheel wheelchair 

systems, pitch angle must be stabilized by actuated wheels since two-wheel wheelchair systems are 

underactuated systems. Furthermore, stabilization control needs to be achieved under parameter 

variation or disturbances considering safety of human (Kazuya and Toshiyuki, 2014). Pressure ulcer, 

also known as decubitus ulcer or bed sores, is a major health problem and one of the reasons behind 

poor quality of life in many wheelchair users. A constant pressure over a period of time causes 

occlusion in blood flow, limiting oxygen supply to skin tissues and leads to localized and deep tissue 

injury (DTI) (Ahmed et al., 2019). The tolerance of pressure varies for different people; however, one 

study suggests that a pressure greater than 32 mm Hg may cause occlusion in blood vessels (Carlson 

and Demeris, 2012). Some handicapped people cannot shift their weight by themselves because they 

do not have any feeling in their lower body are at higher risk to develop pressure ulcers (Ahmed et 

al., 2019).  Many people who suffer from mobility impairments rely on powered wheelchairs to get 

out and about. In 2000, it was estimated that there were over 11 350 electrically powered 

indoor/outdoor chair (EPIOC) users in the U.K. alone and that this number was growing steadily by 
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over 3500 per year. However, a substantial number of users find it difficult to operate their chairs 

effectively (Carlson and Demeris, 2012).  

 The literature review conducted lead to the conclusion that for designing a wheelchair which 

floats on water, the stability analysis of the proposed design is unavoidable. The methodology 

followed in achieving this include the design of the floating wheel chair, stability analysis and 

modifications to the initial design to ensure that the stability is achieved during floatation. 

 The dimensions of the conventional wheelchair of the brand Kosmocare (Maximum load: 100 kg) 

is selected for the analysis. In this, a self inflating Personal Floatation Device (PFD) and balloon tyres 

are attached in order to enable floatation. A SONAR is used for obstacle detection underwater during 

floating. Stability analysis is done using SOLIDWORKS software. In the analysis, the location of 

center of buoyancy and center of gravity are determined. From the relative position of location of 

center of buoyancy and center of gravity the initial positioning of the wheel chair on application can 

be analyzed. For establishing the stability of the design, the metacentric analysis is done. The location 

of metacentre gives the information of the body‟s ability to float. The analysis was done for no load 

initially. Further analysis was done for the loads 60, 70, and 80 kg. Based on the findings it was 

determined that the buoyancy center coincides with the center of gravity at an angle of 9.8 degrees, 

which also indicates that the wheelchair is in neutral equilibrium. Figure 1 shows the final design 

which proved to be stable under no load and loaded condition. 

 
Figure 1 Final modified design after stability analysis 

 

 Hence, the proposed design can prove to be a cost effective and user friendly alternative to the 

conventional wheel chair and would greatly benefit in the rescue of the differently abled/  old aged 

people during floods.  
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1. Introduction 

 Magnetorheological (MR) dampers are widely used in semi active vibration control in automobile 

suspension systems. The vibration control depends on the electromagnetic circuit used in these 

damping systems. To achieve the maximum damping performance, the geometric parameters of the 

piston is optimized. In the present work, a compact design of MR damper is presented, and 

optimization of geometric dimensions of the electromagnetic circuit is performed using design of 

experiments techniques. The pole length, inner radius and MR fluid gap are selected as factors, and 

the magnetic field density is taken as the response parameter. Among these factors, pole length has 

the highest contribution of 74.34%. Further, it was found that smaller pole length requires lower 

values of MR gap to produce highest damping characteristics. 

 

2. Methodology 

 The finite element models of these MR dampers were developed using ANSYS Workbench (Fig. 

1) to study the magnetic flux density in various combinations of control parameters. The MR damper 

is considered as an axisymmetric solid, and the modelling is performed assuming that the magnetic 

loop is fully formed with the magnetic material. Further, MR damper is modelled considering 

negligible leakage of magnetic flux. The core/piston and the outer cylinder are made of SA 1008 

Steel, a magnetic soft iron which is widely used as core in motors, transformers, and inductors. The 

electromagnetic coils are made of copper alloy. The magnetorheological fluid, Lord MRF 132 DG. 

The electromagnet is modelled with 350 turns wrapped over the piston and the magnetic flux is 

found. A cylindrical coordinate system is assigned to the EM coil apart from the global cartesian 

coordinate system. A current of magnitude 1A is applied to the EM coil. A stranded type of source 

conductor was selected. The conducting area was calculated according to the model in consideration. 

A grid independence test was carried out in the MR damper. The results show that 40000 nodes are 

optimum for this analysis. The effect of these geometric damper parameters on the damping force 

(response parameter) is established, and Taguchi technique designs and optimizes the experiments. 

The orthogonal array and the SN ratio are two important tools in the Taguchi technique. Design of 

experiment offers the best possible design variables influencing the performance of the optimization 

problem. In design problems, this statistical approach is used in which more than one input parameter 

affects a response or output. In this method, different combinations of parameters are identified 

(Table 1); and these are referred to as design points. 

 

Table 1 Factors used in Design of Experiments 
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3. Results and discussion 

 Fig. 2 shows the typical image showing the intensity of magnetic flux. The magnetic flux is 

observed to be highest at regions closer to the pole. It may also be observed that the magnetic flux is 

minimum towards the central region (shown in blue color). 

 

 
Figure 4 Typical result of numerical analysis in ANSYS 

 
Table 2 Significance analysis using ANOVA 

 
 

 The magnetic flux density at the fluid flow gap is maximized by optimizing the geometric factors 

of the MR damper. Optimization is performed using Taguchi approach, and it was observed that the 

lowest pole length of 6mm, along with inner radius of 10mm and MR gap of 1.3 mm gives the 

highest value of magnetic flux. Further, these responses were analyzed for significance analysis in 

ANOVA approach. The significance of the parameter and their interactions is analyzed using 

ANOVA. The results from the numerical analysis and ANOVA shows that the contribution of pole 

length is 94.42% as against the 2.86% and 2.59% contribution of inner radius and MR gap 

respectively (Table 2). 
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Abstract 

 The experimental research study assesses the response of semi-active controllers as tested on the quarter-

car suspension system under dynamic conditions. It incorporates an in-house designed and manufactured 

electromagnetic damper and downscaled 2 DOF quarter-car suspension test rig which is used to evaluate 

proposed fuzzy control. The performance of the semi-active controller was compared to the performance of a 

conventional suspension system. The target of this research is to achieve 10% better performance than a 

conventional passive suspension system. Compared to other semi active suspension system available in market 

it should have low power requirement, light weight, and cost efficiency with long service life.  The control 

policy is evaluated based on various parameters. Corresponding to the input, Sprung mass displacement, 

Dynamic tire defection, Suspension Working Space and Transmissibility is considered for the performance of 

the proposed controller. To validate proposed suspension system the parameters were kept same as 

conventional vehicles, such as ratio of unsprung and sprung mass generally lies between 0.2 to 0.3 in light 

weight vehicles so, our system has 17kg sprung mass and 5kg unsprung mass. Suspension spring stiffness and 

tire stiffness when downscaled by 10 compared to conventional light weight vehicles.The proposed study shows 

that fuzzy controlled semi-active suspension offers benefits beyond those of conventional passive suspension 

systems. This experiment is done using Arduino Atmega coupled with MATLAB and Simulink to deploy the 

control algorithm and various sensors to acquire the data. Fuzzy controller acquires data using two linear 

potentiometers and one ultrasonic sensor. Potentiometers are used to measure displacement of sprung mass an 

unsprung mass and ultrasonic sensor is used to sense the road disturbance. When there is excitation or when 

road bump comes the ultrasonic sensor senses the amplitude of disturbance and sends signal to microcontroller. 

Along with that when road disturbance hits tire there is a displacement in lower frame and the gap between 

sprung and unsprung mass is changed which is sensed by linear potentiometers and this signal is sent to 

microcontroller which act as inputs to proposed fuzzy controller. Controller gives output signal of required 

current corresponding to the air gap, this in turn microcontroller sends signal to relay which switches on main 

current flowing to electromagnets. The amount of time for which current is sent to electromagnets is varied 

based on needs of fuzzy controller output. When current is supplied to electromagnets, they try to repel each 

other and create a damping force which provides damping effect of suspension. Further, when there are 

downward movement frames, the same process takes place in control system as it tries to maintain the air gap. 

Thus, Semi-actively controlling the system to maintain minimum amount of vibrations transmitted to passenger 

compartment. Experimental setup was tested using road disturbance of 15mm amplitude and 2.5Hz frequency. 

Using this fuzzy controller, we achieved about 15% overall improvement in proposed suspension system with 

6% improvement in sprung mass displacement, 13% improvement in dynamic tire defection, 44% improvement 

in suspension working space and 9%  improvement in transmissibility compared to passive suspension system. 

The main aim of this research was to develop semi-active electromagnetic suspension and differentiate it with 

the already present passive and semi-active suspension systems. When proposed semi-active electromagnetic 

suspension system if taken to whole vehicle will provide better ride comfort along with active control of roll 

and pitch movement.  

Keywords: Semi-Active Suspension system, Fuzzy Control, Suspension Working Space, Dynamic Tire 

Deflection, Transmissibility 
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1. Introduction 

 Reverse trike is not a not a new concept and has been around quite some time. It is an automobile 

with two wheels in the front and one wheel at the back. The reverse tilting trike is the same concept 

with an added feature for tilting much like a motor bike. There are many models of Reverse E-trike 

out there with the aim of improving stability, traction, balance and better control during cornering. In 

our project we have designed three chassis models for the E-trike considerin factors such as strength, 

availability of the materials during fabrication, cost of the material, design considerations, 

machinability etc, After designing we have also analysed the chassis for deformation, stress, safety 

factor and modal analysis. Improvements on chassis can be done again to make up for the 

shortcomings in the presented designs. The software used is a 3D designing software to design the 

components within given parameters and easily available materials for manufacturing and also the 

manufacturing process. It also requires the software to assemble all the parts and should be 

transferrable across other devices for any changes, as and when required during fabrication. The 3D 

software used in the designing process is SOLIDWORKS after considering the ease in designing the 

components, assembling the final model and also transferring the design to an analysis software to 

test for structural integrity of the design. 

 The second part of the process, which is analyzing the individual components, after designing the 

models, is to apply the maximum and minimum values of constraints such as stresses to evaluate the 

compatibility and strength of the components to withstand the different conditions that it may get 

exposed to, during its lifetime. Also the final product after assembly should also be analyzed during 

different riding conditions this is done using analysis software ANSYS: Mechanical. 

 

2. Design and Analysis 

 In our project we have considered three different models of chassis and have compared them with 

each other on the basis of durability, aesthetics and also improved performance. The base structure is 

that of a two-wheeler motor bike. All the three models have their respective modifications from the 

two-wheeler bike in the front part. 
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        Figure 1 Design of chassis                  Figure 2 Analysis of chassis 

                               model 1                                                              model 3                                                                 

 

3. Analysis 

 The force applied for analysis is 14500 N at the front part of the chassis. The force was calculated 

on the basis of the entire weight of the structure and the average speed at which it might experience 

an impact at the front. The deformation, stress, safety factor and modal analysis were analysed and 

summarized to select the best modal. For the first model, the total deformation of the designed chassis 

after the application of a force 14500N is 0.20171 mm. The maximum equivalent stress experienced 

is 176.07 MPa and a minimum value of 3.646 x 10
-09

 Pa. The minimum value of safety factor by the 

application of a force of 14500N is 1.4217. For the second model. the total deformation of the 

designed chassis after the application of a force 14500N is 0.10378 mm, the maximum equivalent 

stress experienced by  the designed chassis after the application of a force of 14500N is 73.06 MPa 

and a minimum value of 3.858 x 10
-07

 MPa. The minimum value of safety factor by the application of 

a force of 14500N is 3.4217. For the third model The total deformation of the designed chassis after 

the application of a force 14500N is 0.0872 mm. The maximum equivalent stress experienced by  the 

designed chassis after the application of a force of 14500N is 10.435 MPa and a minimum value of 

2.146 x 10
-10

 Pa. The minimum value of safety factor by the application of a force of 14500N is 

2.3957.  

   

 

          
      Figure 4. Analysis of chassis    Figure 5. Analysis of chassis       Figure 6. Analysis of chassis 

                       model 1                                     model 2                                          model 3 
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Abstract 

 India is the largest motorcycle manufacturers in the world, where majority of the population prefer 

motorcycles for their daily commutation. As a motorcycle is an open type vehicle the riders are exposed to 

many uncomfortable conditions. The vibrations in the motorcycle are one of such concerns. This project focuses 

on the vibration analysis of a motorcycle handlebar. Vibrations are induced from engine and road surface. A 

modal analysis simulation will be performed in ANSYS to find natural frequencies and then handlebar is 

subjected to a free vibration test (Impact Hammer Test, using MEscope Visual SDM Software) to verify the 

natural frequencies. The 3D model required for Modal analysis is created by reverse engineering tools like 

Hexagon portable 3D scanner and GOM 3D software. From an article published on Academic Press, London it 

is found that most hand-arm vibrations comes in the range of 50-150 Hz frequency range. The modification of 

the handlebar is made so that the natural frequencies coming in this range will be bypassed. To validate the 

modifications the modal analysis repeated for these modifications.  

Keywords: Motorcycle Handlebar; Impact Hammer Test; MEscope Visual SDM; Hexagon Portable 3D 

scanner and GOM 3D Software; Modal Analysis in ANSYS 

 

1. Introduction 

 Vibrations in motorcycles are always an overlooked problem due to many reasons like their other 

advantages of less fuel consumption, easy maintenance and affordability. The vibration transmitted 

through the handlebars can cause several health issues like vibration induced whitefinger in long 

term. Hence it is very much important to perform vibration analysis of the handlebar. In this project 

the stock handlebar of Royal Enfield Classic 350 is selected which is a chump type handlebar that is 

widely used in many different models of Royal Enfield, Bajaj and Yamaha. The vibrations coming 

from the engine are mainly due to the imbalances in the engine, different motions in the drive line and 

the gas forces inside the cylinder. From an available literature [1] it was found that most hand arm 

vibrations comes in the range of 50-150 Hz. So the modification should be such that this range is 

bypassed. The natural frequency of a structure can be modified by changing the mass or by changing 

the rigidity. The natural frequencies are found through Modal analysis simulation. The simulation 

results are verified by conducting free vibration test of the handlebar. The 3D model required to 

perform modal analysis simulation is reverse engineered using Hexagon 3D scanner and GOM 3D 

software.  

 

2. Results 

 All the above modifications are validated by conducting Modal analysis simulation and the 

obtained results are found satisfying. The results obtained are shown in the table 3.  
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Table 3: Natural frequency for different modifications 

Mode 

Number 

Stock Model 

(Hz) 

Modification 

1(Hz) 

Modification 

2(Hz) 

Modification 

3(Hz) 

1 150.9 166.8 160.02 174.88 

2 352.54 368.13 363.9 380.81 

3 428.67 454.18 439.19 475.09 

4 449.89 479.25 465.68 500.75 

5 692.22 735.37 710.87 764.38 
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Abstract 

 The Ultimate Terrain Vehicle (UTV) is a unique type of All-Terrain Vehicle (ATV) that can accommodate 

four passengers with enough storage spaces and is utilized for expeditions across tough terrain. Such vehicles 

are ideal for military surveillance, but they must be quiet during operation and have high initial torque. Both of 

these requirements are met by the UTV with an electric power train, resulting in the Ultimate Terrain Electric 

Vehicle (UTEV). This study explores the process of designing and analyzing a suspension system for a UTEV. 

This paper comprises objectives and different methodologies used for the calculation and design of the 

suspension components. For the simulation, designing, and analysis, software such as LOTUS, CATIA, ANSYS 

were used. Necessary corrections in the designs were done after the analysis and final evaluation of the 

outcomes of each component has been specified. 

 

1. Introduction 

 Ultimate terrain vehicle is a large and powerful vehicle, with lots of storage space, used for off-

road applications and recreation. The Electric UTV requires massive load carrying capacity, long 

suspension travel, optimum vehicle range, and great performance. The suspension of vehicles needs 

to be taken care of for comfortable operating conditions of the vehicle. The suspension system serves 

a dual purpose contributing to the vehicle's handling and braking for good active safety and driving 

pleasure, and keeping vehicle occupants comfortable and reasonably well isolated from road noise, 

bumps, and vibrations. The suspension also protects the vehicle itself and mounted systems from 

damage and wear. Suspension is the term given to the system that comprises springs, shock 

absorbers, and linkages that connects a vehicle to its wheels. It should ensure the prevention of road 

shocks from being transmitted to the vehicle components and safeguard the occupants from road 

shocks. It also needs to preserve the stability of the vehicle in pitching or rolling motion. To provide 

required height to body structure as well as bear the torque and braking reaction. To keep the body 

perfectly level while traveling over uneven terrain. 

 

2. Methodology 

 Coil springs can be designed for use in compression or extension. Lotus Suspension Simulator 

was used for simulation of the suspension geometry. Vehicle parameters, types of suspension and tyre 

data were finalized and added to the software. Based on the above values an initial wireframe model 

was rendered by the software. The model included the pivoting points of arms, wheel spindle, spring 

and damper point.  

 CATIA V5 R21 and Solidworks 2020 were used for modelling the steering knuckle, A-Arms, 

wheel hubs and semi-trailing arms. Suspensions components were designed keeping in mind the 

assembly, fitment and clearances with other components. Initial designs were analyzed using 

dynamic forces calculated. Ansys 2020 R1 Workbench was used for analysis. Materials were selected 
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or added to engineering data, properties of the material such as density, Poisson's ratio, yield strength, 

young's modulus and ultimate strength were included. The models were meshed mostly in global 

sizes and mesh properties. For solutions, Total Deformation and Equivalent stress (von mises) were 

selected in general. 

 
Figure 1 Methodology adopted for designing suspension system of UTEV 

 

3. Conclusion 

 The springs (front and rear) have been designed taking a static deflection, ride frequency, etc. into 

consideration. The bearing was designed to calculate the radial and axial forces acting on the bearing. 

The component design involved modeling an initial prototype and refining the design using analysis 

results. The loads acting on each component were calculated from the cited reference journals and 

other calculations as mentioned in the appendix of this report. The total deformation and Von Mises 

stress values were found to be within limits for all components.  
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Abstract 

 A product/part/component designed with the capability of easy disassembly provides a number of 

advantages, including running-time service as well as the critical remanufacturing after its useful running 

period before being totally removed from the context of use. This article discusses the importance of 

implementation and the different reasons why these principles have not been brought to the attention of 

relevant entities such as law-making authorities, automotive manufacturers, and customers. In consultation 

with various experts from the relevant fields, an interpretive structural modelling analysis is conducted to 

identify ten driving factors, and the results provide insight into how far the concept of design for disassembly 

and remanufacturing has sought the world for the industry's long-term sustainability. 

Keywords: Design for Disassembly of Product, Interpretive Structural Modelling, Barrier Analysis, 

Remanufacturing, Refurbishing 

 

1. Introduction 

 Interpretive structural modelling (ISM) is a well-established methodology for identifying 

relationships among specific items, which define a problem or an issue. This approach has been 

increasingly used by various researchers to represent the interrelationships among various elements 

related to the issue. Interpretive Structural Modeling (ISM) is a computer based technique for helping 

small groups develop graphical representations of complex systems. ISM was found to provide its 

users with a systematic and comprehensive method for integrating group judgments in the 

development of “first-cut‟ structural models. 

 

2. Problem definition 

 Because of the fact that more often than not, the component might not be designed with scope for 

remanufacturing or since the conception of DfR (Design for remanufacturing) is not accounted during 

the initial stages while developing a product, remanufacturers may face a challenging issue in the 

course of remanufacturing the used commodity. In the conventional way of designing a new 

part/component, after formulating a new idea, an organization would customarily assess the design 

based on three points: technical, financial and market issues prior to production. On account of 

remanufacturing, nonetheless, notwithstanding the above mentioned, organizations would attempt to 

consider extra issues, like regulatory, administrative and environmental facets of the drafted 

component. This draws attention to the concept that one of the most pivotal factors in 

remanufacturing is proper designing of product/components. ISM is a computer-supported interactive 

learning set-up that facilitates groups or individuals to establish a network of the complicated 

connections betwixt the numerous constituents engaged in a complex circumstance. The primary 

notion behind usage of ISM is to utilize the practical expertise and intelligence of experts to break 

down a complex structure into various sub-systems (members) and build a multi-layered illustrative 

structure depicting the relationship between the adjacent elements. 
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3. Research Strategy 

 To propel the growth of ELV recycling sector in order to enhance sustainability results, a bunch 

of drivers drawing in industrial businesses, governments and independent purchasers are enlisted. In 

addition, the ISM analytical technique is employed to depict the position of barriers on the ISM-based 

hierarchical framework and to point out the driving and dependence potential via MICMAC 

analytics. 

 

4. Results and Discussion 

 It can be seen that drawing out a pattern for the barriers obtained from the analysis can be a 

confusing task which is explained further. Throughout this research, a number of expert opinions and 

thoughts were gathered and brainstormed at each section of development to analyse the criticality and 

effect of each understanding how they organize the hindrances of appropriation and on the off chance 

that they recognize the levels and interconnections among them. These factors were extracted from 

the literature and are an assortment of irrelevant hindrances from past research that didn't concentrate 

explicitly on their placement and interconnections. 

 

5. Conclusion 

 This research indulges into the various factors affecting the adoption of remanufacturing and 

design for disassembly principles in the automotive industry. By applying Interpretive structural 

modelling, a flowchart that classifies and speaks for the inter relation among each barrier has been 

made to aid further research on this behalf and become familiar with the factors that hinder their 

adoption. Based on a literature survey, certain factors were shortlisted and in consultation with 

experts and industrial personnel these were critically analysed to form a frame of guide. The results 

thus project the sensitive character of factors based on their effect and aftermath on one another, their 

association and their self. Rather than observing the factors of hindrance in an isolated viewport, it 

demonstrates the significance of scrutinizing information as a cumulative unit. 
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Abstract 

 Vehicle hydraulic brakes are critical components for passenger safety, so they're a good candidate for 

condition monitoring. The condition of braking components can be evaluated using vibration characteristics. 

As a viable solution to such problems, this paper proposes online condition monitoring using a machine 

learning technique. Vibration signals for both good and bad braking situations were obtained from a hydraulic 

brake test setup with the help of a piezoelectric transducer and a data acquisition system. The influence of 

classification algorithms on cost was investigated using principal component analysis (PCA) and a logistic 

regression classifier. The goal of this work is to effectively classify extremely imbalanced and overlapping data 

classes. This work out performs all the previous works with a quality matrix. 

Keywords: Air pressure system, feature selection, PCA, Support vector Machine (SVM), Logistic regression 

 

 
Figure 1 Simulation result of logistic regression classifier 

Conclusion 

 Early diagnosis of a failure in a truck's air pressure system can save a lot of money. The fault 

diagnosis of the hydraulic brake system can be executed, using the vibration signal sand machine 

learning techniques. Only the most recurrently occurring faults were considered. The paper presents 

the effect of class imbalance technique and dimensionality reduction to reduce the maintenance cost 

of Scania trucks. Two different classifiers are used to experiment, and results were scrutinized before 

and after applying the class imbalance technique. It is observed that from the results that the LR 

algorithm out performed away better than other classifiers. In future, these machine learning 

algorithms could be used for motorized data as well. It can be also used in real time/ on 

boarddiagnosis. 
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Abstract 

 A lot of accidents occur each year due to the collapsing of bridges or due to the poor structure and build 

quality of bridges. These are mainly happening because of a lack of maintenance. Attending each bridge every 

time to check their structural stability and reporting for maintenance is a tedious task and hence engineers who 

are responsible mostly avoid them. In this project, we came up with the idea borrowed from a famous project 

done by CISCO in Australia[1]. In Sydney, the Harbour bridge is observed using the recent technology of IoT 

to know how it deals with increased freight loads and high traffic volumes. There are a total of 3200 sensors on 

the Sydney Harbour bridge. They detect vibrations caused by movement. The sensors are placed at respective 

positions according to our convenience and measurements are collected using fiber optics. Our project is 

having the same idea where we establish sensors on the bridges with which we can measure both stresses and 

strain to happen to the bridge in real-time and to upload the obtained data to the servers in real-time as well. 

This method collects data and with Artificial Intelligence integrated into the servers, the data can be studied 

and the system warns the engineers and responsible authorities when the strength of the bridge is in poor 

condition showing that maintenance should be done. With this technology, the engineers can save time as well 

as cost by reducing the manual analysis and exactly pointing at the right location which needs maintenance 

with the help of a large number of sensors. The bridge stress analyzer can also be used in buildings like 

skyscrapers and towers. 

Keywords: Structural Health monitoring system, data acquisition, bridge stress analyzer, stiffness coefficient, 

statistical control limits, second-order structural parameters, IoT, Big data analysis. 

 

Introduction 

 The importance of a structural health monitoring system is well established with the current 

scenarios in Kerala. We have come up with an alternate solution for the structural damage caused and 

maintenance. The working of structural health monitoring can be implemented on bridges with the 

help of IoT and AI. The project we proposed is installing numerous sensors on the bridge with a 

sectional division and monitoring the data collected by the sensors in real-time and evaluating the 

data with the predetermined threshold value. These data are used by the engineers to understand the 

sections of the bridges where the damage is crucial and maintenance is required. The objective is to 

ease the work of the engineers and selectively find out the exact location of the damage on the bridge.  

 The importance of Structural Health Monitoring(SHM) systems is well recognized in the design, 

construction, and maintenance works of civil engineering structures. On a global scale, damage 

detection in the structures is detected using the vibration method. In today's scenario, damage 

detection systems are very commonly devised using vibration measuring methods, although real-time 

vibration measurements of large structures are still a challenge for the construction departments and 

government.  
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Block Diagram 

 
Figure 1 Block diagram of proposed structural health monitoring system. 

 

 
Figure 2 Schematics of an SHM and its technical challenges 
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1. Introduction 

 In today's world, precise data collection is critical for sustaining a system's integrity. Errors are 

less likely to occur when the appropriate method and device are utilised for data collecting. 

Attendance is used to maintain track of the number of pupils in a school, institution, or other 

organisations. The attendance percentage is more crucial since students who consistently attend class 

are more likely to thrive academically. However, if a large number of students are usually absent, it is 

difficult for a faculty to compute manually or input data by typing. 

 Rather than relying on the traditional attendance marking system, the complete procedure of 

attendance recording and maintenance can be handled by a mobile application with help of Internet of 

Things (IoT). This system effectively uses the principles of hardware and software incorporated with 

IoT networking. In the literature, research works on automatic attendance system have been  

described. Jeong et al. (2020) used a capturing device to collect student picture data. The proposed 

system verifies the presence of students in class and sends information through mail. However,  this 

system fails to provide an alternate method when there is an issue in face detection system. Jinushia 

et al.(2020) used Radio Frequency Identification (RFID) card to track the attendance of students. 

Since RFID  usage depends on lecture attendance, it has limititaion on providing accurate information 

on other events of attendance. 

 

2. Research Gap 

 Research studies reported in the literature have not integrated bio-metric and face 

detection/recognition to have more accurate data. There is an absence of an instant mobile 

notification alert to concerned faculty. Students can have access to a mobile phone application that 

allows them to simply track their attendance. If a student's attendance falls below a certain level, the 

application can alert the parties concerned. 

 

3. Working Process 

 Python language is used for developing face recognition and fingerprint detection. To facilitate 

the deployment of global server, flask framework is used while Multi-Task Cascaded Convolutional 

Networks (MTCNN) is used for face recognition. Hardware such as Raspberry Pi 3 Model B is 

utilized. It contains four USB ports and a HDMI port for connecting with the display. Camera is used 

as per user convince resolution. The AS608 optical finger print sensor is used for biometric mounted 

on every class outside wall  and DC power supply battery for power supply. A cloud server is used 

for database management with each class having their own separate database. The database can be 

further split into required period wise database where students‟ data are stored based on their roll 

number. The webpage developed in Flask Framework in python language it connected to mobile 

application. The Mobile application is developed through Java Programming language which acts as 

a user interface. 
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 This system can read the fingerprints of the students at the beginning of the day. Then after using 

the camera, the faces of the students in the classroom during the class period is captured. At  the end 

of the period (scheduled class duration), the number of fingerprints counted in prior will be compared 

with the count of faces detected by the camera. If the count is same, the system summarizes the 

attendance of the students for the period; otherwise, faculty can inspect the faults and manage them if 

necessary via mobile application. 

 

4. Conclusion 

 An IoT based advanced attendance system will be an evolutionary attendance marking technique. 

The proposed state-of-the art system shows the higher effectiveness and efficiency over the existing 

systems by avoiding, if not completely eliminating, fake attendance entries. Teachers will have less 

work keeping attendance records up to date. Moreover, the system makes the attendance summary 

easier when compared to manual attendance management systems. Face detectionhas been 

implemented using the MTCNN algorithm, which can also perform face recognition, resulting in a 

high-accuracy attendance system 
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1. Introduction 

 Traditional bearing materials such as cast iron and bronze were replaced by zinc based ternary 

and quaternary alloys because of its high wear resistance and strength properties. Beesely et. al., 

(1976) studied the friction and wear properties of aluminium alloys containing 1-8% of zinc and 

copper over a load range of 0.5 to 8 kgf and sliding velocity of 2.4 to 16 m/sec on a pin-on-disc wear 

apparatus. But, zinc based alloys possess some limitations in the practical situation. Some of the 

drawbacks of zinc based copper containing alloys are low ductility and dimensional instability. The 

main reason for this dimensional instability is due to the transformation of metastable to stable phase. 

Hence, the zinc based alloys are replaced by aluminium based alloys containing zinc, copper or 

silicon. The influence of copper on mechanical properties and corrosion resistance were investigated 

by A. E. Al- Rawajfeh et. al., (2009). Savaskan et. al., (2004) also studied the effect of copper content 

on wear and mechanical properties of monotectoid-based zinc-aluminium-copper alloys. Dry sliding 

friction and wear properties of ternary Al– 25Zn–3Cu and quaternary Al–25Zn–3Cu– (1–5)Si alloys 

were investigated using a pin-on-disc test machine. This was performed after examining their 

microstructures and mechanical properties by Savaskan et. al., (2010). Ilangovan et. al., (2016) 

investigated the influence of Cu and Zn content on hardness, microstructure, and tribological 

properties of Al-Zn-Cu alloys. The effect of heat treatment (precipitation hardening) on the 

mechanical and wear properties at different aging temperatures and aging time has not been 

investigated. Hence, the present research work is concentrated on the impact of precipitation or age 

hardening on the aluminium-zinc based binary and ternary alloys. Three different aging temperatures 

(100 ºC, 150 ºC and 200 ºC) for 1, 2, 3 and 4 hours were selected as the heat treatment parameters 

which was initially solutionized at 500ºC for 10 hours. The selected composition for the research 

work is Al- 25%Zn and Al- 25%Zn- 3%Cu. 
 

2. Results and discussions 

 It is evident from the mechanical properties (hardness and tensile strength) that after the heat 

treatment process at different aging temperatures and aging times, the optimum condition occurs at 

100 ºC and 2 hours for both alloys. Hence, the wear test was conducted at this optimum condition 

(100 ºC at 2 hours) for different loads and sliding velocities and the values for the same were selected 

as 10 N, 20 N, 30 N and 1 m/s, 2 m/s and 3 m/s respectively. The track diameter and sliding time 

were set as 100 mm and 10 minutes, respectively. Figure 1 represents the variation of wear rate (WR) 

with respect to different loads at constant sliding velocity and Figure 2 represents the same for 

different sliding velocities at constant loads. From the below plots, it is evident that the wear rate is 

minimum at 10 N load and 1 m/s sliding velocity.  
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1. Introduction 

 Continuous casting is a process whereby molten metal is solidified into a semi-finished billet, 

bloom, or slab for subsequent rolling in finishing mills. It is the most frequently used process to cast 

not only steel, but also aluminum and copper alloys. It has evolved to achieve improved yield, 

quality, productivity, and cost efficiency. It allows lower-cost production of metal sections with better 

quality, due to the inherently lower costs of continuous, standardized production of a product, as well 

as providing increased control over the process through automation. However, its operational 

optimization of the process is still concentration of researchers due to the issue of curvature at the 

base and side of the ingot. This research work presents the investigation of thermal and mechanical 

characteristics formed during the direct chill casting process to evaluate the base and side curvature 

using a CFD technique.  

 

2. Methodology 

 An FEA model is developed to predict the temperature distribution and thermal stresses present 

in rectangular-shaped aluminum alloy ingot during the DC casting process. The final ingot in a DC 

casting process is expected to be larger than the pure elastic nature, hence the thermal stress relieved 

by the viscoelastic mechanism. An aluminum alloy material is considered for transient structural-

thermal simulation. The simulation process uses quarter symmetric modeling approach. This 

approach is used to save computational time. FEA Simulations are based on element birth and death 

concept.  A moving mesh approach is used to model the ingot generation. The initial mesh for the 

ingot is pre-defined so that it can be compressed in casting direction with top side fixed. A direct chill 

(DC) casting process includes the fluid flow and solidification which can be  simulated by solving 

continuity equations, Navier-stokes equations, volume of fluid-fraction equation and energy equation.  

 

3. Results and Discussion 

 Based on the commercial software ANSYS APDL, An FEM and FVM method is used to solve 

the governing equations. In this analysis, it is assumed that one complete layer of material comes out 

and then it starts to solidify. The speed of the cast layer formation in numerical model is kept same as 

in actual casting speed (t = 25 min). The simulation was performed three different temperature ranges 

690
o
C, 700

o
C and 715 °C and three different casting speeds 65, 55 and 75 mm. The process of layer 

formation of ingot is as shown in figure 1 
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(a) Ingot formation at time t = 409 sec a) Ingot formation at time t = 750 sec 

  

a) Ingot formation at time t = 1159 sec a) Ingot formation at time t = 1500 sec 

 
Figure 1 Process of direct chill casting simulation by layer formation 

 

4. Conclusion 

 The results of temperature profile and deflection for different operating conditions was plotted. 

From the results, it is concluded that, a newly developed numerical model has shown the exceptional 

capability to solve the thermal and mechanical performance of the direct chill casting process. It has 

been observed that, The side pull in effect has a great impact with change in molten metal 

temperature, casting speed, and also on the convection rate over the outer surface of the mold. The 

maximum deflection was found to 23.34 mm for the case with 715 °C molten temperature and 75 

mm/min casting speed. 

Keywords— Continuous casting, coupled Finite element modeling, element birth and death mesh, 

computational Fluid dynamics. 
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Abstract 

 The Friction Stir Welding (FSW) technique results in mixing and densification of weld joint in a more 

accurate and localized manner. Friction Stir Welding (FSW) is a newly invented joining process which uses 

tool to join different materials without reaching to its melting point. This welding technique were performed at 

temperatures below the base metal plates melting point temperature without filler material, shielding gases 

[1,13]. Friction stir welding (FSW) have a capability to join aluminium alloys and other lightweight materials 

because of its better advantage than the conventional welding techniques and finds applications in marine, 

aerospace and defence areas. Friction stir welding technique uses a tool which weld a high temperature steel 

and titanium alloy plates, tool material selected will withstand the high impact forces, shear forces and wear 

resistance at high temperature [2,10].In this welding method, the tool and welding process specification plays 

important role in creating high strength in welding joints includes; welding speed, tool rotation speed rate, feed 

rate, pin shoulder diameter and tool material selected have a high hardness property and tensile strength 

property of  welded joint. [3, 16]. Here the authors employed dissimilar alloys as base materials AA6061 and 

Mg AZ31 plates of 6mm thickness circular butt joints welded using a vertically milling CNC machine. They 

used Welding parameters, welding speed, tool rotating speed, type of Tool. The Tool consists of cylindrical 

shoulders having four different pins geometry. FSW method operated between 10 to 40mm/min of feed rate and 

welding rotating speed rate varying between 800 to 2000rpm. They found from their results that better welding 

joint formed for HCHCr cylindrical threaded pin tool material at 1200rpm of tool rotating speed and feed rate 

10mm/min [4,12]. FSW has been used to create a more significant weld with more structural integrity. In this 

research work, to join AA 3103 and AA 7075 was carried out. These alloys were preferred due to their wide 

variety of applications varying from aluminium fabrication to the aerospace industry. AA 7075, being a costlier 

metal, can be partially replaced with AA 3103, which can be economically justifiable for this research.  

 

 The study tries to reveal the regression model by considering the FSW parameters like speed, feed and 

offset. Various mechanical tests, impact tests and hardness tests were used for determining the most suitable 

weld joint. After conducting the tests, the results were analyzed using Minitab 18 software. The mathematical 

equations were derived out of Response Surface Methodology, which proved to be efficient. The report thus 

discusses the details in the analysis and study of FSW. 
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1. Introduction 

 Ultra-high molecular weight polyethylene (UHMWPE) is an advanced type of one of the most 

widely used thermoplastic polymer polyethylene. This UHMWPE polymer has extremely long chains 

and a very high average molecular weight exceeding three million g.mol
-1

. The extremely long chains 

facilitate the transfer of mechanical load more efficiently to the polymer backbone by the strong 

intermolecular interactions. Consequently, Roiron et al. (2021) have elucidated that it is the material 

of choice for lightweight high strength fibers for high-performance applications. In this study, the 

ultimate tensile strengths of three different types of single UHMWPE fibers i.e., un-drawn, drawn and 

those obtained from Dyneema have been determined through simulation utilizing Von Mises Stress 

Criterion to study the effect of fiber drawing on tensile properties of UHMWPE fibers.  

 

2. Experimental Work 

 In this study, two types of fibers (as-spun and drawn fiber with a draw ratio of 10) termed UD 

and D respectively were obtained from the gel spinning process using UHMWPE powder and 

decahydronaphthalene. SK75 grade fiber from DSM Dyneema was also studied as the third fiber. The 

requisite material properties of fibers were fed in the SOLIDWORKS simulation software and the 

tensile properties were extracted using Linear Elastic Isotropic Model. Simulation results were 

compared with experimental tensile tests conducted on single fibers as per ASTM D3379-75 on an 

INSTRON 5900 UTM. Morphology and diameter of the fibers were assessed using a TESCAN 

FESEM. Wide-angle X-ray diffraction (XRD) patterns of the fibers were recorded on a Bruker XRD 

system.  

 

3. Results and Discussion 

 The diameters of UD, D and Dyneema were ca. 190, 120, and 20 μm respectively as shown in 

Fig. 1. The simulation of stress conditions on the fibers is depicted in Fig. 2. Comparative strengths 

are depicted in Table 1 which elucidates that the simulation results are close to experimental results 

and the percentage error between the simulated and experimental results reduces with the extent of 

fiber drawing. This may be ascribed to better alignment and close packing of polymer chains during 

fiber drawing which can be supported by the relative crystallinity of the fibers studied through XRD 

(Figure 3). These results further support the findings reported earlier by Jian et al. (2003) and Schaller 

et al. (2015). 
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Table 1 Properties of  (a) Undrawn; (b) Drawn; and (c) Dyneema SK75 UHMWPE fibers 

Properties UHMWPE (UD) UHMWPE (D) Dyneema 

Poisssion‟s Ratio Approx. 0.4 0.4 0.4 

Young‟s Modulus (GPa) from UTM 0.301 10.746 122.107 

Load (N) from UTM 3.24 6 1.035 

Density (g.cm
-3

) 0.97 0.97 0.97 

Specimen Length (mm) 25 25 25 

Tensile 

Strength (MPa) 

Using UTM 115.89  515.31  3299.81 

Using Simulation 118.9 524.3  3349 

Percentage Error (%) 2.59  1.74 1.49 

    

 

 
Figure 1 FESEM images of (a) Undrawn; (b) Drawn; and (c) Dyneema SK75 UHMWPE fibers 

 

     
Figure 2 Stress simulation of  (a) Undrawn; (b) Drawn; and (c) Dyneema SK75 UHMWPE fibers 

 

 
Figure 3 XRD patterns of UHMWPE fibers 

4. Conclusion 

 The simulation results corroborated well with the experimental results and illustrate that 

percentage error between the simulated and experimentally determined results reduces with the extent 

of fiber drawing which can be ascribed to the better alignment and close packing of polymer chains 

during fiber drawing. 
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Abstract 

 One of the, nowadays, most difficult challenges on manufacturing system developments is to achieve total 

dimensional control of parts produced, creating statistical data analyses and part-to-part control. This kind of 

integration may be reached by using devices commonly called Touch Trigger Probes attached to CNC Machine 

Tools. In this work a comprehensive scheme is generated for calculating the near points to a curved geometry 

so that the measurement will give the touch points in Realtime. The generated outputs are crosschecked by 

manually finding the points thereby validating the proposed scheme. 

Keywords: Advanced Manufacturing, Thin-walled parts, Component accuracy, NC Probing, Dimensional 

Control 

 

1. Introduction 

 Touch probe equipments are used for measurements and calibrations based on projects 

specifications, closed-loop process control, dimensional control of parts manufactured, tool 

compensation, fast setup, process statistical data acquisition and more. It is very important in current 

manufacturing systems trends to make the use of these functions, making possible a part- to-part 

inspection control, if necessary, which assures that dimensional errors are immediately detected, 

reducing scraps, avoiding that a full batch of pieces are scraped and reducing the costs due to parts 

reworks. 

 
Figure 1 Touch Trigger Probe attached to a VMC 

2. Problem Definition 

 The surface near point calculation computes the distance. The sign of distance is determined by 

the direction of corresponding normal vector. This is based on the fact that the minimum distance 

between a point and a surface point at which the vector is perpendicular to the surface of the ellipse or 

any other curved geometry. 

 

3. Conclusion 

 A scheme is proposed for the measurement of complex and variable curved thin-walled parts in 

peripheral milling. The requirement of the program on an optimum measuring cycle time is obtained 

by incorporating the near points and constant distance calculation. The paper mainly aims to optimize 

the part measuring cycle time during the machining which is termed as on- machine measurement. 
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1. Introduction 

 The COVID -19 which is a respiratory disease spread by a virus of the coronavirus family has 

become a big problem leading to the closure of all academic as well as economic activities due to its 

capability to spread fast. In this study, we have investigated the effect to mix disinfectant in aerosol 

form with air coming out from the air conditioning machine so it can reach all parts of the room to 

kill the virus and prevent the closure of certain necessary teaching-learning activities in the 

classroom. For this, the k-ε model which consists of two equations is used to numerically model the 

turbulent flow in the classroom. From the analysis, it can be found that high turbulent zones are 

formed in the room which can be an effective way of distributing aerosol-based disinfectant in the 

classroom, and from particle tracker, we can see aerosol-based disinfectant reaching every corner. 

This study was primarily performed with sanitiser mixing in consideration but can be also used with 

any other aerosol-based disinfectant. 

 

2. Methodology 

 A CAD model of the classroom with student and teacher desk with air-conditioned inlet at the 

centre ceiling and two exhaust outletsat sides along with a sanitiser machine is developed and shown 

in figure 1 and 2. Tetrahedral meshing is done and fluid volume is extracted to generate a grid.  The 

cold air inlet temperature is 24 C with a velocity of 3.9 m/s and the aerosol-based disinfectant 

machine inlet at a temperature of 30 C with a velocity of 1.5 m/s.  

 

 
Figure 1 CAD model of Classroom 
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Figure 2 Inlet and Outlet boundary condition of Classroom 

 

 

3. Results 

 Figure 3 shows the influence of air when the only air conditioner is working in transient flow at a 

time step of 3000 with step size 0.01s.  This indicates that flow is unsteady can cover all areas of the 

classroom. Now we move on to mixing aerosol-based disinfectant with this flow.  

 

 
Figure 3 Stream line flow of Air-conditioner air  

 

 When the air conditioner and aerosol disinfectant machine both are switched on together we can 

see from the velocity vector plot in figure 4 that the mixing zone is formed at the intersection of both 

the flows and also from temperature contour figure 5 we can see that two different temperature flows 

mix well together.  

 

 
 Figure 4 Temperature Contour Plot    Figure 5 Velocity Vector Plot 

 

 The mixing and covering of all areas of mixed flow can also be determined using Turbulent 

kinetic energy contour, we can see in figure 6 a high eddy zone is created at the mixing with a high 

turbulent zone indicating a greater amount of mixing and spread of aerosol-based disinfectant in all 

areas of the room. 
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 Along with that, a Particle tracking analysis is also done where particles released from the aerosol 

disinfectant machine are tracked for their movement with the influence of air conditioner air as shown 

in figure 7, it is noted that almost all areas are covered in the classroom.  

 

    
Figure 6 Turbulent Kinetic Energy Contour Plot   Figure 7 Particle Tracking from Disinfectant Machine Inlet 

 

4. Conclusion 

 From the study, we can conclude that high turbulent zones are created inside the room which will 

help in the effective distribution of disinfectant and from the particle tracker analysis we can say that 

aerosol-based disinfectant will cover the entire room effectively.  
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1. Introduction 

 The world is witnessing a pandemic of SARS-CoV 2 infection since the first quarter of 21
st
 

century. Ever since the first case was reported in Wuhan city of China in December 2019, the virus 

has spread over 223 countries. Globally, there had been 187 million confirmed cases of COVID-19 as 

on 12 July 2021(1). The pandemic had also created global health, economic and political crises of 

which the consequences are yet to be determined. The spread of COVID-19 had created a huge 

disruption in our day-to-day activities which we had never experienced in our lifetime and had forced 

us to follow social distancing norms, temporary suspension of business activities and limited our 

travels. It also created an additional burden on the health care system. The first case of COVID19 

reported in India was in the Trichur district of Kerala on 30 January 2020. Currently, the number of 

cases in India is 3,09,04,734 and Kerala has 30,73,134 number of cases (2). The district in our focus, 

Ernakulam reported to have 369260 cases and 1446 deaths as on 12 July 2021. 

 In this scenario, the use of data analysis is more important than ever. Understanding and 

predicting the dynamics of COVID-19 spread through the analysis of the available data will empower 

our administrations with insights and can be useful tools for better planning and response against the 

burden inflicted on our health care infrastructure, emergency systems and overall economy. Thus 

COVID-19 data analysis is critical to protect public health systemand also to save lives. 

 

2. Epidemiology of COVID-19 

 Like any other respiratory viruses, direct and indirect droplet borne infection is the predominant 

mode of transmission for SARS-CoV2 (3). The virus has also been identified from the stool samples 

of both symptomatic and convalescing patients but the risk of feco -oral transmission is unclear. The 

incubation period for the virus is 14 days and the median incubation period is 4-5 days. The 

presentation varies from asymptomatic cases to symptoms like fever, dry cough, breathlessness, 

anosmia, loss of taste, anorexia, myalgia and gastrointestinal symptoms like diarrhoea, abdominal 

pain, and vomiting, nausea. (4) 

 

3. Methodology 

 Data is extracted from Lab Data Management System(LDMS) which is a government portal to 

enter all the COVID testing details. Approximately, 15000-35000 tests are done daily  in the district 

and the positive, negative and total number of tests done are taken from this portal. Complete 

demographic data of positive patients is also entered into the system. Daily reports of  TPR, active 

cases, cases per million etc are calculated based on this data. Data from all the 124 peripheral 

government institutions  are also entered into a google spreadsheet by the concerned authority and 

shared with the data management analysis team. The data collected include the number of new cases,  

active cases, test positive health care workers, antenatal covid19 cases and deaths including covid and 

non-Covid deaths which get reported under the concerned institution. 
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 When a patient is tested positive, the details of the patient are also entered into a google 

spreadsheet of positive case linelist. Multiple google sheets are shared to peripheral instituitions and 

the concerned authority in each institution is required to fill the respective spreadsheets and share 

with the data management analysis team of the District surveillance Unit. 

 The members of the data analysis team combine the spreadsheets and sort the data using R 

software on a daily basis. The final detailed linelist is a list with 58 columns and a master linelist is 

generated in to which details of all COVID-19 positive patients are uploaded. As the number of cases 

are very high, the volume of data fed into the spreadsheets will also be high. Hence the linelist is split 

into 35 parts. For the ease of documentation  and analysis, these 35 parts are combined into one part 

using the R software and all data analyses are done using R. For daily generation of various reports 

and a daily bulletin, a dedicated R script is written by the data team . Depending on the various 

parameters required to be plotted on a day, R code is modified and then shared with  the  data  

management analysis team. 

 
Figure 1 Time trend of COVID 19 cases in Ernakulam District, Kerala 

 

4. Conclusion 

 Although the epidemic situation in Kerala is not yet alarming, strengthening the mitigation efforts 

and increasing the vaccination drive is necessary to keep the transmission rate as low as possible. Due 

to the dynamic nature of the virus, more epidemiological models are required for forecasting and 

preparedness of the pandemic. This can be achieved by utilizing the raw data and secondary data for 

analysis and conducting more research. 
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Abstract 

 The temperature of earth is increasing gradually every year. This situation demands more air-conditioned 

space. But the wide use of air conditioners and HVAC system increase the pollution to a great extent. In this 

project we aim to introduce is a new method of cooling with minimum zero pollution and increasing the thermal 

comfort of the room. We have done the experiment in a room with no air conditioners in the hot summer days in 

Kerala, India. The walls of experimental room were covered with locally available creeper plants. External 

mechanical system was used to water the plants. A blower was used to supply cold air near plants to the room. 

The temperature and relative humidity at three different times in two days was measured. With the help of 

similar experiments done in past, experimental data was extrapolated. A maximum temperature decreases of 

3.4 ℃ and 7.7% increase of relative humidity was observed. 

 

1. Introduction 

 Cooling serves the basic function of providing health and comfort. In warm climates, especially 

where the humidity is high, comfort does not depend on the rate of fresh air supply, but more to the 

speed at which the air moves around the space to promote evaporation cooling. The thermal comfort 

is defined as the condition of mind that expresses satisfaction with the thermal environment and is 

assessed by subjective evaluation. The human body can be considered as a heat engine which take 

food as input energy and release excess heat for proper working. The balance of this heat release 

process very important for a healthy life. In most of the cases the thermal comfort is not attained as 

we expect. Due to global warming the temperature of earth is gradually increasing and the need for 

air-conditioning systems are also increasing drastically. When compared to rural areas the 

temperature in urban areas is much higher. This is due to the high population and high emission rates 

in urban region. In urban area the power required for cooling building will increase. In this study we 

consider the indoor temperature of a room and relative of humidity of the room. 

 Green walls are walls that contain plants either directly attached to the walls or at a small distance 

from the wall fixed in a stand. Different plants according to the local availability can be used in the  
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green walls. This system is also referred as vertical garden. The vertical gardens were used for 

passive cooling of buildings in earlier days. Nowadays the effect of vertical garden for cooling the 

indoor of buildings is a study of interest. 

 The vertical garden system can resist the solar radiation which can help in decreasing the indoor 

air temperature. The plant system is connected with a mechanical irrigation system. The system is 

designed such that the water from the top layer of plants will flow to the next layer through the holes 

at the bottom of the trays. In this work we used plastic bottles to grow plants. It was an initiative use 

plastic waste effectively. Vertical garden can improve the air quality. In urban areas vertical garden 

can improve biodiversity and it can help in decreasing the urban heat island. The aim of this project is 

to analyse the temperature and relative humidity variation in a non-air-conditioned room which is 

attached with a vertical garden. 

 

3. Experimentation 

 
Figure 3 Test room for experiment 

 

 The external walls of the room were covered with plants and plants are at a distance of 100mm 

from wall surface. The vertical garden is connected with pipes to supply water. Water is supplied at a 

particular interval of time. The room is closed and temperature and humidity are measured at 10.00 

am, 12.00 am, 2.00pm. The probe of humidity and temperature sensor is inserted into the room 

through a small sized hole at height of 1m. The temperature and relative humidity were displayed on 

the screen of the sensor. This is repeated for two days. 

 

4. Conclusion 

 According to the compared data, it is clear that a notable change in temperature and relative 

humidity can be made by using vertical garden. Further study can be conducted to improve the 

efficiency and the impact of green walls on energy saving. This system can also be used in an air-

conditioned room. This increases the scope of this project. Also, the government is promoting 

sustainable ways of cooling as a part of green building. It is low cost and easy to maintain. The 

vertical garden can also help in decreasing the urban heat island formed in urban area 
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1. Introduction 

 Reduced waiting time of patients and management of resources in the Emergency Departments 

(EDs) are very crucial for any hospital. During the recent Covid-19 pandemic, many countries have 

failed in managing their Covid-19 cases and the hospitals are flooded with emergency patients who 

need critical treatment and resources like ventilators and oxygen support. Hence, the patients had to 

wait a long time and many patients have died due to lack of proper treatment and resources in 

hospitals. According to Zeinali et al. (2015), long waiting times and patient‟s congestion are few of 

the biggest problems faced by hospitals worldwide. Hence, there is a need for finding a solution to 

this problem.  

 Khekale et al. (2020) provided an extensive review of literature on the use of simulation models 

in reducing the patient waiting times in the Emergency Departments. The paper shows the analysis of 

various studies based on their modeling techniques, data sources, collection methods and study 

findings. A detailed presentation and review of published studies from each category is given and 

their important features are discussed. Literature review indicates that the most appropriate 

methodology for finding optimal resource allocation and for reducing patient waiting time in EDs is 

simulation modeling. Simulation modeling aids in assessing the consequences of making changes in 

the system without disturbing the system (Weng & Tsai, 2011).  

 

2. Research Methodology 

 The fundamental objective of this study is to develop a novel Decision Support System (DSS) to 

reduce the patient waiting time in emergency departments of hospitals. In this direction, this research 

focuses on an ED of a large public hospital in India. Firstly, data regarding various parameters to be 

input in the simulation model like the patient arrival rate, service times at various points of care 

(POCs) and transit times are obtained from a previous study performed in the hospital. Figure 1 

shows the process flow in the ED. In the next step, a simulation model is built using SimPy library in 

Python programming language. The results are compared with the simulation results obtained from a 

popular process-oriented simulation package - Arena. In the next step, the simulation model is run for 

different configuration of resources and the average patient waiting time is obtained for each 

configuration. These simulation results are tabulated into a data frame in Python.  

 Based on the tabulated data, a Multiple Linear Regression (MLR) metamodel is developed and 

the R-square, RMSE values are checked for desired accuracy of model. Based on the coefficient 

values obtained from the MLR results, a metamodel equation is obtained. In the susequent step, a 

linear optimization problem is developed based on the metamodel equation, resource constraints and 

budget constraints specified by the hospital management with an objective of minimizing the average 

patient waiting time. The linear optimization problem is solved using PuLP library in python and the 

optimal quantity of resources to be allocated at each POC is obtained. 
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Figure 1 Process flow chart of the emergency department 

 

3. Discussion and Conclusion 

 It is observed from the simulation results that the average waiting time of patients is very high at 

various points of care in the ED. The significant bottlenecks leading to increased waiting times in the 

ED were identified and the total average patient waiting time is observed to be around 2.27 days. The 

proposed resource allocation by the DSS reduces the total average patient waiting time by almost 1 

day (i.e) 44% reduction in total waiting time. The results from the Simpy based metamodeling and 

optimization model is validated by comparing them with that obtained from a popular simulation 

package Arena with the proposed resource configuration. 

 Furthermore, It is found that the proposed methodology is faster and inexpensive when compared 

to commercially available simulation software packages because SimPy is a library in a popular 

programming language called Python. The Simpy based model can be used and distributed freely 

(even for commercial use) because it is developed under open-source license approved by the Open 

Source Initiative (OSI). The proposed model provides the power to integrate all the functions like 

simulation, metamodeling and optimization within a single program. Thus, it requires minimal 

interaction from the hospital management and helps them to take quick decisions in times of excess 

demand. The input data required by the model consists of patient inflow data, resource constraints 

and budget constraints of the hospital. This study can help hospitals in situation like Covid-19 

pandemic when the demand exceeds exponentially. Hospitals can use the proposed methodology to 

appropriately allocate their resources in times of excess demand. 
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1. Introduction 

 The human lung is one of the most intriguing and complex organs there is. Apart from 

oxygenation of the blood, it plays a pivotal role in thermoregulation of the body, filtration of the 

systemic circulation, etc (Lumb, 2017). For centuries its complexity has captured the imagination of 

not only physicians but scientists and mathematicians as well. There have been innumerable attempts 

to decipher the enigma of respiration. For a long time, scientists relied on in vitro studies performed 

on cadaver lungs. Weibel's (1963) pioneering studies into the morphology of the lung shed light on its 

structural complexities. Based on his studies he was also able to propose a simplified set of 

geometrical models for the airway tree structure. Scholars around the world have relied on such 

simplified models to investigate the flow characteristics inside the human lung. In addition to helping 

physicians understand the working of the lung, the study of flow characteristics will also help us 

predict aerosol transport and deposition in the lung. Which in turn will be helpful in analyzing the 

effect of air pollution on human health, the efficacy of aerosol drug delivery, etc. Despite the 

unrealistic nature, simple geometric models such as Weibel's were relied on, mostly because of their 

computational attractiveness and the impracticality of in vivo experiments. But with the 

advancements in medical imaging technology and computing power, it is becoming ever easier to do 

realistic modeling of the lung and computational analysis of the flow within it. To model the lung in 

its entirety is still a gargantuan task and one can only hope, with the present pace of advancements the 

task will become even handier in the decades to come. In this paper we are discussing, a viable, off-

the-shelf approach to generating a realistic upper airway geometry by medical image segmentation of 

the CT image of a human lung, and performing a CFD simulation of a steady flow through the 

geometry. 

 

2. Upper Airway Segmentation 

 Advancements in medical imaging techniques have helped us peer more into the inner workings 

of the human body. Coupled with that, powerful image processing capabilities have provided us with 

useful insights, that are not only helpful in the early diagnosis of critical ailments but also to analyze 

and predict the mechanics of our body. Hundreds of medical images (redacting patient details) have 

been made available to the public to facilitate scientific research. A few such repositories are, VIA/I-

ELCAP Public Lung Image Database (VIA Research Group, 2010), the Lung Image Database 

Consortium (LIDC) and the Image Database Resource Initiative (IDRI): A completed reference 

database of lung nodules on CT scans (Armato et al., 2011), The Cancer Imaging Archive (TCIA) 

(Clark et al., 2013), Harmonized Cancer Datasets: Genomic Data Commons Data Portal (U.S. 

Department of Health and Human Services). In this study, we have made use of a Computed 

Tomographic (CT) image of a thorax obtained from the LIDC. CT imaging makes use of X-Rays 

(slightly more powerful than the standard X-Ray machines) to differentially highlight various 

elements based on their density. Inside of the airway tree and the lung parenchyma (being more 

sponge-like) consists of mostly air and thus allow the rays to pass right through (radiolucent). Thus 
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these parts appear darker in the images (which are negatives of the original). A typical CT imaging 

produces multiple such images which are images of slices of the part being imaged. As the 

technology is maturing, the number of slices and the resolution is improving  and we are able to 

image the thinnest of slices with the highest resolutions. The image used for the study is generated by 

GE Light Speed Ultra 8 Slice CT.  

 
Figure 5 Upper Airway Tree Volume Segmented from a CT Image 

 

 The upper airway geometry is segmented from the CT images by a process known as 

thresholding, in which the voxels of similar intensities are stitched together. This would help us to 

create a geometry that resembles the vast network of air pockets within the lung, from which the 

airway tree is isolated by slicing, removing and erasing the rest of the parenchyma. By such process, 

we were able to obtain a minimum of 4 generations along all the branches and up to 6 along some 

distal ones. Each branching produces a new generation, dichotomously (exception rather than a rule), 

with one parent and two children (Weibel, 1963). The trachea is typically designated as the zeroth 

generation (Lumb, 2017). Open source image processing platforms such as 3D Slicer (Fedorov et al., 

2012) and ITK-SNAP are equally equipped for the task, though we employed the former. 

Commercial packages such as Mimics Innovation Suite offer much more functionality. There is a 

section dedicated to pulmonary segmentation, which employs advanced region growing and leak 

detection algorithms to segment the airway tree. 

 

3. CFD analysis 

 Generating computational grids is equally, if not more, challenging than segmentation, mostly 

because of the irregularities in the surface. Most of them, though not all, are anatomically accurate. 

Some irregularities seep in due to the limitations of the imaging and processing techniques. Thus 

some smoothening of the surface is essential to deliver accurate models and to ease the grid 

generation process. This was performed by using open source software Autodesk Meshmixer. After 

obtaining the grids, fine enough to capture the physics of the flow, the region was solved for a steady 

laminar flow with uniform inlet velocity that would represent an adult breathing during light activity 

and ambient outlet pressure boundary conditions. Computation was performed on the Sunya Labs 

High-Performance Computing Facility at Rajagiri School of Engineering and Technology. The results 

concur with the literature and show features akin to Dean flow from the first bifurcation onwards. 
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Figure 6 Counter-rotating vortices after the first bifurcation (cross sectional view) 

 

4. Future Scope 

 The scope of the work can be expanded on several fronts to deliver more accurate predictions. 

The authors wishes to realise a more sensible transient condition across the boundaries. The flow 

through the more distal and narrower airways and the lung parenchyma can be modelled as a flow 

across a porous media as proposed by DeGroot et al. (2016). Also, the transportation and deposition 

of aerosols along the airway will be interesting from a pharmaceutical and public health stand point. 
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Abstract 
 The ongoing Covid-19 pandemic affected the many people lives. This covid-19 virus can transmit because 

of sneezing ,breathing, coughing and talking of infected person. To avoid this transmission of diseases people 

were ask to wear a face mask. But in many times it is uncomfortable to wear the face mask, for example in 

summer days, when continuously talking, while staying on beaches. Also face mask required the periodic 

disinfection and replacement.  

 To avoid this problem, we came up with new solution that is Air Face Shield. The idea of air face shield is 

totally based on the air curtain. Air face shield is non material face covering which will be safeguarding us 

from direct contact of virus. Air face shield is a product same as that of normal face shield but instead of 

material covering, air flow is pass in front of face of human to make protective shielding. As shown in figure 1, 

the air flow coming out of air face shield, take away any harmful viruses and it will act as the personal 

protective equipment. 

 
Figure 1 Schematic of air face shield 

 

 In this paper the flow environment of air face shield was simulated on the CFD simulation Ansys 

fluent2019 R3 software. The various turbulence models were studied for air face shield. The result of 

simulation of air face shield of various turbulence models with grid sensitivity were validated with 

analytical model of air jet impingement. It was found that standard K-epsilon turbulence model was 

giving the best accurate result with mean absolute error of 5% to 6%. Using the similar simulation 

method, air face shield performance was investigated for  three different cases. In the three different 

cases angle of inclination was given 10
0
, 20

0
 and 30

0
 with the nozzle width of 5mm. For three 

different angle of inclination best optimal angle of inclination and nozzle inlet velocity was obtained 

to provide the better shielding to the human face with minimum swirling of air. It is observed that, 

30
0
 angle of inclination and 5 m/s velocity provide better shielding with minimum eddies. 

 This research analysis shows best optimal parameters for the air face shield, that will give 

protection from virus transmission and it will be act as the PPE kit. 
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1. Introduction 

 Hemodynamics play a major role in the development of numerous diseases and disorders, 

including atherosclerosis and stroke. Hemodynamic forces must be adequately mapped in order to 

precisely predict and avoid various illnesses and disorders. Blood is a complicated biological fluid 

that contains constituents, such as erythrocytes, that cause it to behave in a non-Newtonian manner. 

This component is usually overlooked while studying carotid blood flow, and blood is modelled as a 

Newtonian fluid with constant viscosity. In the present study comparison of haemodynamics in 

carotid artery for Newtonian viscosity model and non-Newtonian Carreau Yasuda viscosity model is 

done. Computational fluid dynamics analysis is carried out for 4 patient specific healthy carotid artery 

model. The geometry of the carotid artery is obtained from CT scan and 3D model is generated using 

MIMICS. Blood enters carotid artery through common carotid artery (CCA) and splits into 2 arteries 

named internal carotid artery (ICA) and external carotid artery (ECA). Pulsatile velocity boundary 

condition is considered at CCA, and Pulsatile pressure boundary condition is considered for both ICA 

and ECA. The results obtained for both Newtonian and Carreau Yasuda viscosity model is studied 

and compared. Wall shear stress is calculated and when compared, results obtained from Newtonian 

viscosity model overestimates or underestimate WSS in certain regions like bifurcation of CCA into 

ICA and ECA. 

 Blood is a complex body fluid which consists of different particles like plasma, erythrocytes, 

Erythrocytes, and platelets. 40% of the blood is composed of plasma, which is a Newtonian fluid, but 

the presence of other particle in blood may behave as non-Newtonian fluid. Blood is considered shear 

thinning fluid in which viscosity of the blood decrease with increase in shear and strain rate, this due 

to alignment of the haematocrit which is having capsule shape along the direction of the flow. The 

blood flow in larger artery can be considered as Newtonian flow but flow in the regions like small 

arteries, stenosis, curve the flow turns into non-Newtonian flow. So, the viscosity of the blood is to be 

considered as non-Newtonian fluid. There are different blood viscosity models often used to mimic 

blood flow. The most suitable model is Carreau Yasuda model which is a four parameters model 

compensate for large range of shear rates. 

 A Newtonian fluid has a constant viscosity that is proportional to the shear stress and shearing 

rate. It signifies that the viscosity of the fluid does not change with the shearing rate. 

   Effective viscosity, µ=µ∞          (1) 

 Where µ is Effective viscosity in Pa-s and µ∞is the viscosity at infinite shear rate, µ∞= 0.00345 

Pa-s(Jahangiri et al., 2018). 

 Carreau Yasuda model combines Newtonian and Power law models to solve both shear thinning 

and thickening fluid problems. In contrast to the power law model, this model works in both high and 

low shear rate situations(Khan et al., 2018). It is necessary to include the viscosity values at zero 

shear and infinite shear in the formulation at extremely high and very low shear rates. The equation 

for effective viscosity for Carreau Yasuda model is as described below. 

                          (2) 
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 Where η is the viscosity, γ is the shear rate,µ0 is the viscosity at zero shear rate, µ∞ is the viscosity 

at infinite shear rate, λ, α, and n are material coefficients (λ = 1.902 s, α = 1.25,n = 0.22), a is Yasuda 

constant (a=1.25). For blood,µ∞ = 0.00345 Pa s, µ0 = 0.056 Pa s(Weddell et al., 2015)(Lee et al., 

2019). 

 The comparison of Newtonian and Carreau Yasuda model is done, dynamic viscosity is plotted 

against shear rate as shown in figure 1. 

 

 
Figure 7 Comparison of Newtonian and Carreau Yasuda viscosity model. 
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1. Introduction 

 Thrust augmentation is the process by which the thrust produced by a jet-propulsion engine may 

be increased temporarily over its normal value by some secondary means such as the burning of 

additional fuel in the tail pipe, or the injection of water into the engine inlet and the combustion 

chambers, which increases the mass flow, the velocity, or both. Jet engines generate thrust as a 

reaction force to the force created by expanding a fluid with higher pressure than ambient pressure to 

ambient pressure through an exhaust nozzle.  

 A rectangular section ejector with circular nozzle is tested by two-dimensional computation. The 

standard k− turbulence model was employed in all the simulations. Standard wall function method 

was used to deal with the flow near the tube wall. The adaptive mesh refinement method was used to 

refine the local mesh where there were large pressure gradients. The external region of the domain is 

pressure outlet. The gas was assumed as an ideal gas. Steady symmetric 2-D simulations were 

performed by solving the compressible Navier-Stokes equations with the finite volume method. A 

domain of 320x542.7 mm was selected around the nozzle-ejector combination. The models of energy 

equation and viscous k-epsilon was turned on to do the fluent analysis. The material in the domain 

was given as fluid-air and the solid of the nozzle and ejector as aluminium. 

 

2. Methodology 

 Modelling of ejector and nozzle was done in Solid Works. Meshing was done and A rectangular 

section ejector with circular nozzle is tested by two-dimensional computation. The standard k− 

turbulence model was employed in all the simulations.  

 

   
       Figure 1 Dimensions of nozzle-ejector                      Figure 2 Nozzle edge sizing 
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3. Results and Discussion 

 In the numerical analysis the values of thrust corresponding to different area ratios were obtained. 

The thrust value obtained in numerical analysis for AR 12 is very close to the value obtained in the 

experimental study. This result was used for the validation process. After the validation area ratios are 

changed and results are obtained. 

 

 
 

 

Figure 3 Velocity contour and thrust obtained for (a) AR 8, (b) AR 10 and (c) AR 14 

 

4. References 

1. Isaac M. Choutapalli, An Experimental Study of a Pulsed Jet Ejector, 2007, Florid State 

University.  

2. Orlando Rodriguez, An experimental study of thrust augmentation with asymmetrical nozzle 

driven pulsed ejector, 2019, The University of Texas Rio Grande Valley. 

3. Greitzer, E.M., Paterson R.W., & Tan, C.S., (1985) An Approximate Substitution Principle 

for Viscous, Royal Society. 

4. Mi, J., Nathan, G.J. Luxton, R.E., Centreline mixing characteristics of jets from nine 

differently shaped nozzles, 2000, https://doi.org/10.1007/s003480050012. 

5. Jaberi, F.A., Miller, R.S., Madnia C.K., & Givi, P., (1995) Non-Gaussian scalar statistics in 

homogeneous turbulence, Cambridge University Press. 

6. Presz, W.M., Jr. & Greitzer, E.M., (1988) A Useful Similarity Principle for Jet Engine 

Exhaust System Performance, 24th Joint Propulsion Conference(11 July 1988 - 13 July 

1988). 

  

a b 

c 



Third International Conference on  
Computing in Mechanical Engineering Department of Mechanical Engineering, SCMS, Cochin 

September 22
nd 

- 24
th

, 2021 

 101 

 

DESIGN AND ANALYSIS OF SEMI-AUTOMATIC ARECA-NUT 

HARVESTING RIG 

 

Rakesh Jose
1*

, Arjun Suresh
2
, Eldho Jose

3
, Francis Lal

4 
& George M Sabu

5 

1
Assistant Professor, Dept. of Mechanical Engineering, VJCET, Vazhakulam, India, 

rakeshj@vjcet.org 
2
 Dept. of Mechanical Engineering, VJCET, Vazhakulam, India, arjunsuresh9991.as@gmail.com 

3
 Dept. of Mechanical Engineering, VJCET, Vazhakulam, India, eldhojose0078@gmail.com 

4
 Dept. of Mechanical Engineering, VJCET, Vazhakulam, India, francis5722inarp@gmail.com 

5
 Dept. of Mechanical Engineering, VJCET, Vazhakulam, India, georgemsabu@gmail.com 

 

 

1. Introduction 

 On studying various papers, the problems faced with the existing designs for arecanut harvesting 

were noted, and this design was aimed at fixing these problems, along with some common issues 

while designing this device. The objectives and scope of the project were fixed based on this. The 

objectives are to develop a design that focuses on the ease of use of the customer, to reduce 

dependence on any skilled labour, to provide an economically feasible method of harvesting and to 

lay focus on safety. The scopes are that this device can eliminate the difficulties faced by areca nut 

farmers while harvesting, users do not require additional skill to operate the device as it is simple to 

use, this device is a reliable option as it is unaffected by market changes or labour scarcity. 

 In the development stage of this project, the design and development were done using advanced 

CAD software for design, analysis and manufacturing. This allowed for a cost-effective and relatively 

less time-consuming approach to the design. The use of CAD software allowed accurate visualization 

of the design without the need for manufacturing in the initial stage. Analysis of the formulated 

design ensured the required safety factor. Using CAM, the final product could be made having a high 

degree of precision, without consuming much time. 

 

2. Design 

 The climbing mechanism consists of two C-shaped columns pivoted at the centre to form an X 

frame, and it is driven by four separate geared motors, each mounted on the four ends of the X frame. 

The frame is held tightly along the tree with an extension spring system. 

 The cutting mechanism uses a simplified slider crank mechanism. It consists of 2 halves, each 

covering 180 degrees around the tree. Each half is made up of a curved saw blade which reciprocates 

in a semi-circular slot. The blade is driven by a vertically placed motor using a slider-crank 

mechanism. 

 
Figure 8 Complete design of the model. 
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3. Design Optimisation and Simulation 

 A detailed design of the climbing mechanism based on the X-frame was designed and validated 

under various possible load cases. For a maximum load of 200N as spring load, the safety factor was 

obtained as 2.67. A detailed design of the slider-crank mechanism is made and simulated under 

various possible load cases. For a maximum load of 50N on the blade, the factor of safety is obtained 

as 2.367. The design is ensured to have a uniform stress distribution throughout. For the design of the 

slot, the position of the slot and the mounting hole is known. By considering these as preserved 

geometries, a mesh is generated by using a shape optimisation tool(Fig 2). Based on this generated 

mesh, the thickness is observed to be 5.7mm. In order to standardise this value, a 6mm MS plate is 

chosen for the slot. This design is validated using simulation methods(Fig 3). The toolpath for the 3-

axis CNC machine is generated and it is then simulated. This is then machined on a CNC milling 

machine. 

 

 
 

  Figure 2 Generated Load Path   Figure 3 Simulation of Optimized Design 

 

 
Figure 4 Simulation of Tool Path 
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Abstract 

 Nowadays, thermal power plants have become the main source of power generation. These power plants 

make use of industrial boilers to generate such huge amount of power. During its operation, an industrial 

boileris subjected to hugeload variations which result in pressure as well as water level fluctuations. This leads 

to a decrease in the performance of a boiler. Such decline in performance can be avoided by minimizing these 

variations with the help of a control system. However, the conventional control system used by a boiler account 

for a significant time lag. By the time the control system adjusts the inputs to the boiler according to the output 

requirements, the load changes again. This time lag further worsens the performance of the boiler. In this 

study, predictive models of water level and pressure developed using mass and energy balance equations of 

boiler are presented, which can be utilized in developing a faster control system. Such a control system can 

adjust the inputs such as feed water rate and fuel input rate, to the boiler so as to avoid the variations predicted 

by the presented models. The data for this study has been collected from a horizontal, multi-tubular, shell type, 

smoke tube boiler with a water wall furnace(Courtesy: Thermax Ltd., Chinchwad, Pune, India) with the 

following specifications. 

Table 1 Specifications of the boiler 

Outer diameter of drum 1900 mm 

Inner diameter of drum 1880 mm 

Length of drum 3750 mm 

Number of tubes 255 

Radius of each tube 32 mm 

Efficiency of boiler 85% 

Design steam load 8000 kg/h 

Design steam pressure 10.54 kg(f)/cm
2
 

Heating surface area 254.28 m
2
 

 

 The data consists of parameters such as inlet feed water rate, outlet steam flow rate, pressure 

inside the boiler,  temperature of inlet feed water, temperature of outlet steam, water level, percentage 

of fuel consumed etc. After extracting required features from this data set for 6138 minutes, 

mathematical operations are carried out to obtain values of apparent water volume and steam volume 

and fuel consumption. The values thus obtained are first substituted in the mass balance equation of 

the boiler and Multivariate regression is performed so that the error between the left-hand side and 

right-hand side of this equation is minimized. With the help of this, the void fraction value for the 

succeeding time step is obtained to predict the water level. Void fraction value is also used in 

substituting the true water and steam volumes in the energy balance equation of boiler. This is 

followed by carrying out multivariate regression on the energy balance equation and the pressure 

inside the boiler at the next time step is predicted. The process of minimizing the error is carried out 

using SLSQP minimizer from Python‟s SciPy library. 
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 The equations above are subjected to dynamic multivariate regression. That is, regression is 

performed iteratively on datasets of the form            ,            ,            , 

           , and            . After the regression process, the statistical properties of the 

predicted and actual values of water level and pressure were compared for different sizes of 

regression data sets. On comparison it is observed that the data set size of 500 has an optimum 

standard deviation and optimum error in the models. The models developed using this process have 

an average error of 0.0243% in water level predictions and 8.0525% in pressure predictions. These 

models deal with a water level range of 64.525%, pressure range of 0.467 MPa and steam load range 

of 70%. The models developed in this study can be refined and utilized in developing a faster control 

system for the boiler which would help in avoiding the pressure and water level variations. 

 

 
Figure 1Variation of predicted and actual water level inside the boiler 

 

 
Figure 2Variation of predicted and actual pressure inside the boiler 
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1. Introduction 

 Supply chain (SC) is increasingly being recognized as the integration of key business processes 

across the industry [1]. Lean is a popular concept for improving operational performance in 

manufacturing and service sectors. Lean system (LS) for manufacturing is defined as a collection of 

practices that work together to create a high quality, streamlined system that produces finished 

products with little or no waste at the rate of customer demand [2]. When the lean concept is 

implemented across the entire supply chain it is referred to as a lean supply chain (LSC). The purpose 

of this paper is to review literature on lean in the supply chain to identify key lean practices, lean 

tools, performance enablers, burning issues and  consequences of lean implementation in supply 

chain. The paper involves a comprehensive review of articles on lean in the supply chain using 

structured content analysis. The reviewed articles were classified based on the basic characteristics 

and contextual issues. To meet the proposed objective literature survey is performed on LSC which 

were mapped in journal articles published from 1985 to 2021. The paper is structured into six 

sections including this introduction. The following section presents the theoretical framework, 

focusing on the concepts of LSC. In the third section methodology is presented in brief. The 

following section suggests a description and analysis of publications. Subsequently, Results and 

discussion are presented. Finally conclusions and limitations are reported. 

 Barriers of Lean implementation: Many companies attempted to implement few lean principles 

independently and been very successful in implementing techniques like JIT, Kanban, Production 

leveling, team building, quality circle, and others but it did not bring them kind of success these 

companies was expecting through lean implementation [3]. The  cultural issues is a barrier to 

implement continuous improvement strategies and problem of resistance to change [4]. Prominent 

barriers to implement lean are Cost of the investment, Insufficient supervisory skills to implement 

lean, Employee attitudes/resistance to change, Insufficient exter. funding , Insufficient senior 

management skills to implement Lean, Insufficient workforce skills to implement lean and 

Insufficient understanding of the potential benefits. 

 

2. Methodology 

 This study contents descriptive and retrospective analysis through a literature review in papers 

related to SC, LS and LSC. A four-step process model proposed for content analysis is adopted for 

this review. The four steps are: material collection, descriptive analysis, category selection and 

material evaluation.  

 Distribution of articles across Research area: All the papers reviewed are broadly classified in 

three main streams SC, LS and LSC.  
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Table 3 Publications Across Research Area 

S. No. Research Area Publications 

1 Supply chain 25 

2 Lean System 37 

3 Lean Supply Chain 44 

 

 
Figure 9. Distribution Across Research Area 

 

3. Distribution of articles across time 

 

Table 2 Publications Across Time Interval 

S. 

No. 
Time Interval Publications 

1 1985-1989 2 

2 1990 – 1994 3 

3 1995 – 1999 11 

4 2000 – 2004 13 

5 2005-2009 15 

6 2010-2014 28 

7 2015-2021 34 

                                                                                                                                                            

 
Figure 2 Distribution Across Time Interval 

 

4. Distribution of articles across journals 

 The articles are found in renowned journals includes IJOPE, JOCP, IJOPM, JOPM, RCC, 

IJPDLM, IJLSS, IJOBM, IJOPR, JOMS, JOMTM, ORP, PPC, SAJOIE, SCM:IJ, IJOLM, Elsevier 

Procedia, IEEE, Proceedings etc. 
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                                                       Figure 3 Distribution Across Journals 

 

5. Conclusion 

 This literature review provides insights about research on lean in supply chain as regards the 

amount of works already done, research approach, trend and authors‟ views on main issues in the 

field.  Further paper, presents the review of barriers of lean implementation too. Understanding the 

barriers is important for managers to avoid failures and to sustain lean leap. Full implementation of 

lean in the supply chain is necessary to assess the benefits comprehensively. Strategic and operational 

levels of lean are found in the implementation of lean in the supply chain [7]. The literature pointed 

toward popularity of lean in India; but when it comes to success, its only start of journey. The review 

helped in the identification of what many researchers in the field view as benefits of lean 

implementation in the supply chain and what makes a lean supply chain. Thus, the information will 

be of immense help to researchers and organizations implementing lean in their supply chain. 

 

6. References 

1. Croxton K.L., Dastugue S. J. G., Lambert D. M. and Rogers D. S., (2001), “The Supply 

Chain Management Processes”, The International Journal of Logistics Management, Volume 

12, Number 2, pp. 13-36. 

2. Assen M. V., (2013), “Lean practices, Lean Tools & Performance”, opx institute, Tilburg 

university, Netherlands “www.vanassen.info/wp-content/uploads/Research-paper-lean-

practices-lean-tools-performance”. 

3. Goel, P. S., Jain, R., Mohanty, R. P., Nepal, B., (2010), Insights and learnings from lean 

manufacturing implementation practices, Int. J. Services and Operations Management, Vol. 

6, pp. 398-422. 

4. Stevens G.C., (1993),Integrating the supply chain, Int. J. Phys. Distr. Logist. Manag., 19, 8, 

3–8. 

5. Hines, P., Holwe, M. and Rich, N. (2004), Learning to evolve: A review of contemporary 

lean thinking, International Journal of Operations & Production Management, Vol. 24, No. 

10, pp. 994-1011. 

 

 

 

 

 

 

 

 

 

 



Third International Conference on  
Computing in Mechanical Engineering Department of Mechanical Engineering, SCMS, Cochin 

September 22
nd 

- 24
th

, 2021 

 108 

 

ACADEMIC PERFORMANCE PREDICTION OF POST GRADUATE STUDENTS 

IN TECHNICAL  EDUCATIONAL INSTITUTIONS 

 

Varun M
1*

, Eldose K K
2
 & Sridharan, R

3 

1
Department of Mechanical Engineering, National Institute of Technology Calicut, 

Kerala - 673601, India, varun_m190605me@nitc.ac.in 
2
Department of Mechanical Engineering, Adi Shankara Institute of Engineering and  

Technology, Kalady, Kerala - 683574, India, eldhosekk.me@adishankara.ac.in 
3
Department of Mechanical Engineering, National Institute of Technology Calicut,  

Kerala - 673601,  India, sreedhar@nitc.ac.in 

 

1. Introduction 

 Institutions of higher learning operate in a highly competitive environment. To compete with 

world-class institutions, institutes must adapt their strategy to increase overall performance. 

Educational institutes analyse their performance to build a strategy to improve the institute‟s image 

and obtain funded projects from several sectors. Academic achievement of students is one of the most 

important factors in improving an institution's ranking and recognition (Yaacob et al., 2019).Prior 

knowledge of students‟ details will help institutions to monitor students and to predict future 

performance. Students who underperform need to be spotted at the earliest and necessary steps have 

to be provided to boost their performance.  

 The present study focuses on identifying the vital attributes and its influence on the students‟ 

performance to formulate an appropriate strategy.Performance of students in an academic program 

depends upon several aspects of their previous academic performance and family background.The 

focus of this study is on post graduate students in technical education. A few studies on performance 

prediction have been reported in the literature. Razak et al. (2018) used linear regression and decision 

tree models to determine the relationship between independent variables and dependent variables for 

performance prediction. Dabhade et al. (2021) applied regression-based machine learning algorithms 

for academic performance prediction of undergraduate students of a technical institution.  

 

2. Research Methodology 

 In the present study, several Artificial Neural Network (ANN) models and other machine learning 

models were developed using Python programming language to predict students‟ performance and 

the models were compared to one another. Various ANN models were created by changing certain 

parameters such as activation function, loss function, optimiser, etc. in the Multi Layer Perceptron 

(MLP) base model. Other than the ANN models, Support Vector Machine (SVM) model is also 

developed. Exploratory factor analysis is performed on the collected data which reveals important 

attributes that affect the model. Figure 1 shows the methodology adopted in the present study.  
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Figure 1 Overview of the Research Methodology 

 

4. Discussion and Conclusion 

 Students‟ data were collected through a questionnaire-based survey from post graduate students 

of technical education institutions all over India. The appropriate machine learning models are 

identified and the Python codes for the same are developed with the help of keras library. After 

comparing models to one another, it was found that the SVM model fits the best for this scenario 

(smaller sample size, regression /non-classifier). Along with identifying the model for this aspect, it is 

also found that certain models suit certain problems; such as MLP are found to be best suited for 

classifier rather than regression problems. The other take away of this study is that the ANN models 

in spite of having data adequacy issues, do not fall behind much when compared to SVM (SVM had 

16% more accuracy).  
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Abstract 

 Public Transport Corporations play an important role in Indian context and they operate a large number 

of buses. In this research we try to find the cost analysis if the state transport corporation of Kerala starts to 

recycle its vehicles at its end of life. 

Keywords: - End Of Life Vehicles; Cost analysis, Automobile recycling, Refurbishing. 

 

1. Introduction 

 Public Transport Corporations play an important role in Indian context and they operate a large 

number of buses [1]. These organisations do face problems in dealing with the vehicles after their 

useful life and such vehicles may be designated as end-of-life vehicles (ELV). With due consideration 

to these factors an analysis is made on the issues related to generation of ELVs and the systematic 

way of handling these ELVs in a Public Transport Undertaking in South India and the details are 

presented here. The process of collecting used products from consumers and the transportation of 

these products for the purpose of recycling or reuse are generally termed as a reverse flow. The 

recommended model contains all operations in a product recovery and is concerned about a network 

of waste management for used vehicles and reuse for vehicle parts such as collection, disassembly, 

remodel, processing, disposal and reuse of vehicle parts. 

 The usual practice in Kerala state is to discard the vehicle after 15 years of usage whereas the 

Karnataka transport corporation will discard the vehicle after 12 years of usage, though, according to 

a verdict by the High court of Delhi on 16
th
 August 2004 the life span of heavy commercial vehicles 

is specified as 8 years. The existing practice adopted by the transport corporation involves taking 

decision once the transport carrier reaches 15 years of its registration. A committee consisting of the 

Mechanical engineer (north zone), Mechanical engineer (south zone), Works manager (south zone) 

Works manager (north zone) Works manager (west zone) Assistant depot engineer, Depot engineer 

and charge man, can take the decision to dispose a vehicle after 15 years of the registration. The bus 

will be dismantled  and, after sorting into metal scrap and non-metal scrap, the remains of the vehicle 

will be auctioned to scrap merchants. 

 Indu Vijayan (2014) further observes that in the existing system throughout the course of running 

the transport corporation there is a huge demand for spare parts. The author further points out that the 

increased amount of purchase of spare parts in KSRTC as one of the main causes of huge financial 

loss. In respect of the transport corporation under study, it is observed that, at present, the discarded 

vehicles are just auctioned or sold at scrap rates. The studies conducted have showed that that once a 

vehicle is scrapped, all the items need not be sold as scrap which is the existing practice in KSRTC. 

The items can be refurbished and used as reserve spare parts. It is to be noted that refurbishing refers 

to refining, renovating or cleaning the parts. This is sometimes related to cannibalisation, which refers 

to the process of removing part of the vehicle and using them in another one. For example, by 

retrieving parts such as batteries and starters for  subsequent refurbishing or remanufacturing, the 
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Transport Corporation can reclaim value and gain significant revenue. The processes of 

disassembling the used vehicles and the conditions for examining them are investigated in the present 

work and a comprehensive analysis on the form of reuse of parts is carried out. It provides a 

fundamental knowledge of how useful materials are extracted from an end-of-life vehicle. The parts 

and components that are still reusable without any additional repairing will be removed for usage in 

in-service vehicles, and parts and components that are in fairly good condition will be removed for 

refurbishment. It is to be noted that the purpose of refurbishing is to increase the quality of the 

dismantled parts or components by repairing or replacing part of them. In this direction a study was 

conducted on the types of parts that can be reconditioned or refurbished and reused as spares thereby 

effecting savings to the transport corporation. According to the data analysis there are 192 identified 

components out of which 69 are reusable components and 123 non-reusable components. Out of the 

192 parts identified, 69 parts were grouped under either the first or second group with the rest 123 

parts grouped under non-reusable category, and the remains of the vehicle, after removal of these 

parts, will be sold as scrap for further recycling. 

 

2. Conclusion 

 The amount which can be saved by refurbishing items from a vehicle reaching end of its useful 

life is found to be approximately 9 lakhs (INR), provided all such components can be used as spares. 

In the event when not all such components can be used as spares, it is still possible that a good 

proportion of such components can be used as spares, and it is presumed that at least 50 percentage of 

such savings can definitely be achieved, leading to the conclusion that a sum of about 4.5 lakhs (INR) 

per vehicle can be saved towards purchase of spares. 

 

3. References 
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Abstract 

 For managing recovery operations and waste in an effective manner, there is a need for corresponding 

network design. The purpose of this study is to build up a mathematical programming model so as to manage 

reverse flows disposal in end-of-life vehicles’ recovery network. The process of collecting used products from 

consumers and the transportation of these products for the purpose of recycling or reuse are generally termed 

as a reverse flow. In this work an analysis of the end-of-life vehicles handling by reverse flow is performed and 

a mathematical model of the designed network in linear programming is solved by genetic algorithm. A 

comparative study of using the traditional linear programming solver and genetic algorithm is also presented. 

Keywords: - End of Life Vehicles, Network Design, Computational Solution, Component Management, Genetic 

Algorithm 

 

1. Introduction 

 A mathematical model represents the actual situation in a mathematical form and can be utilized 

to make decisions or to understand the actual situation in a better way. The segments of a 

mathematical model are the objective function, the constraints and the decision variables. The values 

of the decision variables are so found using mathematical models that optimize an objective function 

over the set of decision variables that gratify the provided constraints. The mixed integer linear 

programming model is a type of mathematical model in which some of the variables are needed to be 

integers and the constraints, either equalities or inequalities, and the objective function should be 

linear functions of the decision variables. An objective function is defined, a model is formulated and 

solution is extracted using LiPS solver for collection of ELVs at the designated collection centres and 

periodically transported to the disassembly & refurbishing centres, where they are inspected and 

subsequently dismantled into various parts and components in the current work. 

 

2. Problem definition 

 The problem under consideration involves determination of the number of dismantling / 

disassembly / refurbishing centers to be employed given the population of ELVs likely to be 

generated over the next few periods and the associated costs, the objective being optimization of the 

total associated costs. 

 

3. Conclusion 

 The problems of operating vehicles beyond their useful life are highlighted in this work. The 

issues involved in the current practices of handling the vehicles that reach their end-of-life are 

analysed and a new system of handling vehicles at the end of their useful life is proposed. The 

possibility of extracting certain parts or components for reuse in in-service vehicles after appropriate 

reconditioning is also explored and the economic benefits are also brought out. The existing approach 

of handling the vehicles that reach their end-of-life at a Public Transport Organisation is studied and a 

new system of handling these vehicles is proposed wherein certain parts or components can be reused 

resulting in a sizeable saving towards the cost of spares. The problem of transporting the ELVs from  
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the various depots to the various refurbishing centres is also addressed with the mathematical 

formulation and subsequent solving by using appropriate techniques. The proposed ELV management 

system will enable the decision makers to deal with the ELV disposal in an effective and economic 

manner whereas the model will enable the decision makers to better manage the ELVs transportation 

routes. 
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1. Introduction 

 Driver ergonomics have been identified as a source of concern that contributes significantly to 

traffic accidents. Driver fatigue is a function of ergonomic issues related to driving. Fatigue is a state 

of exhaustion caused by extended periods of driving, tedious road conditions, and a poor environment 

or the driver's features(Matthews, 2002). Driver fatigue caused by ergonomic issues also leads to a 

reluctance to drive and a complete withdrawal of attention from traffic and road conditions(Brown, 

1994). Although previous researchers have debated the matter in numerous domains, they have still 

come up with the importance of driver ergonomics and its effects on driving performance.  

 Most of the countries have spent decades attempting to understand the issues and reasons 

underlying driver ergonomic health impacts. There is a dearth of study on ergonomic impacts on 

driving performance in developing countries, especially India(Gastaldi et al., 2014,Chand et al., 

2021). Limited data is available to address the ergonomic concerns of heavy-duty drivers, indicating a 

significant gap in the literature that needs to be addressed. This study paves the way for the inquiry 

into the impacts of factors affecting driver ergonomics and discusses the issues that should be 

considered when selecting and using an assessment instrument. The significance of developing the 

optimal tool for resolving ergonomic challenges of heavy-duty drivers is also presented. 

 

2. Managing the Ergonomic Issues of Heavy Vehicle Drivers 

 Driver distraction due to ergonomic issues can be affected by psychological, physical and 

cognitive factors. There are several methods for understanding the management of heavy vehicle 

driver ergonomics issues as a means of reducing heavy vehicle injuries and deaths. A Driver 

Distraction model for Heavy Vehicles is developed from the literature survey and it focuses on the 

research gaps connected to driver ergonomics and regulations impacting driver fatigue. This model is 

divided into six major areas: long driving hours, poor Human Machine Interface, incorrect driving  

posture, vibration due to bad road, driver sleepiness and age of the driver (Figure 1). 

 
Figure 1 Factors affecting the driver ergonomics. 
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3. Ergonomic methods for assessing exposure to driving risk factors. 

 Numerous ergonomic assessment techniques have been created and classified into three broad 

groups.  Selecting the most appropriate technique or combination of methods from this spectrum of 

existing methodologies poses a major difficulty. To provide an effective and healthy driving 

environment, it is important to combine these approaches with the understanding of the anatomy of 

the body and how it reacts to loads. The three sets of methods, as well as the names of the techniques 

and their features, to evaluate if drivers are at risk when engaging with the vehicle environment are 

self reports, observational methods and direct methods.  

 

4. The development of an integrated ergonomic tool - Digital Human Model (DHM).  

 The input to the ergonomic analysis is highly reliant on the technique of observation or sensitivity 

measurement used. Thus, the structure of ergonomic evaluation is dependent on the available 

resources and the features of the driving environment. The hybrid character of ergonomic issues 

requires the use of various instruments for a complete ergonomic evaluation. Digital Human 

Modelling techniques incorporate a variety of strategies that integrate different ergonomic tools to 

evaluate driving environment design, analyse Human Machine Interface compatibility, and determine 

risks of musculoskeletal disorders. DHM combines CAD, human factors management, and risk 

evaluation.   
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Abstract 

 Maximization of the cutting tool life during turning operation in a CNC lathe machine has received the 

attention of many researchers. The present work focusses on maximization of cutting tool life using sintered 

carbide tool during turning operation on an aluminium work piece in a CNC lathe machine. Traditional method 

of calculating Taylor’s tool life does not consider the variables in machining such as feed rate and depth of cut. 

In real situations, the tool life is affected by feed rate and depth of cut. The parameters influencing cutting tool 

life such as speed, feed, depth of cut is fixed using Taguchi method of parametric estimation using four factors, 

five level L25 orthogonal arrays. The Signal to Noise ratio was calculated for each set of experiments.  

Keywords: Design of Experiments, Turning Operation, Orthogonal Array, Si / No ratio, Taguchi Method 

 

1. Introduction 

 Trends in globalization, competition in market, economic stability and responsiveness has posed 

a threat to the manufacturing firms in terms of striving for excellence. Manufacturing sectors 

competing for customer satisfaction has not only insisted on advancements in manufacturing 

technology but also to deliver quality products to their end customers at shorter lead times.The design 

of experiments procedure is developed with the objective of improving statistical response lowering 

the expense incurred.  

 Taguchi method developed by Taguchi and Konishi is widely accepted as a statistical method 

developed with the objective of improving the manufacturing quality of goods. The improvement in 

manufacturing quality is achieved by optimizing the process parameters. Robust design using 

Taguchi method ensures high quality at low cost and eliminates the need for massive tied up capital 

in inspection process. The robust design technique satisfies the improvement in product quality by 

controlling the effects of variation considering the causes. According to Pannerselvam et al. (2021), 

automated machining systems insists on cutting tool with high strength to operate in high feed and 

operating temperatures. 

 So as to attain the desired results, the process parameters are to be selected carefully and are 

subsequently forked into control and noise factors. Noise factors being very expensive or difficult to 

control causes deviation of a product performance from the target value. The control factors are 

selected in such a way that it annuls the effect of noise factors. The identification of the proper 

control factors so as to achieve the optimum process results is a main feature of the Taguchi process. 

To conduct a set of experiments, Orthogonal Arrays (OA) are used. Analysis of the results of these 

experiments predicts the quality of components produced.  

 

2. Concluding remarks 

 The present study focusses on the maximization of cutting tool life of a sintered carbide tool 

during turning operation on an aluminium work piece in a CNC lathe machine. Traditional method of 

calculating Taylor‟s tool life does not consider the variables in machining such as feed rate and depth 

of cut. In real situations, the tool life is affected by feed rate and depth of cut. The parameters such as 
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speed, feed, depth of cut is fixed using Taguchi method of parametric estimation. Also, Taguchi 

method overcomes the conventional full factorial design by permitting partial factorial design using 

orthogonal arrays.  

 In the present work, a four factor, five level L25 orthogonal array has been used for the analysis. 

The L25 orthogonal array, signal-to-noise ratio, and the analysis of variance are utilized to optimize 

the machining parameters in a CNC turning operation. The four factors namely; speed, feed, depth of 

cut and coolant flow rate were considered in the analysis.  
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1. Introduction 

 Modular Reconfigurable Robotics deals with the design and building of robots that can come 

together in versatile configurations to form a lattice shape in order to achieve the task at hand. The 

concept of MRR took root in the 1970s, but it was by the 1980s when this concept was put to 

experimentation.  Since then, a variety of MRR systems have been developed, each with better 

functionality and flexibility. The progress in this field is solely due to its potential in variable 

environments to perform multiple tasks. From the experimentation, the necessary features of an MRR 

are reconfiguration, docking, degrees of freedom, locomotion, control, communications, size, and 

power.  

 This paper will be discussing a unique type of mechanically based locomotion system used in 

MRR. DeusCell is a MRR unit that runs on command to self-assemble into a desired structure or 

design with real-time adaptability and the capability to reconfigure themselves if an external 

deformation occurs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10 Deus Cell 

2. Objective 

 This work aims to create a modular and self-reconfigurable unit that possesses a mechanical 

locomotion system and analyze its load carrying capabilities. 
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3. Methodology and Material  

 The methodology for this work is developed by considering the objectives and current trends, 

methods and materials used in this field obtained by an extensive review of various literature. The 

main focus of the work was to design a robotic cell that was made majorly using mechanical 

components and would possess load-bearing capabilities. The product in an idea is a modular unit, 

which can reconfigure into shapes using multiple units to support unstable structures. Depending on 

the situation, the cells can be programmed to take on various morphologies. The setup consists of a 

piston actuator assembly that aids the movement of cell and magnets that help two different cells to 

interlock. The cell is coded to accept external commands and assemble into the required support and 

has reconfiguration capabilities in case of external forces. 

 The external shell is considered as the load-carrying entity and the internal matrix is considered 

to not carry any load. The shell is made of ABS Plastic and can be opened and closed. The shell was 

analyzed in Fusion 360 with an increment of 100 N up to 1000 N. 

 

4. Results  

 From the analysis, it is understood that the cell can handle a maximum load of 800N. Following 

table depictes various values obtained in both cases for after mentioned load. 

 
Table 1 Values for Maximum Possible Load 

Analysis 

On the face with Snap-

Fit 

On the face without 

Snapfit 

Maximum Minimum Maximum Minimum 

Von Mises Stress  5.445 MPa 0.006MPa 5.317 MPa 0.007MPa 

Strain  0.003607 3.95E-06 0.00366 3.814E-06 

Displacement  0.3961mm 0mm 0.394mm 0mm 

Contact Pressure 4.992MPa 0MPa 0.5328MPa 0MPa 

Reaction Force 113.5N 0N 134.3N 0N 

 

5. Conclusion 

 The  concept of using this new mechanical oriented locomotion system, that employs pneumatic 

actuators, is plausible. Based on the analysis performed on the two cases, it is evident that the 

deformation on the face without the snap-fit locking mechanism, is substantially lesser than on the 

face encasing the snap-fit. Regardless, the design is capabale of handling loads in both the cases. This 

leads to the conclusion that it is relatively more feasible to use the faces that are void of the snap-fit 

mechanism for loading purposes. 
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Abstract 

 The main aim of the study is to improve the combustion chamber's ability to squish, swirl, and tumble while 

also increasing its efficiency. Because of improved in-cylinder motion, the rate of fuel consumption has 

increased. The swirling grooves on the piston crown, as well as the shallow depth type combustion chamber, 

were used to create this feature. To achieve three distinct widths, three swirling grooves with varying depth 

(2mm) were constructed (5.5mm, 6.5mm, and 7.5mm).Pongamia biodiesel is utilized as an energy source for 

the experiments. It has been observed that the 6.5mm wide swirling grooved shallow depth piston offers 

superior performance, along with improved combustion characteristics, especially resulting in lower emissions. 

 

1. Introduction 

 The implementation of an improved transport system benefits all nations' economies, because the 

transport industry's energy requirements rise by 1.1 percent each year. Since the industrial revolution, 

fuel consumption has skyrocketed. In the older stages, petroleum was used as a potential substitute to 

meet energy needs, and the world experienced a crude oil scarcity beginning in 1970 [1]. Ignition 

engines with compression technology are mainly used for agricultural, industrial and transport 

purposes. Researchers are currently working on fuel and additives, in-cylinder technology, lubricant 

oil, and exhaust gas after treatment devices to achieve a clean diesel engine [2] 

 One of the most essential elements of regulating the combustion process in a clean diesel engine 

is in-cylinder air and fuel motion. It improves the mixing of air and fuel as well as the fuel's burning 

rate [3, 4]. In a clean diesel engine, one of the most important components for regulating the 

combustion process is the in-cylinder air and fuel motion. [5], 6, 5]. 

The shape of the combustion chamber, fuel injectors, and air circulation are the most important 

factors in achieving improved combustion. [7,8]. The cause of combustion chamber shape has been 

shown to have a negligible impact on air flow during the intake and early compression strokes. 

However, even though the piston is close to the Top Dead Centre (TDC), the combustion geometry 

has a significant impact on the air flow, due to better ignition, blending, and combustion [9]. 

 By altering the piston crown design, the turbulence within the cylinder may be improved. The 

swirl strength rises as the piston crown changes, allowing for improved fuel-air mixing [10]. Swirl 

motion is required in diesel engines to ensure proper fuel and air mixing. The diesel engine's 

efficiency is determined by the homogenous mixing rate of fuel and air. The homogenous mixture 

rate is determined by the amount of turbulence generated in the combustion chamber [11]. Swirl 

motion increases BTE while lowering BSFC, ignition delay, and emissions [12]. 

 Turbulence can be elevated by improving the squish [13]. The squish in the piston bowl enhances 

the turbulence and hence better improvement in combustion with reduced emissions [14]. A tumble is 

the secondary air motion caused by squish at the edges of the piston bowl.Tumble motion is utilized 
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to raise the amount of turbulence at the conclusion of the compression stroke, due to the greater 

combustion rate and a reduction in emissions [15] 
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1. Introduction 

 The increase in cardiovascular diseases worldwide has resulted in a higher death rate, the primary 

reason being atherosclerosis. The application of numerical methods in haemodynamics can achieve a 

better understanding of atherosclerosis thereby aiding prognosis on plaque formation and progression 

related events. Wall shear stress, Oscialltory shear Index, etc are being key hemodynamic markers in 

the evaluation of atherosclerosis. Blood being a complex fluid exhibits both Newtonian and Non-

Newtonian behaviour depending on the shear rate. Present work focusses on consideration of both 

Newtonian and Non-Newtonian models in the evaluation of Wall shear stress and derived wall 

parameters in case of one of the critical locations of the cardiovascular system ie. Abdominal aorta 

and renal artery branching. Methodology Adopted considers a finite volume mesh discretised using 

polyhexa elements in ANSYS. CFD analysis is conducted using a Fluent solver. Newtonian and Non-

Newtonian Viscosity are defined for blood. Carreau Yasuda model is selected which accounts for 

shear-thinning property  

     

     
 [     ̇  ]

     
  

 (1) 

is a generalization of the Newtonian model, and describe the variation of viscosity η with shear rate γ 

than other rheological models. The fundamental characteristic of this formulation is that the Carreau-

Yasuda equation involves five parameters viz ηo - viscosity at the low shear rate, η∞  - viscosity at the 

high shear rate,  λ - time constant, a - Yasuda exponent, n- Power-law index to describe the fluid 

rheology. Inlet face of idealised Abdominal Aorta portion is defined with Pulasatile velocity 

conditions. Whereas outlet of aorta and renal artery are defined with corresponding arterial pressure. 

Pulse of 0.9 s taken for reference and Normal blood pressure of 80-110mmHg considered for the 

analysis.  
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a) b) c) 

Figure 1.a) Velocity distribution in midplance of abdominal aorta and renal artery during early 

diastole b) Wall pressure distribution of Abdominal aorta and renal artery during early systole 

c)Time-averaged wall shear stress in Abdominal Aorta and Renal Artery 

 

 
Figure 2. Time Averaged Wall Shear Stress Variation along the length of the abdominal aorta 

and renal artery 
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Abstract 

 An attempt has been made to numerically investigate the effect of diesel-alcohol blends on the Performance 

and Emission characteristics of CI engine. A four-stroke, single-cylinder, naturally aspirated, water-cooled, DI 

diesel engine has been used for the numerical simulation on diesel-RK software. Ethanol, Propanol, Butanol 

are the three alcohols blended at 5% and 15% by volume in diesel base fuel. Results showed a slight increment 

in brake thermal efficiency with diesel–alcohol blends compared to neat diesel. NOX Emission reduced 

significantly at all the engine loads and CO2 reduced marginally. However, smoke and particulate matter 

emissions reduced with 5% alcohol addition to diesel, and are followed an increasing trend with 15% of 

alcohol addition to diesel. An increment in brake specific fuel consumption is observed due to lower heating 

value of alcohols. 

 

1. Results and Discussions 

 Diesel-RK software is first run with neat mineral diesel and the performance and emission results 

have been compared with experimental results of Martin et al. [13] and Hirkude and Padalkar [14] 

who run the engine with the same operating conditions with neat diesel fuel. The comparison has 

shown a good agreement. Expecting that the validation will hold good for the blends of diesel-

alcohols also, numerical simulation of various performance, and emission parameters of the test 

engine fuelled with Diesel-ethanol, Diesel-propanol, Diesel- butanol blends at various engine loads 

has been carried out. A 5% and 15% by volume of ethanol, propanol, butanol are blended into pure 

diesel and they are designated as DE5, DP5, DB5, DE15, DP15, DB15. The results, along with their 

comparison with pure diesel fuel, have been presented in this section. 

 

Figure 1 Variation of brake thermal efficiency with respect to brake power for diesel and diesel-

alcohol blends with 5% and 15% blending of alcohol in diesel are shown in figures (a) and (b) 

respectively 
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 Thermal efficiency indicates the percentage of fuel energy converted to useful power output. 

Above Figures shows the variation of brake thermal efficiency with brake power for the diesel and 

various diesel- alcohol blends. It is seen that there is an increase in efficiency with diesel-alcohol 

blends compare to neat diesel. There are many reasons attributed to the increase in BTE. This higher 

efficiency with diesel-alcohol blends could be owing to their higher oxygen content and also due to 

lower cetane number which results in longer ignition delay and enhances the premixed combustion 

phase. Addition of alcohols to diesel also improves spray characteristics by reducing viscosity and 

density of the blends. It can be also observed from figures that increasing the share of alcohol in the 

diesel-alcohol blend results in increase in Brake Thermal efficiency. 

 

2. Conclusion 

 The following conclusions can be drawn from this numerical investigation of the CI engine 

characteristics using diesel-alcohol blends. BTE increased using these blends compare to that of neat 

diesel, a better efficiency has been obtained by increasing the alcohol share in the diesel-alcohol 

blends. Due to lower heating values of alcohols BSFC has been increased compare to neat diesel fuel. 

A significant reduction in NOX emission is observed by increasing the alcohol content in all the 

diesel-alcohol blends. CO2 Emission reduced marginally. Smoke and PM reduced with all the 5% of 

alcohol in diesel-alcohol blends, however, when the alcohol content increased to 15% in the blends, 

smoke and PM followed an increasing trend compare to neat diesel. Diesel- Propanol, Diesel-Butanol 

blends reduced the smoke and PM better the ethanol-diesel blend when these alcohol blended by 15% 

by volume in diesel. 
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1. Introduction 

 The ability of wire arc additive manufacturing (WAAM) to produce large metallic structures is 

gaining attention of the researchers. It is based on direct energy deposition (DED) technique. This 

process is a high heat input process with very high deposition rates. However, Lu and Xufei. (2019) 

stated that in DED based processes, repeated heating due to the moving heat source and uneven 

cooling cycles induce large thermal gradients between the substrate and deposited layers, resulting in 

severe thermal stresses. It is fundamental to understand and control the gradient of temperature and 

thermal stress in order to optimize processes concern. In this paper, a 3D heat transfer finite element 

model of multi-layer wall is developed. Study of the temperature distribution at the middle of the 

deposited layer and the effects of inter-layer cooling and substrate preheating temperatures is 

performed. 

 

2. Numerical Modelling 

 In this work by using ABAQUS 2019 software, a 3D thermal finite element computational model 

was employed to simulate the temperature distribution in the WAAM wall that was made of Inconel 

718. A 3D transient heat conduction equation is solved by ABAQUS© software in order to compute 

the temperature distribution. The model was developed, containing 10 layers with a layer height of 

1.4 mm, width of 6 mm and a length of 70 mm. The heat source efficiency is 0.5, with input voltage 

of 15 V and current at 100 A. To simulate material deposition, the element birth technique method 

was used. The initial temperature of the substrate and deposited layers were considered as 300 K. 

Goldak double ellipsoid heat source model is used here for simulation. 

 

3. Results and discussion 

The Fig. 1a shows the temperature isotherms during the deposition of the first layer on the 

substrate with the peak temperature of around 2027 K. Fig. 1b It shows the computed thermal cycle at 

a point at the center of the first layer for the subsequent layers, and the thermal cycle curve has two 

peaks surpassing the melting point(~1560 K), indicating decent conditions for metallurgical bonding 

between two layers. Fig. 2 shows that the maximum temperature at each layer is more than its 

previous layer, because of the preheating of already deposited layer. 

 

 
 

Figure 1 (a) Computed temperature distribution, and (b) computed thermal cycles during WAAM 

with no inter- layer cooling time 
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Figure 2 Thermal cycles at a point for subsequent layers with no inter-layer cooling time 

 

4. Conclusions 

 A 3D finite element model has been developed to study the temperature distribution during the 

WAAM process. This study shows that with increase in number of deposited layers, the peak 

temperature at each layer increases but average cooling rate decreases because of the increase in 

temperature of previously deposited layer. Also the effect of inter-layer cooling time and substrate 

pre-heating is studied in this work. 
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1. Introduction 

 A supermarket or hypermarket is a place where most people spend time shopping regularly, the 

experience has always been the same for decades. Modern technologies have not improved the 

experience beyond a limit. The cart design is the same and pretty much everything about shopping has 

not evolved with technology. One of the main problems the customer faces over these years is the 

queue as well as navigation through the store. And since the advent of Coronavirus we saw how 

important social distancing is for breaking the chain, the contemporary shopping style is not a better 

model to follow under these circumstances since it follows a centralized mode whereas we are 

focusing on a decentralized shopping experience. Where people can avoid long queues and time loss, 

thereby fighting Covid-19. We saw into this and found out that the experience can be improved by 

solving the above problems. So we used technology and design to develop a robotic Smart Cart. The 

Smart Cart is practically a robot that has a ton of reliable features that can make the experience to the 

next level. Our cart can help customers do real-time billing at the cart itself and help them checkout 

without standing in long queues. The cart also holds a unique feature of following the customer rather 

than them pulling it around. The store owners can use this cart to offer premium subscriptions, 

leading to more sales and loyal customers. Our cart uses sensors and real-time data processing to 

achieve this objective. According to the designs, the cart can be used by anyone with the help of a 

mobile application that activates the cart. In this prototype, the application is a serial Bluetooth 

communication software that communicates with the Bluetooth module inside the Smart Cart. For 

data processing, we used Arduino Uno. 

 The concept of a smart cart has been researched by many tech enthusiasts all over the globe. One 

of the famous names in the market is the Amazon Dash Cart. Their checkout-free shopping 

experience is made possible by the same types of technologies used in self-driving cars: computer 

vision, sensor fusion, and deep learning. Their new product is the Dash Cart which is a shopping cart 

like that of ours. It‟s equipped with a touchscreen and other various hardware components to 

automatically detect what items you‟re placing inside and even how many of those items you‟ve 

picked off the shelf. When you‟re done shopping, you‟re allowed to take the cart through a special 

lane that checks you out digitally without requiring a human cashier to ring you up. The Dash Cart is 

coming first to Amazon‟s grocery store in the Woodland Hills neighborhood of Los Angeles. The 

store, first confirmed last year, is not an Amazon Go store, meaning it does not have the cameras, 

sensors, and other equipment built into the ceiling for automatically detecting items you take off the 

shelves. Instead, this is your standard, everyday grocery store, only it has smart Amazon-made 

grocery carts for you to use. 

 Other works on the fields are using different system models, in which an RFID tag is attached to 

the membership card of the customer which is provided by the supermarket to their customers. RFID 

Reader is attached to a shopping cart which detects the presence of the customer and with this, the 

shopping cart will act as a Smart Cart. The customer is required to download a mobile 
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application and then the smartphone act as a barcode scanner. With the help of a barcode scanner, 

the barcode is generated which is sent to Arduino through Bluetooth Module. Arduino interfaces with 

the database where all the description about the product and its price is stored. Barcode ID is 

compared with the information in the database and the result will display on an LCD which is 

attached to the shopping cart. Once the user is done with his/her shopping and near to billing counter 

stage, the user press the button on the cart, and data that is displays on the LCD would be transferred 

to a computer. This is done by using NRF24L01 which is a serial peripheral interface and with this, 

all data will be transferred from the cart to the computer at the billing counter. This smart system 

works only for those customers which have a membership card to which RFID is attached. Otherwise, 

it will act like a normal cart. Supermarkets or Hypermarkets use this approach as a way to attract 

customers. These are the other forms of research and prototyping done on this subject. 

 
Figure 1 The Circuit Diagram of Smart Cart 
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1. Introduction 

 Finite Element Analysis (FEA) is performed on the hot forging of a sample using DEFORM™ 

3D in this research. The Taguchi method and Deform 3D simulation software were used to optimize 

the forging process. The responses die stress in the hot forging process is investigated using 

Taguchi‟s L9 orthogonal array to find the interactions and influences on the design parameters and 

process parameters such as die temperature, sliding velocity and friction coefficient. For the 

simulations in Deform 3D, a three-level, three-parameter Taguchi design of experiment was used. 

The forging simulation was carried out on AISI 1025 steel, which is commonly used in making bolts. 

To ascertain the significant parameters of this operation, the Analysis of Variance (ANOVA) is 

utilized, and it was seen that the optimal factor settings for each performance characteristic were 

different. The results shows that die temperature and die speed has the highest contribution in 

reducing die stress.. 

 

2. Simulation Modeling 

 Finite element approaches have recently been used to model and optimise the forging process. 

DeformTM 3D FEM software was used to model the forging process in this report. A 3D solid model 

of die made of AISI H13 hot work die steel was used to obtain simulation data. The DeformTM 3D 

database includes the material properties. This work uses an axisymmetric die model, hence a quarter 

model was used for the simulation. 

 The Taguchi design methodology is a detailed and effective way of understanding parameter 

interrelationships and their effect on the process. As a result, by defining a series of criteria that will 

increase product consistency, this method allows for the improvement of the manufacturing process. 

The collection of control/independent variables is a crucial phase in the design process. The die 

temperature, the die speed, and the friction coefficient are the key control variables during the forging 

process. Table 1 lists the control variables and variables used in the simulation forging process. A 

three level, three parameter design is selected. Level 1, 2 and 3 represent the lower, middle, and upper 

level respectively. The range of die temperature is selected based on the die temperature used in the 

hot forging industries Based on these control variables, an L9 array was selected from Taguchi 

approach. The different combinations for the simulation trials as obtained from Taguchi approach is 

shown in Table 1. 
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Table 4 Factors used in Design of Experiments 

Analysis 

No: 

Die 

temperatu

re 

Die speed 
Coefficient 

of friction 

1 150 0.5 0.3 

2 150 1 0.5 

3 150 1.5 0.7 

4 250 0.5 0.5 

5 250 1 0.7 

6 250 1.5 0.3 

7 350 0.5 0.7 

8 350 1 0.3 

9 350 1.5 0.5 

 

 In this research, the FEM DeformTM 3D programme, which is commonly used in the simulation 

of hot working systems, was used. Figure shows the steps in simulation of forging process. The 

simulation is performed in three stages viz., preprocessing, simulation and post processing. The steps 

in each stages are also shown in the Figure 1. 

 
Figure 11 Analysis in Deform 3D 

 

3. Conclusion 

 The study looked at the effects of die temperature, sliding velocity and friction coefficient on the 

response (die stress) during the forging process. The closed die forging mechanism was simulated 

using three-dimensional finite element (FE) analysis and the Taguchi procedure, followed by a 

sequence of optimization iterations. To evaluate significant parameters, an analysis of variance 

(ANOVA) is used.  The most important parameters influencing the response were found to be die 

temperature and die speed 

 

4. References  

1. Babu, P. A. M. R. S. K. C. V. S. M. C. a. P. K., 2015. "Influence of forging parameters on the 

mechanical behavior and hot forgeability of aluminium alloy.. Materials Today: Proceedings, 

pp. 3238-3244..  

  



Third International Conference on  
Computing in Mechanical Engineering Department of Mechanical Engineering, SCMS, Cochin 

September 22
nd 

- 24
th

, 2021 

 132 

 

2. Brockhaus, H. W. G. A. &. S. I., 2002. Improving the performance of forging tools–a case 

study.. 6th International Tooling Conference, Karlstad University, Sweden , pp. (Vol. 1, pp. 

95-108)..  

3. D, G., 1988. Mechanical metallurgy.. s.l.:Mcgraw-Hill Book Company, New York.  

4. Hawryluk, M. W. P. K. M. &. K. J., 2020. Development of New Preheating Methods for Hot 

Forging Tools Based on Industrial Case Studies and Numerical Modeling.. Metallurgical and 

Materials Transactions A, , pp. 51(9), 4753-4764..  

5. Kellow, M. A. B. A. N. &. B. F. K., 1969. The measurement of temperatures in forging dies.. 

International Journal of Machine Tool Design and Research, , pp. 9(3), 239-260.. 

 

 



 
 
 

 
AboutUs: http://www.the-criterion.com/about/ 

 
Archive: http://www.the-criterion.com/archive/ 

 
ContactUs: http://www.the-criterion.com/contact/ 

 
EditorialBoard: http://www.the-criterion.com/editorial-board/ 

 
Submission: http://www.the-criterion.com/submission/ 

 
FAQ: http://www.the-criterion.com/fa/ 

 
 
 
 

ISSN 2278-9529 
Galaxy: International Multidisciplinary Research Journal 

www.galaxyimrj.com 

http://www.the-criterion.com/about/
http://www.the-criterion.com/archive/
http://www.the-criterion.com/contact/
http://www.the-criterion.com/editorial-board/
http://www.the-criterion.com/submission/
http://www.the-criterion.com/fa/
http://www.galaxyimrj.com/


The Criterion: An International Journal in English Vol. 11, Issue-III, June 2020      ISSN: 0976-8165 
 

www.the-criterion.com 

Exploring the Narratives of Human Resilience in History and Highlighting 

their Significance in Present Times as in Anne Frank’s The Diary of a 

Young Girl 

Divya MS 
Assistant Professor, 

Department of English, 
SCMS School of Engineering and Technology, Ernakulam. 

 
Article History: Submitted-22/05/2020, Revised-30/06/2020, Accepted-01/07/2020, Published-10/07/2020. 

Abstract:  

“We realize the importance of our voice only when we are silenced” 

Remembering the quotes of Malala Yousafzai, I would like to travel through the 

memoirs of holocaust faced by the Jews during Hitler’s reign as marked in the writings of Anne 

Frank in her famous work “The Diary of a Young Girl”. It is indeed true that throughout the 

history, hundreds of thousands of individuals have undergone heart rending suffering and 

horrors beyond their worst dreams. Humans have, time and again exhibited extraordinary 

resilience in adapting to the situation. During these lock down days we do face a lot of 

discomfort and frustration to be confined into our own safe home. But just think about the 

thousands and millions who had gone on exile on fear of death and about the cruelties they had 

undergone. My attempt here is to pen down the agonies and resilience they had faced during 

these holocausts. Anne, a young Jewish girl is forced into hiding with her family and one other 

family in Nazi occupied Amsterdam. The inscriptions in the form of diary writing tells us about 

her feelings and experiences they had faced and also about her budding hopes to be free once 

again. Things began to change when the Nazis came to power. Their aim was to remove the 

Jews from German society even though they were less than 1% of the population. Nazi believed 

that Jews were the root of all the evils. Life was horrific for Jews and they began to flee from 

Germany. Nazis burned down the synagogues and Jewish owned shops and even burned their 

books. Jews were fleeing and tried to find shelter wherever they could. Nazis deported these 

people to forced labour camps, where they worked to produce supplies for the increasingly 

strained war economy. In most camps the prisoners were devoid of sufficient food, equipment, 

medicine and clothing. There was a complete disregard and their health was deteriorating day 

by day. As a result of these conditions, death rates in labour camps were extremely high.  
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Believing Holland was safe for Jews, Anne’s family moved to Amsterdam in 1933. 

‘The Diary of a Young Girl’ also known as ‘The Diary of Anne Frank’, a book of diary writings 

kept by Anne frank while she was hiding for two years in the secret annex, with her family 

during the Nazi occupation of the Netherlands. The family was apprehended in 1944 and Anne 

frank died of typhus in the Bergen-Belsen concentration camp in 1945. The diary was retrieved 

by Anne’s father Mr. Otto frank, the family’s only known survivor after the war. The writings 

were from 14th June 1942 to 1st August 1944. Her father gifted her a red checked diary on her 

13th birthday, June 12th 1942. It was not like a usual diary writing, she wrote as letters to her 

best friend that is, diary whom she addressed as kitty. In August 1944, they were caught from 

the secret annex and were deported to Nazi concentration camps. Anne died when she was just 

fifteen years old. These letters were not just the experiences of a thirteen-year-old young girl, 

it gives us an insight into the most terrific inhumane situation that mankind had ever undergone. 

The wordings which she breathed became eternal and true. 

“I want to go on living even after my death”   

Keywords: Holocaust, Concentration Camps, Resilience.  

 

“I want to bring out all kinds of things that lie buried deep in my heart”. 

           As rightly said by Anne Frank, this is exactly what her writings were. A mixture of 

agonies, frustration, happiness, fear, realisations, relations, her first love and more over an 

account of what happened in the outside world. These letters were not just the experiences of 

a thirteen-year-old young girl, it gives us an insight into the most terrific inhumane situation 

that mankind had ever undergone. An account for her journals do tell us about how much Jews 

had suffered and deprived from the rest of the society. The restrictions imposed on them were 

even more harsh. They must always wear a yellow star and had to be indoors by eight o’clock 

and cannot even sit in their own gardens after that hour. They were forbidden to visit theatres, 

cinema halls and any other places of entertainment. Not allowed to take part in public sports, 

swimming baths, tennis courts, hockey fields and other sports grounds. They cannot visit any 

Christians and were allowed only to go to Jewish schools, many more such restrictions. A brief 

account of these imposed restrictions is clearly mentioned in the initial pages of the diary: 

                “The rest of our family, however, felt the full impact of Hitler’s anti-Jewish laws, so 

life was filled with anxiety. After 1940 good times rapidly fled: first the war, then the 
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capitulation, followed by the arrival of the Germans, which is when the sufferings of us Jews 

really began. Anti-Jewish decrees followed each other in quick succession. Jews must wear a 

yellow star, Jews must hand in their bicycles, Jews are banned from trams and are forbidden to 

drive, Jews are only allowed to do their shopping between three and five o’clock and then only 

in shops which bear the placard “Jewish shop”. (pg. 20, 21) 

                Amidst her class mates and friends she was all alone. She never had a real friend and 

was always in quarrel with her mother. She doesn’t want to fit into the usual slot. Wished to 

have her own space and always voiced her own opinions. Father was her favourite and she used 

to say “I can understand my friends better than my own mother – too bad! (pg 53). She always 

longed for someone to be her best companion and to someone to whom she can express herself. 

And it is until when she received a diary as a birthday gift from father, she began to express all 

her emotions to her best friend “Kitty” – the diary. In her own words what the diary meant for 

her: 

              “In order to enhance in my mind’s eye the picture of the friend for whom I have waited 

so long, I don’t want to set down a series of bald facts in a diary like most people do, but I want 

this diary itself to be my friend, and I shall call my friend Kitty. No one will grasp what I am 

talking about if I begin my letters to Kitty just out of the blue, so, albeit unwillingly, I will start 

by sketching in brief the story of my life”. (pg 20) 

                On July 5th 1942, Anne’s elder sister Margot received an official summons to report 

to a Nazi work camp in Germany. On July 6th they went into hiding. They were later joined by 

Hermann Van Pels, Otto’s business partner including his wife Auguste and their teenage son 

Peter. They hid in the sealed off upper rooms of the annex of Otto’s company building in 

Amsterdam. The rooms they hid in were concealed behind a moveable book case, not easily 

noticeable. Mrs Van Pel’s dentist Fritz Pfeffe, joined them four months later. They remained 

hidden there for two years and one month. Anne rightly called it as their “Secret Annex”. They 

heard about the cruelties in camps and choose to be on exile than being caught. It is right what 

Otto Frank said before going into hiding, that “we don’t want our belongings to be seized in 

by the Germans, but we certainly don’t want to fall into their clutches ourselves. So we shall 

disappear of our own accord and not wait until they come and fetch us” (pg no. 31). All kinds 

of thoughts disturbed her as into where they are going to hide, “in a town or the country, in a 

house or a cottage, when, how, and where…?” (pg 33). It was quite natural to think of all such 

unique possibilities as all of a sudden when one is forced to go on exile. We cannot even 
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imagine of such a dreadful thing, all of a sudden to leave our belongings and to go somewhere 

we are not sure of, whether to live or to die. All of them wore two or three layers of dress and 

packed just enough to hold in a sachet and left their house with anxiety. On their way they 

received sympathetic looks from people and their face showed how sorry they were as they 

couldn’t help because the gaudy yellow star spoke more than needed. 

         “Our many Jewish friends are being taken away by the dozen. These people are treated 

by the Gestapo without a shred of decency, being loaded into cattle trucks and sent to 

Westerbork, the big Jewish camp the big Jewish camp in Drente. Westerbork sounds terrible: 

only one washing cubicle for a hundred people and not nearly enough lavatories. There is no 

separate accommodation. Men, women and children all sleep together. One hears of frightful 

immorality because of this; and a lot of the women, and even girls, who stay there any length 

of time are expecting babies.” (pg 63)    

             It is impossible for them to escape, most of the people in the camp are branded as 

inmates by their shaven heads and many also by their Jewish appearance. If it is as bad as this 

in Holland whatever will it be like in the distant and barbarous regions they are sent to? We 

can assume that most of them are murdered. The English radio speaks of their being gassed. 

Perhaps that is quickest way to die. We feel helpless and sympathetic for them. Anne wrote an 

incident which really wets our eyes: “Just recently for instance, a poor old crippled Jewess was 

sitting on her doorstep; she had been told to wait there by the Gestapo, who had gone to fetch 

a car to take her away. The poor old thing was terrified by the guns that were shooting at 

English planes overhead, and by the glaring beams of the searchlights. No one would dare to 

take her in and to undergo such a risk.” (pg 64). The Germans strike without the slightest mercy. 

Prominent citizens and innocent people are thrown into prison to await their fate. If the saboteur 

can’t be traced, the Gestapo simply put about five hostages against the wall. Announcements 

of their deaths appear in the papers frequently. These outrages are described as “fatal accidents” 

and countless people have gone to a terrible fate. Evening after evening the green and grey 

army lorries trundle past. The Germans ring at every front door to inquire if there are any Jews 

living in the house. No one has a chance of evading them unless one goes into hiding. Often, 

they go around with lists, and only ring when they know they can get a good haul. No one is 

spared not even the old people, babies, expectant mothers, the sick all join in the march towards 

death. Their nationality and even their very existence is being questioned. The fault is them is 

that they were born as Jews. 
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        “Nice people, the Germans! To think that I was once one of them too! No, Hitler took 

away our nationality long ago. In fact, Germans and Jews are the greatest enemies in the world” 

(pg 65) 

            It is only on the second day of arrival Anne started writing her diary. It was about how 

she felt on hiding and the peculiar place and its ambience. “Then I had a chance, for the first 

time since our arrival, to tell you all about it, and at the same time to realize myself what had 

actually happened to me and what was still going to happen” (pg 40). There was no variety in 

thoughts or nothing new to be done. They go round and round like a roundabout – from Jews 

to food and from food to politics. It isn’t an easy task to go on hiding with such alerts outside. 

Day and night more of those poor miserable people are being dragged off, with nothing but a 

rucksack and a little money. On the way they are deprived even of these possessions. Families 

are torn apart, the men, women and children all being separated. Children coming from school 

find that their parents have disappeared. Women return from shopping to find their homes shut 

up and their families gone. Every night hundreds of planes fly over Holland and go to German 

towns, where the earth is ploughed up by their bombs, and every hour hundreds and thousands 

of people are killed in Russia and Africa. No one is able to keep out of it, the whole globe is 

waging war and although it is going better for the Allies, the end is not yet in sight. And as for 

us, we are fortunate. Yes, we are luckier than millions of people. The children here run about 

in just a thin blouse and clogs, no coat, no hat, no stockings and no one helps them. Their 

tummies are empty, they chew an old carrot to stay the pangs, go from their cold homes out 

into the cold street and when they get to school, find themselves in an even colder classroom. 

Countless children stop the passers-by and beg for a piece of bread. There is nothing we can 

do but wait as calmly as we can till the misery comes to an end. Jews and Christians wit, the 

whole earth waits, and there are many who wait for death. It was not easy to go on hiding 

because of the terrific things happened outside, am account of what was happening outside: 

          “We had a short circuit last evening, and on top of that the guns kept banging away all 

the time. I still haven’t got over my fear of everything connected with shooting and planes, and 

I creep into Daddy’s bed nearly every night for comfort. I know it is very childish but you don’t 

know what it is like. The A.A. guns roar so loudly that you can’t hear yourself speak. Mrs. Van 

Daan, the fatalist, was nearly crying, and said in a very timid little voice, “Oh, it is so 

unpleasant! Oh, they are shooting so hard,” by which she really means am so frightened.” (pg 

100) 
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             Apart from that there were frequent banging outside that feared everyone and Anne 

gathered all her belongings together. She packed a suitcase with the most necessary things for 

an escape. But as her mother rightly said “Where will you escape to?” (pg114). They are Jews, 

can’t go anywhere. Even the nature, birds, animals are free to do as they like but not them. 

They are even degraded to that level. On exile they have only option to divert their mind books, 

reading and studying new things. “Ordinary people simply don’t know what books mean to us, 

shut up here, reading, learning and the radio are our amusements.” (pg 121). With the little 

ration they receive from fake cards they moved on. Celebrated birthday’s with whatever they 

find. One such poem written by Margot on Anne’s birthday tells us how their daily life and 

thoughts have been immersed in fear and agonies. 

 “The first shot sounds at dead of night 

Hush, look! A door creaks open wide, 

A little girl glides into sight, 

Clasping a pillow to her side” (pg 136) 

                    Not just that Anne used to swallow Valerian pills every day against worry and 

depression, but that doesn’t prevent her from being even more miserable the next day. She 

wrote “a good hearty laugh would help more than ten Valerian pills, but we have almost 

forgotten how to laugh. I feel afraid sometimes that from having to be so serious I will grow a 

long face and my mouth will droop at the corners”. (pg  150).  She wrote about the ambience 

there to be so oppressive and sleepy and as heavy as lead. They can’t hear a single bird singing 

outside and a deadly close silence hangs everywhere, catching hold of them as if it will drag 

them down deep into an underworld.  She used to wander from one room to another, downstairs 

and up again, feeling like a song bird whose wings have been clipped and who is hurling 

himself in utter darkness against the bars of his cage. She longed to “Go outside, laugh, and 

take a breath of fresh air, a voice cries within me, but I don’t even feel a response anymore; I 

go and lie on divan and sleep, to make the time pass more quickly and the stillness and the 

terrible fear, because there is no way of killing them”  (pg 155).  We could understand what 

she needs: 

              “When someone comes in from outside, with the wind in their clothes and the cold on 

their faces, then I could bury my head in the blankets to stop myself thinking: “When will we 

be granted the privilege of smelling fresh air?” And because I must not bury my head in the 
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blankets, but the thoughts will come. Believe me, if you have been shut up for a year and a 

half, it can get too much for you some days. In spite of all the justice and thankfulness you 

can’t crush your feelings. Crying, dancing, whistling, looking out into the world, feeling young, 

to know that am free – that is what I long for, still I must not show it, because I sometimes 

think is all eight of a us began to pity ourselves or went about with discontented faces where 

would it lead us? I couldn’t talk this to anyone but only van cry. Crying can bring such relief” 

(pg 168) 

                   There are a number of organisations such as “The Free Netherlanda” which forge 

identity cards, supply money to people “underground”, find hiding places for people, and work 

for young men in hiding and it is amazing how much noble, unselfish work these people are 

doing, risking their own lives to help and save others. Our helpers are a very good example. 

They have pulled us through up till-now and we hope they will bring us safely to dry land. 

Otherwise, they will have to share the same fate as the many others who are being searched 

for. Never had they heard one word of the burden which they certainly must be to them, never 

has one of them complained of all the trouble we give. They put on the brightest possible faces, 

bring flowers and presents for birthdays and bank holidays are always ready to help and do all 

they can. That is something we must never forget; although the Germans our helpers display 

heroism in their cheerfulness and affection “(pg 195).  Rauter, one of the German big shots, 

has made a speech. “All Jews must be out of the German occupied countries before July 1. 

Between April 1 and May 1 the province of Utrecht must be cleaned out (as if Jews are 

cockroaches). Between May 1 and June 1 the provinces of North and South Holland.”( pg 108). 

We cannot even imagine to face such a dreadful situation. On 29th march 1944, she heard a 

London radio broadcast made by the exiled Dutch minister for education, art and science Gerrit 

Bolkestein, calling for the preservation of  “ordinary documents – a diary, letters….simple 

everyday material” to create an archive for posterity as testimony to the suffering of civilians 

during the Nazi occupation. That is when she began to write more seriously that someone may 

read it.  In August 1944, they were discovered and deported to Nazi concentration camps and 

that is what she heard of her last. As she said she is living in many minds even after her death 

and too years and years apart. It is really relevant what she said, we also need to do that to keep 

our minds engaged during these lockdown days. 

                “I finally realized that I must do my school work to keep from being ignorant, to get 

on in life, to become a journalist, because that is what I want! I know I can write……but it 

remains to be seen whether I really have talent…..” 
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Abstract 

This paper is an attempt to discuss about ecology and environmentalism in the selected poems of Nigerian poets Wole Soyinka, 

Tanure Ojaide and Niyi Osundare in a Post-colonial Eco critical review. In literature, ecocriticism is a mode of aesthetics that deals 

with the nature of relation between literature and the natural environment. Its adherents investigate human attitudes towards the 

world as reflected in writing about nature. It is a diverse genre known by many names, including green cultural studies, eco poetics 

and literary analysis of the environmental. The study seeks to explore selected poems in Nigerian literature from an Eco critical 

perspective. The relationship between man, the environment and nature is documented in literature. Eco-critical insights are 

studied in the poetry of Wole Soyinka, Tanure Ojaide and Niyi Osundare. Literature resides where creation exists, and where 

nature exists, life exists. Literature is an imperative tool for having a historical understanding of the relationship between man and 

also for determining the way man treats nature in future. In the 1990’s, ecocriticism gained significant prominence in the Western 

academia as a domain of literary research. This does not, however, indicate that the literature of earlier periods ignored 

ecologically conscious concerns. Similarly, ecological scepticism seeks to explain how nature is expresses in literature and how the 

meaning of nature and the relationship between man and nature have changed over time as they are perceived in literature. In 

recent decades, the natural environment has progressively become threatened by man’s activities. The chosen poems are full of 

varied environmental details. The poets responded to their plight in distinctive perspectives through their poetry. Extreme 

ecological issues such as global warming, increased pollution levels, recurrent coastal flooding, tsunami and cyclones, earthquakes 

and floods have culminated from the incessant cutting of trees for human use and deforestation, the use of weapons and arms, 

radioactive elements in nuclear power plants, industrial pollution and many more. Not only has this disruption to nature caused a 

catastrophic change in the atmospheric conditions around the world, but the ozone layer, our earth’s defensive shield, has also been 

destructive. And now there is a growing and crucial need to conserve our environment and make our earth a better place to live. In 

Nigerian Literature, the study provides a more detailed introduction to the Eco theory from its beginnings to the present. It will 

also address the relationship between nature and culture, the gradual progression of ecocriticism, and its related concepts. 

 

Keywords: ecocriticism, eco psychology, eco poetics, ecological issues 

Introduction 

Ecocriticism is literature is an analytical method that examines 

the importance of the relationship between literature and the 

natural environment. With several names, green cultural 

studies, eco poetics and environmental literary criticism, it is a 

diverse genre. Ecocriticism began to gain prominence in 

Western academia in the 1990s as a sphere of literary 

research. Ecological criticism seeks to analyse how nature is 

presented in literature and how, as seen in literature, both the 

interpretation of nature and the relationship between man and 

nature have grown over time. British colonial rulers formed a 

chain of command in many British colonies, such as Anglo-

Egyptian Sudan and Nigeria, in which colonial officials ruled 

over indigenous African leaders, who then governed the 

majority of the African indigenous population. Colonialism in 

Africa is primarily responsible for the continent’s lack of 

cultural, social, and political development. The so-called 

empirical scrutiny of agricultural practices imposed in 

northern Nigerian communities by successive British colonial 

era authorities is an example of a European influenced 

paradigm pursued by African elites. Irrigation, forest 

management, and extensive use of chemical fertilizers were 

emphasized by the colonial scientific scrutiny system. The 

system provided very little benefit for the region from 

economic development and disrupted the traditional farming 

practices that for centuries had sustained the local population. 

Researchers and academic investigators have largely 

overlooked the effects of postcolonial Nigeria’s economic 

growth. The colonization process resulted in the realignment 

of power, with European trading companies imposed by the 

colonial authority replacing the hitherto domestic Nigerian 

authority centers such as Opobo's Ja Ja, Oguta's Kalabari and 

Ibadan's Ijebu. 

“Ecocriticism speaks for the earth by rendering an account of 

the indebtedness of culture to nature while acknowledging the 

role of language in shaping the view of the world” 

(Campbell 5) 

Thus Ecocriticism begins from the conviction that the arts of 

creativity and the research there of will make a major 

contribution to the understanding of environmental issues and 

the various types of eco-degradation affecting planet Earth 

today. Global warming, which triggers rapid climate change 
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as a result of unequal human interactions with nature, is a real 

concern that marked the end of the twentieth and early twenty-

first centuries. Ecological issues are caused by climate change 

and have become an important concern for interdisciplinary / 

multidisciplinary studies. Under the concept of ecocriticism, 

multiple literature disciplines have embraced this style of 

work, centred on ecological issues. The ambivalent 

relationships between man and nature are old and either 

require or need to overcome and master human romantic 

devotion to nature. In the foreseeable future, climate change 

has arisen from these anthropocentric relationships. The 

reality of climate change is threatening every corner of the 

world. Yet he believes that lethal silence is a big impediment 

to resolving and mitigating climate change problems. Wangari 

Maathai is unveiling the true global warming issues that 

would have dramatic consequences on Africa. At the global 

stage, the query is answered as: 

“Africa is the continent that will hit hardest by the climate 

change. Unpredictable rains and floods, prolonged droughts, 

subsequent crop failures and rapid desertification, among 

other signs of global warming, have in fact already begun to 

change the face of Africa.” 

 (as cited by Toulmin, 2008, p. 1).  

In environmental concerns and philosophies, there are several 

expressions that share similar denominators in the objective of 

environmental conservation. For Graham Huggan and Helen 

Tiffan: 

“Postcolonial ecocriticism and Ecocriticism are hedged about 

with seemingly insurmountable problems. The two fields are 

notoriously difficult to define not least by their own 

practitioners…. Thus, internal divisions…e.g. the commitment 

to social and environmental justice or differences… and large 

scale distinctions based on the attractive view that 

postcolonial studies and eco/environmental studies offer 

mutual correctives to each other turn out to… be perilous” (3).  

Postcolonial ecocriticism, on the other hand, is a plurality of 

ecocriticism that discusses: “concerns with conquest, 

colonisation, racism, sexism along with its investments in 

theories of indigeneity and diaspora and the relations between 

native and invader, societies and cultures” (Huggan and Tiffan 

6) to explicate Eco critical modes of feminist ecocriticism, 

romantic ecocriticism and postcolonial Ecocriticism “need to 

be understood as particular ways of reading” (Huggan and 

Tiffan 13). Regardless of the numerous discourses on 

ecocriticism and postcolonial ecocriticism, this research 

indicates that postcolonial ecocriticism cannot be evaluated 

without delving into environmental problems, and 

ecocriticism or eco-environmental studies cannot be discussed 

without discussing postcolonial concerns alongside 

imperialism, a metaphor that examines ideologies of 

supremacy and socio-history. 

 It is in this regard that am going to analyse some ecological 

problems in Wole Soyinka's poem “Dedication for Moremi 

1963” with a post-colonial perspective. The concept of the 

poem is about the natural order of things, and also about 

bringing a child into the world. It begins with the 

consummation of the child, and then the birth of the child into 

the universe of this child, a miracle created by love. It's almost 

like a prayer to the Earth, and a dedication to the child. It 

speaks of our human life as a whole, and also of our journey 

back to earth. He makes use of many poetic devices in the 

poem, including metaphors and a lot of imagery. The line in 

which he says, "your tongue arch / to scorpion tail." is one 

instance that stands out as a good metaphor. A pretty 

metaphor compares a crying baby's tongue at birth to a 

scorpion tail when it flicks in terror when feeling threatened. It 

gives us this impression of the child being born with a 

venomous tongue, which later brings trouble to the parents- as 

well as presenting this picture of a baby's squirming tongue as 

it clears its lungs and wails in fear of being so unexpectedly 

brought into this world. There are plenty of imagery examples, 

including the moment where he says, "Earth's honeyed milk, 

wine of the only rib / Now roll your tongue into honey until 

your cheeks are / Swarming honeycombs — your world needs 

sweetening kids. Through this, we get this image of taste and 

touch and sight all in one, the very thought makes my mouth 

water. The poem is full of deep inner meanings that invoke a 

radiant feeling, make us wonder what it means, see these 

peculiar literal images that attack our senses, and give us the 

emotions that the poet wants us to experience. The tone of this 

poem is joy and wonder at the birth of a child, and all those 

involved can feel the spiritual journey. He relates this miracle 

of life to the earth, as a woman bears a child, and her fruits are 

brought forth by it. The sound is gentle and ties us to the earth, 

as if every part of this birth was nature, just like every part of 

any animal or plant birth. In many of his words, like baobab, 

roots, rain, plumb her deep for life, season, fruits, and 

embrace, he creates the earthy and joyful sound. They all give 

us the feeling of a warm earth coming together to bring this 

happy occasion to life. In the midst of the independence of 

Nigeria, Soyinka recalls the many events that took place 

throughout his life, such as the birth of his daughter and the 

opening of the first National Park in Nigeria. Soyinka writes 

through many frames that the poem can be read through, one 

being a nourishing tone for his daughter, as well as one that 

protects the earth and its resources. The earth can be seen as a 

symbol of the daughter and the daughter can be seen as a 

symbol of the earth. Poet gives an insight to his daughter 

regarding the endless parallels and metaphors about the world, 

and how it functions. He says, "my child- your tongue arch to 

scorpion tail, spit straight and return to danger's threats yet 

coo with the brown pigeon, tendril dew between your lips." 

This is the example of Soyinka asking his daughter to be as 

sharp and dangerous as a scorpion but also to be caring, gentle 

and kind as a pigeon. He clearly shows the paternal qualities 

he imparts to his daughter in a manner similar to the way he 

tells the people of Nigeria to protect their new park. He wraps 

up the poem with the idea that we too must let the world 

depend on us in the same way we rely so heavily on the sun. 

We have to give earth back in the way it gives us. Soyinka 

evokes the past not as a dead past, but as a living one whose 

positive or negative results catch the present and influence the 

future, not historical but archetypal any more. Either to 

condemn those suicidal attitudes or to laud the current 

resistant wilderness, he evokes pastoral imagery, recalls the 

less anthropocentric past as a less troubled model, and projects 

a green future as a common dream. As the only way to face 

fundamental and sustainable growth, Soyinka urges readers 
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and listeners to take on the soil. As an expression of 

inextricable human ties with it, this communion with one's 

land at every level includes mind-set, commitment, love, and 

respect for oneself and all of its inhabitants. As a result of 

technical and scientific developments, the African holistic 

world view that imperialists saw as "savage" has become the 

global solution to the danger that climate change presents 

today. It's not too religious to ask "who was wild and who was 

civilized" if the "savage" incriminated African world view has 

since become a "worldwide genius" response to the climate 

change problem. 

Tanure Ojaide is a significant Literary voice of Nigerian post-

war poetry, distinguished by his recourse to the orator of his 

birthplace. Ojaide takes oratory as a locus of an esthetic that is 

conscious of rural people's arts and politics, particularly in the 

face of a viperous, modernity-driven establishment. The focus 

of his poetry on orality implies its rootedness in nature. But 

the point that nature in Ojaide's poetry is not merely evoked as 

an esthetic technique, an embellishment of what many have 

regarded in his poetry as an overwhelming political theme, is 

much more crucial to this paper. Nature is also addressed as 

home (the natural world, biodiversity, flora and fauna), now a 

forgotten home in the face of modernity and global petrodollar 

capitalism. In the sense of postcolonial ecocriticism, I try to 

point out from a reading of his poetry that the nature 

(environment) of the Niger Delta area from which the poet 

comes from is a victim of exploitation and injustice caused by 

large-scale oil extraction in the region, just like the people 

living in it; and it is no longer the pristine home it used to be. 

Tanure Ojaide's fifteenth poetry book, "The Tale of the 

Harmattan" (2007), offers poetry readers and those familiar 

with his work a critical insight into the Niger Delta region's 

bleak socio-political and economic circumstances. The 

plurality of the poet's concerns are oil extraction and its 

negative environmental and human family effects. The poems 

differ in style and form; however, what makes the collection a 

publication of substance is the poet's ability to discuss 

contemporary problems with a spectator's eyes, and the 

sincerity of an empathically inspired one. This compilation 

illustrates the degradation of the biodiversity and climate of 

the Niger Delta as a result of the extraction of oil and the 

marginalization of the ethnic minority in whose territories the 

oil is mined. In one poetry collection divided into three parts 

with a glossary that familiarizes the reader with the landscape, 

politics, Urhobo mythology, and various historical and 

mythical figures of Nigeria, the prolific Nigerian scholar-poet 

Tanure Ojaide uses bold rhetoric and a variety of techniques 

to claim the person of the poet as an eyewitness to historical 

events, especially the destruction of the destruction of the 

Niger Delta’s ecosystem and environment as a result of oil 

exploitation and the marginalization of the ethnic minority 

people in whose land oil is exploited. He shows concern for 

the underprivileged and oppressed in society, whose fight for 

equality, fairness and justice he supports, in the course of this 

poetic story. Conscious of the postcolonial situation in 

Nigeria, his native nation, he condemns the rampant 

corruption that drains the country's enormous wealth. 

Affirming humanity, he condemns the perpetrators of 

genocide, as in the Darfur region of Sudan, in the strongest 

possible words. The fact that what happens in Nigeria's 

troubled oil-rich yet poor Niger Delta region affects the 

worldwide price of oil demonstrates the degree of local and 

global connectivity, what is now described as 'glocal.' The 

Harmattan Tale (2007) argues that his research on the 

indigenous peoples (especially women) of Nigeria's Niger 

Delta offers an important way to revise our understanding of 

postcolonial theory in order to step beyond the outdated notion 

of colonial nations to colonialist power as sitting in 

multinational corporations that transcend national origin. My 

research combines elements from environmental, political, 

and socio-cultural images to analyze how Ojaide's work 

exposes the relationship between environmental problems and 

government collusion with multinational corporations, while 

calling for a vision of environmental justice to be 

accomplished by the movement of the Delta people. Ojaide's 

definition of historic environmental destruction and 

devastating oil contamination caused by multinational oil 

firms in the Niger Delta region is part of an interdisciplinary 

and multi-theoretical view of neo-colonial literature. The 

dialogic development of a variety of discourses is part of his 

complex literary style; his work involves feminist discourse 

and eco-critical interpretation of environmental issues, as well 

as post-colonial discourse that has become a defining feature 

of contemporary African literature. Ojaide's earlier-generation 

poetry and establishes him in post-colonial African poetry as a 

significant voice. The poems in The Harmattan Tale share 

Ojaide's love for exploring ancient African folklore with 

readers. In these poems, Ojaide's concerns owe much of their 

connection to his sensibilities and affinities towards his 

homeland. He does not surrender his creative inclinations or 

call for a Marxist agenda for political sloganeering or writing 

poetry, as one can admit, unaware of the genius of his 

imaginary complexity. 

The fourth collection of poetry "The Eye of the Earth" by Niyi 

Ariyoosu Osundare (1986) [10], Nigerian ecology is celebrated 

in this work and focus is given to the common man where it 

portrays one of the fiercest indictments of the people and alien 

destructive powers of modern economic culture. The Eye of 

the Earth (1986) by Osundare is divided into three sections: 

back to earth, eyeful glances of rain songs and home call with 

eighteen poems. This study investigates ecological 

implications in such poems as “forest echoes”, “The Rocks 

Rose to meet me”, “harvest call”, “Let the earth‟s pain Be 

Soothed”, “First rain”, “Rain-coming”, “Rain drum”, “farmer-

born”, “They too Are the Earth”, “Ours to Plough, Not to 

Plunder” and “Our Earth Will Not Die”. The Eye of the Earth 

poetry is divided into poems of varying lengths that lament the 

harm to the Nigerian climate for economic reasons and 

technological development. The poet's memories and 

impressions are captured by a series of confessional and 

lyrical poetry The environmental views of Osundare are 

drawn precisely from the Yoruba world view of traditional 

values taken from African culture. He claims that nature 

promotes a coherent equilibrium between microscopic species, 

insects, plants and humans and calls for the protection of the 

environment in Nigeria from the destruction of modern 

civilizations. It takes a pictorial account of man-and-earth 

violence. In other words, in the quest for better leadership by 

http://www.humanitiesjournals.net/


International Journal of Humanities and Arts  www.humanitiesjournals.net 

 

 

4 

alternative order, Eye of the Earth (1986) is dedicated to 

reclaiming the earth that has been forced to prostrate by 

capitalist processes. The poetry of Osundare is based on a 

vigorous, sustained concern for one of the oldest producers in 

the world: the peasants, those who till the land, and their 

quasi-mythical links to the earth. His goal is to immerse the 

realities and multiple lineaments of Africa's 

underdevelopment and poet laments on the ecological collapse 

and future which threatens the Nigerian landscape showing 

the increasing level of environmental degradation by the 

world’s mining industries. The poet's concern for the pathetic 

condition of the Nigerian environment and the propensity of 

the Nigerian ruling class to safeguard and exploit land, power 

and income resources at the cost of ecological balance and the 

well-being of the oppressed people is self-evident in this 

volume of poetry. The poet is concerned with both fact and 

the relationship between the individual and his environment. 

Therefore, it is not surprising that the whole volume is 

dedicated to poems about man engaging with nature's physical 

aspects. Really, the opening poem 'Forest Echoes' is a 

harbinger of what's to come. The poet saunters into the Ubo 

Abusoro forest in the poem, from where he allows his sea of 

memory to flood unimpeded. The first thing that strikes the 

poet when he enters the forest is the destruction by timber 

traders of the land and the trees referred to as agbegilodo in 

the poem. From this position, the poet laments the fact that, as 

a consequence of exploitation, these economic trees were 

reduced to mere stumps. There is the palm-wine tree which is 

described as conqueror of rainless seasons/mother of nuts and 

kernels/bearer of wine and life. In ' Forest Echoes, ' Osundare 

portrays man, the ground, animals, plants (actually all of 

nature) interacting and celebrating at this period of universal 

productivity in one festive mood. It's set in the past but it's 

meant to reinforce our current understanding. The second 

poem in the collection ‘The Rocks Rose to Meet Me’ is an 

encounter with the rocks – another aspect of physical nature. 

Before the rock of Olosunta, the poet is standing and waiting 

like Christopher Okigbo at heavens gate. And the Olosunta 

rock began to address the poet in the following words: 

 

“You have been long, very long, and far 

 Unwearying wayfarer,  

Your feet wear the mud of distant waters  

Your hems gather the bur  

Of farthest forests;  

I can see the west most sun  

In the mirror of y our wandering eyes” 

(Osundare the Eye of the Earth, 13). 

 

In these lines, Osundare is doing some kind of homecoming. 

He is a renegade and is now trying to establish vital links with 

the past. As he put it: 

 

‘The Rocks Rose to Meet Me’ is a homecoming of a  

Kind, a journey back (and forth) into a receding past 

Which still has a right to live. The rocks celebrated in 

This section… occupy a central place in the cosmic  

Consciousness of Ikere people; they are worshipped  

and frequently appeased with rare gifts, thunderous  

Drumming and dancing 

 (Osundare the Eye of The Earth ‘Preface’ xiii). 

 

The truth is that Osundare honors the rocks of Olosunta in 

Ikere cosmology, since they are both an aspect of physical 

existence and have a supernatural dimension. It is mother 

earth and natural laws require that the resources of nature 

should be used to advance society. Osundare also revolves 

around the cosmology of Ikere individuals in 'Harvest Call'. 

The rocks that rose in the previous poem to meet the poet are 

also named guardians of the spirit of harvest in Ikere's 

worldview. Thus, in this portion of the collection, all the 

poems speak of crops, harvest and bounty. The assumption is 

that the earth is a source of development and growth. Fertile 

and generous, it is. It will create food and resources for the 

good of mankind. In fact, the earth means abundance and 

abundance. The Earth is seen as the centre of wealth and life. 

Yet the rain acts as an agent or regulator between man and 

Earth. In his poetry, Osundare explores and praises these two 

facets of nature through introspection and nostalgia. Osundare 

also makes the suggestion in his celebration of the theme of 

nature that the dispossession of the world by some powers in 

society is capable and can actually threaten the full life of man 

as a human being. 
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Abstract—This article is an extension of morphological opera-
tors on hypergraphs to work with colour images. Morphological
operators on hypergraphs are useful for binary and grayscale

image processing. The preliminary experimental results related
to the extension of these operators to colour images is presented
in this paper. The results on colour images are promising and is
a better alternative for the existing methods.

Index Terms—Hypergraph, Mathematical Morphology, Image
Processing, Salt and pepper noise.

I. INTRODUCTION

Mathematical morphology is the first consistent non-linear

image analysis theory. Originally it was defined on a set

theoretic framework and used for processing binary images

and extended to grayscale images. Despite its continuous

origin, it was soon recognised that the roots of the theory

were in algebraic theory, notably the framework of complete

lattices. This allows the theory to be completely adaptable

to non-continuous spaces, such as graphs [4], hypergraphs

[3] and simplicial complexes [5]. Extending Mathematical

Morphology to colour images is an active area of research in

image processing [8, 18, 9]. There is no natural extension of

the morphological operators to colour images. This is because

colour images does not admit a partial ordering [11]. Image

denoising is one of the most important operations in image

processing. Salt and pepper noise is very common in image

processing applications and noise reduction is a very active

area of research in this field [12]. Morphological filtering is

one of the most reliable techniques for salt and pepper noise

reduction [2, 4, 5]. Our objective is to utilise the morphological

operators defined on hypergraphs to remove this noise from

colour iamges [2, 16].

*This work is supported by RUSA, Govt. of India under the MRP scheme.

This article is organised as follows. We introduce the

preliminary definitions from mathematical morphology and

morphological operators on hypergraphs in section II. In

Section III, we present the hypergraph representation of a

digital image. Experimental results of the operators and filters

on a colour image are presented in Section IV. Conclusion and

future works are presented in Section V.

II. PRELIMINARIES

A. Mathematical Morphology

Definition 1. [6, 7, 14, 17] Given two lattices L1 and L2, any

operator δ : L1 → L2 that distributes over the supremum and

preserves the least element is called a dilation. An operator

that distributes over the infimum and preserves the greatest

element is called an erosion.

Definition 2. [6, 7, 14] Two operators ε : L1 → L2 and δ

:L2 → L1 form an adjunction (ε, δ) if for any X ∈ L2 and

any Y ∈ L1, we have δ(X) ≤1 Y ⇔ X ≤2 ε (Y ), where ≤1

and ≤2 denote the order relations in L1 and L2 respectively.

Definition 3. [6, 7, 17] Let δ be any operator on a lattice

L, then δ is

• increasing if X ≤ Y implies δ (X) ≤ δ (Y );

• extensive if δ(X) ≥ X for every X ∈ L;

• anti extensive if δ(X) ≤ X for every X ∈ L;

• idempotent if δ2 = δ;

• a morphological filter if δ is increasing and idempotent;

• an opening if δ is increasing, anti-extensive and idempo-

tent;

• a closing if δ is increasing, extensive and idempotent.

B. Morphological operators on hypergraphs

A hypergraph is denoted as a pair H = (H•,H×) where

H• is a set and H× is a family (ei)i∈I of nonempty subsets

of H•. Let X and Y be two hypergraphs. If X• ⊆ Y • and

X× ⊆ Y× , then X is a subhypergraph of Y and is denoted

by X ⊆ Y. Let H = (H•, H×) be a hypergraph and consider978-1-7281-6453-3/20/$31.00 ©2020 IEEE



the sets H•,H× and H of respectively all subsets of H•,

all subsets of H× and all subhypergraphs of H[2, 16]. The

vertex-hyperedge correspondence defined in [2,16] by the

operators δ•, ǫ• from H× into H• and δ×, ǫ× from H• into

H× act as the building blocks for morphological operators

on hypergraphs. These operators are used to process colour

images in this work.

Definition 4 [2]

• Vertex dilation δ= δ• ◦ δ× and vertex erosion ǫ= ǫ• ◦ ǫ×.

• Opening γ1 =δ ◦ ǫ and closing φ1 = ǫ ◦ δ.

• Half opening γ1/2 = δ•◦ǫ× and half closing φ1/2 = ǫ•◦δ×

.

Property 1. If X• ⊆ H•, then γ1(X•)⊆ γ1/2(X•)⊆ X• ⊆
φ1/2 (X•)⊆ φ1 (X•).

Property 2. The operators γ1/2 and γ1 are openings on H•

and φ1/2 and φ1 are closings on H•.

C. Flat morphological operators on weighted hypergraphs

Let n denote any positive integer and K = {0, . . . , n}.Let

E be any set. Let Fun(E) denote the set of all maps from

E to K. By threshold decomposition [2], the lattice H of all

subhypergraphs of H induces a lattice Fun(H•)⊗Fun(H×) of

pairs of functions weighting respectively the vertices and the

hyperedges of H such that the simultaneous threshold of these

two functions at any given level yields a subhypergraph of H.

The operators acting on the lattices H•,H× or H are all

increasing and, they induce stack operators [1, 10, 13, 15,

19] acting on the lattices Fun(H•), Fun(H×), and Fun(H•)

⊗ Fun(H×). This implies that the properties presented for

hypergraph operators on the lattices H•,H× or H also hold

good for operators on the lattices Fun(H•), Fun(H×), and

Fun(H•) ⊗ Fun(H×).

The following definition is the stack analougues to the

operators δ•, ǫ×,ǫ•,δ× on weighted hypergraphs [2].

Definition 5 [2] Let F• ∈ Fun(H•) and let F× ∈ Fun(H×)

• δ•(F×)(x) = maxx∈v(ei){F×(ei)|ei ∈ H ×}∀x ∈H•

• ǫ×(F •)(ei) = min{f•(x)|x ∈ v(ei)}∀ei ∈ H×

• ǫ•(F×)(x) = minx∈v(ei){F×(ei)|ei ∈ H ×}∀x ∈H•

• δ×(F •)(ei) = max{f•(x)|x ∈ v(ei)}∀ei ∈ H×

This idea is used to define Alternating Sequential Filters

on binary and grayscale images represented as uniform hy-

pergraphs. The same idea can be extended to be utilised for

colour images also. Further it can also be used to define ASFs

on colour images by suitable choice of a partial order on colour

images.

III. COLOUR IMAGE REPRESENTATION

We represent the RGB components of a colour image by

means of a vertex weighted hypergraph. Each pixel correspond

to the vertices of the hypergraph and the weights are assigned

according to the intensity values of the corresponding pixels.

We use the 3-uniform hypergraph presented in Figure 1

to represent the hyperedges. This is because this structure

gives the best results for binary and grayscale image filtering
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Fig. 1: Hypergraph structure used to represent an image.

applications. The vertex weights are propogated along the

hyperedges to obtain the morphological operators, thereby

producing the component images [2]. The component images

are then combined to generate the resultant colour image.

IV. EXPERIMENTAL RESULTS

The definitions and results presented in the previous sections

are used to obtain the dilated and eroded colour images. This is

achieved by propagating the vertex weights of the hypergraphs

along its hyperedges to obtain the flat morphological operators

presented in [2]. Composition of these operators produce the

resultant images to generate half opened (γ1/2) half closed

(φ1/2), opened (γ1) and closed (φ1) images as shown in 2 (c)

to (f).

By property 1, half opening and half closing of the vertex

set of a hypergraph are more close to the original vertex set

than that of opening and closing. Moreover both of them are

filters and capable of removing noise from the image, where

the image is represented as a hypergraph. In this paper we

utilise this idea on colour images to illustrate the effectiveness

of these operators.

Figure 2(a) is a colour image taken from [11]. The noisy

version of this image added with salt and pepper noise is

shown in Figure 2(b). The mean square error (MSE) for this

image is 32.72%. The half opened (γ1/2) image is shown in

Figure 2(c). Almost all the salt kind of noise is removed by

this operation and causes less damage to the image. Figure

2(d) shows the half closed (φ1/2) image in which the pepper

noise is almost completely removed. Figure 2 (e) and (f)

shows the results of opening (γ1) and closing (φ1) of (b)

respectively. Here also the noise is removed but the damage

caused to the image is more compared to the previous cases.

The composition (γ1/2) ◦ (φ1/2) or half closing followed

by half opening is an alternating sequential filter (ASF) and

capable of removing impulse noise effectively from binary and

grayscale images [2]. The result of this operation on the tested

colour image in Figure 2(b) is shown in Figure 3(b). The mean

square error is reduced to 2.75% in this case. The open-close

filter (γ1)◦ (φ1) reduces the mean square error to 3.57%. This

is shown in Figure 3(a).

Experimental results shows that the resultant colour images

obtained by half opening and half closing are better than the

images obtained by opening and closing operations. This is

because half opening and half closing are better approxima-

tions to the original image and cause less damage to the image



(a) Original Image

(b) Noisy version MSE = 32.72%

(c) Half Opening

(d) Half Closing.

(e) Opening.

(f) Closing.

Fig. 2: Illustration of the operators on a colour image.

(a) γ1 ◦ φ1MSE = 3.57%

(b) γ1/2 ◦ φ1/2MSE = 2.75%

Fig. 3: Illustration of colour image filtering.

than opening and closing. Thus half opening and half closing

can be used more effectively than opening and closing for

colour image denoising. In this work we do not use any partial

ordering of colour vectors.

V. CONCLUSION AND FUTURE WORKS

The objective of this study is to identify the possibilities

of using morphological operators on hypergraphs for colour

image processing. Morphological operations like half opening

and half closing are not at all possible using traditional

morphological image processing using structuring elements.

Graph and hypergraph structures to represent digital images

allows this kind of operations. The results are required to

be tested on a large dataset of colour images inorder to

validate the consistency of the proposed method. The initial

results are promising and the future works are directed towards

a more suitable hypergraph representation of colour images

incorporating partial ordering on the colour components. The

possiblility of false colours in morphological colour image

processing is not completely removed in this method but the

effect of which is minimized. Use of partial ordering of colours

on hypergraphs is a solution for this problem.
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Abstract— Movies are the most popular medium that represents the popular taste and culture. Malayalam 

cinema has undergone several radical shifts throughout the past years, But still there are movies to satisfy 

or reinstate the traditional gender roles and patriarchy. The movie Sufiyum Sujathayum is about how society 

transforms our way of thinking based on the strict adhesion to patriarchy. More than love people consider 

social acceptance as the most important priority. The paper is an analysis of the movie by using theories 

such as male gaze and feminism. 
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Gender has been seen as a principle set up by 

theorists like Simone de Beauvoir. Rather than the result of 

sexual differences, it is represented as the consequence of 

social customs and practices which incorporates support 

from movies to practice of regular discussions as described 

in the book History of Sexuality by Michel Foucault. 

Foucault in this manner sums up that sex is the set impacts 

delivered on bodies, practices' and social relations by the 

sending of ‘complex political advancements’. 

Foucault's talk on the advances of sex is 

reformulated by Teresa De Lauretis, whose Technologies of 

Gender expresses that sexual orientation is a portrayal of 

connection having a place with a class, a gathering or a 

classification. The portrayal of gender starts from the 

principal material that contacts a child’s body. The cliché 

garments in blue or pink breaks the perfect world and drives 

the youngster into a framework of portrayals and images. 

To cite Teresa De Lauretis, that sexual orientation isn't sex, 

a condition of nature however the portrayal of every person 

as far as a specific social connection which preexists the 

individual and is predicated on the theoretical and inflexible 

resistance of two organic genders, which establish 'the sex-

sex framework'. 

 

Through the sexual orientation people start to fortify certain 

'proper' practices, young ladies get prepared in craft and 

music while young men takeover the play areas. Barbie 

dolls and kitchen sets enhance the rooms of girls when the 

young boys play with automatic rifles and autos. The 

ongoing inclination of selecting young ladies to karate 

classes is furthermore just to build up their 'safeguard 

component' which accentuation that 'you are fragile and 

could be a weakling!' Our famous legends additionally 

strengthen the indistinguishable thought. The chivalric male 

warriors wandering around to abstain from squandering the 

moaning females, or the sovereign appeal coming to spare 

heaps of the alluring Rapunzel from the hands of the witch 

underlines the indistinguishable factor. The temperate, 

sensitive, delightful, and crying women are consistently 

princesses where on the grounds that the forceful females 

are consistently witches. The case of sexual orientation 

generalizing in legends is that the depiction of guys as 

globe-trotters and pioneers and females as aides or 

supporters. 

The visual media particularly, film is one among 

the various innovations of sexual orientation. Laura Mulvey 

in her exposition, Visual Arts and Narrative Cinema 

clarifies the effect of visual expressions as a decent social 

innovation in deciding one's belief systems. 
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The enchantment of movies emerged from the gifted and 

fulfilling control of visual joys. The suggestive is being 

coded to the language of the prevailing male centric request 

in conventional standard movies and this is regularly the 

earlier element of achievement in each entertainment world. 

Movies as an assortment grasp both elitist and mainstream 

ideas of craftsmanship and work intimately with abstract 

style. The verbal and visual works of art don't appear to be 

only equal however intuitive and associated. A film will be 

considered as a social ancient rarity, which speaks to the 

way of life and convention to which it has a place. When it 

enters the social texture of a general public, it progressively 

impacts the way of life additionally. The entertainers 

likewise assume a significant job inside the methods for 

articulation in film. 

"The visual medium offers tremendous decisions 

which the composed account may not. There's a more 

prominent opportunity inside the decision of point of view; 

the organizations are various camera eye, storyteller, lights, 

utilization of room, the language, visual correspondence, 

face comparatively in light of the fact that the hushes. 

There's likewise the vital projection of generalizations." The 

sex generalizations are made by these verbal and visual 

media’s which assembles the social ideas and philosophies 

of the moving toward ages too. The idea of perfect spouse, 

perfect mother and so on are remoulded in movies. The 

perfect ladies in Kerala are thought as "Malayali Manka". 

She is considered as a kind of a goddess figure and she or 

he complies with each and every standards in society. She 

is considered on the grounds that the encapsulation of 

gentility. In her we will see the blooming of female 

temperance. 

The high social improvements in Kerala lists has 

offered ascend to the 'fantasy of Malayali ladies 'as getting 

a charge out of a superior status than their partners 

somewhere else inside the nation, particularly the high 

female education inside the state. This legend has been 

enlarged and supported by proof that matrilineal kinds of 

connection designs were common in specific networks in 

Kerala. The elevated level of female proficiency and work, 

33% reservation of seats in nearby administration bodies, 

high sex proportion and low fruitfulness rates alongside 

high female physical wellbeing accomplished a specific 

measure of social and political strengthening inside the 

property right. 

Even feminine images in visual media are intended 

to fulfil the male looks. Intentionally or accidentally ladies 

emulates the vivid screen to satisfy the other gender. 

Malayalam film neglects to speak to the encounters of ladies 

from alternate point of view. At the point when a female 

situated film is delivered the star 

esteem is a low in light of the fact that a lady assumes the 

principle job. Malayalam film reflects Malayali tastes, 

wants and dreams; one would then be compelled to 

surrender that so as to comprehend the contemporary public 

activity of karalla we ought to likewise view the delicate 

pornography motion pictures which once made the Kerala 

entertainment world drifting. Similar watchers of Adoor and 

Chandran films likewise delighted in Shakeela motion 

pictures. 

The current movies or the so called movies which 

represent nuances in the way of presentation still gives 

picture of woman who are always under the control of men 

in the family. Obeying orders and living according to the 

unwritten norms are the fate of so called Malayali Mankas 

(A term used to represent ideal woman in Kerala) 

represented in movies. It is considered as usual and 

acceptable to everyone. But knowingly or unknowingly it 

provides a wrong message to the audience. The symbolic 

representations also denote the struggle taken by a woman 

when she transcends her limits. Sufiyum Sujathayum is a 

2020 Malayalam movie directed and written by 

Naranipuzha Shanavas and produced by Vijay Babu under 

the banner of Friday film house. Sujatha is mute daughter of 

Mallikarjunan and Kamala. Sujatha was a talented dancer 

and an energetic girl in her village. One day she meets Sufi 

on her bus journey who is a disciple who returns to meet his 

master Ustad. Soon after their meeting both of them falls in 

love and they decided to elope accidently her parents caught 

her and married off to  Rajeev who lives in Dubai. After ten 

years Sufi returns to the village to meet Ustad but he was no 

more alive. Sufi gives out a prayer call (bank) Sufi passes 

away during the prayer Sujatha’s husband Rajeev decides to 

bring her back to her village to attend Sufi’s burial. Rajeev 

pays a visit to Sufi but Sujatha was not allowed to see him 

according to their beliefs woman were not allowed inside. 

At that evening Rajeev’s passport seemed missing and they 

searched everywhere and he got reminded of the incident 

that the passport may fell into Sufi’s grave and. Rajeev and 

his father in law decided to unearth Sufi’s grave with the 

help of their tenant. They could not find his passport in the 

grave at the same time Sujatha arrives there with his 

passport and she throws that Misbabha (A chain with Green 

Beads used for prayer by Muslims).As given by  Sufi gave 

her as her Mehar and she wanted to give him back the 

misbhaha that his mother gave him she placed it on his grave 

when her husband opened it. 

The heroine is dumb and her thoughts are 

expressed through written words and gestures. She is 

lovable and everyone gives her freedom until she falls in 

love with a man from another religion. Her father tries to 
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stop her, but she plans to elope with her lover. At the 

moment, like several other movie scenes father tries to 

persuade her by sentiments. She was not able to protest and 

that is another symbolic way that represented the tragedy of 

several women. She never gets a chance to unleash her 

thoughts through spoken form. 

The system of marriage is praised and the value is 

reinstated in the movie. Even though she is not mentally 

ready to live with her husband, she leads a troublesome  life 

for ten long years. And the husband is always keeps jealous 

over her past relationship and hates her lover. When Sufi 

died, he ardently tries to make her realize that her love is 

gone forever. And when they travel together in climax 

scene, she holds his hands with love. And in the tomb of 

Sufi she throws away his ornament that she kept for all these 

years. It’s a symbolic representation of grabbing herself 

from an unseen bond of love and longing. 

Sujatha’s grandmother was a person who was more modern 

in thoughts and deeds. She always respected her 

granddaughter’s ideas and thoughts. When the groom’s 

family came to see Sujatha, she said to them, 

Avalude lokam molila...aa lokam avrude onnu kanatte (Her 

world is above, let them see it too) 

And when she talks with her grandmother, they discuss 

about a plant and her grandmother told that 

“Dead bodies are buried in that place and we (woman) can’t 

enter there. But I have gone there 

These simple dialogues convey the progressive thoughts 

from a woman who lived a traditional life. But she  deviates 

from the one way path of tradition. The death of 

grandmother is a symbolic one because it is the 

disappearance of a ray of hope and dreams for Sujatha. 

Even though Sujatha enjoys freedom on all 

aspects, when she confronts with her lover or family, she 

sacrifices her true desires for the sake of family. Her 

supportive father changes completely when she is in love 

with a man from another religion. The conventional 

behaviour patterns and patriarchal ideologies are hidden 

while her decision making power is offended. 

The movie reinstates the patriarchal ideologies that 

are deep rooted in Kerala. The feminine and pleasing 

appearance of the heroine also demands obeying and 

sacrificing role. At the concluding part, like a typical 

woman in India, she starts living in accordance with her 

husband. In the beginning also she awakes from a dream  as 

if something gets dragged from their body. The various 

elements that are introduced contribute to reinstate the tastes 

of Malayali audience. 
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Abstract 

Exploring the unsaid and in-depth feelings of womanhood is portrayed in the writings of Kamala Das and Judith Wright. 

Judith Wright, Australian writeris famous for her unconventional approaches to burning issues of the day including love, 

marriage and their effects both good or bad. Kamala Das, famous bilingual writer from Kerala, India used to write her poems 

both in Malayalam and English. Kamala Das was famous for her confessional mode of writing including in her autobiography 

‘My Story’. The two writers, Kamala Das and Judith Wrightwere very much interested in the confessional mode of writing. 

The cultural diversity and panorama of experiences are different, yet their perception of femininity binds them together. Their 

poetry fought against the patriarchal society which was prevailed in the commonwealth countries. It has become a tool that 

unleashes the various hues and shades of feminine sensibility. Concepts of love, longingness, motherhood, suffering in a 

domestic sphere are dealt in a very similar way in both of their writings. Judith Wright graphically portrays motherly joys and 

feelings. Kamala Das also conveys such poetic undertones in her work. 

 

Keywords: commonwealth literature, patriarchal society, confessional writing, femininity 

Introduction 

“Sensibility is the fragrance of an artist’s personality. Just as 

a flower is distinguished by its fragrance and colour or a 

bird by its song, an artist is identified and distinguished by 

his or her sensibility” 

When we consider the feminine and masculine psyche, their 

understanding of the world comes from two different ways. 

It may be a result of shared norms, beliefs and the means of 

upbringing. Innumerable studies proved that men are more 

aggressive and dominant than woman. The feminine mind 

love to nurture and express their inner feelings in a more 

open line. All such insignificant emotions create their life 

progression. When we notice around, taking care of new 

born, feeding and other motherly duties are being carried 

out by the female partner in almost every species. 

Sociologists believe that the subordination of woman to man 

had been the history of so many communities in world. But 

the process of industrialization has changed the role of 

women in the modem scenario. And their sex identities are 

clearly underlined in the world in its comments on sex roles, 

Encyclopaedia of Psychology strikes attention to increasing 

equality of woman, sexual emancipation, a lessening of dual 

moral standards, i.e., in a reduction of all male privileges”. 

Apart from it, the feminine character as an artist and as an 

individual has been beautifully shown by Virginia Woolf 

who writes: 

“It is only when we can measure the way of life and the 

experience of life made possible to the ordinary woman that 

we can account for the success or the failure”.  

The feminine sensibility thus deals with the experience of 

the world from a viewpoint of a woman. The woman as a 

woman and the woman as an artist will be the integrated self 

in which feelings of love, sex and power will be suggested 

inclusively. Actually, the feminine sensibility is the 

fragrance of the woman’s personality which shines with a 

touch of genius in her poetical works. The woman artist not 

only agonizes but she also generates her art delicately and 

impulsively in the light of other ideas. A study of Indian 

women poets in English demands, at the outset, a 

clarification of a few issues related to it. The very term 

“women poets”, implies an attempt to isolate “women 

poets” from “men poets”, and consider them in a group only 

on the basis of sex. This inevitably raises the question 

whether there is anything like “feminine sensibility” or 

feminine ways of expression. We can assess it at the scale of 

psychological and sociological paradigms. Psychology 

studies the feminine and the masculine concepts from 

biological as well as psychological points of view.  

Judith Wright is a remarkable figure in Australian literature, 

who is also known as an environmentalist. She started to 

publish poems in the late 1930s in literary journals. As a 

poet she made her debut with The Moving Image (1946), in 

which she displayed her technical excellence without 

burdens of fashionable inclinations. Most of the poems were 

written in wartime. In 'The Trains' Wright took the threat of 

the war in the Pacific as a subject. The main theme in the 

volume was the poet's awareness of time, death, and evil on 

a universal scale. With the following collections Wright 

gained a reputation as a wholly new voice in literature with 

a distinctly female perspective. The title poem from Woman 

to Man (1949) dealt with the sexual act from a woman's 

point of view. 'The Maker' paralleled the creation of a poem 

and the creation of a child. Several of her early poems such 

as 'Bullocky' and 'Woman to Man' became standard 

anthology pieces. Wright also wrote love poems to her 

husband. His death in 1966 and her increasing anxiety of the 

destruction of the natural environment brought more 

pessimistic undercurrents in her work. The distinction 

between the “feminine” and the “masculine”, from the 

points of view of psychology, psycho-analysis and 

sociology emphasizes the need for a critical approach to 

poetry by women as an independent phenomenon. 
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Feminism has provided a new dimension to the world of 

woman’s identity. It has changed the whole scenario of 

society.  

The notion of woman is radically problematic because it is 

packed with the over determinations of male hegemony 

invoking in every formulation on the limit, contrasting 

other, or mediated self as a reflection of culture made on the 

control of women. Recent theorists resist the universalizing 

tendency of cultural feminism and highlight the variances 

between women and men on the basis of gender. Wright 

uses phrases like ‘wrecked skull’, ‘earth’s mouth’, ‘scarlet 

breath’, ‘fountain of hot joy’, and ‘living ghost of death’ to 

describe the Australian landscape. Words like ‘skull’ and 

‘ghost’ relates to the land being devastated by the invaders. 

In many ways this poem sums up the angst of Wright who 

reverts back to her ‘pastoral’ past by using the pronoun ‘I’. 

Words like ‘skull’, ‘flesh’, ‘blood’, and ‘death’ indicate her 

physical longing to connect to her land. 

It is worth noting that the themes of Kamala Das’s Poetry 

focus the background of feminine sensibilities. Kamala Das 

wrote about the woman who suffers in the society. Almost 

all her works depict her concern for the social and cultural 

construction of gender, raising her voice against 

marginalization and exploitation of woman. She has shown 

that woman have no separate existence free from men. Thus, 

Srinivasan Iyenger writes; “Kamala Das has a fiercely 

feminine sensibility that dares without inhibitions to 

articulate the hurts it has received in an intensive, largely, 

men-made world”. Kamala Das’s Feminine sensibility is not 

being found in her frank confession of her sexual life or in a 

detailed description of female organs. But it is expressly 

manifested in her attitude to love, in the experiences 

receiving love and agony etc. The poem ‘An Introduction’ 

has variously been interpreted as intensely autobiographical. 

The poem is an attempt to assert the poet’s individuality and 

feminine identity against social and cultural conformity. She 

wrote:  

 

“When I asked for love, not knowing what else to ask 

for, he drew a youth of sixteen into the Bedroom and 

closed the door, He did not beat me but my sad woman-

body felt so beaten. The weight of my breasts and womb 

crushed me. I shrank pitifully. Then … I wore shirt and 

my Brother’s trousers, cut my hair short and ignored my 

womanliness.”  

 

This is how Kamala Das proclaims herself. The woman in 

Kamala Das challenges the society and chooses to cut short 

her hair and wear a shirt. She wants to forget her 

womanliness which makes another cry. 

“Dress in sarees, be girl Be wife, they said. Be embroiderer, 

be a cook, Be a quarreller with servants. Fit into, Belong, 

cried the categorizers. Don't sit on walls or peep in through 

our lace-draped windows. Be Amy, or be Kamala. Or, better 

Still, be Madhavikutty.” 

Kamala Das speaks here as a liberated woman, who resents 

'the cocoon' built around her and desires to flit about without 

any restrictions. The fairer sex receives a better deal from 

this sensitive poetess, who airs out its grievances and 

sufferings in a striking fashion. Unquestionably, Kamala 

Das is a poetess of love and sex. As such, she is not so much 

preoccupied with the metaphysical quest of a restless soul, 

nor with the formulation of any theory of poetry. She writes 

almost invariably about the power of love and the appeal of 

the body. She confesses that she wrote the poems in the 

book ‘Summer in Calcutta’ to “make a man love me, to 

break down his resistance.” As an honest poet of love, she 

looks very frank and naive, without the intellectual pride 

and the domestic air of the well-known Australian poetess, 

Judith Wright. It should, however, be remembered that 

Kamala Das wrote her poetry against a more conservative 

and tabooed society than that of Judith Wright. She has, 

therefore, more to say about the pathos of a woman 

emerging from a passive role to the point of discovering and 

asserting her individual liberty and identity. 

Kamala Das’s poetry contains an acute concern for decay 

and death. Her autobiography, bordering on fiction 

occasionally, was actually written during one of her serious 

illnesses. It is not that she is afraid of death, and the last 

portions of ‘My Story’ tell us that she was sometimes even 

ready to welcome it, but physical decay and destruction 

definitely haunt her inescapably. In her ‘My Story’ Kamala 

Das tells us that she, at the age of 19, suffered a nervous 

breakdown as a neglected wife and that she was commanded 

to live all alone in a closed room with sunshine peeping 

through a window. Kamala Das in her poem expresses her 

ideas against arranged marriages, which are usually inspired 

by the parent conveniences more than those of the couples 

are. ‘The Sunshine Cat’, in this poem, too, like the earlier 

ones, finds a berth in ‘summer in Calcutta’ (1965). Sexual 

humiliation, which forms the main theme of Kamala Das’s 

autobiography, ‘My Story’ is the central experience here in. 

It recounts the tale of a woman too much wronged by the 

male world around her. The poem directly highlights the 

miseries of a forlorn woman. The men treated her very 

badly– the man she loved did not reciprocate her feelings 

and he was basically selfish and a coward, the husband, who 

neither loved her nor used her, but who was a ruthless 

watcher, who also made of the same grain; the band of 

cynics. She ultimately turned to for her emotional 

gratification was all selfish and egotistic.  

Kamala Das is deliberately frank about her personal and 

private relation within and without marriage. The writers 

like Kamala Das do be certain that not all relations are 

necessarily sexual. Her account of marriage in My Story is 

important for many reasons. First, it is this theme in her 

story that becomes a central ground to hold the significant 

ironic state of affairs, enigmatic codes, and segments that 

change her selfhood. Secondly, it is the marriage of Kamala 

Das that made her youth not simply sad and isolated but 

helpless and doomed to the loss of warmth, as if she had to 

pay the price of her spontaneity and innocence to the 

negative attitudes of husband, the related and not- so related 

people around her. Thirdly, it is through marriage that 

Kamala Das’s emotional skirmishes were fused with her 

physical struggle and intensified her creativity. Next, it is 

only because of marriage that sincerity and sensibility of her 

delicate mind were battered. Her integrity was cracked due 

to her suffering in the marital life. 

Kamala Das’s poems are a celebration of femininity and she 

uses the image of body several times in her writings. Judith 

wright is also using body as a metaphor in many of her 

writings. 

“Bereft of soul 

My body shall be bare. 

Bereft of body 

My soul shall be bare.” 

(The Suicide) 
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One of the most controversial and celebrated themes in 

Kamala Das’s poems and short stories are her explicit 

descriptions about sexual union and love. Her controversial 

autobiography Ente Katha (My Story) depicted her 

troublesome experiences in the past. As a child, an 

adolescent, a young wife, and an old woman, Kamala 

reconnects various aspects of a woman’s journey to connect 

with her sexual identity. In Composition she writes: now 

here is a girl with vast sexual hungers, a bitch after my own 

heart. 

Kamala often touched upon homosexuality be it the 

attraction among young girls at the boarding school, or an 

episode that described her husband and his friend. In My 

Story, Kamala writes: At this time my husband turned to his 

old friend for comfort. They behaved like lovers in my 

presence. To celebrate my birthday, they shoved me out of 

the bedroom and locked themselves in. I stood for a while 

wondering what two men could possibly do together to get 

some physical rapture, but after sometime my pride made 

me move away. The poem The Looking Glass needs special 

mention regarding the explicit talks about love and the 

misery in staying long. That also explains how we must 

realize the sensual pleasures and elements. 

Confessional poetry is the poetry genre that is mainly 

focused on extreme moments of individuals, their private 

experience and psyche. Confessional poets ‘private 

experiences are revealed in their poetry. Confessional poetry 

is quite diverse from traditional poems. This genre breaks 

down the traditional definition of poetry and explores new 

poetic style where poets pour out their inner feelings and 

unspoken words through their words. Confessional poetry is 

famous both for male and female poet but female poets 

theme; writing and style are different from male poets. For 

the female poets, confessional poetry is a medium where 

they can expose their psyche. Through this genre woman 

poets strive for self-definition. Female confessional poets 

struggle to find connection between the name that was set 

for her by the society and the name that they want to give 

themselves. 

The confessional poets exposed the subliminal pain buried 

deep in their disturbed psyche with such touching sincerity, 

that the reader was unwillingly drawn towards their world 

and even found themselves identifying with their usual state 

of mind. They had a personal charisma which was quite 

unique and which was reflected in their poetry. Her first 

poem was, as gather from My Story, about a doll that had 

lost its head and had to remain headless for eternity. As Das 

recalls,  

“Each poem of mine made me cry.  

My brother illustrated the verses and  

Wrote faintly political articles”. 

Finally, Kamala Das describes herself in the following lines: 

“. 

......................I am sinner I am saint, I am beloved and the 

betrayed. I have no joys which are not yours. No 

Aches which are not yours. 

I too call myself I”  

She seems to be no different from other human beings, that 

like every other human being she is sometimes sinful and 

sometimes pious. Kamala Das acknowledges her failures to 

achieve a required dimension in man-women relationship. 

Her criticism of man is appropriate because she does not 

find an equal response from the man. For instance, in her 

poem ‘The Freaks’ which is also confessional in nature and 

tone, the poet presents the man-woman relationship. 

“Rhyme, my old cymbal, 

I don't clash you as often, or trust your old promises music 

and unison. 

I used to love Keats, Blake; now I try haiku for its honed 

brevities, its inclusive silences. 

(From 'Brevity' in Notes at Edge) 

Judith Wright in her poem Sonnet writes in a a way that 

nature and human psyche are completely interconnected. 

“Now let the draughtsman of my eyes be done marking the 

line of petal and of hill. 

Let the long commentary of the brain be silent. Evening and 

the earth are one, and bird and tree are simple and stand 

still.” 

In the poem, The Seal, Kamala Das reminiscences her past 

through the imagery of sea. She remembers the fortunate 

time of her past and feels nostalgic in the present. We can 

identify an intense desire in Das to merge with the sea. 

Another poem, “The Suicide” is constructed as a 

conversation between the poet and the sea.  

 

"O sea, I am fed up  

I want to be simple 

I want to be loved  

And if love is not to be had, 

I want to be dead… 

(The Descendants)  

 

One gets a similar sense of death and sea image in her 

poems. “The invitation” is in a dialogue form between the 

poetess and the sea, where the sea offers one kind of death. 

"The sea garrulous today come in, come in, what do you 

lose by dying, and besides, your losses are my gains." 

A person’s behaviour is always relation-oriented. It is 

relations which can make or mar the atmosphere at the 

workplace as also in the family and the society as a whole. 

Man-woman relationship is essentially based on mutual 

understanding, love, respect and trust which are in essence 

the bed-rock of whole code of ethics governing these 

relations. Kamala Das felt the lack of love at quite an early 

age. Her parents’ behaviour was indifferent towards her. 

They were not so considerate ones as it is reflected in her 

autobiography. This is about her father;’ He was not of an 

affectionate nature so. We grew up more or less neglected, 

and because we were of ourselves. As neglected children in 

a Social-Circle that pampered the young.  

Man-woman relationship has its own grace and aroma. 

Admitted that our parent Adam was the lone sovereign of 

what he surveyed in the universe newly created for his 

benefit and amusement, when the beauty and boundary of 

nature were mere addition of his condition. But he was soon 

bored and fed up, to powers that he and his position was 

more than accepted when Eve was created from one of his 

ribs. In religion-mythical terms, Eve was flesh of Adam’s 

flesh and blood of his blood, she was created for 

companionship and in a way, it established his primacy in 

human relations Kamala Das excels in delineating human 

relationships. And in that most particular poem there 

hazardous feeling on that particular things in which there is 

going to see the things that, A full of things and cistern. Not 

short time and complete itself. With the chief weapons of 

snakes and it is cooling and not sounding’. Kamala Das 

could not get affection in her childhood. She says about her 

parents that;’ They took us for granted and considered us 
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mere puppets, moving our limbs according to the tugs they 

gave us, they did not stop for a moment to think that we had 

personalities that were developing independently.’ The 

sense of loneliness in childhood finds transference in her 

adult life as well. In marriage, she had dreamt, she would 

get love. With the key of love, she tries to unlock the 

complexities of human psyche and its insistent demands; 

 

“Their voices  

Were harsh, their song melancholy; they sang of Lovers 

dying and of children left unborn… 

Some beat their drum,  

And wailed and writhed in vacant ecstasy.” 

(The Old Playhouse and Other Poems)  

 

There is passivity as well as rebellion against a man-

dominated world. But there is no escape from conflict, from 

a sense of sterility. She wants real love but despairs when 

this it denied to her. In “the suicide” it is suggested. "My 

love is an empty gift, a gilded empty container, good for, 

nothing else"(Captive Summer in Calcutta) the complex 

mental state is reflected in the very moment and jerk of 

thought; she frankly lays bare her women’s heart, when she 

says. To give, we are all alike, we women, in our wrapping 

of hairless skin. An all-embracing discussion is needed to 

pin-point the right place for a woman in society. The 

importance of woman has been recognized in literature on 

various levels. For centuries, the human experience has been 

synonymous with the masculine experience. Right from the 

beginning of their life, women are forced to feel dwarfed 

and acquire a highly circumscribed world-view. But it 

becomes a hard fact that in the institution of marriage she 

loses her place. She feels herself only as a machine. 

Both the poets expresses her obsession with death in her 

works. In the poem ‘The Company of Lovers’ by wright 

also provides this theme. 

“Death marshals up his armies round us now. 

Their footsteps crowd too near. 

Lock your warm hand above the chilling heart and for a 

time I live without my fear. 

Grope in the night to find me and embrace, for the dark 

preludes of the drums begin, and round us round the 

company of lovers, death draws his cordons in.” 

The disillusionment and suffering, lost expectations are 

visible in her intense desire to merge with the idea of death, 

it becomes a mode of escape that can bring everlasting joy 

in most of her prominent works. 

Short telling poem "A Request" she voices her thoughts 

about love, life and death: When I die do not throw The 

meat and bones away but pile them up and let them tell by 

their smell What life was worth On this earth What love was 

worth in the end. She imagines people picking up her 

broken face from the debris of house wrecks, changed a 

little with years. Both of the writers grew in totally different 

culture and social settings. Yet their writings show several 

similar features and themes are also ones that concern the 

feminine sensibility and emotions. 
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Abstract 

 
Nature makes us feel alive and energetic. Nature has the power to bring our mind, body, and 

soul back to life. Nature's healing powers are absolutely amazing. Research have shown that 

nature is therapeutic for everyone. It is open to both the rich and the poor. Recognizing 

nature's healing power, many people travel to places around the world that offer consolation 

and comfort. The nature moderates the impact of stressful life events on the psychological 

well-being of people. Nature is not just around us, it's within us as well. It has a healing 

power that no other entity in this world has. This provides an unexplained sense of calm 

consciousness. Several studies are now available that show nature's psychological benefits. 

All the research points to the fact that the closer we find ourselves to nature, the happier we 

feel. Nature is, in fact, a strong antidepressant. 

 The paper is about the consoling power of nature experienced by the characters when 

they are with the natural setting in the novel The Tree of Man written by Patrick White. The 

study is an eco psychological re-reading of the text which will allow readers to witness how 

the environment becomes an inevitable part of human life that reflects the interconnectedness 

of all that the nature has created. The escape to nature has another appeal besides its beauty 

and tranquility. It is freely available to the poor as well as to the rich. Ecological interactions 

touch an individual’s physical, spiritual, emotional and psychological facets of life. Eco 

psychology is a modern social and intellectual movement aimed at recognizing and 

harmonizing the relationship between people and the Earth. The emerging field of eco 

psychology is showing how our human psyches are closely bound to the elemental earth. 

 Earth centred faiths strives to honour the strength of nature’s consoling power. This eco 

psychological study shows how the text demonstrates the character’s harmonious and 

balanced eco human bonding. It shows how far identities of characters are shaped by the 

surroundings in which they live. The study describes how the ecological lifestyle is an 

encompassing transformation that touches every facets of an individual’s life. The 

experiences encountered by the characters in the novel shows how the experiences in life 
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with the natural environment move them towards a greater appreciation and concern for the 

natural world. Thus The Tree of Man studied as an ecological writing remains a literature of 

hope. 

 In the novel, the characters sufferings in life get consoled as they get along with nature. 

When they remains in both wild and domesticated environments, most often in places of 

natural beauty, there are revelatory experiences awakening their wisdom and modesty. 

Experiences with the destructive sides of nature can test the commitment of ecological 

followers to provide a powerful reminder that a turn to earth is not peace, safety, or limitless 

abundance. In its natural cycles and changing ecology, the environment offers great stability, 

but this constancy is not fully chaos-free. Biophilia, the love of nature and living things, is an 

essential part of the human condition. Those who spend extensive time in the environment 

observes to respect the extreme spontaneity of nature. 
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Living in The Wilderness 
 

I wandered lonely as a cloud 

That floats on high o'er vales and hills, 

When all at once I saw a crowd, 

A host, of golden daffodils; 

Beside the lake, beneath the trees, 

Fluttering and dancing in the breeze. 

                                                ( William Wordsworth) 

 Nature makes us feel alive and energetic. Nature has the power to bring our mind, body, and 

soul back to life. Nature's healing powers are absolutely amazing. Research have shown that 

nature is therapeutic for everyone. It is open to both the rich and the poor. Recognizing 

nature's healing power, many people travel to places around the world that offer consolation 

and comfort. The nature moderates the impact of stressful life events on the psychological 

well-being of people. Nature is not just around us, it's within us as well. It has a healing 

power that no other entity in this world has. This provides an unexplained sense of calm 

consciousness. Several studies are now available that show nature's psychological benefits. 

All the research points to the fact that the closer we find ourselves to nature, the happier we 

feel. Nature is, in fact, a strong antidepressant. 

 The paper is about the consoling power of nature experienced by the characters when 



they are with the natural setting in the novel The Tree of Man written by Patrick White. The 

study is an eco psychological re-reading of the text which will allow readers to witness how 

the environment becomes an inevitable part of human life that reflects the interconnectedness 

of all that the nature has created. The escape to nature has another appeal besides its beauty 

and tranquility. It is freely available to the poor as well as to the rich. Ecological interactions 

touch an individual’s physical, spiritual, emotional and psychological facets of life. Eco 

psychology is a modern social and intellectual movement aimed at recognizing and 

harmonizing the relationship between people and the Earth. The emerging field of eco 

psychology is showing how our human psyches are closely bound to the elemental earth. 

 Earth centred faiths strives to honour the strength of nature’s consoling power. This eco 

psychological study shows how the text demonstrates the character’s harmonious and 

balanced eco human bonding. It shows how far identities of characters are shaped by the 

surroundings in which they live. The study describes how the ecological lifestyle is an 

encompassing transformation that touches every facets of an individual’s life. The 

experiences encountered by the characters in the novel shows how the experiences in life 

with the natural environment move them towards a greater appreciation and concern for the 

natural world. Thus The Tree of Man studied as an ecological writing remains a literature of 

hope. 

 In the novel, the characters sufferings in life get consoled as they get along with nature. 

When they remains in both wild and domesticated environments, most often in places of 

natural beauty, there are revelatory experiences awakening their wisdom and modesty. 

Experiences with the destructive sides of nature can test the commitment of ecological 

followers to provide a powerful reminder that a turn to earth is not peace, safety, or limitless 

abundance. In its natural cycles and changing ecology, the environment offers great stability, 

but this constancy is not fully chaos-free. Biophilia, the love of nature and living things, is an 

essential part of the human condition. Those who spend extensive time in the environment 

observes to respect the extreme spontaneity of nature. 

Patrick White’s novel evokes a diversity of landscapes that often enter into the texture 

of the novel’s narrative. He is quite a few steps ahead of the other contemporary writers. His 

works reveal the depth of his understanding of Australia as a region and its atmosphere. 

White considers it not only as a land of mystical values but also as a separate entity in human 

life. The depth in which he depicts the landscape of the Australian nation, real encounters 

with nature thereby resulting in idiosyncratic revelations makes his works stand apart from 

the other writers. Patrick White’s The Tree of Man evokes a diversity of landscapes that often 

enter into the texture of the novel’s narrative. 



 This paper thus discusses the idea of  the consoling power of nature experienced by 

the characters in the novel through the eco psychological aspects mentioned by Patrick White 

in the novel "The Tree of Man." People are less stressed when they are with nature. Ecocriticism 

helps us to realize that all living organisms are connected when we step into nature. Nature gives 

comfort to all troubles. The word ' tree ' in this novel's title stands for the search for growth of Stan, 

for the unbounded life. Stan was a person who loved being with nature. The novel begins with the 

description of two big trees. 

“A cart drove between the two big stringybarks and stopped. These were the dominant trees 

in that part of the bush, rising above the involved scrub with the simplicity of true 

grandeur.”(1White ) 

 The novel is a beautiful evocative description of the nature. Patrick White has paid a lot of 

attention to the nature that surrounds his protagonist Stan Parker.   

“He smelled the smell of green wood . The name of this man was Stan Parker.”(5 White ) 

It is a suburban drama that tells the story of the lives and fortunes of the Parker family over 

many decades. Stan is the son of blacksmith and an educated mother. Stan’s mother expects 

him to be a teacher or a preacher. After the death of the parents of Stan Parker, he decided to 

begin a new life. Stan had no intention of remaining in the confining atmosphere of the 

Australian bush town where he grew up. 

“At Willow Creek, God bent the trees till they streamed in the wind like beards.In the streets 

of towns the open windows, on the dusty roads the rooted trees, filled him with the 

melancholy longing for permanence.”(13 White) 

  He leaves his hometown and travels to an unsettled area outside Sydney, where he has 

inherited some property. He manages to makes out a house in the woods and starts farming. 

Stan had come to the woods in search of peace. 

“Stan Parker , began to tear the bush apart. His first tree fell through the white silence with a 

volley of leaves..Many days passed in this way, the man clearing his land..Seen through the 

trees , it was a plain but honest house that the man had built.”(17 White ) 

White's heroes suffer from alienation when they are in the midst of human society. Stan loved 

living in the woods devoid of all the rush of the busy world. He wanted a peaceful life in the 

calm and soothing nature. Stan is a lonely man whose most outstanding characteristic is his 

quality of being silent.He loved to be part of nature and wished to settle there throughout his 

life. Many days passed in this way , Stan clearing his land. At last he built his house amongst 

the woods. “Seen through the trees , it was a plain but honest house that the man has 

built.”(17 White) 

 One day Stan brought with him a woman. Her name was Amy Fibbens. Stan's union with 



Amy Fibbens  played a key role in shaping his goal and his efforts to achieve it. When they 

came to the place where Stan’s house stood , they were on the outskirts of the town , where 

they could smell sheep, and of water drying in a mud hole. The place was home to incredible 

scenery and delicate ecosystems.  Stan’s cart jolts through the windy countryside 

“The girl lazily smiled at the landscape, holding her hat.”(25 White) 

It ws a long ride through the bush road. The travel through the woods consoled her ill 

thoughts. 

“ The girl sat with her eyes on the road. She was not concerned , as at odd moments , her 

husband was afraid she might be. Because in her complete ignorance of life , as it is lived , 

and the complete poverty of the life she had lived , she was not sure but that might have to 

submit thus , interminably bolt upright in a cart. Life was perhaps a distances of stones and 

sun and wind , sand coloured and momotonous.”(26 White) 

 Nature has the power to refresh our mind , body and soul. In the novel , we can see that the 

characters are energized and alive when they are in nature. Amy always had a feeling that 

Stan remains distanced from her. Her only relief is observed from the surrounding she lives. 

This consoling power of nature has brought  Amy Parker to live in the midst of the beauty of 

nature. Amy Parker had grown greedy for love. She had not succeeded in keeping her 

Husband with her all the time.  She had promised herself in moments of indulgence that she 

would achieve this at some future date. But she fails everytime. He retreated from her once 

again. Amy’s only relief was the moments she had with the nature. Amy loved animals and 

enjoyed planting trees. “She should plant the white rose, where the slope of the land was still 

restless from the jagged stumps of felled trees.”(28 White) The nature which surrounded her 

spoke to her in its silence from her consoling depths. 

“She walked slowly on , taking care of herself , and the harsh blue of her wooden jacket 

flickered through the evening colours of the garden , the colour of moss , almost of 

foreboding , and her skirt in passing stirred up an intolerable scent of rosemary and thyme, 

that lingered after she had gone.”(57 White) 

 The Parkers continued their life. When Stan leaves the house into the woods he can still hear 

the voice of Amy when he was alone in nature. To discover what life actually is, the more 

humble Stan Parker turns to Nature. Stan's greatest strength is his endurance. His mind can 

withstand pain and torture to the degree that it can help him achieve his goal. 

Other people came to live in those place after few years and  there was a rose bush now , 

growing against the veranda , a white rose , of which Amy had thought and spoken to Stan , 

and which he had brought to her from the town. 

The major event that took place was a great flood, which fortunately did not destroy their 



farm. The still air became more charged the closer they got to the centre of the storm, the sky 

darker. The storm continued most of the days. “ The whole earth was in motion and 

streaming trees, and was in danger of being carried with it.”(47 White) 

The constant rain that swells into the flood of Wullunya, causes trouble to people's lives, and 

Stan is brought to the point that he understands how weak man is. He joins other volunteers 

and helps rescue settlers stranded by the flood. 

“The great trees had broken off, Two or three fell”. 

“He remembered the face of his mother before her burial, when the skull disclosed what the 

eyes had always hidden, some fear that the solidity of things around her was not assured. But 

on the dissolved world of flowing water, under the drifting trees, it was obvious that solidity 

is not”. (73 White) 

  Stan learns to humble himself from his surroundings and to embrace continuous change as 

the only solidity. Two children are born to the Parkers, a daughter, Thelma, and a son, Ray. 

Later, during a raging bushfire, Stan rescues Madeleine from the burning manor house. 

World War I begins soon after the great fire, and Stan enlists in the army. After Stan returns 

from the battlefields of France, he once more works his farm while his wife carries out her 

domestic duties faithfully and his children grow into adults. 

"One was born. One lived".(104 White ) Stan felt that staying isolated in the nature is the 

only way one gets consoled. It reflects one’s self confidence. He admires the land which 

gives shape to his life. Also he is also looking for a sense that lies beyond the visible 

environment. The solitary life in nature helps to develop internally by which he eventually 

must reach the innermost core of his own being.   

“Society, as such, fills him with discomfort 

and it has always remained an "unrealized ambition".(186 White ) 

Stan feels the land is an indomitable power, bringing misery, suffering and desolation. This 

unstatic experiences faced with the nature makes a person stronger. 
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Abstract: Developing intercalated micro and nano-structured ZnO thin films using cost effective, 

non-vacuum chemical spray pyrolysis (CSP) method and treating it as counter-part of organic 

material (P3HT:PCBM) so as to form hybrid type solar cell is explained here. Basic device 

configuration chosen for the study was ITO/ZnO/P3HT:PCBM/Ag. Device fabrication was done 

in an open atmosphere, without using any inert gas and devices were not laminated. Fabricated 

devices exhibit an efficiency around 1.4 %. Ageing study of the device was done and the role of 

micro/nano structured ZnO in stability enhancement is confirmed from XPS measurements.  

Introduction: 

Hybrid solar cells are the best option to overcome the disadvantages of both pure inorganic as well 

as pure organic solar cells. Low cost and flexibility of polymers or organic materials and stability 

provided by the inorganic material are the major advantage of these devices. These type of devices 

were classified as next generation or the 4th
 generation solar by Jayawardena et al. [1]. 

Present work focused on developing micro and nano structured highly stable inorganic materials 

say ZnO, and characterizing them and using them as counter-part for organic material so as to form 

a hybrid solar cell. 

Experimental technique: 

Cost effective and vacuum free Chemical Spray Pyrolysis technique was used for depositing 

micro-nano intercalated ZnO thin film and the detail description of the technique was already 

reported [2]. Experimental part is described here briefly. Precursor solution (0.1 M, contains zinc 

acetate, deionized water and isopropyl alcohol) was sprayed on to the substrate (soda lime glass 

for characterization and/or ITO for device fabrication) at 9 ml/min, kept on a heater at 250 °C. 

Atmospheric air was used as the carrier gas and was passed to the nozzle at a pressure of 20 psi. 
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Volume of the solution sprayed was 35 ml. Spray coating ~ 4 min with the above said condition 

yielded slightly transparent thin film.  

Device fabrication: Tin doped indium oxide (Geomatec Japan) was chosen as the bottom electrode 

and vacuum evaporated silver was used as top electrode. Atop ITO, ZnO was spray deposited, 

over which P3HT:PCBM blend was spin coated. This resulted in a device with configuration 

ITO/ZnO/P3HT:PCBM/Ag. An important point to be noted is that entire device fabrication was 

done in open air atmosphere (except Ag deposition) with-out any glove box or any inert gas and 

no encapsulation or any protective coating is given to the device. Structural and optoelectronic 

characterizations were done. Morphological study was done by FESEM and I-V by using source 

measure unit of National Instruments and Class AAA solar simulator. 

Results and discussion: 

Here, ZnO thin film materials developed using chemical spray pyrolysis technique possess 

hexagonal wurzite structure with a band gap of 3.2 eV [2]. Morphology of the film was an 

amalgamated micro and nano structure (figure 1).  

        

(a)          (b) 

Figure 1. SEM images of ZnO sample at different views. Fig (a) is reported by Geethu et.[] 

Solar cell characterization: Schematic diagram of the device is in figure 2. Basic parameters of 

the solar cells i.e., open circuit voltage (Voc), short circuit current density (Jsc), fill factor (FF) and 

efficiency (η) could be obtained from illuminated voltage-current (I-V) characterizations of the 

device. For the study, a source measurement unit for I-V measurement and a solar simulator that 

provide light similar to solar spectra are required. Here used source measure unit of NI and AAA 
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solar simulator as mentioned in the experimental section. I-V measurements were taken under dark 

and on illumination. Illuminated measurements were carried out by taking I-V while the sample 

were illuminated using solar simulator.  Here the devices fabricated were I-V characterized and 

voltage vs current density plot was drawn for one among the best sample yielding an efficiency of 

1.35 % and is shown in figure 3. 

 

Figure 2. Schematic diagram of the device  

  

 Figure 3. J-V plot of the device

 

Stability study: Analyzing device stability was the major aim behind the study for which device 

was characterized for about 2 years by taking its current – voltage measurements (figure 4). Even 

though reduction in the device performance was observed in the initial period of time, the device 

was almost stable for the rest of the period.  
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Figure 4. Life time/stability study of the device [3] 

An important point to be noted is that the device is fabricated in an open atmosphere without using 

any glove box (except the electrode deposition using vacuum coating technique). Also no 

encapsulation or lamination is given to the device. For life time study of the device it was kept in 
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an open atmosphere so that the device is affected by all the climatic changes like temperature, 

pressure and other factors like dust, moisture content. The mentioned are the external factors that 

affecting the device performance. One of the major internal factor that deteriorates organic solar 

cells is diffusion of indium from ITO to organic layer. But was excellently blocked by the as 

developed ZnO film and is obvious from XPS measurements (figure 5). 

          

Figure 5. XPS in-depth profile revealing the blocking of In from ITO [3] 

Conclusion 

Developing micro-nanostructured ZnO thin film suitable for hybrid type solar cells using 

P3HT:PCBM as the organic material was successfully done. Device fabricated were characterized 

and undergo ageing study for ~ 1.5 years for periodic intervals of time. Role of micro-

nanostructured ZnO for providing device stability by blocking indium diffusion was verified from 

XPS measurements.   
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(20mmol) were dissolved in 35ml deionized water with simultaneous vigorous stirring for about 30 
min to form a homogenous mixture. Then the resulting mixture was transferred into a 50mL Teflon-
lined stainless steel autoclave and heated to 2650C for 15 hour. XRD and Raman analysis of the 
prepared powder confirms the formation of monoclinic WO3 phase. SEM analysis shows that the WO3 
samples have an irregularplate-like morphology. WO3 nanoplates showed significant sonocatalytic 
property in methylene blue (MB) solution. WO3nanoplateshaving a concentration of 1g/L shows 65% 
of removal efficiency on water containing MB dye concentration of 10mg/L. 
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ABSTRACT: Utilizing clean green energy source is the appropriate way to sustain a pollution free 
environment. Moreover, it helps to reduce the dependence on imported energy and advance our 
economy. One of the most reliable clean green energy technology is photovoltaics since its source is 
abundant and scalable i.e., solar cells can be installed on an industrial scale, or can be used to power a 
single household. Materials possessing properties like eco-friendly, earth-abundant, non-toxic are the 
best suitable for photovoltaic application. Copper tin sulphide(CTS), a I-III-VI compound, that 
introduced into the field of photovoltaics few years back, bear above mentioned properties along with 
its suitable band gap (1-1.5eV), tunable morphological structure, higher absorption coefficient (~105 
cm-1) etc. Moreover, different low-cost, non-vacuum, easy methods are available for developing CTS 
nanoparticles or its thin films. Here CTS nanoparticles were developed using solvothermal method and 
its suitability for solar cell applications were analyzed. 
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Mineralized Bioactive Glass Particles Providing 3D Cell Growth Environment and Drug 
Delivery Applications 
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ABSTRACT: Hydrogels are a kind of polymeric scaffoldscomposed of three-dimensional hydrophilic 
polymer chains that have not only superior mechanical strength but also provide a nutrient environment 
suitable for endogenous cell growth. In this investigation, various collagen/pectinbased hybrid 
composite hydrogels containing in-situ mineralized bioglass particles were formed and subjected to in-
vitro bioactivity tests. Such hydrogels were subjected to morphological studiesand also 
theircorresponding, thermal and swelling properties were analyzed. Morphological results revealedthe 
existence of crosslinking through bioglass precursors.Bioglass particles so formed wereembedded in 
the blend matrix and found to be around 1 μm size. The hydroxyapatite layer formation of the 
hydrogelswas also thoroughly investigated in SBF. On increasing the concentration of the bioglass in 
the hydrogel, the integrity of the various hydrogels was observed to change during swelling in SBF. 
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4 Smart Nano-Enhanced Organic Phase Change Materials

Among various sources of renewable energy, thermal energy storage has
gained a wide popularity to bridge the gap between energy demand and
energy generation. Latent heat storage systems, viz. phase change mate-
rials (PCMs), are most effective due to reversible high thermal energy
storage density within a short temperature span. The organic PCMs suffer
from disadvantages of low charging and discharging rates which in effect
relates to the thermal conductivity. To enhance this thermal conductivity,
nanocomposite PCMs have become hot targets of research to prepare high-
performance PCMs. Various supporting materials and additives used for
preparing nanocomposite PCMs along with routes of preparation and their
performance have been detailed in this chapter. This chapter has been divided
into different sections based on the nanomaterial used to enhance the per-
formance of organic and inorganic PCMs followed by concluding remarks.
The various sections are based on inorganic, organic (mostly based on
nanocarbons) and organometallic nanomaterials.

1.1 Introduction

The ever-rising energy demands with increasing population, depletion of fos-
sil fuels and industrialisation has triggered the search for various renewable
energy sources. These issues have created a need for energy security and
efficient energy utilisation following which extensive research is going on
in the field of renewable energy resources. The mismatch between energy
supply and demand along with the utilisation of intermittent sources of
energy can be filled in by one such system, thermal energy storage (TES)
system [1]. TES can be pursued in the form of sensible heat, latent heat
and thermochemical heat [2]. Sensible heat is stored with increasing or
decreasing temperature of the system, utilising specific heat capacity of the
material. Latent heat is stored when the material undergoes phase trans-
formation under isothermal conditions. Latent heat storage materials, also
known as phase change materials (PCM), absorb energy with phase trans-
formation during heating and retrieve this energy during cooling process.
During heating, the crystals melt by absorbing heat and while during cooling
the crystals are reformed by releasing the absorbed heat. Thermochemi-
cal energy is stored by reversible chemical reactions due to the breaking
and formation of molecular bonds. PCMs are most effective among TES
materials due to high energy storage density within a narrow temperature
range. The schematic of PCM working has been presented in Figure 1.1.
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Figure 1.1 Schematic representation of the working of PCM.

The heat storage capacity of a PCM can be determined by using Equa-
tion 1.1 [3]:

Q =

∫ Tm

Ti

mCpdT +mam4Hm +

∫ Tf

Tm

mCpdT (1.1)

A phase change material should have the following characteristics for
maximum efficiency [3,4]:

Thermal:

• High thermal energy storage density
• Suitable phase change temperature
• High thermal conductivity
• Cycling stability

Physical:

• High density
• Little or no subcooling
• Low vapour pressure
• Small volume change
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Chemical:

• Long-term stability
• Compatibility with container material
• Non-toxic, non-flammable

Economic:

• Abundance
• Availability
• Cost-effective
• Recyclability

PCMs were first employed by NASA for preparing thermoregulating
suits of astronauts to protect from temperature fluctuations. PCMs find
applications in many sectors which include thermoregulating textiles, smart
buildings, active and passive solar energy storage, cooling of electronics,
therapeutic packs, temperature-controlled greenhouses and waste heat recov-
ery [5,6]. A number of novel applications have been explored recently
which includes nanomedicines, biometric identification, anti-icing coating
and thermal barcoding [7,8].

1.1.1 Types of PCM

PCMs can be classified based on the nature of the material as inorganic,
organic and eutectic PCMs [9]. Inorganic PCMs consisting of hydrated
salts and metallics have high thermal energy storage density and high ther-
mal conductivity. But the disadvantages of inorganic PCMs, such as high
degree of subcooling, incongruent melting, phase separation with repeated
cycling and corrosion largely limit their applicability. On the other hand,
organic PCMs are characterised by high latent enthalpy, little or no subcool-
ing, self-nucleating behaviour, low vapour pressure, non-corrosive nature,
good chemical and thermal stability. Organic PCMs consist of paraffin
waxes (PW), fatty acids, esters, alcohols, sugars and poly(ethylene gly-
col). Eutectics can be of the inorganic or organic type using mixtures
of two or more PCMs. Though these eutectics offer good phase change
enthalpy they melt incongruently. Also, extensive research is required to
find eutectics with suitable mass ratio, phase stability and proper transition
temperatures.
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1.1.2 Physical Form of PCM

Phase change can be in the form of solid-liquid, solid-solid, liquid-gas and
solid-gas [9,10]. Solid-gas and liquid-gas transformations have high latent
enthalpy values but the volume changes associated with phase transition make
the containment difficult and unfeasible for practical purposes. Solid-liquid
transitions are economically attractive but containment is required in the
liquid phase to prevent leakage due to large volume change. Solid-solid phase
changes have lower enthalpies than solid-liquid phase change but offer many
advantages of encapsulation and containment, small volume change, absence
of liquid leakage and ability to process in desired shapes. The SSPCMs can
be prepared by using both physical and chemical methods [11]. Form-stable
or shape-stabilised composites can be developed by physical bonding of soft
segment with a higher melting polymeric substrate such that the soft segment
is embedded in the polymer matrix preventing its leakage during the phase
transition from solid to liquid phase, as long as the temperature is maintained
below the melting point of the polymer matrix. The physical methods include
blending, adsorption and soaking. An inorganic/organic porous matrix is
also used for making SSPCMs. Various chemical methods such as grafting,
cross-linking and copolymerisation can also be utilised for the preparation
of solid-solid PCMs, wherein the working material is chemically linked to
the supporting material via different linkages such as urethane, epoxy, ester
and ether. The chemical methods of modification yield more chemically and
thermally stable PCMs but compromise the TES capacity.

However, the commercialisation of solid-solid PCMs is hindered due
to low thermal conductivity of the composite PCMs, low storage density
and leakage at temperatures beyond the melting temperature for form stable
PCM [12]. If the thermal conductivity is low, then it would result in slow
thermal storing and releasing properties and therefore, exhibit low thermal
energy utilisation efficiency. The low thermal conductivity can be enhanced
by two methods; using a thermally conductive supporting matrix or thermally
conductive fillers [13]. With the progress of the development of conducting
fillers, much higher performance is observed with a nano-supporting matrix
or nanofillers. Thus, nanocomposite PCMs have become popular due to the
advantages of direct applicability with high thermal energy storage density
and high charging/discharging rates. The use of nanomaterials in PCMs has
been illustrated schematically in Figure 1.2. Various nanomaterials such as
metallic nanoparticles, carbon nanomaterials, graphene and derivatives have
been used effectively to prepare high-performance phase change composites.
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Nanomaterial used as

Shape stabilizer
Ex. Mesoporous SiO2

Thermal conduc�vity 
enhancer

Ex. Metal nanopar�cles

Shape-stabilizer and 
thermal conduc�vity 

enhancer
Ex. Boron nitride

Figure 1.2 Schematic to illustrate the use of nanomaterials.

Figure 1.3 Preparation of porous alumina@graphite foam by particle-stabilised direct foam-
ing method. Reprinted (adapted) with permission from Ref. [15]. Copyright (2017) American
Chemical Society.

1.2 Inorganic Nanocomposites

Various inorganic nanocomposites can be prepared by utilising inorganic
materials as supporting matrices for solid-liquid PCM.

Paraffin, a simple and versatile PCM, forms form-stable composites with
hexagonal boron nitride sheets with a diameter of 0.5–2 µm and thickness of
almost 100 nm [14]. The resulting heat transfer rate can be enhanced by 25%
with about 10% loading of boron nitride. As a result of confinement, the latent
enthalpy reduces by about 12% to 177 J.g−1. Porous Al2O3@graphite foam
(PAGF) has been prepared by using particle-stabilised direct foaming method
as seen in Figure 1.3 [15]. Three-dimensional interpenetrating pore structure
with 66 wt% PW is prepared to achieve fusion enthalpy of 105.8 J.g−1. By
using alumina foam, the conductivity of composite can be enhanced by 3.62
times to that of pure PW.

PEG can be loaded with 4 wt% GO as supporting material and 30 wt%
boron nitride is added as thermally conductive filler. The incorporation of a



1.3 Metallic Nanoparticles 9

high concentration of boron nitride can increase the thermal conductivity by
900% to a value of 3 W.m−1.K−1. At the same time, the photo-absorption
is also improved [16]. The fusion enthalpy of 107.4 J.g−1 is not adversely
affected by forming such kind of composite.

Flower-like TiO2 nanoparticles with high surface area and unique pore
structure can be used to encapsulate PEG up to 50.2 wt% [17]. The nanocom-
posite has good thermal reliability up to 200 thermal cycles with enthalpy
of 86 J.g−1. Radial mesoporous silica (RMS), prepared with cetyltrimethy-
lammonium bromide template and tetraethylorthosilicate (TEOS) as SiO2

precursor, can be vacuum impregnated with PEG [12]. Immersion time of
50 minutes with an immersion temperature of 70◦C is optimum for the
preparation of this PCM. Maximum enthalpy of 130 J.g−1 is possible by
using 80 wt% PEG/RMS composite. Simultaneously, the supercooling is
reduced by 4.8% - 19.7%.

Bulk carbon nitride (bulk-C3N4) and carbon nitride intercalation com-
pounds (CNIC) are used as shape-stabilisers for PEG by using blending and
impregnation method [18]. However, the PEG/C3N4 blend does not have
any crystalline peaks of PEG due to the hindrance to its crystallisation. The
PEG/CNIC blends having a porous structure, exhibit PEG diffraction peaks
with lower intensity than that of PEG. The higher specific area of CNIC
than that of bulk C3N4 aids the crystallisation of PEG. The PEG/bulk-C3N4

and PEG/CNIC composites could accommodate a maximum of 40 wt% and
60 wt% PEG. Reduction of melting temperature by 24◦C from that of pure
PEG is exhibited by the PEG/CNIC blend having a fusion enthalpy of 46
J.g−1 for 60 wt% PEG. The use of graphitic carbon nitride as shape-stabilisers
reduces the extent of supercooling, while lowering the phase change enthalpy.

1.3 Metallic Nanoparticles

Metallic nanoparticles based on aluminium, copper and silver are used to
enhance the thermal conductivity of composite PCM. Using PEG as PCM as
well as reducing agent, in-situ reduction of AgNO3 by PEG results in the
formation of PEG/silver nanoparticles composite using a simple blending
and heating process [19]. The thermal conductivity improves by 212% as
compared to pure PEG with latent heat in the range of 121.9–141.9 J.g−1.

Raw diatomite can be leached with alkali to dredge pores into diatomite,
thereby improving the surface area and pore size (Figure 1.4a and b) [20].
Spherical, crystalline silver nanoparticles (Ag-NP) with particle size in the
range of 3-10 nm are then uniformly distributed on the surface of diatomite
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Figure 1.4 SEM micrographs of diatomite (a) after acid treatment, (b) alkali treatment to
enlarge pores and (c) Silver decorated diatomite/PEG PCM. Reproduced from Ref. [6] by
permission of The Royal Society of Chemistry.

and this Ag decorated diatomite is blended with PEG to enhance the heat
transfer properties of PCM (Figure 1.4c). About 63 wt% PEG loading can
lead to melting enthalpy of 111 J.g−1 at 60◦C and reduced supercooling
extent than that of PEG due to a heat conduction pathway provided by
porous Ag-NP decorated diatomite network. With 7.2 wt% of Ag, a thermal
conductivity of 0.82 W.m−1.K−1 is possible, which is 127% higher than the
system without it.

Aluminium nitride is added during in-situ polymerisation of methyl
methacrylate to prepare PEG/polymethyl methacrylate (PMMA)/aluminium
nitride composite withstanding maximum PEG encapsulation of 70 wt% [21].
By varying the mass fractions of aluminium nitride in the range 5-30%,
the thermal conductivity can be increased from 0.253 to 0.389 W.m−1.K−1.
However, the increasing mass fractions of aluminium nitride results in
decrease of latent enthalpy from 116 to 79 J.g−1. The volume resistivity
increases from 0.26 × 1010 Ω.cm for pure PEG/PMMA PCM to 5.92 × 1010

Ω.cm for PEG/PMMA composite with 30 wt% aluminium nitride promoting
electric insulation capabilities of the PCM.

To achieve the enhancement of thermal conductivity of PEG/SiO2 com-
posites, certain metal and carbon based fillers are used. The addition of
β-aluminium nitride from 5% to 30 wt% enhances the thermal conductivity
from 0.3847 to 0.7661 W m−1 K−1 [22]. Increase of the β-aluminium nitride
mass fractions has adverse effect on enthalpy values as it reduces from 161
to 130 J.g−1. Copper can be introduced in PEG/SiO2 composites in-situ via
chemical reduction of copper sulphate by applying ultrasound-assisted sol-
gel method.[23] With 2.1 wt% copper, the composite exhibits 38% increase
of thermal conductivity to 0.414 W m−1 K−1 while the melting enthalpy is
exhibited at 110 J g−1.

To PEG/expanded vermiculite composite, silver nanowire is added as
thermal conductivity enhancer [24]. Silver nanowire of length 5-20 µm with
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50–100 nm diameter, prepared by solvothermal method and wrapped by
PEG, exhibits well-infused pores of expanded vermiculite. A maximum of
66.1 wt% of PEG can be incorporated for maintaining shape-stabilisation.
Increase in concentration of silver nanowire increases the thermal conduc-
tivity, while reducing the enthalpy. The concentration of filler needs to be
tuned in order for the PCM to have satisfactory latent heat for application.
For example, with high weight fraction of 19.3 wt% silver nanowire the
thermal conductivity increases by 11.3 times to a value of 0.68 W.m−1.K−1

with a melting enthalpy of 99 J.g−1. A theoretical method developed for cal-
culation of thermal conductivity values of PEG-silver/expanded vermiculite
composite is consistent with the experimental values having an uncertainty
of ±3%. Expanded vermiculite acts as a nucleating agent in promoting the
crystallisation of PEG chains and causes reduction of supercooling extent by
7◦C. Silicon carbide nanowires (3.28 wt%) addition as conductive fillers to
vermiculite/PEG composite results in 8.8 times higher conductivity than PEG
to a value of 0.53 W.m−1.K−1 and melting enthalpy of 65 J.g−1 [25].

1.4 Carbon Nanocomposites

Carbon based supporting materials such as activated carbon (AC), ordered
mesoporous carbon (CMK-5), carbon nanotubes have gained significance,
not only as thermally conductive fillers but as containment matrices. Such
kind of properties improve the thermal conductivity of the composite and
further, the porous nature of these materials allows for maximum accommo-
dation of working material and offer structural stability without compromis-
ing the transition enthalpy significantly. Physical blending and impregnation
method has been most commonly applied for preparation of these composites.
Due to the porous nature of these materials, there is a minimum threshold
for accommodation of working material below which the soft segment gets
well absorbed into the pores, thereby hindering the crystallisation and thermal
behaviour. For the PEG-mesoporous active carbon form-stable PCM, this
threshold limit is 30 wt% PEG [26]. The blends with PEG wt% below 50
are found to be mesoporous with PEG getting adsorbed into the pores of
AC. However, the blends with higher PEG wt% varying from 50-70% are
found to be non-porous showing aggregates of PEG exhibiting easier ability
to undergo crystallisation. The phase change activation energy increases with
increasing AC content and decreasing PEG content. Similarly for larger
chain of polyethylene glycol hexadecyl ether (Brij58) working material, this
threshold limit is 25 wt% PEG with porous activated carbon supporting
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framework [27]. The non-isothermal crystallisation behaviour in Brij58/AC
composite accounts for increase in half-time and relative degree of crys-
tallinity indicating confined crystallisation of Brij58 as a result of nanoporous
activated carbon matrix. The pore structure of these porous materials is
found to affect the phase change behaviour of composites [28]. The irregular
pores of AC had pore diameter of 4 nm whereas the hexagonally ordered
pores of CMK-5 had a pore diameter of 3.5 nm. The mesoporous pores of
EG have pore diameters of 13 µm. The phase change enthalpies of porous
carbon composites and crystallinity of PEG increase in the order of PEG-
AC<PEG-CMK-5<PEG-EG. This originates from the larger pore volume of
EG whereas the small pore diameter of AC and CMK-5 hinder the crystalli-
sation of PEG. Thus, higher pore volumes and ordered pore geometries are
essential for shape-stabilisation.

Although commercially available carbon materials are most preferred for
making PCM composites, there are efforts for preparing designed porous
carbon from different raw materials. By carrying out controlled carbonisation
of metal organic frameworks at different temperatures, highly porous carbons
with exceptionally high surface area and large pore volume up to 2551.0
m2.g−1 and 3.1 cm3.g−1 respectively can be realised, which suits well for
using as supporting matrix in PEG-based shape-stabilised PCMs [29]. Metal
organic frameworks can be heated at high temperatures leading to the migra-
tion and evaporation of zinc oxide particles to form a highly porous matrix.
The nano-cavities with large mesopore volume afford adsorption up to 92.5
wt% PEG with high latent heat of 162 J.g−1. The disordered tiny graphitic
porous carbon with very high specific surface area leads to enhanced thermal
conductivity. In fact, the thermal conductivity can be improved by 50% by this
strategy as compared to pure PEG. Porous carbon is also prepared from potato
by using freeze drying and heat treatment techniques consecutively, thereby
utilising renewable plant resources/agricultural feedstock [30]. The porous
carbons prepared by this technique exhibit an average pore diameter of 204.7
nm with a 73.4% porosity, which can be loaded with a maximum of 50 wt% of
PEG. This composite has reasonable mechanical strength to retain its shape-
stability and can prevent leakage of melted PEG. Melted PEG, having good
wettability to carbon, has exudation stability above melting temperatures. In
addition, the extent of supercooling for same composite is reduced by 7.6%.

Various studies have focussed on using carbon nanomaterials for enhance-
ment of thermal conductivity such as carbon fibre, carbon nanospheres
(CNS), carbon nanotubes (CNT), multiwall carbon nanotubes (MWCNT) and
single-walled carbon nanotubes (SWCNT), graphene and more.



1.4 Carbon Nanocomposites 13

1.4.1 Carbon Fibre

Structural laminates can be made by combining an epoxy resin with paraffin
as PCM, which is stabilised with CNTs, and reinforcing carbon fibres [31].
The stabilised paraffin maintains inherent ability to melt and crystallise in
the laminates even after repeated thermal cycling. The melting enthalpy
of the composite is proportional to the paraffin weight fraction reaching a
maximum value of 47.4 J cm−3. Moreover, the thermal conductivity of the
laminates through thickness direction increases with the content of CNT-
stabilised PCM. A sharp drop of storage modulus occurs at Tg as well as
at Tm of paraffin. Similarly, two tan δ peaks corresponding to transition in
storage modulus exist. Above characteristics impart good impact properties
to the laminates. Mechanical energy absorption capability of the laminates is
revealed by a sequence of drops and plateaus in the load-displacement curves.
Phase change composite from carbon fibre and erythritol can be made by the
percolation of carbon fibre into erythritol. This can be carried out by two
methods namely, melt-dispersion and hot press [32]. Hot press method is
more effective for the preparation of phase change composite with carbon
fibre due to alignment of carbon fibre in a plane perpendicular to pressing
stress which increases the thermal conductivity exponentially as compared to
conventional melt-dispersion method. Also, high packing ratio in hot press
method requires smaller volume fraction of filler.

1.4.2 Carbon Nanospheres (CNS)

Carbon nanospheres (CNS) can be dispersed in PCM like stearic acid in
varying weight percentages with maximum percentage of 50 wt% CNS [33].
Although, the thermal conductivity increases with increasing concentration
of CNS from 0.21-0.431 W.m−1.K−1 the enthalpy is adversely affected as
the corresponding values decreases from 153 to 92 J.g−1.

1.4.3 Carbon Nanotubes (CNT)

Polymer matrix has been developed that displays both the good capabil-
ity of storing and releasing thermal energy together with good mechanical
properties that make it suitable to fabricate structural composites. This has
become possible by combining CNT confined paraffin as PCM with a high-
performance epoxy matrix. PW, blended with 10 wt% CNT incorporated in
epoxy matrix, exhibits very high phase change enthalpy value of 219.1 J.g−1

with higher thermal stability than PW. [34]. CNT acts as stabilising agent



14 Smart Nano-Enhanced Organic Phase Change Materials

Figure 1.5 (a) TES by Joule heating and (b) schematic for GO/CNT network in PEG matrix.
Reprinted (adapted) with permission from Ref. [35]. Copyright (2018) American Chemical
Society.

allowing maximum incorporation of PW without leakage. For confining
paraffin in CNTs, the latter is added to molten paraffin under mechanical
stirring at 500 rpm for 30 min and cooled to ambient temperature by pouring
in to silicon moulds. For shape stabilisation, minimum 10 wt% CNTs is
required for containing paraffin. The CNT-confined paraffin, thus prepared
can be added to epoxy resin and the mix is cured at ambient temperature
followed by post curing at high temperature. Blending process does not
affect the inherent melting and crystallisation peak temperatures. However,
without CNT, the paraffin exudes out as the confinement action is missing in
the blend. Paraffin loading in epoxy lowers the elastic modulus and flexural
strength of the epoxy matrix with a trend in accordance with the mixture
rule. The additional attribute of such materials is the decrease of electrical
resistivity with loading of CNT.

Using CNTs in combination with graphene oxide (GO) to prepare PEG
composites, a conductive interconnected pathway can be generated for self-
heating by using low voltage as a result of Joule heating (Figure 1.5) [35].
The fusion enthalpy for 85 wt% PEG composite is 120.7 J.g−1 with storage
capability of 66.3% of pure PEG. Joule heat storage efficiency of about 70%
is achieved at 6.6 V. By crosslinking PEG and hexamethylene diisocyanate
biuret to form polyurethane in presence of dispersed halloysite nanotubes
(HNT), the fusion enthalpy improves from 86.6 to 118.7 J.g−1 with addition
of just 1.02 wt% of HNT. [36]. In fact, HNT acts as crosslinking and
nucleating agent so that the fusion enthalpy is improved.

Carbon nanotube sponge (CNTS) has been adopted as a porous scaf-
fold to store PW by using solvent assisted infiltration to allow for uniform
distribution of PW [37]. Enthalpy loadings beyond 91 wt% PW exceed
the phase change enthalpy of pure PW but thermal conductivity saturation
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occurs at 80 wt% PW with six-fold increase compared to pure paraffin. The
composite retains its shape stability without any deformation even under large
compression. The extensive C-H. . .π interactions affect the storage efficiency
of the composite. The composite is capable of storing energy under small
voltages or light absorption maintaining thermal reliability for large number
of cycles, e.g., beyond 100 cycles.

1.4.4 Multiwall Carbon Nanotubes (MWCNT)

Another carbon material, multiwall carbon nanotubes (MWCNT) and func-
tionalised MWCNTs (-COOH, -NH2, -OH functional groups) can be used
to form nanocomposite with PEG [38]. PEG/functionalised MWCNTs have
lower phase transition enthalpy and transition temperatures as compared
to pure PEG/MWCNT PCM. The functional groups affect the enthalpy
values of the composite PCMs in the order of MWCNT-COOH<MWCNT-
NH2<MWCNT-OH<MWCNT. The order is dictated by the combined
influence of hydrogen bonding, capillary forces and surface adsorption. On
dispersing MWCNT (3 wt%) in PEG/SiO2 composite, thermal conductiv-
ity is improved to a value of 0.463 W.m−1.K−1 [39]. The composite has
multidirectional characteristics, such as rapid and broadband visible light-
harvesting, light-thermal conversion together with thermal energy storage
ability and form-stable effects. By the introduction of 2.7 wt% graphite
to the PEG-SiO2 composite the thermal conductivity can be enhanced to
0.558 W.m−1.K−1 [40]. Paraffin/montmorillonite/grafted MWCNT compos-
ite, having latent heat of 47.7 J.g−1 and thermal conductivity of 0.301
W.m−1.K−1, can be prepared by using ultrasonic dispersion and liquid
intercalation technique [41].

1.4.5 Single-walled Carbon Nanotubes (SWCNT)

Single-walled carbon nanotubes (SWCNT) with a high aspect ratio can
be modified to incorporate nitrophenyl groups to allow dispersion in sol-
vent, toluene and composite formation with PEG is possible due to π- π
interactions between PCM and modified-SWCNT [42]. Though a maximum
enthalpy of 103 J.g−1 can be achieved, the thermal conductivity is higher
than the other carbon composites with MWCNT and carbon black. SWCNTs
effectively capture photons and act as molecular heater by converting light
into heat energy. With a small loading of 2 wt% of SWCNT, the thermal
conductivity of the PEG/diatomite composite can be improved from 0.24
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to 0.87 W.m−1.K−1 without affecting the thermal energy storage properties
[43]. About 60 wt% PEG can be incorporated in the composite with good
thermal reliability for 200 thermal cycles. Enhancement of thermal conduc-
tivity by 250% is achieved with a minimum loading of 0.25% of SWCNT
in n-octadecane [44]. This enhancement depends on several factors includ-
ing type of CNT, functionalisation and purity. The enhancement effect of
SWCNT in the composite is superior than the corresponding composite with
graphene nanoplatelets (GNP), which is due to the possible alignment of
alkane along the axis of CNT as compared to multiple orientations on GNP.

1.5 Graphene Nanocomposites

The research on graphite and its derivatives has intensified due to its two-
dimensional nature, introducing high thermal conductivity and superior
electronic and mechanical properties along with the added advantage of
low density. Similar to carbon composites, these composites of graphene
are also commonly prepared by using blending and impregnation process.
Three-dimensional netlike architecture of graphene/PEG composites is able
to contain 93 wt% PEG with fusion enthalpies reaching 166 J.g−1 [45].
This interconnected architecture of composite is used as a source of heat
for thermoelectric device fabrication allowing long steady-state output time
with increasing weight percentage of PEG. Another environment friendly
derivative of graphene, sulphonated graphene (SG) is used as a nanocom-
posite matrix to incorporate 96 wt% PEG by using solution processing in
aqueous medium [46]. A four-fold increase in thermal conductivity from
0.263 W.m−1.K−1 for pristine PEG to 1.042 W.m−1.K−1 for the composite
is possible, while suffering a 12.9% reduction in latent heat value.

1.5.1 Graphene Oxide (GO) and Derivatives

Many oxygen functional groups of graphene oxide (GO) undergo strong
hydrogen bonding interactions with PEG, which facilitates about 90 wt%
incorporation of PEG [47]. GO is effective in lowering phase change temper-
ature without much impact on phase change enthalpy as compared to other
carbon based porous materials including activated carbon and CMK-5.

By using both blending-impregnation and microwave method, 96 wt%
PEG/GO nanocomposites can be prepared [48,49]. The use of microwave
enhanced interlayer spacing between GO sheets for impregnation allows
efficient dispersion of the PEG molecular chains. This results in high TES
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Figure 1.6 (a) Functionalisation of GO. (b) Reduction, functionalisation and self-assembly
process. Reprinted (adapted) with permission from Ref. [51]. Copyright (2015) American
Chemical Society.

of 175 J.g−1 for the composite prepared by microwave method. However,
the composite, prepared by blending and impregnation method, has lower
latent heat of 143 J.g−1. Similar to other GO composites, this composite
also exhibits improved photo to thermal energy conversion with increase in
concentration of GO. The surface modification of GO can be done to make
reduced graphene oxide (rGO) and GO-COOH respectively [50]. The melting
points and phase change enthalpies decrease in the order of PEG/GO-COOH
< PEG/GO < PEG/rGO. Maximum depression of melting point is exhibited
by PEG/GO-COOH by 16.8◦C as compared to PEG. This can help to manip-
ulate the behaviour by proper functionalisation of the surface. Long chain
alkyl amine, oleylamine are used to functionalise reduced graphene oxide
(rGO) and palmitic acid is adsorbed onto the network in varying percentages
(Figure 1.6) [51]. With a minimum loading of 0.6 wt% of modified GO, high
phase change enthalpy of 196.6 J.g−1 and thermal conductivity enhancement
by 150% as compared to pure palmitic acid can be achieved. The photo to heat
conversion efficiency is quite high and the thermal reliability also remains
high as (up to 500 thermal cycles) GO sheets are impregnated with 71 wt%
stearic acid (SA) to function as PCM, which exhibits phase change enthalpy
of 56 J.g−1 [52]. SA is confined in the interlayer spaces of the composite
having thermal storage capabilities of 82.4%.
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1.5.2 Graphene Aerogels (GA)

Three-dimensional hybrid graphene aerogels (HGA) can act as both nucleat-
ing agent and supporting material allowing incorporation of 2 wt% GO and
4 wt% GNP by using vacuum impregnation and physical blending methods
(Figure 1.6) [53,54]. These composites exhibit high latent heat values in
the range of 170-186 J.g−1. In addition, the three-dimensional supporting
framework leads to significant increase in thermal conductivity. The vacuum
impregnated composite exhibits an increase of thermal conductivity from 0.3
W.m−1.K−1 of pure PEG to a value of 1.43 W.m−1.K−1 for the composition
of 0.45 wt% GO and 1.8 wt% GNP. Additionally, the PCM composite with
lowest filler content of 0.5 wt% HGA shows light to thermal energy conver-
sion with 92% efficiency and the efficiency reduced with increase in filler
content. For the composite prepared by using physical blending method, the
thermal conductivity reaches a maximum of 1.7 W.m−1.K−1 and electrical
conductivity up to 2.5 S.m−1. In presence of ultralow filler concentrations,
this composite exhibits high latent heat values of 178 J.g−1 which is 98.2%
of that of pure PEG. Using modified hydrothermal method, GO sheets are
reduced into aerogels and used as shell to encapsulate core, paraffin [55].
A very high encapsulation of 97 wt% paraffin is achieved with high phase
change enthalpy of 202 J.g−1. The thermal conductivity increases by 32%
with respect to pure paraffin.

1.5.3 Expanded Graphite (EG)

The porous structure of expanded graphite (EG) is encapsulated with paraffin,
n-docosane, having maximum of 10 wt% EG [56]. With thermal conductivity
of 0.82 W.m−1.K−1, the melting times reduce with increasing concentra-
tions of EG. Also, the enthalpy for 10 wt% EG composite is 178.3 J.g−1,
lower by 8.4% as compared to pure paraffin. The thermal conductivity
increases by 10 folds to a value of 3.83 W.m−1.K−1 for 10 wt% EG/paraffin
composite [57]. To improve the compatibility between paraffin and hydroxyl-
terminated polybutadiene (HTPB), form-stable composite is prepared by
physical blending with nano-silica as support and EG as thermally conduc-
tive fillers (Figure 1.7) [58]. The incorporation of the PW/nano-SiO2/EG
composite in the HTPB matrix reduces the thermal energy storage capac-
ity significantly due to the hindrance posed to crystallisation. The addition
of EG drastically improves the thermal conductivity from 0.303 to 0.602
W.m−1.K−1 as compared to pure PW. Blends of PEG and expanded graphite
(EG), containing 90 wt% PEG, have high enthalpy of 161 J.g−1 at 61◦C
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Figure 1.7 Schematic for preparation of nano-silica/EG/PW/HTPB composite. Reprinted
(adapted) with permission from Ref. [58]. Copyright (2018) American Chemical Society.

[59]. Further, the thermal conductivity improves with increase in percentage
incorporation of EG with maximum values reaching 1.324 W.m−1.K−1.
EG prepared using microwave method is incorporated with n-octadecane to
prepare phase change composite with 90 wt% soft segment possessing phase
change enthalpy of 187 J.g−1 [60]. The thermal diffusivity of the composite
increases with EG content which increases by 296.3% as compared to pure
octadecane. The same EG is also blended with fatty alcohol, tetradecanol
using autoclave method in the presence of solvent, ethanol [61]. 93 wt% of
tetradecanol can be incorporated with high enthalpy of 202.6 J.g−1.

To target medium temperature applications, sebacic acid/EG composite
can be made by dry pressing, which has a phase change enthalpy of 187
J.g−1 at 128◦C. Negligible subcooling and high thermal conductivity of 5.353
W.m−1.K−1 are the two important properties of the nanocomposite [62].
Ternary mixture of myristic, palmitic and stearic acid can be blended with
EG incorporating 93 wt% of the eutectic mixture [63]. Maintaining improved
thermal conductivity of 2.51 W.m−1.K−1, the composite exhibits good fusion
and crystallisation enthalpy of 153.5 and 151.4 J.g−1 respectively.

1.5.4 Graphene Nanoplatelets (GNPs)

One of the alkanes, eicosane, is used to prepare composite PCM with
graphene nanoplatelets (GNP) under sonication and in the absence of
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surfactant [64]. With a maximum loading of 10 wt% GNP, thermal conduc-
tivity can be enhanced by 400% from that of pure eicosane. Furthermore,
the thermal conductivity increases significantly with increase in temperature
with optimum range being 30–35◦C for this composite. Consequently, the
thermal interface resistance reduces due to two dimensional planar structure
which aids high performance of GNP composite. The reduction of thermal
energy storage density by 16% for 10 wt% GNP, still keeps the latent enthalpy
considerably high at a value of 220 J.g−1.

GNPs serving as the conductive fillers and polyethylene glycol (PEG)
acting as the phase change material (PCM) can be uniformly dispersed and
embedded inside the network structure of polymethyl methacrylate (PMMA),
which imparts well package and self-supporting properties of composite
[65]. Followed by the sonication of expanded graphite to obtain GNP, it is
immersed into the polymer matrix of PMMA in the presence of 70 wt% PEG.
Incorporating a mass fraction of 8 wt% GNP, the thermal conductivity can be
enhanced by 9 times as compared to pure PEG. This addition of GNP also
improves the electrical conductivity by 8 orders with improvement from 10−9

S.cm−1 for 1 wt% GnP to 10−4 S.cm−1 for 2 wt% GnP. However, the latent
heat varies from 125 to 114 J.g−1 with increasing GNP content. GNP aids
in reducing the supercooling extent and enhances the thermal stability of the
matrix making it feasible for use in applications such as EMI shielding, anti-
electrostatic material and bipolar plates in proton exchange membrane fuel
cells.

To improve the thermal conductivity of composite PCM, exfoliated GNP
can be vacuum impregnated with bio-based PCMs obtained from under-
used feedstocks of fatty acid esters [66]. Although the thermal conductivity
improves from 0.154 to 0.557 W.m−1.K−1, the latent heat storage capacity
reduces to large extent (25%) from that of the pure bio-based PCM.

PEG is vacuum impregnated into three-dimensional porous cellu-
lose/GNPs aerogels to fabricate phase change composites [67]. The high
thermal conductivity of GNPs increases the heat carrying capacity to large
extent with a value of 1.35 W.m−1.K−1 at 5.3 wt% GNP. Fusion enthalpy
of 87% of that of PEG is retained by the composite with a value of 156
J.g−1 at 89 wt% PEG. Polyurethane-GNP composites have been prepared
from butane diol with or without chain extender [68]. The concentrations of
GNP are maintained below 1% for nucleation efficiency and higher degree
of crystallinity. About 0.3 wt% is maintained for composites without chain
extender and 0.5 wt% for composites with chain extender. The enthalpies of
composites are higher without chain extenders ranging between 118.0–164.5
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J.g−1 as compared to enthalpies of composites with chain extender ranging
between 128.0-148.5 J.g−1. The two-dimensional pathway provided by GNP
for phonon transport increases the thermal conductivity of both the com-
posites significantly. Further, the ultrasonic wave propagation increases with
increasing GNP content which indicates better crystals formation [69].

1.5.5 Graphite Foam (GF)

By carrying out in-situ polymerisation of PEG and diisocyanates within
graphite foam (GF), smart PCM composite with electro/photo to heat con-
version is developed with more than 80 wt% of polyurethane (PU) in the
composite [70]. The thermal conductivity enhances by 12 times as compared
to PEG, to a value of 3.5 W.m−1.K−1. However, the enthalpies are lower at a
value of 80.3 J.g−1 due to urethane linkages restricting the movement of PEG
chain and reducing the hydroxyl groups of PEG inhibiting intermolecular
hydrogen bonding. The composite shows storage efficiency of more than 80%
for electro to heat conversion and 67% efficiency for photo to heat conversion.

Macroporous pitch-based GF is loaded with 73 wt% in situ cross-linked
polyurethane yielding enthalpy of 60 J.g−1 [71]. However, supercooling is
significantly reduced and thermal conductivity improves by 43 times as com-
pared to PU with a high value of 10.86 W.m−1.K−1. With the thermal storage
efficiency reaching up to 85%, the composite is successful in providing
thermal buffering as a wear layer for protection from cold.

The filling of GF with interconnected hollow graphene network results in
the formation of hierarchical GF (HGF) and reduces the thermal resistance
by providing a denser three-dimensional conduction pathway [72]. PW is
immersed in HGF pores by vacuum impregnation method which enhances
the thermal conductivity by 744% as compared to pure PW. Further, the
latent enthalpy is not much affected remaining at 95.2% of PW having
good reliability up to 100 thermal cycles. This composite is also effective
in photoabsorption with 89% thermal energy storage efficiency.

1.6 Conclusions

A wide range of nanocomposite PCMs have been explored as solid-solid
PCMs. The varieties of materials presented have highly porous nature which
can accommodate high percentage of PCM, high thermal energy storage
density without liquid leakage and high thermal conductivity. In this chapter,
we explored a wide array of nanomaterials used in conjugation with organic
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PCMs. Three major categories of nanomaterials include metallic, carbon-
based and graphene-based nanomaterials. The use of nanomaterials enhances
the thermal conductivity but on the other hand, it leads to significant decline
of thermal energy storage efficiency. Among the various materials explored,
graphene foam and single-walled carbon nanotubes offers huge enhancement
of thermal conductivity resulting in the preparation of smart PCMs with
efficient photo to thermal conversion without sacrificing the thermal energy
storage capacity. For the commercial success of these materials, right balance
of working material and thermally conductive filler/supporting matrix needs
to be established depending on the end application.
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Natural dye-sensitised solar cells (NDSSCs) have emerged recently as effi-
cient and low-cost photovoltaic cells. The natural dye molecules were used
as the light harvesting material in NDSSCs. The core shell nanoparticles of
solid-state absorber are used as a sensitiser in conjunction with the Opuntia
stricta fruit dye. TiO2-CuO and TiO2-ZnO nanocomposites were synthesised
using sol-gel method, which were used as photoanode. The liquid elec-
trolyte was replaced by quasi-solid gel polymer electrolytes (GPEs) using
poly(methyl methacrylate) and polyethylene glycol which are incorporated
into the liquid iodine/iodide electrolyte matrix. The natural dye obtained from
Opuntia stricta fruit was characterised using ultraviolet visible spectroscopy.
The gel polymer electrolyte was characterised using FT-IR; scanning electron
microscopy (SEM) and ionic conductivity were studied using electrochemical
impedance spectroscopy (EIS). The current voltage measurements of solar
cell based on Opuntia stricta fruit dye-sensitised TiO2 and TiO2/CuO films
showed an enhancement of open circuit voltage (Voc) from 0.43 to 0.49 V,
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when CuO is added. This confirms that CuO plays an active role for the
energy barrier leading to decrease in recombination losses.

2.1 Introduction

Natural dye-sensitised solar cells (DSSCs) are a potential alternative to the
traditional photovoltaic devices. It has gained considerable attention in the
field of solar energy due to their simple fabrication, environmental friendly
materials endowed with good efficiencies and low production cost [1]. DSSCs
consist of nanoporous wide band gap semiconducting oxide layer, dye sensi-
tiser which plays important role in harvesting sunlight and transforming solar
energy into electric energy, an electrolyte and a counter electrode which may
be graphite coated or platinum coated.

Besides TiO2, semiconductors like SnO2, Fe2O3, ZrO2, Al2O3 and ZnO
have also been well studied for solar cell applications. The recombination of
photo-injected electrons in the conduction band of TiO2 with the oxidised
dye is one of the most important problems in TiO2. The relatively slow
electron transport rate resulting from multiple trapping/detrapping events
occurring within grain boundaries, will lead to high interface recombination
and limit the device efficiency. The best approach to solve the limitation
exhibited by TiO2 as photoanode is achieved by the replacement of core/shell
nanostructures. Based on a hypothesis that a coating layer may build up
an energy barrier at the semiconductor/electrolyte interface which in turn
lowers the charge recombination. Thus, retard the reaction between the pho-
togenerated electrons and the redox species in electrolyte. More works have
been focused on the development of core–shell nanostructured photoanodes
such as TiO2@ZnO [2-5], TiO2@Nb2O5 [6], TiO2@SnO2 [7], TiO2@Al2O3

[8], TiO2@ZrO2 [9] and ZnO@Cu2O [10]. It was reported that with these
nanostructures, a favourable energy gradient in the bulk of the anode can be
developed to enhance electron transport.

Next to photoanode, electrolyte plays an important role in DSSC.
Recently, many groups have been working on polymer electrolyte to improve
transport properties. Another crucial parameter in the fabrication of DSSCs
is the sensitising dye. The alternative for organic dye is natural dye. It is
environmental friendly and low in cost.

In this present work, we discussed the preparation of TiO2, TiO2-ZnO,
TiO2-CuO and polymer gel electrolyte. The effects of these oxide layers
on the performance of DSSCs assembled with a gel polymer electrolyte
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were investigated. The prepared core/shell nanostructures and gel polymer
electrolytes were characterised by various analytical methods. The natural
dye obtained from Opuntia stricta fruit was characterised using Ultravio-
let Visible spectroscopy. The ionic conductivity of gel polymer electrolyte
was studied by electrochemical impedance spectroscopy (EIS). NDSSCs
were assembled according to the configuration of (i) FTO/TiO2-CuO/natural
dye/gel polymer electrolyte/carbon/FTO and (ii) FTO/TiO2-ZnO/natural
dye/gel polymer electrolyte/carbon/FTO were fabricated and results were
compared. The solar cell efficiency has calculated using solar simulator AM
1.5 irradiation.

The metal oxide such as ZnO and CuO onto the TiO2 nanoparticles,
creating a core-shell nanoporous structure, provides means to minimise the
charge recombination losses in DSSCs. The improvement in the solar cell
energy conversion efficiency by the over coating approach may be assigned
to the following factors: (i) the wide band gap coating delays the electron
back transfer to the electrolyte and minimises charge recombination [11], (ii)
the coating layer also enhances the dye adsorption onto the porous electrode
and, as a consequence, the dye loading, increasing the photocurrent [12]. It
was achieved by TiO2-CuO and it shows better efficiency than the TiO2-ZnO
and TiO2 photoanode.

2.2 Experimental

2.2.1 Materials

All chemicals used were purchased are of analytical grade and have
used without purification. Copper nitrate (CuNO3.3H2O), zinc nitrate
(Zn(NO3)2.6H2O), sodium hydroxide (NaOH), iodine (I2) and potassium
iodide (KI) were purchased from HiMedia. Acetonitrile was purchased from
Merck. Titanium isopropoxide, PMMA, PEG (Mw 6000) and Triton X-100
were obtained from Aldrich. Acetonitrile, acetone, ethanol, Isopropanol and
acetylacetone were purchased from Merck.

2.2.2 Methods

2.2.2.1 Preparation of nano-TiO2, nano-ZnO and nano-CuO
The nano-TiO2 (T1), nano-ZnO (Z1) and nano-CuO (C1) were prepared by
sol-gel method using titanium isopropoxide, zinc nitrate hexahydrate and
copper nitrate trihydrate as precursors, respectively [13, 14, 15].
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2.2.2.2 Preparation of TiO2/ZnO and TiO2/CuO Core/Shell
nanomaterials

Zinc nitrate hexahydrate (Zn(NO3)2.6H2O), sodium hydroxide (NaOH) and
presynthesised T1 nanoparticles were used for the preparation of TiO2/ZnO
core/shell nanomaterials. To 10 mM of (Zn(NO3)2·6H2O), was dissolved in
deionised water with constant stirring for 10 min; then 10% of presynthesised
TiO2 nanoparticles were added to it. To the above solution 0.1M NaOH
solution was added dropwise and the resulting solution was stirred for another
3 hrs. Finally the resulted solution was refluxed at 97◦C for 3 h to form
ZnO shell on the surface of TiO2 nanoparticles. Then it was cooled down to
room temperature, centrifuged, washed with deionised water and acetone. It
was dried at room temperature to obtain TiO2/ZnO core/shell nanomaterials.
Here, Ti2+/Zn2+were taken as 90:10 and identified as T1Z1. Similarly, we
also prepared in the ratio of 80:20, identified as T1Z2. The final products of
all samples were annealed in air at 450◦C for 2h for further characterisation
and used as photoanode material in the fabrication of NDSSC.

The above procedure was repeated using copper nitrate trihydrate to get
TiO2/CuO core shell nanomaterials. They were identified as T1C1 (90:10)
and T1C2 (80:20). The final products of all samples were annealed in air at
300◦C for 4 h.

2.2.3 Fabrication of DSSC Electrodes

2.2.3.1 Preparation of photoanode
Fluorine Tin Oxide (FTO) glass was cleaned using acetone, deionised water
and isopropanol for regular interval time of 15 min under sonication. The
cleaned FTO glass plate was preserved in isopropanol solution before use. In
this study, we assembled three DSSC which consist of three different pho-
toanode such as TiO2 (T1) and prepared Core/Shell nanomaterial TiO2/ZnO
(T1Z2) and TiO2/CuO (T1C2) using doctor blade method [16]. An active
area of 0.5x0.5 cm2 was identified on the FTO-glass substrate (sheet resis-
tance 13 Ω/cm2) and the T1 paste was dropped on the conductive side of FTO
glass plate using glass rod. The film was dried in an air at room temperature.
After 20 min it was sintered about 30 min at 450◦C. Then, it was cooled
in an oven till it reaches 80◦C. After the attainment of 80◦C, the film was
immersed in ethanolic solution of natural dye for 24 h at room temperature to
dye sensitised photoelectrode.
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2.2.3.2 Preparation of gel polymer electrolyte
An optimised composition of (60:40 wt%) of PMMA and PEG were dis-
solved under continuous stirring in acetonitrile at 60◦C. After about 2 h, 10
wt% KI and 1 wt% I2 were added to the above polymer solution to form
polymer blend electrolyte (PE). The polymer solution was stirred continu-
ously for overnight to get homogeneous viscous gel. The solvent free polymer
nanocomposite standing film was obtained by drying the resulting solution in
an oven at 60◦C for 24 h. The dried films were packed and stored in dark
desiccators.

2.2.3.3 Preparation of natural dye sensitiser
Fresh Cactus pear fruit were obtained from Uthukottai taluk, Thiruvallur
district, Tamil Nadu. The fruits were washed with distilled water and the outer
skin and the seeds were removed. Then the betalain dye extracted from fruit
pulp was stirred with 100 ml of ethanol at room temperature. The pH was
adjusted to 2 by adding 10 mM of HCl. Then the solid dregs are filtered and
obtain a pure natural dye solution. The residual parts removed by filtration
were washed with hexane several times to remove any oil or chlorophyll
present in the extract. This is directly used as a dye solution for sensitising
three photoanodes (T1, T1Z2, T1C2) electrodes.

2.2.3.4 Preparation of counter electrode
Counter electrode was prepared by depositing carbon soot on the conductive
side of glass with the help of candle flame. Substrate was passed over the tip
of candle flame for 2 minutes with repeated back and forth movement.

2.2.3.5 Cell assembly
For two-electrode measurement, the electrolyte was sandwiched between
photoanode and platinum-coated counter electrode, pressing firmly. A thin
layer of paraffin was used as a spacer to avoid short-circuiting between
two electrodes. A binder clip was fixed externally to maintain the mechan-
ical grip of the cell without any further sealing, which finalised the
assembly of the DSSC. Three NDSSCs was assembled according to
the configuration of FTO/TiO2/natural dye/gel polymer electrolyte/carbon/
FTO, FTO/T1C1/natural dye/gel polymer electrolyte/carbon/FTO and
FTO/T1Z2/natural dye/gel polymer electrolyte/carbon/FTO.
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2.2.4 Characterisation Methods

A Siemens D 500 X-ray diffractometer with CuKα filtered radiations was
used to determine the structure and crystallinity of the samples. The shapes
and surface morphology were studied using an S-4800 high-resolution scan-
ning electron microscope (HRSEM). The composition of the n-CuO was
scrutinised by energy dispersive X-ray spectroscopy (EDS) spectrum. The
conductivity of polymer electrolyte compositions was measured using the
HIOKI 3532 LCR Hi-Tester at room temperature. The conductivity was
calculated using equation: σ = t/A×Rb. Here Rb is the bulk resistance (Ω
or S−1) of the sample taken at the intersection of the Nyquist plot with the
real impedance axis, t is the sample thickness (cm) and A is the surface area
of the electrode/electrolyte contact (cm2). The second part of the study was
focussed on the fabrication and characterisation of the DSSCs. The absorp-
tion spectra of betacyanin dye were taken with a Shimadzu UV–1650PC
UV-Vis spectrophotometer.

Photocurrent - voltage characteristics was measured using Oriel Class-A
Simulator (M-91900 A, Newport) with Xenon lamp as a light source, having
an intensity of 100 mW/cm2. A computer controlled Auto lab PGSTAT302N
electrochemical workstation was used for current- voltage measurements.

The fill factor (FF) is calculated from the I-V curve using the following
equation:

FF = (Imax × Vmax)/(Isc × Voc) (2.1)

where Imax and Vmax denote the maximum output value of current and
voltage, respectively, and Isc and Voc denote the short circuit current and
open-circuit voltage, respectively. The overall energy conversion efficiency
(η) is defined as,

η = (Isc × Voc × FF)/Pin (2.2)

where, Pin is the power of incident light.

2.3 Results and Discussion

2.3.1 UV-Visible Spectroscopy

The UV-visible absorption spectra of cactus fruit (Opuntia stricta) dye extract
from ethanol is shown in the Figure 2.1. The broad absorption and sharp
intense peak observed at 535 nm corresponds to betalain pigment.
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Figure 2.1 UV-Visible spectrum of Opuntia stricta fruit dye.

2.3.2 Fourier-Transform Infrared (FTIR) Spectroscopy

FTIR spectrum of sample T1, Z1, C1 are given in Figure 2.1. It shows a
broad band at 400-700cm−1. This is attributed to Ti-O stretching and Ti-O-
Ti bridging stretching mode [17]. The samples show peaks corresponding
to stretching vibration of O-H and bending vibrations of adsorbed water
molecules around 3300-3450 cm−1 and at 1640 cm−1, respectively [18]. The
characteristic absorption peak at 476 cm−1 due to Zn-O vibration authen-
ticates the presence of ZnO. The FTIR spectrum of n-CuO shows bands
at around 615 and 506 cm−1, which can be assigned to the vibrations of
Cu(II)-O bonds. There is sharp peak observed at 506 cm−1 in the spectrum
CuO nanoparticles which is the characteristics of Cu-O bond formation. In
T1Z1 and T1Z2, a sharp strong band was observed around 471 cm−1 which
corresponds to stretching mode of Zn-O nanoparticles. With the increase of
Zn content Ti-O bands shift to lower wavenumber region and gets sharpened
[19]. Whereas for T1C1 and T1C2, Ti-O bands shift to higher wavenumber
region and gets sharpened.
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Figure 2.2 FTIR spectra of (a) Z1, (b) C1, (c) T1, (d) T1Z1, (e) T1Z2, (f) T1C1 and
(g) T1C2.

2.3.3 Scanning Electron Microscopy (SEM)

Figure 2.3 shows the HRSEM micrographs of the synthesised samples, T1
shows approximately spherical morphology with the agglomeration of parti-
cles of 10–15 nm, which is the core material. Pure ZnO shows nanorods with
15-45 nm. Pure CuO shows 9–16 nm. With the increase of ZnO and CuO
coating on the core material, the size of the particle gets slightly increased as
15–19 nm for T1Z1, 24–36 nm for T1Z2, 50–70 nm for T1C1 and 35–80 nm
which is related to the shell thickness, respectively, as presented in Figure 2.3.

2.3.4 Energy Dispersive Spectroscopy (EDS)

The chemical compositional analysis of the samples is very essential to know
the exact concentration of elements, added dopants, and defects if any present
in samples. The EDS spectrum of T1 (Figure 2.4a.) shows the presence of Ti
and O elements alone in the sample. ZnO-coated TiO2 (Figure 2.4d, e) and
CuO-coated TiO2 (Figure 2.4 f, g) systems, Zn and Cu are also present along
with Ti and O elements, respectively, which confirms the absence of any other
impurities.

2.3.5 Electrochemical Impedance of Gel Polymer Electrolyte

The ionic conductivity of gel polymer electrolyte (PMMA/PEG/KI/I2) is
found to be 3.25×10−6 S cm−1.

2.3.6 Current Voltage Characteristics

The current density-voltage (J-V) characteristics of DSSCs prepared using
T1, T1Z2 and T1C2 nanoparticles as photoanode are shown in the Figure 2.6.
The measurements are carried out by using two electrode systems. Xenon



2.3 Results and Discussion 39

Figure 2.3 HRSEM images of (a) Z1, (b) C1, (c) T1, (d) T1Z1, (e) T1Z2, (f) T1C1, (g) T1C2
and (h) GPE.

Table 2.1 elemental compositions of prepared various core shell nanomaterial.
Sample Element Weight% Atomic

%
Sample Element Weight% Atomic

%
Z1 Zn L 72.16 38.81 T1Z2 O K 46.49 73.19

O K 27.84 61.19 Ti K 38.66 20.86
C1 O K 35.24 68.37 Zn L 14.85 5.95

Cu L 64.76 31.63 T1C1 O K 42.10 69.32
T1 O K 41.09 67.62 Ti K 49.30 27.11

Ti K 58.91 32.38 Cu L 8.60 3.57
T1Z1 O K 44.56 71.60 T1C2 O K 44.50 72.09

Ti K 45.97 24.68 Ti K 39.61 21.43
Zn L 9.47 3.72 Cu L 15.88 6.48

lamp was used as a light source and the incident light was maintained at
100W/cm2. The significant changes associated with the T1Z2 and T1C2
are mainly due to the open circuit voltage (Voc) values. The core/shell
electrodes provide an inherent energy barrier at the electrode-electrolyte
interface, thereby the electron recombination loss are reduced. Hence, Voc
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Figure 2.5 Nquist plot of Gel polymer electrolyte (PMMA/PEG/KI/I2).
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Figure 2.6 J-V curves of DSSCs based on TiO2 and on TiO2/core shell electrodes and gel
polymer electrolyte under 1 sun (100 mWcm−2 AM 1.5).

value increased. The higher Voc values observed in T1C2 based core/shell
electrode arise from the conduction band edge shift of the TiO2 brought by
coating the electrode with a different oxide endowed with higher conduction
band energy.
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Table 2.2 J-V features from the DSSCs based on TiO2 and TiO2 core/shell electrodes and
gel polymer electrolyte under 1 sun illumination (100 mWcm−2 AM 1.5).
Electrode Voc (V) Jsc

(mA/cm2)
Vmax (V) Jmax

(mA/cm2)
FF η (%) Reference

TiO2 0.43 2.43 0.24 1.69 0.39 0.41 Present work
TiO2CuO 0.49 2.53 0.27 1.90 0.41 0.51 Present work
TiO2 ZnO 0.45 2.24 0.26 1.78 0.46 0.46 Present work
TiO2 ZnO 0.41 2.77 0.31 1.32 0.354 0.41 [20]

In comparison with the results, Jsc values are too small for T1Z2 due to
small particle size which does not support for space charge region and it led to
the recombination of photogenerated charge carriers. Another reason is that
it provides interfacial recombination in individual core material.

2.4 Conclusion

Two core/shell electrode was prepared by using refluxing process for the
formation of ZnO and CuO on the surface of chemically pre-synthesised TiO2

nanoparticles. The SEM with EDS analysis showed spherical morphology
with agglomeration of nanoparticles and the presence of Ti, Zn, Cu and O
elements alone in samples. From the results of J-V characterisation, it was
inferred that the addition of ZnO layer increased Voc from 0.43 V to 0.45 V
for ZnO-coated TiO2 and 0.43V to 0.49 V, confirming its active role as an
inherent energy barrier that leads to the decrease in recombination losses.
On comparing the efficiency of three NDSSCs, the core/shell material of
TiO2/CuO shows increased efficiency from 0.41% to 0.51%.
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Objectives

• Develop nanomaterials like nanorods, nanoroots through simple and
economic routes.

• Characterise these synthesised nanomaterials
• Utilising these prepared ZnO nanomaterials for solar cell fabrication and

analyse device performances
• Compare the photovoltaic parameters of different devices

This chapter focuses on fabricating hybrid type solar cell using nano-
materials of ZnO as the electron collective layer. Nanomaterials, vertically
aligned ZnO nanorods and ZnO nanoroots were developed through sim-
ple, cost-effective and non-vacuum aqueous solution growth and chemical
spray pyrolysis techniques. A seed layer is required for the growth of
vertically well-aligned ZnO nanorods and was deposited using chemical

†Present address: Department of Energy and Materials Engineering, Dongguk University,
Seoul 04620, Republic of Korea
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spray pyrolysis technique. Structural, optical and morphological character-
isations revealed the formation of ZnO film with uniform surface when
deposited at substrate temperature of 550◦C. This also described the role
of pH, Zn precursor concentration for the growth of vertically aligned ZnO
nanorods. Another type of nanostructure, that is, tangled root structure,
was developed through chemical spray pyrolysis and was morphologi-
cally analysed. Solar cells were fabricated with basic device structures:
ITO/ZnO:Al (seed layer)/ZnO (nanorods)/P3HT:PCBM/Ag, ITO/ZnO (tan-
gled roots)/P3HT:PCBM/Ag. Modifications in these structures were also
done. Devices fabricated with modified initial structure exhibited an effi-
ciency of ∼0.44% and that with the later yielded an efficiency of ∼1.4%.

3.1 Introduction

Research on nanomaterials is increasing day by day because of the applica-
tion in various fields like healthcare (biosensing, tumour detection, bioimag-
ing, nanozymes), filters (nanostructured filters for water and air purification),
paints (enhance protection from UV) and lubricant additive (reduce friction
of moving parts) [1-4]. They also have applications in the field of construction
(like nanocoating for concrete, improve durability of wood), nanocomposites,
etc. [5-6].

Use of nanomaterials in the field of solar energy conversion is also
inevitable. Even though potential of solar energy to solve the energy crisis
is well-known, trapping of sunlight reaching the earth atmosphere is not
efficient yet. In particular case of solar cell too, light trapping is challenge-
able. Here comes one of the applications of nanomaterials in solar cells,
that is, light harvesting. Moreover, these nanosized particles can provide
higher surface area, creating more active sites and also they obstruct the
recombination of photo generated charge carriers [7].

Nanomaterials are mainly defined in terms of size, that is, those are
materials possessing size in the range 1-100 nm or have nanoscale dimen-
sion [8]. Utilisation of nanomaterials for optoelectronic application now
became common because of their interesting optical and electrical prop-
erties. Tunability of their optoelectronic properties is another reason for
the interest [9-10]. Incorporation of nanomaterials in a photovoltaic device
enhances the device performance [11-13]. Commonly used nanomateri-
als include nanorods, nanowires, nanoparticles, nanoflowers, quantum dot,
nanostructured arrays etc. [14-16].
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Commonly used nanomaterials as electron transport layer in organic solar
cells are ZnO or TiO2 [17-18]. Comparing to TiO2, ZnO possesses several
advantages like high electron mobility, easily deposited through different
techniques, low reflectivity, high surface to volume ratio etc. which makes
them good candidate for solar cell application [19-21]. Research works were
already reported based on inserting nanostructured layers or mixing active
layers with nanoparticles [22-38]. Hu et al., fabricated the solar cell with
device structure FTO/ZnO/P3HT:PCBM/Ag. With this basic configuration,
three independent type of device were fabricated with different electron
collective layers as, (a) ZnO polycrystalline seed layer, (b) loose nanopillars
atop polycrystalline seed layer and (c) dense nanopillars atop polycrystalline
seed layer. Better performance was exhibited by the device which utilise loose
nanopillars and yielded an efficiency of ∼1%, which might be due to larger
interfacial area between ZnO and polymer provided by them [26]. Tanveer
et al. developed photovoltaic devices with comparable configuration, but with
nanofibres instead of nanopillars. Without nanofiberes device attained an
efficiency of 0.9% whereas utilising nanofibres solar cell efficiency reaches
up to 2.23% [27]. Another report by Choi et al., explains device fabrication
using nanoparticles, nanorods and combination of both. Devices had MoO3

(hole collective layer) over active layer. Those studies were also carried out in
Argon filled gloves box [28]. Tong et al., reported a flexible polymer solar cell
with configuration PET/ITO/ZnO thin film/ZnO nanorods/P3HT:PCBM/Ag
in which they attained efficiency of 1.78% [29]. Solar cells were fabri-
cated with configuration ITO/ZnO/PFN/PTB7:PC71BM:ICBA/MoO3/Ag by
C. Han et al., to enhance the device performance. Combination of ZnO
nanoparticles and PFN act not only as efficient electron transport layer for
reducing series resistance and improving shunt resistance but also as effec-
tive surface modifier for better energy level alignment. These devices had
efficiency of 9.31% [37].

This book chapter is focused on developing ZnO nanomaterial and apply-
ing it for solar cell application. ZnO nanomaterials were developed in two
different ways and were incorporated with organic materials to form hybrid
type device.

3.2 Vertically Well-aligned ZnO Nanorods and Its Solar Cell
Application

Our aim was to grow vertically aligned ZnO nanorods. For the growth of
nanorods a base layer called “seed layer” is required. Here uniform thin film
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Figure 3.1 Schematic representation of the spray technique.

with lower resistivity was preferred to act as seed layer. Detailed description
about the deposition of seed layer is discussed below.

3.2.1 Seed Layer Deposition

ZnO itself was chosen as the material to act as seed layer for the growth of
ZnO nanorods. Since ZnO is a well-studied material, a wide variety of tech-
niques are available for its deposition. Among chemical and physical methods
chemical route was chosen since it is more cost effective than the other. A
number of chemical methods like chemical bath deposition (CBD), sol-gel
deposition, spin coating, chemical vapour deposition, chemical spray depo-
sition etc. are available. From these, technique chosen to deposit ZnO seed
layer was chemical spray pyrolysis (CSP). CSP is a simple, economic, non-
vacuum technique through which uniform thin films can easily be deposited
[39]. Schematic diagram of spray technique is shown in Figure 3.1. As for all
techniques, spray pyrolysis has some basic parameters that determine nature
of the formed thin film. These are carrier gas pressure, substrate temperature,
spray rate, time period of spray and molarity of the solution. In CSP technique
precursor solution is loaded into the container and substrates were kept on a
heater. Predetermined quantity of solution reaches the nozzle through a tube
from the container. Inside the nozzle solution get mixed with the carrier gas
and is sprayed out of the nozzle towards the substrate.

For the deposition of ZnO seed layer, in the present work precursor
solution was prepared using zinc acetate, water and propanol. Molarity of the
precursor solution was 0.3 M. Equal ratio of water and propanol were taken
for the dissolution of precursor salt and hydroxide formation was nullified by
adding a few drops of acetic acid. Soda lime glass - microscopic slide: 1′′
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Figure 3.2 XRD profile of the samples deposited at different substrate temperature [40].

× 3′′; 1.2 mm thickness were used as the substrates. For the deposition of
thin film using CSP technique, substrates were kept on a heater. Temperature
of the substrate plays a vital role in the formation of thin film with uniform
surface. Moreover, it has major role in determining the growth of vertically
aligned ZnO nanorods. Hence, this is discussed here in detail by keeping other
parameters spray rate, carrier gas pressure, volume of the precursor solution
as 7 ml/min, 20 psi and 70 ml, respectively. Substrate temperature was varied
from 350 to 550◦C in the steps of 50◦C. Variation in ZnO thin film properties
with substrate temperature can be analysed from the characterisation studies
done for those samples.

Structural characterisation was done by taking X-ray diffraction and was
done using Rigaku D Max C X-ray diffractometer with Cu Kα line as the
source radiation along with Ni filter. This was operated at voltage of 30 kV
and current of 20 mA. XRD pattern of the sample is in Figure 3.2. ZnO
thin films deposited at all temperatures has three peaks corresponding to the
diffraction from (100), (002) and (101) plane. Comparing XRD pattern of the
samples deposited at different temperature intensity of peak corresponding
to the reflection from (002) increases with temperature [40]. Structural char-
acterizisation reveals the formation hexagonal wurzite structure of ZnO thin
films.

Optical studies were done by using UV-Vis-NIR spectrophotometer
(JASCO-570 model). Absorption coefficient can be determined using the
equation
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Figure 3.3 Band gap determination for the samples deposited at different substrate temper-
ature. Inset shows the optical absorption spectra of the samples.

T = (1 − R)2 exp(−A) = (1 − R)2 exp(−αt)

where T is the transmittance of the films, R is the reflectance, A is the
absorbance, α is the absorption coefficient and t is the film thickness [41].
Band gap (Eg) was determined from the equation

αhν = A (hν − Eg)
γ

where γ is a constant which is equal to 1/2 and 3/2 for allowed and forbidden
direct transitions, respectively, and equal to 2 and 3 for allowed and forbidden
indirect transitions in which the phonons are involved, A is a constant and Eg
is the optical band gap [41]. Tauc plot (hυ vs. (αhυ)2) is used to determine
the band gap of ZnO thin film since ZnO is a direct band gap material. Figure
3.3 shows optical band gap and its inset shows the absorbance spectra of
ZnO sample deposited at different substrate temperature. Optical absorption
spectra gives the band gap of the deposited samples and were found to
∼3.3 eV.

Morphological characterisation was done by taking AFM measurements
(Figure 3.4). It shows microscopic view of sample surface. Comparing RMS
value of surface roughness of the samples at different substrate temperature,
it was higher at lower temperature (∼170 nm) and decreases to < 30 nm for
samples prepared at 450, 500 and 550◦C.

To study how the seed layer substrate temperature affects the growth
of nanorods, ZnO nanorods were grown on samples deposited at different
substrate temperature and are discussed below.
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Figure 3.4 AFM images of samples deposited at different substrate temperature.

3.2.2 Growth of Vertically Well-aligned ZnO Nanorod

ZnO nanostructures were synthesised by a low temperature aqueous solution
growth method [42]. Growth solution was prepared by dissolving zinc nitrate
hexahydrate Zn(NO3)2.6H2O and hexamine (HMTA) (C6H12N4) in double
distilled water. This was stirred continuously for 15 min in separate beakers.
For the formation of single phase solution HMTA solution was added drop
wise to Zn(NO3)2 solution and stirred continuously for 20 min. The seed
layer coated substrates were immersed in the growth solution for 4 hours at
a temperature of 90◦C. After completing the growth process, the substrates
with deposited nanostructures were cleaned twice, with distilled water and
ethanol, and baked at 150◦C.

3.2.2.1 Role of seed layer deposition temperature on the growth
of vertically aligned ZnO nanorods

As discussed above nanorods were grown over seed layer deposited at dif-
ferent substrate temperature (350, 400, 450, 450, 500 and 550◦C). At lower
substrate temperatures nanowires were formed instead of nanorods and the
growth of nanorods became more prominent at higher temperatures. On
analysing the growth of nanorods from lower temperature, it was revealed
that interconnected nanowires (formed at 350◦C) transforms to nanorods with
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Figure 3.5 Topological SEM images of ZnO seed layer and ZnO nanorods at different
seed layer deposition temperature (a) 350◦C, (b) 400◦C, (c) 450◦C, (d) 500◦C, (e) 550 ◦C.
Picturisation of sample surface is drawn on the top of each image [40].

reducing diameter towards the top (at seed layer substrate temperature 400◦C)
reform as a nanorods with uniform diameter at higher seed layer substrate
temperature (500 and 550 ◦C). Comparing the nanorods grown at these two
higher temperatures, vertically well-aligned ZnO nanorod occurred at 550◦C.
Detailed description about the growth of ZnO nanorods at different substrate
temperature of seed layer and the precise reason for the vertical growth at
higher temperature were discussed elsewhere [40]. SEM images of ZnO seed
layer samples deposited at different substrate temperature and the nanorods
grown over it are given in Figure 3.5.
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3.2.2.2 Role of pH, Zn precursor concentration for the growth of
vertically aligned ZnO nanorod arrays.

For optimising the morphology and alignment of the nanorod arrays, the
reaction parameters like pH of the solution (3 pH to 9 pH in the steps of
2) and ionic concentration (0.125 mM, 0.100 mM and 0.075 mM) [43] were
varied. The growth mode was optimised as equal mole (0.125 mM) of zinc
nitrate hexahydrate Zn(NO3)2.6H2O and hexamine (HMTA) (C6H12N4) as
the growth precursors dissolved in double distilled water and stirred con-
tinuously for 15 min in separate beakers. HMTA solution was added drop
wise to Zn(NO3)2 solution and the final solution was stirred continuously
for 20 min to form single phase solution. To control the release of Zn
ions in growth solution, initial growth solution was maintained at 5.5 pH
using 50µL of nitric acid. After immersing the nucleated substrate facing
down using substrate holder, growth solution was maintained at 97◦C for
4 hours. After the growth time, ZnO nanorod array grown glass substrates
were taken and washed with DI water to remove the unwanted residual
zinc salt impurities and dried in a stream of N2 at 150◦C. For improv-
ing the aspect ratio of the nanorod arrays, the growth was repeated 2-4
times and for improving the crystallinity without change in defect states,
nanorod arrays were annealed at 400◦C under vacuum. Another factor that
determines the growth of nanorods was molar ratio between the hexam-
ine and zinc nitrate hexahydrate. Variation in this was already reported
elsewhere [42].

pH of the solution was varied from 9 to 3 for the growth of nanorods on
the optimised nucleated seed layer. Figure 3.6a–d shows the morphology of
the ZnO nanorods on varying the pH of growth solution. Solution pH of 9
yielded nanoflowers like structure with size ∼20 nm whereas morphological
image of sample at pH 7 reveals the formation of nanorods with diameter
in the range 50-100 nm. Reducing pH to 5 gave uniform and aligned ZnO
nanorods possessing a diameter of 80 nm. Further reduction of pH to 3
yielded mixture of nanorods (with diameter 20-30 nm) and 2D nanosheets
(shown in Figure 3.6d) [43]. pH 5 is suitable condition for the growth of
vertically aligned nanorod arrays with uniform density which are parallel to
the substrate [44].

Morphological variation in nanorod arrays for zinc precursor concen-
trations 0.125M, 0.100M and 0.075M are shown in Figure 7a–c. Precursor
concentration of 0.125M yielded well faceted hexagonal structure where
ZnO nanorods lost it for higher precursor concentration of 0.100 M. ZnO
nanorods with sharp tips were obtained for precursor concentration of
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Figure 3.6 SEM image of ZnO nanostructured arrays grown on seed substrate with different
pH values: (a) pH 9, (b) pH 7, (c) pH 5 and (d) pH 3 [43].

Figure 3.7 SEM image of ZnO nanostructured arrays for zinc precursor concentrations (a)
0.125 M, (b) 0.100 M and (c) 0.075 M [43].

0.075M. Comparing these three, better nanorods array with uniform diam-
eter throughout its length was formed at 0.125 M precursor concentration.
Detailed description is given elsewhere [43].

3.2.3 Hybrid Solar Cell Fabrication Using ZnO Nanorods

Solar cell fabrication includes different stages of deposition process. In this
case, device fabrication includes four stages of deposition process. ZnO
seed layer deposition over ITO (Tin doped indium oxide, Geomatec Japan),
ZnO nanorods deposition over seed layer, organic layer deposition over ZnO
nanorods and electrode (silver metal) deposition over organic layer. First two
steps are already discussed above. Third step and fourth steps are discussed
below.

3.2.3.1 Organic layer deposition
Organic layer chosen was a blend of a polymer and an organic molecule.
Polymer chosen was P3HT [poly(3-hexylthiophene) - regioregular] (pur-
chased from Rieke metals) and organic molecule is PCBM ([6,6]-phenyl-C60-
butyric acid methyl ester) (purchased from Ossila). Structures of both are as
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Figure 3.8 Structure of (a) P3HT and (b) PCBM.

shown in Figure 3.8. These two materials, the polymer which act as donor and
the molecule which act as acceptor are blended together and are deposited as
single film. This single thin film in an organic solar cell is called as active
layer since it consist of both donor and acceptor materials. Blending polymer
and molecule can be done by dissolving powders of two materials in required
ratio using common organic solvent (like chloroform, chlorobenzene and
dichlorobenzene). For this particular study, P3HT and PCBM were taken in
1:1 ratio and were dissolved in chlorobenzene. Sonication was also provided
for complete dilution.

Technique chosen for the deposition of thin film was spin coating. It is
one of the simplest techniques that utilise centripetal force for the deposition
of uniform thin films [45]. Basic parameters of spin coating techniques that
determines the quality of film formation are spinning speed, spinning time
and spinning acceleration. Spin coating can be done in two different ways
(1) by dropping the solution on to the spinning substrate (called as dynamic
dispense spin coating technique) and (2) by dropping the solution on to
the static substrate and then spinning (called as static dispense spin coating
technique) [46]. Active layer deposition for this work utilised static dispense
spin coating, in which solution is dropped on to the centere of the substrate
kept on the chuck of the spin coater. Spinning the substrate causes the solution
to spread over the substrate due to centripetal acceleration [47- 48] resulting
in the formation of uniform thin film. A schematic diagram of spin coater is
shown in Figure 3.9.

3.2.3.2 Top electrode deposition
Over active layer metal electrode was deposited by vacuum evaporation
technique. Silver (Ag) was chosen as the top electrode and was deposited
at a pressure of 10−6 torr. Thickness of silver electrode was ∼50 nm. Round
electrodes with electrode area 0.03 cm2 were deposited with the help of a
mask.



56 Implementing ZnO Nanomaterials in P3HT:PCBM Based Hybrid Solar Cell

Figure 3.9 Schematic representation of spin coating technique.

3.2.3.3 Device characterisation
Solar cell performance can be analysed by measuring its voltage-current
characteristics. Dark and illuminated I-V measurements can be done with
the help of a source measure unit (it can measure current for different applied
voltages or vice versa) along with a solar simulator (provide the light with
intensity that matches the solar spectrum) for illumination. For this particular
study source measure unit used was NI-PXI 1033, National instruments and
the solar simulator was Class AAA (PET, USA, model-SS50AAA). When
measured under dark, a solar cell shows a diode characteristics from which
diode quality factor can be determined. Diode quality factor for the device
was calculated from the diode equation [49]

I =I0

[
exp

(
qV

nkT

)
− 1

]
J – current density, Jo – saturation current density, q – charge of electron, V –
voltage, n – diode quality factor, k – Boltzmann constant, T – temperature in
Kelvin. In an ideal case, diode quality factor ∼1.

On illuminating a solar cell, it displays an I-V characteristic similar to
the plot shown in Figure 3.10. For a solar cell, equation can be formulated
as [50].

I = I0

[
exp

(
qV

nkT

)
− 1

]
− IL

where I – net current, I0– saturation current, q- charge of electron, V –
voltage, k – Boltzmann’s constant, T- temperature in Kelvin, IL– photo
current.
Basic parameters of a solar cell obtained from I-V measurements are

(a) Open circuit voltage
(b) Short circuit current
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Figure 3.10 Illuminated J-V characteristics of a solar cell.

(c) Fill factor
(d) Efficiency

Open circuit voltage (Voc): Voltage obtained from a solar cell at zero
current or it is the voltage obtained when the circuit is opened. It is marked
as Voc in Figure 3.10. It is the highest value of voltage that the solar cell can
attain. Since at this point net current is zero, then Voc is [51]

Voc =
nkT

q
ln

(
IL
I0

+ 1

)
From the equation it is clear that Voc depends on photo current and satu-
ration current. Since Io depends on recombination, Voc is affected by the
recombination process in the solar cell.

Short circuit current (Isc): It is the current obtained from a device when
the circuit is shorted. At this point, voltage is zero. In the figure, it is marked
as Isc. Light generated and collected charge carriers contribute to Isc,. and
hence, for an ideal solar cell, Isc ∼IL, under most moderate resistive loss.
Therefore, it is the maximum current obtained for a device. Isc depends on
the following factors:

1. Device area: this dependence can be eliminated by considering short
circuit current density (Jsc in mA/cm2) instead of Isc

2. Power of the incident light (number of photons incident on the sample)
3. Spectrum of the incident light
4. Optical properties (absorption and reflection) of the solar cell
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5. Collection probability of the solar cell, which depends mainly on the
surface passivation and the minority carrier lifetime [52,48]

Fill factor (FF): To calculate fill factor (FF) maximum power obtained
from the device has to be determined. At maximum voltage point (Voc)
current is zero and at maximum current (Isc) voltage is zero. Hence, the
maximum power point will lie somewhere in between these two points and
let it be Pm (marked in Figure 3.10). Fill factor is then defined as

Fill factor (FF) = Pm/(Voc x Isc)

Product of Voc and Isc give the ideal power of the device, which never
happens. Hence, FF can be defined as ratio of maximum power obtained from
the device to the ideal power of the device or it is the ‘squareness’ of the curve
of solar cell [53, 48].

Efficiency (η): Efficiency can be defined as the ratio of output power
(Pm) over input power (Pin). Input power is the product of power density
of light incident on a solar cell and illuminated area of the device. Under
standard condition (sun light falling on the earth’s atmosphere during noon
time, on a clear day), input power density is 100 mW/cm2 or 1000 W/m2.
Efficiency can be formulated as

η = Pm
P in

× 100

η = V m×Im
P in

×100

η = V oc×Isc×FF
P in

×100

Initially solar cells were fabricated using device structure ITO/ZnO/
P3HT:PCBM/Ag. ZnO chosen was same as that of ZnO seed layer.
But the device did not exhibited a proper junction. When nanorods
are incorporated the device structure became ITO/ZnO seed layer/ZnO
nanorods/P3HT:PCBM/Ag (Figure 3.11).

This device shows diode characteristics without photo activity. Inefficient
carrier collection might be a reason for this. Reducing the resistivity of seed
layer ZnO might solve this issue. Reducing the resistivity of ZnO film can
be done by in-situ doping of Al along with sample inversion [54]. Sample
inversion means inverting the sample onto a surface immediately after film
deposition to block direct contact of atmospheric oxygen. This process can
reduce the ZnO resistivity by two orders [55]. Here ZnO resistivity after Al
doping and inversion (ZnO:Al) reduces to 2 × 10−2Ωcm from 8 Ωcm.

When device was fabricated by replacing ZnO seed layer by ZnO:Al
seed layer, device exhibit slight photo activity. This could be due to reduced
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Figure 3.11 Schematic representation of the device using ZnO nanorods.

Figure 3.12 SEM images of (a) ZnO:Al, (b) and (c) top and cross-sectional view of ZnO
nanorod arrays and (d) cross-sectional view of ZnO nanorods/P3HT:PCBM.

resistivity of the seed layer which initiated the charge carrier collection. J-
V characteristic of the device is shown as inset in Figure 3.14. Open circuit
voltage (Voc) obtained was ∼173 mV and short circuit current density (Jsc)
was ∼0.16 mA/cm2.

Cross section and top view of SEM image of ZnO:Al (buffer layer) and
ZnO nanorod arrays is shown in Figure 3.12a and b. The spray seed ZnO:Al
thin film have the uniform 2D assembly with the controlled grain distriu-
bution with the size of 200 nm. As utilising this buffer layer as nucleation
platform, ZnO nanorod arrays were uniformly grown along the c axis with
the length of 4µm with the diameter of 200 nm. Figure 3.12d reveals the spin
coating of P3HT:PCBM over the ZnO nanorod arrays provide the uniform
top layer which has also fill the void of the nanorod arrays and provide the
much interactive surface.

Performance of the device was low and to enhance it a hole collecting
layer was inserted between active layer and silver electrode. Hole collecting
layer chosen was PEDOT:PSS [poly(3,4-ethylenedioxythiophene):polystyrene
sulphonate] and the device structure is shown in Figure 3.13. This
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Figure 3.13 Schematic of device structure after inserting PEDOT:PSS.

Table 3.1 Comparison of ZnO and ZnO:Eu nanorods.
Sample Sheet resistance Photo response
ZnO nanorod 60 MΩ/� 0.1 A/W
ZnO:Eu nanorod 2 MΩ/� 4.5 A/W

modification improved the device performance mainly short circuit current
density from 0.16 mA/cm2 to 3.47 mA/cm2 which resulted in an efficiency
of 0.35%.

To further improve the collective behaviour of the heterostructure, ZnO
nanorod arrays were doped with Europium (Eu) without disturbing its mor-
phology and alignment. Effect of Eu doping on the properties of ZnO
nanorods were analysed by measuring its resistance and photo response and
is tabulated in Table 3.1. The table reveals that the sheet resistance of the
sample reduces by Eu doping whereas photo response increases. Both were
good for an electron transport layer.

In the device, ZnO nanorods were replaced by ZnO:Eu nanorods. This
resulted in further enhancement of short circuit current density from 3.47 to
4.90 mA/cm2 and hence the efficiency from 0.35% to 0.44%. PV parameters
are tabulated in Tab 2 and its J-V characteristics are shown in Figure 3.14.

3.3 Tangled Nano- and Micro-Root Structure for
Photovoltaic Application

Here, nanorods are replaced by ZnO thin film with tangled root structure and
its effect on device performance were analysed. Tangled root structure was
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Table 3.2 PV parameters of the fabricated solar cells using nanorods.
Device structure Device

name
Voc

(mV)
Jsc

(mA/cm2)
FF
(%)

η
(%)

ITO/ZnO:Al (seed layer)/ZnO
(nanorods)/P3HT:PCBM/Ag

D1 173 0.16 36 0.01

ITO/ZnO:Al(seed layer)/ZnO
(nanorods)/P3HT:PCBM/PEDOT:PSS/Ag

D2 299 3.47 34 0.35

ITO/ZnO:Al (seed layer)/ZnO:Eu
(nanorods)/P3HT:PCBM/PEDOT:PSS/Ag

D3 248 4.90 44 0.44

Figure 3.14 J-V characteristics of the devices corresponding to D1, D2 and D3 in table.

developed using CSP technique by varying its basic film deposition parame-
ters (substrate temperature and spray rate). Initially substrate temperature was
varied and optimised as 250◦C and then spray rate was varied and optimised
as 9 ml/min. Detail description about the growth of tangled root structure is
described elsewhere [56]. This structure contains root with diameters in both
nano and micro size and SEM image of the sample is shown in Figure 3.15.

Solar cells were fabricated with this thin film of ZnO having inter-
mixed nano and micro roots (ZnO-TR). Device structure was ITO/ZnO-
TR/P3HT:PCBM/Ag. When the devices were characterised, most of them get
shorted and only a few showed junction. On illumination they exhibit only
slight photo activity. Shorting of the device might be due to the porous region
or gap between these root structures which made the organic layer to have a
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Figure 3.15 Intermixed nano and micro root structure of ZnO.

direct contact with ITO. Here active layer was blend containing polymer and
PCBM. If polymer or PCBM made direct contact between top and bottom
electrodes, device got shorted. Hence, a layer of thin film was required
between ITO and ZnO-TR. Highly uniform ZnO thin film was chosen for
this and CSP technique was employed for its deposition. Spray parameters
were varied and optimised for the deposition of uniform ZnO layer. Spray
conditions were substrate temperature 450◦C, spray rate 3 ml/min, carrier gas
pressure 20 psi, molarity of precursor solution was 0.1 M. Samples deposited
at this condition yielded a uniform film with lower roughness (∼7 nm). But
for device fabrication (schematic is in Figure 3.16) thickness is the major
factor that determines the device performance. Hence, optimum thickness had
to be determined by varying the thickness of uniform ZnO layer.

To vary the thickness volume of the solution was varied as 15 ml, 25 ml,
35 ml, 45 ml and 55 ml. Tab 3 depicts the PV parameters obtained for the
devices at different thickness. This variation mainly affected the short circuit
current density of the device. In other terms, increasing in thickness of uni-
form ZnO layer from 15 ml to 45 ml enhances the charge carrier collection,
but on further increasing the thickness, reduces the carrier collection. This
might be due to charge carrier recombination. But on analysing the efficiency
of the devices at uniform ZnO layer thickness of 115 nm and 128 nm, it
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Figure 3.16 Schematic representation of device structure.

Table 3.3 PV parameters of the devices at various thickness of uniform ZnO layer.
Volume of precursor solution
taken for depositing uniform
ZnO layer

Average
Thickness
(nm)

Voc

(mV)
Jsc
(mA/cm2 )

FF
(%)

η (%)

15 ml 80 440±29 4.85±0.90 36±3 0.76±0.07
25 ml 100 451±23 6.39±0.40 35±3 1.01±0.07
35 ml 115 490±19 7.07±0.56 35±2 1.28±0.11
45 ml 128 460±40 7.20±0.70 36±2 1.28±0.05
55 ml 145 454±64 5.04±0.92 36±3 0.81±0.20

was similar, that is, device performances were better at uniform ZnO layer
thickness ∼120 nm. Best efficiency for the device obtained from this study
was 1.39%.

3.4 Conclusion

Hybrid thin film solar cells utilising ZnO nanomaterials were fabricated.
Conditions for the deposition of ZnO nanorods, device fabrication using
ZnO nanorods and its modification using PEDOT:PSS layer and Eu doping
were discussed. Highest efficiency obtained for those devices were ∼0.44%.
Another type of nanomaterial incorporation was done by CSP technique itself
by slightly adjusting its parameters. An intermixed nano and micro sized
(diameter) root structure was utilised for device fabrication and it yielded
an efficiency of ∼1.4%. Comparatively device performance of ZnO nanorods
was lower. This might be due to the improper infiltration of active layer into
the gaps of ZnO nanorods. Adjusting the diameter of ZnO nanorods and
density of nanorod array might enhance the device performance. Moreover,
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instead of intermixed nano and micro root, if we can reduce the diameter of
all roots to nanoscale, it enhances the surface area leading to better device
performance. A point to be noted is that for the device fabrication discussed
above, deposition of ZnO layers and active layers were done under ambient
atmosphere without using any glove box.
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This work attributes on the effects of nanosilica of size up to 60–80 nm
as an inorganic nanofiller for the enhancement of mechanical properties of
PP/SEBS blends. Different compositions of PP/SEBS/Si blend nanocompos-
ites are formulated and prepared by melt mixing method. Affluent preparation
of the blends is shown in the morphological studies of the polymeric blends,
and the distribution of nanosilica in the matrix was deliberated using high-
resolution transmission electron microscopy (HRTEM). Tensile tests for 10
wt% nanosilica manifested superlative increase of approximately 35% higher
than the other loading percentage of nanosilica in the prepared blends. In
subsistence to tensile tests performed dynamic mechanical analysis (DMA),
studies also revealed a virtuous storage modulus at 30◦C for 10 wt% loading
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of nanosilica arraying admirable viscoelastic properties of the prepared
blends.

Graphical abstract

4.1 Introduction

Polymer blends can be narrated as the bodily aggregate of two or greater
polymers [1-2]. Blending of polymers furnishes novel materials that may
amalgamate the properties of polymers that are not attainable with individual
component [3]. The conventional lucrative polymer blends may be plastic-
plastic, plastic-rubber or rubber-rubber [4]. Application of these eminent
blends precedence to a reduction in the amount of the more costly material



4.1 Introduction 73

vital, and/ or to a development in the properties [4]. Overviewing diver-
gent types polymeric blends, plastic–rubber blends habitually occupied their
position in countless commercial applications.

Polypropylene (PP) is considered as one of the topmost assuring substi-
tutes for engineering substances due to its splendid processability, rigidity,
thermal stability, resistance to oil, recyclability and relatively low cost [5].
To improve PP competitiveness in engineering applications, a simultane-
ously boost in stiffness and toughness is essential. Toughness, a very critical
mechanical property that reflects the material potential to absorb the impact
energy, may be drastically better by using the incorporation of a dispersed
rubbery section. However, the impact power of PP can be amplified by reck-
oning a bit of rubbery material such as ethylene–propylene–diene monomer,
butadiene–styrene–acrylonitrile terpolymer, acrylonitrile–butadiene rubber,
styrene–butadiene–styrene copolymers and ethylene–octane copolymers [5-
10]. On this behalf, countless research related to PP–poly [styrene-(ethylene-
co-butylene)-styrene] triblock copolymer (SEBS) blends have been studied
[11-18]. A study by Gupta and Purwar showed the mechanical, dynamic
mechanical and rheological properties of PP blends as a function of SEBS
percentage materials as well as crystallisation behaviour of PP in the SEBS
phases. A fine brittle–tough transition became discovered at SEBS contents
of approximately 15 vol% [15-18]. Likewise Stricker et al. have studied
the importance of particle size of rubber on mechanical properties of PP-
SEBS blend [12]. Yield stress and stiffness of PP and PP blends boost with
increasing PP molecular weight in the equal extent, and are consequently
most effective depending on matrix characteristics and not on dispersed SEBS
particle size [12].

Traditionally thermoplastic polyolefin TPO blends are known to have
beneath mechanical strength (tensile strength) and stiffness analogously
lower than of pure PP due to the addition of elastomer. Thus, to perpetu-
ate the properties of such blends and nanocomposites (mechanical strength
and stiffness) inorganic nanofillers have played an important role [11]. The
mantle of these inorganic nanofiller on the physico-mechanical properties of
nanocomposite heavily depends on its surface properties, shape and aggregat-
ing size. One important parameter toughening by inorganic nanofiller is the
dispersion of these nanofiller in the matrix [11]. To best of our knowledge,
very few literatures have reported the preparation and different properties
of PP/SEBS-based nanocomposites [5, 19-22]. Vuluga et al. have studied
the effect of SEBS on thermal, mechanical and morphological properties of
PP/organoclay-based nanocomposites [5] reporting that huge enhancement
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in the impact strength (nearly 22 times) became acquired in the case of
SEBS-containing nanocomposites in contrast with the composite without
SEBS [5]. Similarly, Majid et al. examined the effect of styrene–butadiene–
styrene content on morphology, melting, crystallinity, dynamic mechani-
cal properties and relaxation processes of polypropylene/poly(styrene-co-
acrylonitrile)/styrene–butadiene–styrene blends. Styrene–butadiene–styrene
reduced the average size of dispersed particles and generated complex
aggregates in the matrix. Morphology development examined by dynamic
mechanical thermal analysis showed increased damping of poly (styrene-
co-acrylonitrile) domains at high styrene–butadiene–styrene contents. All
blends showed reduced crystallinity and melting point compared with neat
polypropylene [19]. Noah et al. studied the influences of incorporating com-
patibilisers E-EA-MAH, E-MA-GMA, E-AM, SEBS KRATON G or PP-g-
MAH on the thermal properties of mixed (polypropylene/ethylene propylene
rubber)/acrylonitrile butadiene styrene (PP/EPR)/ABS. DSC investigations
have revealed that the incorporation of 5% of ABS in the copolymer
(PP/EPR) does not fundamentally affect the thermal properties of the basic
copolymer; additionally, the addition of 1.5% of each of the compatibilisers
in the basic mixture does not significantly alter the crystallisation temperature
values and the melting of the -P- sequences [20]. Likewise, Sanporean et al.
have studied the toughness and stiffness properties of PP/SEBS/organoclay-
based nanocomposite [21]. They have shown that the nanocomposites provide
improved thermal stability, 300% improvement in impact strength and small
decrease in tensile strength [21]. For more example, Panaitescu et al. have
studied the morphological properties of PP/SEBS/nanosilica-based nanocom-
posites [22]. They have found that the boost of all tensile characteristics is
located in PP/nanosilica composites without SEBS and contains 5% SEBS
and a large plastic deformation inside the nanocomposite with 10% SEBS
[22].

From the literature, it is evident that very less work has been reported for
the enhancements of mechanical properties by adding silica nanoparticles on
PP/SEBS blends. Consequently, this chapter specialises in the effect of differ-
ent ratio of nanosilica particles on the mechanical properties of 50PP/50SEBS
blend. In this work, nanocomposites based on PP/SEBS/nanosilica were
prepared by melt mixing. Different concentrations of nanosilica were used
as fillers in this study in order to explore their influences on mechanical
properties and contribute to the enhancement of already existent results by
correlating mechanical-dynamic mechanical and morphological properties.
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Table 4.1 Mixing formulations.

Sl No Composition of sample Polypropylene
(Wt %)

SEBS
(Wt %)

Nanosilica
(Wt %)

1 P50/SEBS50 (w/w) 50 50 -
2 P50/SEBS50/Si5 (w/w/w) 50 50 5
3 P50/SEBS50/Si10 (w/w/w) 50 50 10
4 P50/SEBS50/Si15 (w/w/w) 50 50 15

4.2 Experimental Part

4.2.1 Materials Used

Polypropylene (PP) pellets (grade-1110MAS Homopolymer injection grade)
of melt flow index MFI=11 g/10 min, melting point 170◦C and density= 0.9
g/cc, supplied by IOCL was used for blend and nanocomposites preparation.
Styrene-ethylene/butylene-styrene block copolymer (SEBS) (grade - G1650)
with 29.2% polystyrene, MFI = 4 g/10 min (230◦C per 5 kg) supplied by
Kraton Polymers USA. Precipitated nanosilica particles were procured from
Madhu Pvt. Ltd., Bhavnagar, Gujarat (grade-MS140) in powder form.

4.2.2 Preparation of Nanocomposites

PP and SEBS were melt-mixed in a Haake Rheocord internal mixer of batch
weight 50 g with counter rotating roller type rotor to form PP/SEBS blend.
The mixing was performing at 200◦C temperature and 90 rpm rotor speed
for 6 min. In order to make PP/SEBS/nanosilica nanocomposites SEBS and
nanosilica were mixed first at 80◦C, 90 rpm for 5 min. After that PP and
premixed (SEBS + nanosilica) were melt-mixed at previous condition for
6 min to make PP/SEBS nanocomposites. After complete mixing in Haake
Rheocord internal mixer, the resulting blends were removed and then com-
pression moulded (using hydraulic press, Moore & Son Ltd., UK) at 200◦C,
5 MPa pressure for 4 min and finally cooled.

4.2.3 Characterisation

4.2.3.1 Mechanical properties

Tensile test of the dumbbell shaped specimens was carried out on a universal
testing machine (Instron 3382) according to ASTM D638. The crosshead
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speed for testing the tensile samples was set at 200 mm/min at room tem-
perature using a load cell of 10 kN. The result reported here was the average
of four samples from the same batch.

4.2.3.2 Viscoelastic properties

The viscoelastic properties of the blends and nanocomposites were studied
by dynamic mechanical analyser (DMA) of TA Instruments model Q800) in
tension mode. Specimens of dimension (16×9.8×1) mm were analysed in
the temperature range of −90 to 90◦C at a controlled heating rate of 2◦C/min
at constant sinusoidal frequency of 1 Hz and at strain amplitude of 10 µm.

4.2.3.3 Morphological properties

Bulk morphological properties of polymer nanocomposite specimens were
studied using high-resolution transmission electron microscopy (HRTEM)
(model JEOL 1210, Tokyo, Japan) operated at 200 kV accelerated voltage.
The cryosections were prepared by ultra-cryomicrotomy at −90◦C using
Leica Ultracut UCT, Leica Microsystems (Vienna, Austria).

4.3 Results and Discussion

4.3.1 Tensile Stress-Strain Studies

Figure 4.1 represents tensile stress versus tensile strain graphs of PP/SEBS
blend and PP/SEBS nanocomposite samples. Table 4.2 represents the
mechanical properties for the same and pristine PP. Pristine PP exhibited
higher tensile strength and lower elongation at break in comparison to
P50/SEBS50 blend and their nanocomposites (Table 4.2). The incorporation
of SEBS into PP results in a huge increase of PP ductility as shown in Figure
4.1. It was observed that the P50/SEBS50 blend reflected higher elongation
at break (330%), lower tensile strength (18.1 MPa). In order to improve the
tensile strength, nanosilica was added as filler at different concentrations (i.e.
5 wt%, 10 wt% and 15 wt%) in P50/SEBS50 blend to make nanocompos-
ites. The tensile strength and modulus at 100% elongation values show a
remarkable increment with an increase in nanosilica concentration of up to
10 wt% in the P50/SEBS50 blend. But tensile strength and modulus at 100%
elongation values show a remarkable decrement with an increase in nanosilica
concentration at 15 wt% in the P50/SEBS50 blend.
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Figure 4.1 Tensile stress–tensile strain plots of P50/SEBS50 blend and P50/SEBS50/Si5,
P50/SEBS50/Si10, P50/SEBS50/Si15 nanocomposites.

Table 4.2 Tensile stress–tensile strain properties of neat PP, P50/SEBS50 blend and
P50/SEBS50/Si5, P50/SEBS50/Si10, P50/SEBS50/Si15 nanocomposites.

Sl. no Sample details Tensile
strength
(MPa)

Elongation
at break (%)

Modulus @
100% elongation
(MPa)

1 Neat PP 34 ±1 19±5 -
2 P50/SEBS50 18.1±0.6 330±8 16.6±0.4
3 P50/SEBS50/Si5 21.3±0.5 210±7 20±0.5
4 P50/SEBS50/Si10 24.4±0.7 190±8 23.5±0.6
5 P50/SEBS50/Si15 19.2±1 120±6 18±0.8

Gazing to the mechanical properties of P50/SEBS50/Si15 (w/w/w), it
seems to decrease due to more filler–filler interaction leading to high agglom-
eration of the nanoparticles, which is clearly perceived through HRTEM.
Contrasting it with P50/SEBS50/Si10 nanocomposite, it can be explicitly
seen and assumed that the dispersion of silica is exemplary which is hence
proved by HRTEM [25].

For example, tensile strength value of P50/SEBS50 blend rises by 18%,
35% and 6% for 5 wt%, 10 wt% and 15 wt% loading of nanosilica, respec-
tively. Elongation at break values constantly decreases with increase in the
percentage of nanosilica in P50/SEBS50 blend (Table 4.2). Modulus at 100%
elongation value of P50/SEBS50 blend increases by 20%, 41% and 8% for
5 wt%, 10 wt% and 15 wt% loading of nanosilica, respectively. It is worth
mentioning here that well-dispersed nanosilica particles in PP and SEBS
phases develop in a strong and elastomeric material at an optimum nanosilica
concentration (10 wt %). The dispersion of nanosilica particles in PP and
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SEBS matrix at numerous concentrations has been explained concisely inside
the morphological section. Storage modulus values at 30◦C derived from
DMA are matching with tensile stress-tensile strain plot. These effects are
explained in the upcoming section.

4.3.2 Dynamic Mechanical Analysis (DMA)

Figure 4.2a represents the loss tangent versus temperature graphs of PP
and SEBS blends and their nanocomposites over the temperature range of
-90◦C to 90◦C. From Table 4.3, it has been noted that within the above
temperature range neat PP represented a single Tg at 13◦C, whereas neat
SEBS represented Tg at -29◦C due to the relaxation of soft rubbery ethylene-
butylene segments [13]. In PP and SEBS blend (50/50) two distinct peaks
represented the Tg of SEBS and PP. The presence two distinct tan δ peaks
strongly represent that two separate phase exist in PP-SEBS blend.

From Figure 4.2a, it has been noted that P50/SEBS50 blend shows two
loss tangent peaks at -31◦C and 10◦C which represents the Tg values of SEBS
and PP, respectively. It should be pointed here that the addition of (10 and
15 wt%) nanosilica particles into P50/SEBS50 blend does not change the
Tg values of PP and SEBS. However, incorporating the nanosilica particles
into P50/SEBS50 blends significantly reduces the loss tangent peak height
corresponding to PP and SEBS phase. The decrements in loss tangent peak
height values are more prominent at lower concentration (10 wt %) of
nanosilica as compared to higher concentration (15 wt %) of nanosilica (Table
4.3). Some authors have already reported that the decrement of loss tangent
peak height of any polymer by the incorporation of any filler can provide
reinforcing effect of filler in the polymer matrix [23-24]. Here, the decrement
in loss tangent peak height values can be attributed to the more reinforcing
effect of nanosilica particles in P50/SEBS50/Si10 nanocomposites.

Storage modulus (E’) values at 30◦C of neat PP and SEBS, their blends
and nanocomposites are presented in Table 4.3. Figure 4.2b represents the
storage modulus (E’) versus temperature graphs of PP and SEBS blends
and their nanocomposites over the temperature range of -90 to 90◦C. It has
been observed that the storage modulus value (at 30◦C) of P50/SEBS50
blend significantly increases with the addition of 10 wt% of nanosilica. By
incorporating 15 wt% of nanosilica in P50/SEBS50 blend the modulus (at
30◦C) reduces. The reduction of storage modulus is due to more filler–filler
interaction, which will be discussed in the morphological section.
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Figure 4.2 (a) Tan δ versus temperature graphs of P50/SEBS50 blend and
P50/SEBS50/Si10, P50/SEBS50/Si15 nanocomposites. (b) Storage modulus (E’) MPa
versus temperature graphs of P50/SEBS50 blend and P50/SEBS50/Si10, P50/SEBS50/Si15
nanocomposites.

Table 4.3 Tg , Tan δ peak height (Tan δmax) and elastic modulus (E’) values for neat PP,
P50/SEBS50 blend and P50/SEBS50/Si10, P50/SEBS50/Si15 nanocomposites.

Sl. no Sample Tgru
a

(◦C)
Tgpl

b

(◦C)
Tan
δmax

c
E’ (MPa)
at 30◦C

1 Neat PP - 13 - 607
2 Neat SEBS -29 - 1.2 3.2
3 P50/SEBS50 -31 10 0.19 290
4 P50/SEBS50/Si10 -31 10 0.12 423
5 P50/SEBS50/Si15 -31 10 0.14 312

a Glass transition temperature of the rubber phase.
b Glass transition temperature of the plastic phase.
c Tan δ value at the maximum peak position of the rubber phase

The presence of two distinct tan δ peaks strongly represents that two sepa-
rate phases exist in PP-SEBS blend which is proved by HRTEM micrographs.
On the other hand, incorporation of 15% of nanosilica particles does not
significantly improve the tensile properties (maximum tensile strength and
modulus at 100% elongation) and DMA storage modulus values (at 30◦C)
due to more silica aggregates (more filler–filler interaction).
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Figure 4.3 (a) HRTEM photomicrograph of P50/SEBS50/Si15 nanocomposite. (b) HRTEM
photomicrograph of P50/SEBS50/Si10 nanocomposite.

4.3.3 High-resolution Transmission Electron Microscopy
(HRTEM)

Figure 4.3b represents the HRTEM photomicrograph of P50/SEBS50/Si10
nanocomposite. From this micrograph it can clearly observed the
non-aggregated structure of nanosilica particles. The micrograph showed that
P50/SEBS50/Si10 nanocomposite is developed and the nanosilica particles
are well dispersed inside the polymer matrix. Due to more polymer–filler
interaction, the nanosilica particles provide more reinforcing effect and
improve its mechanical properties. This is matching with the results obtained
from DMA and tensile stress–strain studies (Tables 4.2 and 4.3). Figure 4.3a
represents the HRTEM photomicrograph of P50/SEBS50/Si15 nanocompos-
ite. From this micrograph, the aggregated structure of nanosilica particles
can be clearly observed. Due to more filler–filler interaction, the nanosilica
particles do not provide reinforcing effect. This is matching with the results
obtained from DMA and tensile stress–strain studies (Tables 4.2 and 4.3).

4.4 Conclusion

Effect of nanosilica on the mechanical, viscoelastic and morphological prop-
erties of PP/SEBS blend has been investigated. Significant improvement
in the mechanical properties of the P50/SEBS50 blend has been observed
by the incorporation of nanosilica. Tensile stress value of P50/SEBS50
blend containing 10 wt% of nanosilica is approximately 35% higher than
the tensile stress value of P50/SEBS50 blend. The mechanical properties
of P50/SEBS50 blend start to decrease when the nanosilica concentration
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increases from 10 to 15 wt%. The DMA storage modulus value (at 30◦C) of
P50/SEBS50 blend containing 10 wt% of nanosilica is approximately 46%
higher than the DMA elastic modulus value (at 30 ◦C) of neat P50/SEBS50
blend. HRTEM shows the existence of non-aggregated structure of nanosilica
morphology in P50/SEBS50 blend containing 10 wt% of nanosilica. How-
ever, at 15 wt% of nanosilica concentration, HRTEM confirms the existence
of aggregated morphology of the nanosilica in P50/SEBS50 blend.
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The polyaniline (PANI)-wrapped ZnO possesses an interface between organic
semiconductor (polyaniline) and inorganic semiconductor (ZnO). Here
highly crystalline polyaniline was synthesised through chemical approach.
The obtained polyaniline has shown good crystalline behaviour compared
to the commercially available emeraldine salt. The polyaniline–zinc oxide
hybrid composites were also prepared through an easy one-pot facile method
following two different protocols. In the first protocol, polyaniline was added
during the formation of surface oxygen deficient ZnO (PNZ), while in the
second protocol, zinc oxide nanotubes were added during the formation of
polyaniline (ZNP). ZNP has emeraldine salt structure, whereas PNZ attains
emeraldine base form. Various characterisation techniques were used to
investigate the structural and morphological differences between these two
nanocomposites. The adsorption ability of the synthesised polyaniline and
the photocatalytic activity of PANI–ZnO nanocomposites have been checked
by analysing the decolourisation of methylene blue dye solution. The reactive
oxygen species (ROS) generated from the nanocomposites are quantified and
compared. The photocatalytic mechanism responsible for the dye degradation
process has been explained in detail. As a result of higher ROS generation,
PNZ exhibits improved photocatalytic activity compared to ZNP.
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5.1 Introduction

Conducting polymers, especially polyaniline, have been widely used for
water treatment processes because of their ability to adsorb the dissolved
pollutants effectively [1, 2]. The efforts of scientific community in devel-
oping hybrid nanocomposites of polymers with the aid of metal oxides
augur well for implementing photocatalysis for mitigating pollution [3]. The
myriad parameters that can be varied and have different material components
which can be chosen to play a pivotal role in developing these composite
materials. Hybrid nanocomposites either exhibit new properties or a mix-up
of individual component characteristics. Wide band gap metal oxides, such
as zinc oxide and their hybrid nanocomposites, with conducting polymers
extensively improved their application in sensors [4], electronics [5], photo-
voltaics [6], batteries [7] and photocatalysis [1] due to their modified surface
properties [8], band gaps [9], size [10] and shapes [11]. Surface modifica-
tion of ZnO nanoparticles can be easily achieved through the incorporation
of a polymer shell [4]. The synergetic and complimentary performance
between conducting polymer and inorganic metal oxide makes a significant
improvement in the properties of these hybrids. Over the past few decades,
polyaniline is very much attractive with its intrinsic conduction for various
catalytic processes including photocatalysis [12]. Crystalline polyaniline is
found to be desirable for excellent photoelectrical applications with their
exceptional conductivity [13]. The photocorrosion of ZnO can be inhibited
through polyaniline coating [14]. Tuning the particle size and crystallinity
of nanomaterials helps to increase their photocatalytic activity to a greater
extend [15]. The polyaniline coating on ZnO surface stabilise the surface
defects and modifies the photocatalytic activity [16].

Present work is an attempt to analyse the properties and photocatalytic
activity of hybrid nanocomposites through polyaniline-assisted modification
of ZnO nanotubes. Synthesis protocol for oxygen-deficient pristine zinc oxide
nanotubes is reported elsewhere [17]. Addition of polyaniline during the
formation of zinc oxide nanotubes resulted in a dark blue product, labelled
as PNZ. Another nanocomposite with dark green colour is synthesised by
adding the aforesaid zinc oxide during the formation of polyaniline (ZNP).

The strategy adopted here is a cost-effective, template-free and highly
reproducible one-pot precipitation method. Out of various synthesis methods,
simpler methods with cheap and minimum usage of precursors are always the
major choice. Methods involving in situ nucleation and subsequent growth
always get special attention because of their less time consumption and
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mild reaction condition. Synthesis of highly crystalline polyaniline (SP)
through Fe3+/H2O2 chemical oxidation route within a time frame of 2 h is
reporting for the first time. Synthesis of nanocomposite has got considerable
research attention due to their unique properties and formability. Specifically,
active semiconductor-incorporated polymer nanocomposites have advantage
of effective charge separation through the formation of an interface between
them. Here the formation of nanocomposites was ensured from various
systematic characterisation techniques. The structural, optical and morpho-
logical studies of these photocatalysts are discussed and compared in detail.
The role of polyaniline-ZnO interface in the degradation of a model dye
system is demonstrated. Moreover, the reactive oxygen species generated
from both nanocomposites were estimated and quantified.

5.2 Experimental

5.2.1 Synthesis of Polyaniline and Its ZnO Nanocomposites

For the synthesis of polyaniline, 10 mL aniline was dissolved in 10 mL dilute
HCl and stirred. After 5 minutes, a mixture of ferrous sulphate, hydrochloric
acid and hydrogen peroxide (0.5 gm of FeSO4 7H2O, 15 mL of Con. HCl
and six drops of hydrogen peroxide) was added drop by drop to the solution
for 30 minutes. The stirring was continued for further 15 minutes with same
condition. The dark green colour observed here confirms the formation of
polyaniline. For ZNP synthesis, 0.01 g of pure ZnO nanotubes was added
to reaction mixture during the aforementioned polyaniline synthesis. After
2 h of continuous stirring, the dark green precipitate was collected by
centrifugation, then washed and dried for further analysis.

Synthesis of pure zinc oxide nanotubes in the presence of beta-amino
ethylamine was done as already reported [17]. For the preparation of PNZ
nanocomposite, 0.1 wt% commercially available emeraldine salt of polyani-
line in dimethyl sulphoxide was added to the reaction mixture during the
formation of ZnO nanotubes. Six hours of continuous heating at 60◦C and
stirring at 900 rpm resulted in a dark blue hybrid precipitate of PNZ. The
precipitate was collected by centrifuging at 12000 rpm. The washed sample
was then air dried and used for further characterisations.

5.2.2 Photocatalysis

To compare the activity of photocatalysts, 0.001 wt% of aqueous methylene
blue (MB) dye solution was taken as the model system, and the degradation of
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the dye was monitored within a time frame of 70 minutes; 0.04 g of photocata-
lyst was added into 50 mL of the dye solution. This suspension was kept under
dark for 30 minutes with stirring to avoid any error due to initial adsorption
effect. The stirring in darkness also helps dye adsorption on the surface of
the photocatalyst to establish adsorption–desorption equilibrium. After dark
analysis, the dye solution was placed inside a photocatalytic reactor under
300W Xenon lamp. At 15 minutes of periodic exposure, 5mL aliquots were
taken to monitor the dye degradation. The UV-visible absorption spectra
were recorded after centrifuging at 10000 rpm for 10 minutes to avoid any
scattering effect. The adsorption performance of SP in dark condition was
checked by dispersing 0.05g powder in 50 mL 20 ppm MB solution.

5.2.3 Quantification of Hydroxyl Radicals from Nanocomposites

The reactive hydroxyl radicals generated from PNZ and ZNP were estimated
and compared by fluorescence measurements. For the analysis, 0.005 g of
PNZ or ZNP was dispersed in 50 mL alkaline 5x10−4 M, terephthalic acid
(TTA) solution. This solution was placed under light exposure for 10 minutes
with continuous stirring followed by centrifugation to get the supernatant.
Fluorescence spectra of the supernatants were taken by exciting at 315 nm
and compared the emission intensity.

5.3 Results and Discussions

The schematic illustration of the synthesis of PNZ and ZNP are depicted in
Scheme I, and the mechanism of the formation of polyaniline is illustrated
in Scheme II [1]. The synergetic effect of Fe3+ ions and OH◦ free radicals
from FeCl3/H2O2 oxidising system oxidises aniline [A] to radical cations
[B] [19]. This radical cation exists in three resonance structures as shown in
Scheme I [2]. These N- and para-radical cations undergo coupling to form
dicationic dimer [C] [20]. The dicationic dimer undergoes rearomatisation
[D] which leads to chain propagation in the presence of excess radical cations
[E] and finally results in the formation of green-coloured emeraldine salt of
polyaniline [F].

During the synthesis of ZNP, direct oxidation and in situ polymerisation
of aniline in the presence of Fe3+/H2O2 occurs initially and the addition
of ZnO leads to the final product (ZNP). When ZnO nanotubes were added
during the synthesis, a strong interaction develops between the particles and
polymer due to the presence of polarons present in the polyaniline. PNZ was
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Scheme I Schematic of the synthesis procedure of (A) PNZ and (B) ZNP.

synthesised by the addition of polyaniline during ZnO formation. The mecha-
nism involved in the formation of pure ZnO nanotube was reported elsewhere
[17]. Polyaniline is completely soluble in DMSO through hydrogen bond
formation [18], and this polyaniline–DMSO solution when added to the alka-
line reaction mixture, deprotonation of emeraldine salt (ES) to emeraldine
base (EB) occurs. With the assistance of mild temperature, polyaniline in
its emeraldine base structure interaction with ZnO leads to the formation of
hybrid nanocomposite PNZ.

The crystallinity and phase purity of the nanocomposites are analysed
from XRD pattern (Figure 5.1). Commercially available green coloured
emeraldine salt of polyaniline (ES) shows amorphous nature, while the syn-
thesised polyaniline (SP) is highly crystalline. A small percentage of ZnO
powder in ZNP makes markable difference in the intensity of SP peaks
without showing any peak due to ZnO, whereas in PNZ the crystalline
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Scheme II Proposed mechanism of polyaniline formation.

Figure 5.1 XRD pattern of ES, PNZ, SP and ZNP.

peaks observed are due to pure ZnO (JCPDS - 89-0510) only. This indicates
that the wurtzite crystal structure of ZnO is well maintained in the PNZ
composite [15].

SEM images of PNZ and ZNP clearly show the complete coverage
of ZnO nanotube surface with polyaniline (Figure 5.2a and b). ES (Fig-
ure 5.2c) appears as extended fibres, whereas SP exhibited fused particle
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Figure 5.2 SEM images of (a) PNZ, (b) ZNP, (c) ES and (d) SP.

morphology as seen in Figure 5.2d. The images clearly display the morpho-
logical difference in the commercially available and laboratory synthesised
polyaniline.

TEM images of PNZ and ZNP are shown in Figure 5.3. Zinc oxide has
been grown as short nanotubes and the attachment of polyaniline over ZnO
nanotube surface are legible from the images. The existence of interface in
both nanocomposites is visible from TEM images. Because of the polyaniline
attachment on the surface of ZnO nanotubes, the lattice fringes of ZnO are
not clearly observed.

FTIR spectra (Figure 5.4) provide ample evidence about the formation
of hybrids compared to their polymer matrix. The successful polymerisation
of aniline is also observed from FTIR. Intermolecular (3450 cm−1 / 3406
cm−1) and intramolecular (2933 cm−1) hydrogen bondings are present in
both ES and PNZ [21]. The formed PNZ attains an emeraldine base structure
in the presence of alkali during synthesis [22]. The structure of emeraldine
salts have only benzenoid rings, whereas that of emeraldine base features
both benzenoid and quinoid rings. C=C stretching band in both quinoid
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Figure 5.3 TEM images of (a) PNZ and (b) ZNP.

Figure 5.4 FTIR spectra of ES, PNZ, ZNP and SP.

(1585 cm−1) [23] and benzenoid (1486 cm−1) [24] is present in PNZ. Zn-O
stretching (500 cm−1) is also seen with PNZ [25]. As vibrational frequency
increases in accordance with the bond order, C-N stretching frequency in
quinoid (1303 cm−1) [26] is found to be higher in PNZ and that attributes the
formation of EB. The peaks at 1120 cm−1 and 820 cm−1 in PNZ attribute
aromatic C-H group in plane and the out of plane deformation for the 1,4-
disubsituted benzene. These two peaks are more intense in PNZ than ES due
to the change of chemical environment [27]. These observations indicate that
the ZnO crystals hold strong coulombic interaction with positively charged
backbone of the polymer [28]. Besides, hydrogen bonding between imine
group of polyaniline and surface hydroxyl groups of ZnO nanomaterials
is also observed [29]. Both SP and ZNP have two peaks commonly at
3440 cm−1 and 2917 cm−1 due to the presence of intermolecular hydrogen
bonding and N-H stretching, respectively. Protonated N-H stretching band
observed at 2595 cm−1 in SP confirms the emeraldine salt form [30]. Peaks
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Figure 5.5 Absorbance spectra of ES, PNZ, ZNP and SP.

at 1630 cm−1, 1490 cm−1, 1310 cm−1 and 1143 cm−1 depict C=C stretching
in disubstituted alkene, C=C bond vibration of quinoid ring, C-N stretch-
ing in amine and vibrational mode of polyaniline in emeraldine salt form,
respectively [31, 32]. Shifting of these peaks to lower wavenumbers attributes
the existence of strong chemical interaction between ZnO and polyaniline
polymer backbone [33].

The UV-Vis-NIR spectra of synthesised hybrid samples and correspond-
ing polymer matrices are shown in the Figure 5.5. Both ES and PNZ show
a peak at 330 nm attributed to the Π-Π* transition of benzenoid ring [34],
and in ES, this band appears wider between 280 to 460 nm as it contains only
benzenoid rings, whereas in PNZ, the broad band at 280-400 nm attributes the
incorporation of ZnO. The absorption spectrum of ES shows high intensity
peak at 635 nm, due to the delocalisation of polarons. These polarons are
responsible for the conduction of ES. But in PNZ, this absorption peak is
fully diminished indicating the conversion of ES to EB. During the formation
of EB, ES combines with ZnO and beta-amino ethylamine, resulting in the
destruction of amine-associated polarons. The near IR peak at 1082 nm
present in ES and PNZ attributes to the existence of polarons in amine
and imine nitrogen, respectively [35]. The Π-Π* transition in SP appears
broad from 310 to 390 nm absorption [34]. Other characteristic absorptions
observed at 480-620 nm and 980 nm depict polyaniline in its doped form
(emeraldine salt) [36, 37]. The presence of band edge at 336 nm explicitly
reveals the presence of ZnO in ZNP. Characteristic absorptions (447 nm and
1082 nm) corresponding to emeraldine salt are also observed with ZNP [38].

The emission behaviour of the samples is examined from photolumines-
cence measurements (Figure 5.6) with an excitation wavelength of 320 nm.
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Figure 5.6 Photoluminescence spectra of SP, ZNP, ES and PNZ.

Incorporation of ZnO intensifies the emission of PNZ and ZNP compared
to ES and SP which is attributed to the extended conjugation present along
benzenoid and quinoid rings [26], which helps delocalisation of excitons.
According to Pandiyarajan et al., the enhancement of photoluminescence
in PANI/ZnO nanocomposites attributes transfer of photogenerated charge
carriers from ZnO to polyaniline [39].

The size distribution studies of the samples were analysed using dynamic
light scattering (DLS) experiment. The prepared samples were dispersed in
methanol and subjected to laser illumination. The intensity of the scattered
light from the suspension has been analysed as a function of time. Graph from
Figure 5.7 shows the distribution of hydrodynamic size of the synthesised
samples. PNZ exhibit reduced size compared to ZNP which again reinforces
the inference from SEM image.

The adsorptivity of SP and photocatalytic activity of the prepared
nanocomposites was examined with MB as a model dye. Almost 10% 20 ppm
methylene blue was adsorbed on 0.05 g SP within 1 h stirring under dark. The
absorption result of nanocomposites strongly recommends the visible light
photocatalytic activity of polyaniline–ZnO nanocomposites [40]. The surface
adsorption capability of the nanocomposites was determined by stirring with
the dye solution in dark for 30 minutes. This dark adsorption analysis can
eradicate the initial adsorption error and helps to establish an adsorption–
desorption equilibrium. MB dye undergoes photolysis slightly in the absence
of photocatalyst [41]. In the presence of photocatalyst, after exposure to
light radiation, the absorption peaks of MB were gradually decreased with
time. This degradation is executed by the type-II heterojunction present
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Figure 5.7 DLS graph of ES, PNZ, SP and ZNP.

Figure 5.8 Mechanism of photocatalysis in the presence of polyaniline/ZnO
nanocomposites.

between polyaniline and ZnO [33]. The schematic of the possible mechanism
of MB degradation in the presence of ZnO–polyaniline nanocomposites is
presented in Figure 5.8. Highest MB degradation using 0.1 g ZnO/polyaniline
nanocomposite is reported within 80 minutes [33]. In the present context,
within 70 minutes degradation happens with 0.04 g nanocomposite. The
photocatalytic degradation graph is depicted in Figure 5.9.

The presence of type II staggered heterojunction formed between polyani-
line and ZnO plays a significant role in photocatalysis. When the surface
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Figure 5.9 Photocatalytic degradation of methylene blue in the presence of PNZ and ZNP.

of nanocomposite was exposed to photons, photoelectrons and holes were
produced in polyaniline. The excited photoelectrons transfer from HOMO to
LUMO of polyaniline. Simultaneously, an interjunction transition of photo-
electrons and holes occurs between polyaniline and ZnO. The photo-excited
electron from polyaniline goes to conduction band (CB) of ZnO, and at CB,
these electrons help for the formation of superoxides by adsorbing on O2

molecules. At the same time, hydroxyl free radicals are generated at the
valance band site. These superoxides and hydroxyl free radicals act as poten-
tial oxidising agents for the degradation of MB dye [42]. When comparing the
photocatalytic performance of nanocomposites, PNZ gives better degradation
compared to ZNP. PNZ appears ∼12 times more photocatalytically efficient
than ZNP. This may attribute to the increased adsorption of dye molecules
on relatively smaller sized PNZ. Additionally ZNP has higher polyaniline
content than PNZ. Methylene blue being a non-sulphonated dye adsorption
over the polyaniline surface is difficult leading to reduced dye adsorption
[43]. The majority of MB adsorption on polyaniline surface happens through
imine nitrogen which is favourable for the increased adsorption on PNZ sur-
face than ZNP [44]. Broad visible light absorption of PNZ also increases the
photocatalytic activity. Actually, photocatalysis mainly depends on the reac-
tive oxygen species generation from corresponding photocatalysts. Reactive
oxygen species generated from PNZ and ZNP are compared by estimating
the formation of 2-hydroxy terephthalic acid (HTTA) from terephthalic acid
(TTA). Non fluorescent terephthalic acid is converted in to fluorescent 2-
hydroxy terephthalic acid in the presence of hydroxyl free radicals (OHo).
The emission intensity of HTTA in the presence of PNZ is found to be higher
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Figure 5.10 Fluorescence spectra of TTA and HTTA in the presence of ZNP and PNZ.

than that with ZNP as presented in Figure 5.10. The ratio of emission intensity
from ZNP and PNZ was estimated to be 1:6, indicating high ROS generation
in PNZ than ZNP. This may be attributed to the variation in composition of
PNZ and ZNP and increased content of ZnO in PNZ.

5.4 Conclusions

Two types of polyaniline–ZnO hybrid nanocomposites have been success-
fully fabricated by adopting the one-pot synthesis strategy. Characterisations
explicitly reveal the strong interaction that exists between ZnO and polyani-
line. Formation of interface between ZnO and polyaniline and the wide
spectral absorption of formed nanocomposites point out the possibility for
efficient photocatalytic activity. The nanocomposite synthesised with higher
content of ZnO gives better degradation of methylene blue dye. Simple and
versatile synthesis strategy was adopted to obtain highly crystalline polyani-
line which can also be envisaged for various other applications in the near
future.
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Bio-renewable polyurethanes (PUs) are one of the most versatile class of
materials today and are in demand as a high-performance industrial material
due to universal availability and low cost. Vegetable oils and their derivatives
have been widely used for the preparation of various polymers including
polyols and polyurethanes. In this investigation, certain bio-based polyol and
polyurethanes are prepared using sesame oil through epoxidation and ring
opened by castor oil fatty acid. The polyurethanes are prepared by polyols
(SCOL), and the isocyanates are prepared by polycondensation reaction. The
prepared cross-linked polyol and polyurethanes are characterised by Fourier
transform infrared spectroscopy (FT-IR) and nuclear magnetic resonance
spectroscopy (1H NMR), and the effect of cross-linking density in the struc-
ture of polyols and polyurethanes (PUs) is investigated by Tg and thermal
studies.

6.1 Introduction

Polyurethanes (PUs) have been used in a wide range of properties which make
them an indispensable material in construction, coating, adhesives, sealant,
foams, elastomers, and others. Polyurethane is known for its recurring
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urethane linkage in the main chain and is commonly synthesised by mix-
ing two components: one hydroxyl bearing monomer and a monomer with
isocyanate groups. Considering the fact that polyol contributes the majority
of the weight of polyurethane and makes full or partial substitution of polyol
from bio-renewable resource in order to increase the bio-content of PUs is
a promising approach [1-4]. As vegetable oils are one of the most readily
available alternative renewable resource and the functional groups present in
natural oils can be activated for condensation polymerisation, they converted
natural oils into the polymer chain. Triglycerides of vegetable oils with the
structure of an ester are formed from glycerol and three fatty acid; there are
six common fatty acids of which two are saturated one, palmitic (C 16:0)
and steric (C 18:0), and four are unsaturated ones, oleic (C 18:1), linoleic
(C 18:2), linolenic (C 18:3) and recinolic (C 18:1 OH). Reactive sites are
ester bond, carbon–carbon double bonds, and hydroxyl group which exist in
some oils [4–8]. Vegetable oil polyols can be obtained by the introduction
of hydroxyl group at the position of double bond by various methods. Some
of the methods are hydroformulation, epoxidation followed by epoxide ring
opening, hydrolysis, ozonolysis and hydrogenation. Epoxidation of vegetable
oils, followed by oxirane ring opening, is one of the most important reactions
to provide various polyols [8–10].

In this investigation, castor oil-based fatty acid (ICFA) was used to facili-
tate ring opening of epoxidised sesame oil (IESO) using a green, solvent-free/
catalyst-free pathway. The polyol obtained had a higher cross-linking density
than the polyol prepared from epoxy ring opening using small molecule,
resulting in better thermal properties of the final polyurethanes. The effect
of the molar ratio of the carboxyl to epoxy groups, reaction time and reac-
tion temperature on the final polyol and polyurethanes (PUs) structure and
functionality was investigated.

6.2 Materials and Method

Sesame oil was purchased from local source, magnesium sulphate (MgSO4),
hydrogen peroxide, methyl ethyl ketone (MEK) and ethyl ether were pur-
chased from Sigma-Aldrich (Milwaukee, WI). Castor oil, hydrochloric
acid, sodium hydroxide, sodium bicarbonate, formic acid, hexamethylene
diisocyanate (HDI) and 4,4 methylene diphenyl diisocyanate (MDI), and
dibutyltin dilaurate (DBTDL) were obtained from Sigma-Aldrich (Milwau-
kee, WI). All materials were used as received without further purification.
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6.2.1 Synthesis of the Epoxidised Vegetable Oil

Epoxidised vegetable oils with different epoxy groups were prepared accord-
ing to a solvent free method reported in Venkatesh et al. Briefly, sesame oil
and formic acid were charged into a 500 mL flask at 50◦C to 60◦C under
vigorous stirring. Then, hydrogen peroxide was added slowly using syringe
over a period of 5 h [4]. The reaction was continued at 50◦C for another 3
h. Then, sodium bicarbonate was added to neutralise the solution, and ethyl
ether was added, resulting in two layers. The organic layer was washed with
distilled water until the solution become neutral, after drying with MgSO4,
and filtered. The organic solvent was removed by rotary evaporation and dried
in a vacuum oven overnight.

6.2.2 Synthesis of Castor Oil Fatty Acid

Castor oil was saponified into fatty acid with sodium hydroxide solution at
70◦C, followed by neutralisation with acid catalyst. Finally, castor oil fatty
acids (ICFA) were obtained after the organic layer was purified by the same
process.

6.2.3 Synthesis of Vegetable Oil-Based Polyol

The polyols were prepared by ring-opening reactions between epoxidised
vegetable oils and ICFA. The polyols were identified as sesame–castor oil
(SCOL). Initially, ICFA and epoxidised vegetable oil were mixed in a flask
with a magnetic stirrer and maintained at 180◦C at dry nitrogen atmosphere.
After 7 h, a dark viscous liquid was obtained.

6.2.4 Preparation of Polyurethanes

The PUs were synthesised through the reaction of polyol with a 5% molar
excess of HDI in addition of two drops of DBTDL. The viscosity of the
mixture was reduced by the use of MEK. The solution was heated to 70◦C
and stirred continuously for 3 h. The product obtained is characterised by
analytical techniques. The same procedure was followed by the preparation
of MDI-based PUs.

6.3 Characterisation

Chemical structural studies were conducted using Bruker FTIR anal-
yser; ALPHA-Platinum FT-IR spectrometer with ATR platinum–diamond
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Figure 6.1 (a), FT-IR of spectra showed hydroxyl content of ICFA, Epoxy group of IESO,
and ring opened by ICFA of polyol (SCOL) and MDI and HMD based BSCP and HSCP PUs.

sampling module. A Varian spectrometer (Palo Alto, CA) at 400 MHz was
used to record the 1H NMR spectroscopic analyses of the monomers and final
products. The thermal properties of synthesised polyol and polyurethanes
were investigated by differential scanning calorimetry (DSC) (TA instru-
ment Q200 V24.4 Build 116) and thermogravimetric analysis (TGA) (TA
instrument Q500 V20.10 Build 36).

6.4 Result and Discussion

6.4.1 Infrared Spectroscopy

IR spectra of polyol (SCOL) (Figure 6.1a) show carbon-carbon double bond
peak at 3000–3010 cm1 almost disappeared.

After the ring opening initiated by ICFA, the epoxy group in IESO is
decreasing epoxy peaks at 826 cm−1, while hydroxyl peak appeared at 3392
cm−1. The FTIR spectra (Figure 6.1a) showed that in PU sample (BSCP and
HSCP), the appearance of the NCO peak at 2231 and 2263 cm−1 and the
peaks corresponding to the absorption of NH, C=O and C-O of BSCP and
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Figure 6.2 (a) 1H NMR spectra showed hydroxyl content of ICFA, (b) the polyol of (SCOL),
and (c) and (d) PUs of BSCP and HSCP, respectively.

HSCP based PUs were observed at 3310 cm−1, 1713 cm−1 (non-hydrogen
bonded), 1641 cm−1 and 3329 cm−1, 1714 cm−1 (non-hydrogen bonded)
and 1629 cm−1 respectively, which indicate the newly synthesised product
having urethane (NHCOO) group [11-14]. The other aromatic peaks of
diisocyanate in urethane linkage are observed at 1533 cm−1 (aromatic ring).
The observed N–H bending vibrations (BSCP) at 1595 cm−1, and C-O-C
stretching absorption band corresponding to linkage between -OH and -NCO
groups (BSCP and HSCP) to form urethane bond in the range 1085–1170
cm−1 provide strong evidence for the formation of Pus [15–16].

6.4.2 Proton (1H) Nuclear Magnetic Resonance Spectroscopy

In terms of ICFA and SCOL (Figure6.2a), the proton of the –CH2COO–
singles appears at 2.21 ppm, the methylene proton of the carbon–carbon
double bond signal at 3.35 ppm, the terminal and long-chain protons of CH3

and CH2CH signal at 0.89 ppm and 1.63 ppm, respectively.
The SCOL of C=C proton intensity reduce when oxirane ring opened by

ICFA, the intensity of peak is 5.30 ppm. shows, the different environment
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Figure 6.3 (a) and (b) show DSC and TGA curve of polyol and polyurethanes.

of fatty acid chain in hydroxyl group, the signal appeared at 3.65 ppm, after
the reduction reaction the peaks at 3.0 disappeared [17–23]. On the other
hand, the complete reduction of triglyceride, the peak intensity at 3.5–3.6
ppm increased, resulting in the formation of primary -OH groups backbone
appears at 5.54 ppm. It leads to the conclusion that SCOL was successfully
prepared and confirmed (Figure 6.2b). The polyols of SCOL react with two
different isocyanates, namely HDI and MDI. After the polycondensation
reaction, the intensity of polyol peak at 5.31 ppm decreased, and the new
signal of urethane (NH) was shown at HSCP and BSCP 8.53 ppm, other peak
observed (from the MDI based PUs) peaks observed at 7.0–7.10 ppm, and
−CH3 peak individually observed at 3.80 ppm designated to the protons of
CH2OCO support the synthesis of polyurethane the polyols (SCOL). The
other peaks observed were assigned to C=C proton as 5.26 ppm (Figure
6.2c,d). The preferred aliphatic and aromatic chain extenders were used to
prepare PUs [24–25].

6.4.3 Thermal Analysis

The differential scanning calorimetry was used to study the phase transition
occurring during the heating of SCOL polyol and polyurethanes (PUs). The
DSC thermograms of polyol Perkin–Elmer DSC were obtained by heating
sample from −80◦C to 200◦C at a heating rate of 20◦C min−1 under nitrogen
atmosphere. This was illustrated in Figure 6.3a.

The DSC curve showed that the polyol mixture of SCOL had a melting
point at −7.58◦C and then the glass transition temperature at −56.66◦C.
The observed melting point of SCOL has a small difference in this fatty
acid chain; the –OH number of the fatty acid is different but the instance
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sesame–castor oil polyols is higher than the hydroxyl number. In general, the
prepared polyol has the potential to produce rigid lipid-based polyurethanes.
The acidity of polyol might be attributed to the formation of fatty acid during
the preparation. Usually, acid number below 10 mg KOH/g was considered
low enough for commercial polyols [26]. The DSC thermograms of the all
PUs are shown in Figure 6.3a. The prepared polyurethanes of glass transition
temperature (Tg) were in the range of HSCP and BSCP at −80◦C to 300◦C.
The Tg was compared to the polyurethanes prepared from sesame oil [27–
28]. However, the PUs prepared from chain extender of HDI and MDI melt
in the range of 220◦C and 245◦C. Glass transition temperature observed in
the first and second heating of PUs samples, HSCP and BSCP, at 235◦C,
284◦C and 255◦C, 287◦C, respectively. The second melting of Tg is closer
to the PUs of HSCP and BSCP which indicated that the components were
compatible and the PUs were amorphous. A weak melting point observed in
HSCP, which implies the existence of phase separation in the sample, though
the sample stands transparent. For sample HSCP and BSCP, a melting point
was clearly observed around 295◦C and the sample was opaque due to phase
separation. Thermal analysis of the HDI- and MDI-based polyurethanes
exhibits a temperature gap of 100◦C. The second degradation BSCP ranges
approximately 470◦C and attributes to the amide degradation. By comparing
HSCP and BSCP polyurethanes, the first decomposition at 270◦C and 260◦C.
The second fast decomposition at 410◦C and 400◦C imply that the samples
were completely decomposed at 520◦C. The low yield was observed mostly
due to the usage of HDI which contains aliphatic chain. And in aromatic
system, high yield was observed when MDI was applied [28–29]. The
improved stability was assumed to be due to the MDI-based urethane linkage
of recinolic acid, and the value might be explained by degradation of HDI
and MDI functions.

6.5 Conclusions

Vegetable oil-based polyurethanes have been prepared using polyols and
polyurethanes synthesised from sesame oil with aromatic 4,4 methylene
diphenyl diisocyanate and aliphatic hexamethylene diisocyanate. These poly-
ols and polyurethanes were confirmed by FT-IR and proton NMR spec-
troscopy. The stability of HSCP and BSCP-based polyurethanes are char-
acterised by TGA and DSC. The addition of chain extender MDI exhibits
higher stability. The prepared bio-based polyurethanes can be used for various
applications such as biomedical, aerospace, battery and super capacitors.
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Various types of plant mucilage available like alginic acid, gelatin maize
starch and potato starch have been used as a binder in pharmaceutical formu-
lation. But still finding a novel binder is useful in the pharmaceutical industry
for manufacturing tablets. Lepidium sativum was chosen for its binding
property. Aspirin and ibuprofen tablets were prepared by wet granulation
technique using Lepidium sativum as a tablet binder. The prepared tablets
were evaluated for physiochemical characteristics, and the binding efficacy
of the Lepidium sativum was compared with the standard binder mucilage
polyvinyl pyrrolidine (PVP) at similar concentration (3% w/w), 27.16o to
28.45oangle of repose and 0.46–0.46% w/w friability 1.2 to 12.03 min
disintegration time. Tablets at 3% w/w binder concentration showed more
optimum results as tablet binder. Lepidium sativum was found to be useful for
the preparation of uncoated tablet dosage form. Lepidium sativum can be an
alternative binder for the pharmaceutical formulations. Abundant availability,
food grade status, economic feasibility, commercial suitability and reliability
make the mucilage an alternative for the existing synthetic excipients.
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7.1 Introduction

Garden cress (Gc), Lepidium sativum is an annual, herbaceous edible plant
that is botanically related to mustard and watercress. Gc plant is native to
Egypt and South west Asia. It is cultivated in India, North America and
parts of Europe. In some regions, Gc is known as garden pepper grass,
pepper cress, pepperwort or poor man’s pepper. The plant is cultivated as
a culinary vegetable all over Asia. Gc seeds are well known for their various
ethno-pharmacological properties. Gc seeds are used in South Asia as a
traditional medicine to treat bronchitis, asthma and cough. It is considered
abortifacient, diuretic, expectorant, aphrodisiac, antibacterial, gastrointestinal
stimulant, gastro protective, laxative and stomadic. Gc seed is reported to
exhibit antirheumatic and bronchodilatory potential. The paste of GC seeds
is applied in rheumatic joints to relieve the pain and swelling. It is also useful
in hiccup, dysentery, diarrhoea and skin disease caused by impurities of
blood. Ethanolic extracts of Gc seed were effective in treating inflammatory
bowel disease. Traditional sweets for lactating mothers are prepared from the
Gc seeds. The present investigations deal with the nutritional, nutraceutical,
antimicrobial properties and phytochemical constituents of Gc seeds. It also
highlights the potential of Gc seeds and its extracts for various medicinal uses.
Therefore in this study, it is proposed to carryout formulation and evaluation
of Lepidium sativum as an excipient in pharmaceutical formulation.

Physicochemical Properties of mucilage

Chemical properties: Chemically, the mucilage is an acidic complex
polysaccharide composed of salts of sugars other than glucose: L-arabinose,
D-galactose, L-rhamnose and D-glucuronic acid combined with certain
metallic cations such as sodium, potassium, calcium and magnesium. For the
most part, the mucilage has highly branched structures containing different
sugar units with many possible variations as regard to degree of branching,
length of branches and type of linkages. Therefore, an almost infinite number
of structures are possible. Forces act between molecules, between different
parts of the same molecules and between polymer and solvent. These forces
include hydrogen bonding, ionic charges, dipole and induced dipole inter-
actions and Vander Waals forces. All these forces affect properties as gel
forming tendency, viscosity and adhesiveness.

Physical properties:-The physical properties of mucilage are of the first
importance in determining their uses and their commercial value. Mucilage
as seen or collected in the natural state are represented in a variety of shapes
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and forms. They are available in spheroidal tears up to 32 mm in diameter,
crystals, granules, powder (by mechanical process), spray and roller dried
powder. The surface of most mucilage when fresh is perfectly smooth, but
this may soon become rough or covered with minute cracks or striations due
to weathering. The Colour of mucilage (in the solid state) varies from almost
white through various shades of yellow, amber and orange to dark brown.
Colour is of great importance in the commercial valuation of mucilage1.

Methods of incorporation of binders: Tablet cohesion is best achieved
when the binding component is used in solution as an adhesive. In solution
form, the binder is well distributed in the other materials of the tablet and
results in better bonding with a lower concentration of binder. Moreover,
since powders differ with respect to the ease with which they can be wetted,
and their rate of solubilisation, it is preferable to incorporate the binding agent
in solution. Some poorly compressible drugs like paracetamol, metronidazole
and acetazolamide can be successfully tableted only when a liquid adhesive
and wet granulation procedure is employed. The method of liquid addition
can change from pouring the total amount of liquid at once, to the pumping
of liquid for a specific period of time during granulation. Binder solutions are
usually made up to weight rather than volume. This enables the formulator
to determine the weight of the solids, which have been added to the tablet
granulations in the binding solution.

Taxonomy of Lepidium sativum: Garden cress (Gc), Lepidium sativum is
an annual, herbaceous edible plant that is botanically related to mustard and
watercress. Gc plant is native to Egypt and South west Asia. It is cultivated in
India, North America and parts of Europe. In some regions, Gc is known as
garden pepper grass, pepper cress, pepperwort or poor man’s pepper. The
plant is cultivated as culinary vegetable all over Asia. Gc seeds are well
known for their various ethno pharmacological properties. Gc seeds are used
in South Asia as traditional medicine to treat bronchitis, asthma and cough.
It is considered abortifacient, diuretic, expectorant, aphrodisiac, antibacterial,
gastrointestinal stimulant, gastro protective, laxative and stomadic. Gc seed
is reported to exhibit antirheumatic and bronchodilatory potential. The paste
of GC seeds is applied in rheumatic joints to relieve the pain and swelling.
It is also useful in hiccup, dysentery, diarrhoea and skin disease caused by
impurities of blood. Ethanolic extracts of Gc seed were effective in treating
inflammatory bowel disease. Traditional sweets for lactating mothers are
prepared from the Gc seeds. The present review deals with the nutritional,
nutraceutical, antimicrobial properties and phytochemical constituents of Gc
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seeds. It also highlights the potential of Gc seeds and its extracts for various
medicinal uses.
Following are the species:

1. Lepidium draba
2. Lepidium crassifolium
3. Lepidium latifallum
4. Lepidium ruderale
5. Lepidium perfoliatum

Botanical description: A variety of parts of the plant namely; seeds, leaves
and roots have been used in treating various human ailments. Seeds powder
were creamish yellow in colour, microscopy of the seeds powder shows
uniform thick walls, oily endosperm, number of reddish-brown fragments of
seed coats and reddish colouring matter.

Botanical classification: Kingdom: Planate, Division: Magnoliophyta,
Class: Magnoliopsida, Order: Brassicales, Family: Brassicaceae, Genus:
Lepidium sativum

Seeds:- The acute toxicity tests showed that the administration of extract in
single doses of 0.5 to 3.0g/kg of body weight of mice did not produce any
adverse effects or mortality in mice. Chronic toxicity (100 mg/kg/day for a
period of 3 months in drinking water) studies revealed that there were no
symptoms of toxicity except a statistically insignificant higher mortality rate
in the mice.2

7.2 Material and Methods

7.2.1 Materials

Isolation and purification of mucilage: In this method, the seeds (100 g)
were soaked for 12 hour in distilled water (1 L). Then mucilage was separated
by passing through vacuum pump. After that remaining particulate matter
separated by passing through muslin cloth. Then separated clear material was
treated with ethanol. So as to get precipitated mucilage. Drying was done at
45◦C for 6 h. Then powder was passed through # 80 mesh sieve and weighed
to calculate the yield.

7.2.2 Methods of Formulation

Preparation of tablets by wet granulation method: The formulation was
developed by using aspirin IP as model drug. The binder concentrations used
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Figure 7.1 Lepidium sativum plant.

Figure 7.2 Seeds of Lepidium sativum.

were 1, 2, 3, 4, 5 and 6% w/w. Binder level was adjusted by lowering the level
of microcrystalline cellulose in the formula. All ingredients were dry mixed
manually in mortar and granulated with water as granulating fluid. The wet
mass was passed through sieve # 12 mesh. The granules were dried at 40◦C
for 1 hour in tray dryer. The dried granules were passed through sieve # 40,
lubricated with lubricant sand were compressed by using hydraulic press with
flat faced punches. The tablet formulation was developed for aspirin 200 and
ibuprofen. Similar procedure was employed for preparation of aspirin and
ibuprofen tablet using polyvinyl pyrrolidine.3
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Table 7.1 Materials used their category and pharmacopoeial status.

Name of material Category Pharmacopoeial status
Aspirin Beta blocker IP
Ibuprofen Anti-epileptic USP
Microcrystalline cellulose Disintegrating agent PH. Eur.
Lepidium sativum Binder PH. Eur.
Polyvinyl pyrrolidine Binder PH. Eur.
Magnesium stearate Lubricant PH. Eur.
Talc Diluent PH. Eur.

All drugs and other materials or chemicals used were of analytical grade.

Table 7.2 Formulation of aspirin tablets with Lepidium sativum as binder.

Formulation Ingredients (mg/Tablets)
Aspirin
(mg)

Binder
Lepidium
sativum
(mg)

Microcrystalline
Cellulose (mg)

Magnesium
stearate (mg)

Talc
(mg)

Total
(mg)

A1 300 5 180 10 5 500
A2 300 10 175 10 5 500
A3 300 15 170 10 5 500
A4 300 20 165 10 5 500
A5 300 25 160 10 5 500
A6 300 30 155 10 5 500
A3(PVP) 300 15 170 10 5 500

Table 7.3 Formulation of ibuprofen tablets with Lepidium sativum as binder.

Formulation Ingredients (mg/tablets)
Ibuprofen
(mg)

Binder
Lepidium
sativum
(mg)

Microcrystalline
cellulose (mg)

Magnesium
stearate (mg)

Talc
(mg)

Total
(mg)

I1 400 6 182 6 6 600
I2 400 12 176 6 6 600
I3 400 18 170 6 6 600
I4 400 24 163 6 6 600
I5 400 30 158 6 6 600
I6 400 36 152 6 6 600
I3(PVP) 400 18 170 6 6 600
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7.2.3 Experimental Work

Preformulation studies of Lepidium sativum
Preformulation studies were performed on the Lepidium sativum, which
included extraction, purification and physiochemical characterisation of the
powder.

A. Physicochemical characterisation of the Lepidium sativum

I. Solubility study

The separated mucilage was evaluated for solubility in water, acetone,
chloroform and ethanol in accordance with the British pharmacopoeia speci-
fications.

II. Loss on drying

The method adopted was that specified in the B.P. 2004 for acacia. 1.0 g of the
sample was transferred into each of several Petri dish is and then dried in an
oven at 105◦C until constant weight was obtained. The moisture content was
then determined as the ratio of weight of moisture loss to weight of sample
express ease percentage.

III. pH determination

pH was determined by shaking 1% w/v dispersion of the sample in water for
5 min and the reading were noted by digital pH meter.

IV. Bulk and tapped density

2.0 g quantity each of the powder sample was placed in a 10 ml measuring
cylinder and the volume, Vb, occupied by each of the samples without tapping
was noted. After 100 taps on the table, the occupied volume Vt was read. The
bulk and tap densities were calculated as the ratio of weight to volume (Vb
and Vt respectively) by the following equations;

BD = Weight of the Powder/Volume of the packing

TBD = Weight of the powder /Tapped volume of the packing

V. Hausner’s Ratio

This was calculated as the ratio of tapped density to bulk density of the
samples.

Hausner’s ratio = t/d

When t is the tapped density and d is bulk density. Lower H(1.25)
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VI. Compressibility Index (C%)
This was calculated using the equation:

Compressibility Index = Tap density – Bulk density/Tap density × 100

VII. Angle of repose

The static angle of repose “θ” was measured according to the fixed funnel
and free standing cone method. A funnel was clamped with its tip 2 cm above
a graph paper placed on a flat horizontal surface. The powders were carefully
poured through the funnel until the apex of the cone thus formed just reached
the tipoff the funnel. The mean diameters of the base of the powder cones
were determined and the tangent of the angle of repose calculated using the
equation,3

θ = tan − 1(h/r)

Preformulation studies drugs:

Preformulation studies were perform don the drug, which included melting
point determination, solubility and compatibility studies.

i. Determination of melting point

Melting point of the drug was determined by taking small amount of drug in
a capillary tube Closed at one end .The capillary tube was placed in a melting
point apparatus and the temperature at which drug melts was recorded. This
was performed thrice and average value was noted.

ii. Determination of pH

The pH of aspirin/ibuprofen was determined using potentiometer for freshly
prepared 1% aqueous solution of aspirin.4

iii. Fourier transformation infrared spectroscopy (FTIR)

The spectra were recorded for polymer, pure drug and spherical agglomerates
using FT-IR. FTIR spectra were obtained using a Shimadzu FTIR spectrom-
eter (IR Affinity 1 Model, Japan) spectrometer. The pellets of drug and KBr
were prepared on KBr-press. The samples were scanned over the range of
4000–800 cm-1.

iv. Compatibility:

The compatibility study was done to check if drug and polymers used in
formulation are compatible or not. The compatibility was checked by FTIR.
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FTIR of drug and drug with polymers samples were kept in stability chamber
at 400 c and 75% RH and after one month FTIR was taken.

Pre-compression evaluation

Organoleptic properties: A small quantity of the drug powder was taken in
butter paper and viewed in well-illuminated place.

i. Sieve analysis: Average size of the API’s was determined using vibratory
sieve shaker. 50g of API was weighed and placed on an ultrasonic sieve
shaker. The test was carried out at amplitude of 50 for 10 minutes. Percentage
retained on #20, #40, #60, #80, #100 and fines was determined.5

ii. Moisture content: Moisture content of the granules was determined
gravimetrically by taking 5g from each batch of the granules and heating
the samples in an oven at 120◦C for 1 hour. The granules were weighed
immediately and the loss in weight was considered as moisture content of
the granules.

%W =
A− B

B
× 100

iii. Determination of bulk, tapped density: Both loose bulk density (ρb)
and tapped bulk density (ρt) was determined. A quantity of 2 gm of granules
from each formula, previously shaken of break any agglomerates formed,
was introduced into 10 ml measuring cylinder. After that the initial volume
was noted and the cylinder was allowed to fall under its own weight on
to a hard surface from the height of 2.5 cm at 2 second intervals. Tapping
was continued until no further change in volume was noted. ρu and ρt were
calculated using the above formulas.

iv. Density related properties: The Carr’s Index (Percent compressibility)
of the granules was calculated from the difference between the tapped and
bulk densities divided by the tapped density and the ratio expressed as a
percentage. The Hausner ratio was calculated by dividing the tapped density
by the bulk density of the granule.

v. Determination of angle of repose: The angle of repose of granules was
determined by the funnel method. The accurately weight granules were taken
in the funnel. The height of the funnel was adjusted in such a way the tipoff
the funnel just touched the apex of the granules. The granules were allowed
to flow through the funnel freely on to the surface. The diameter of the
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granules cone was measured and angle of repose was calculated using the
above mentioned equation.

Post-compression evaluation of tablets

i. Thickness: The thickness of the tablets was determined by using Vernier
calipers. Five tablets were determined, and average values were calculated.

ii. Weight variation test: The weight variation test would be a satisfactory
method of determining the drug content uniformity of tablets if the tablets
were all or essentially all (90 to 95%) active ingredients, or if the uniformity
of drug distribution in the powder from which tablets were made perfect.
Ten tablets were taken and their weight was determined individually and
collectively using single pan electronic balance. The average weight of the
tablets was determined from collective weight. From the individual tablets
weight, the range and percentage standard deviation was calculated. Not
more than 2 tablets should deviate from the average weight of tablets and the
maximum Percentage of deviation allowed. In direct compression of tablet,
uniform weight of tablets represents appropriate powder flow and uniform die
filling.6

iii. Hardness: Hardness indicates the ability of at able to with stand mechan-
ical shocks while handling. The hardness of the tablets was determined
using Monsanto hardness tester. It is expressed in kg/cm2.Three tablets were
randomly picked and hardness of the tablets was determined.

iii. Friability test: The friability of tablets was determined using Roche Fri-
abilator. It is expressed in percentage (%). Ten tablets were initially weighed
(+F) and transferred into friabilator. The friabilator was operated at 25 rpm
for 4 minutes or run up to100 revolutions. The tablets were weighed again
(W). The % friability was then calculated.7

%Friability (F ) =
wi − wf

wi
× 100

iv. Disintegration test: DT test was carried out according to USP specifi-
cation. Tablets were placed in a disintegration tester (type USP-Electro lab
USP-ED-2 AL) filled with distilled water at 37±0.2oC. The tablets were
considered completely disintegrated when all the particles passed through the
wire mesh. Disintegration times recorded were mean of 6 determinations.8

In vitro dissolution studies: The release rate of aspirin and ibuprofen from
tablets was determine during The United States Pharmacopoeia (USP) XXIV
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dissolution test in apparatus II (paddle method). The dissolution test was
performed using 900 ml of acetate buffer for aspirin and phosphate buffer for
Ibuprofen, at 37±0.5◦C and 50 rpm for aspirin and 50 rpm for Ibuprofen. A
sample (10 ml) of the solution was withdrawn from the dissolution apparatus,
and was replaced with fresh dissolution medium. The samples diluted to
a suitable concentration. Absorbance of the dissolutions was measured at
aspirin 265 nm and ibuprofen 221 nm using Agilent UV-Vis double beam
spectrophotometer. For aspirin and ibuprofen cumulative percentage of drug
release was calculated using the equation obtained from standard curve.9

7.3 Result and Discussion

Preformulation studies of Lepidium sativum

Extraction Lepidium sativum

Figure 7.3 Trituration of Lepidium sativum.

Organoleptic properties of aspirin and ibuprofen:

Table 7.4 Organoleptic properties aspirin and ibuprofen.

Test Observations of aspirin Observations of ibuprofen
Colour White crystalline powder White crystalline powder
Taste Bitter Bitter
Odour Odourless Characteristic
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Solubility: Aspirin is soluble in water and alcohol, slightly soluble in chlo-
roform dichloromethane; practically insoluble in ether. Ibuprofen is readily
soluble in most organic solvent and very soluble in alcohol.

pH: 1% w/v solution of aspirin hydrochloride in water has pH of 4.5

2% w/v solution of ibuprofen hydrochloride in water has pH of 7.2

Melting point: Melting point of aspirin was found to be 135◦C and ibuprofen
was found to be 75–77◦C. From this we concluded that the drug sample is
pure.

Sieve analysis:The data obtained from sieve analysis is tabulated in Table 7.5.

Table 7.5 Particle size distribution of the aspirin and ibuprofen.

Sieve no. Retention % w/w
of Aspirin

Retention % w/w
of Ibuprofen

# 20 0.0 0.0
# 30 0.0 0.0
# 40 0.99 0.99
# 60 0.99 0.99
# 80 2.97 2.97
# 100 17.82 17.82
Through 100 18.558 18.558

FTIR spectrum

i. Aspirin:

Figure 7.4 FT-IR spectrum aspirin.
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Figure 7.5 FTIR spectrum of drug and polymer mixture after one month.

Figure 7.6 FT-IR Spectrum Ibuprofen.

Figure 7.7 FTIR spectrum of drug and polymer mixture after one month.
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The FTIR spectrum of aspirin and ibuprofen was showed in Figures
7.4 and 7.6. Major functional groups present in aspirin and ibuprofen were
showed characteristic peaks in FTIR spectrum. The major peaks were iden-
tical to functional group of aspirin and ibuprofen. Hence, the sample was
confirmed as aspirin and ibuprofen.

FT-IR spectra of aspirin and ibuprofen alone and its combination with
polymers are shown in Figures 7.5 and 7.7. An FT-IR spectrum of pure aspirin
showed the peaks 1700–1725 cm−1(C=O stretching), 2500–3300 cm−1 (O-H
stretching), 1735–1750 cm−1 (COO-, stretching) and 1000-1300 cm−1 (C-O,
stretching).

An FT-IR spectrum of pure Ibuprofen showed the peaks 1700-1725 cm−1

(C=O stretching), 2850-3000 cm−1 (C-H stretching) and 2500-3300 cm−1

(OH, stretching). These peaks can be considered as characteristic peaks of
aspirin and ibuprofen and were not affected and prominently observed in
IR spectra of aspirin and ibuprofen along with polymers as shown in the
Figures 7.5 and 7.7 indicated no interaction between aspirin and ibuprofen
with excipients.

Evaluation:

Precompression evaluation:

Aspirin:

Table 7.6 Density and related properties of Lepidium sativum powder determined at different
binder concentration.

Formula
binder
weight
(%w/w)

Bulk density
(g/ml)

Tapped
density
(g/ml)

Carr’s
Index (%)

Hausner’s
ratio

Angle of
repose(θ)

A1 0.2301±0.25 0.2802±0.36 21.72±0.84 1.22 31.96
A2 0.2347±0.21 0.2731±0.24 16.36±0.80 1.16 30.54
A3 0.2398±0.23 0.2697±0.31 12.46±0.65 1.12 27.16
A4 0.2398±0.36 0.2631±0.28 9.71±0.87 1.09 25.84
A5 0.2425±0.18 0.2628±0.30 8.37±0.56 1.08 25.32
A6 0.2429±0.24 0.2600±0.32 8.2±0.76 1.07 24.50

The bulk density was found to be 0.2201g/ml to 0.2329 g/ml and tapped
density 0.2701 to 0.2500. The results of Carr’s Consolidation Index or
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Compressibility Index (%) for the entire formulation are from 17.83 to 7.0.
They had shown excellent compressibility index values up to 9.12 % result in
good to excellent flow properties. The data obtained for angle of repose for
all the formulations were tabulated in Table 7.21.The values were found to be
in the range of 30.96 and 23.50(θ) They had shown excellent compressibility
index values up to 29.54 (θ).

Ibuprofen:

Table 7.7 Density and related properties of powder determined at different binder
concentration.

Formula
binder
weight
(%w/w)

Bulk density
(g/ml)

Tapped
density(g/ml)

Carr’s Index
(%)

Hausner’s
ratio

Angle of
repose(θ)

I1 0.2601±0.21 0.3102±0.24 19.26±0.45 1.19 33.02
I2 0.2642±0.25 0.3041±0.32 15.10±0.57 1.15 32.37
I3 0.2664±0.20 0.2947±0.34 10.62±0.54 1.10 28.45
I4 0.2686±0.26 0.2930±0.36 9.08±0.50 1.09 25.52
I5 0.2686±0.28 0.2903±0.25 8.07±0.47 1.08 23.26
I6 0.2731±0.27 0.2877±0.26 5.34±0.41 1.05 22.04

The bulk density was found to be 0.2664g/ml to 0.2631 g/ml and tapped
density 0.32697 to 0.2977. The results of Carr’s Consolidation Index or
Compressibility Index (%) for the entire formulation are from 10.62 to 7.1.
They had shown excellent compressibility index values up to 9.64 % result
in good to excellent flow properties. The values of angle of repose were
found to be in the range of 28.45and 23.50(θ). They had shown excellent
compressibility index values up to 27.45 (θ).

Table 7.8 Weight variation, thickness and hardness of aspirin.

Formulation
code

Weight
variation (%)

Tablet
thickness (mm)

Hardness
kg/cm2

A1 0.47% 1.6 3.9±0.38
A2 0.58% 1.5 5.6±0.34
A3 0.34% 1.6 6.2±0.32
A4 0.65% 1.5 7.6±0.28
A5 0.66% 1.5 8.8±0.26
A6 0.77% 1.6 9.1±0.24
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Post-compression evaluation:

A: Aspirin
All the tablets passed weight variation test as the average percentage weight
variation was within the pharmacopoeial limits of 7.5%. It was found to be
0.45 to 0.75%. The weight of all the tablets was found to be uniform with
low standard deviation. The mean thickness was (n=3) almost uniform in all
the formulations and values ranged from 1.5 mm to 1.6 mm. The hardness
values ranged from 3.9±0.38 kg/cm2 to 9.1±0.24 kg/cm2 for formulations
were almost uniform.

B: Ibuprofen:

Table 7.9 Weight variation, Thickness and Hardness of Ibuprofen

Formulation
code

Weight
variation (%)

Tablet
thickness (mm)

Hardness
kg/cm2

I1 0.71% 1.6 3.6±0.36
I2 0.90% 1.5 5.2±0.34
I3 0.58% 1.6 6.0±0.34
I4 0.63% 1.5 7.4±0.35
I5 0.82% 1.5 8.0±0.30
I6 0.91% 1.6 8.6±0.22

All the tablets passed weight variation test as the average percentage
weight variation was within the Pharmacopoeial limits of 7.5%. It was found
to be 0.71 to 0.91%. The weight of all the tablets was found to be uniform
with low standard deviation. The mean thickness was (n=3) almost uniform in
all the formulations and values ranged from 5.1 mm to 4.6 mm. The hardness
values ranged from 3.6±0.36 kg/cm2 to 8.6±0.22 kg/cm2 for formulations
were almost uniform.

Friability and disintegration time

Table 7.10 Friability, disintegration time of aspirin and ibuprofen.

Aspirin Ibuprofen
Formulation
code

Friability
(%)

Disintegration
time (minute)

Formulation
code

Friability
(%)

Disintegration
time (minute)

A1 0.96±0.22 1.2 ± 0.27 I1 0.97±0.08 2.30 ± 0.24
A2 0.80±0.021 2.10 ± 0.23 I2 0.81±0.046 3.10 ± 0.31
A3 0.46±0.02 3.42 ± 0.18 I3 0.46±0.042 6.04 ± 0.26
A4 0.34±0.018 5.24 ± 0. 21 I4 0.34±0.051 8.00± 0.30
A5 0.28±0.014 6.0 ± 0.19 I5 0.28±0.034 10.30± 0.24
A6 0.26±0.012 8.32 ± 0.16 I6 0.26±0.021 12.03± 0.29
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In vitro % drug release study

Figure 7.8 % drug release of aspirin.

The formulations A1-A6 showed more than 80% drug release. Among
those six batches A1 batch showed highest drug release of 98.21%.the data
for in vitro drug release of formulation was shown in Table 7.27, and in vitro
drug release profile was shown in Figure 7.8.

The batch I1-I6 showed more than 80% drug release. Among those six
batches I1 batch showed highest drug release of 101.04%.the data for in
vitro drug release of formulation was shown in Table 7.28 and in vitro drug
release profile were shown in Figure 7.9. So, all the study has indicated
that tablets were prepared satisfactorily with appropriate weight variation,
hardness, thickness, disintegration and friability.

It has been observed that as the concentration of the binder increases
and hardness and disintegration increases with decrease in friability which
may be due to the reason that with the increase in the binder concen-
tration the binding capacity increases which leads to delay in the disin-
tegration time and drug release and lowering friability. So as the results
were satisfactory for both water soluble and insoluble drugs, Lepidium
sativum powder can be used as a binder for BCS class I and BCS class II
drugs.
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Figure 7.9 % drug release of Ibuprofen.

Comparison of standard binder with optimised batches:

Precompression evaluation:

Table 7.11 Bulk density tapped density Carr’s Index comparison.

Formula
binder
weight
(%w/w)

Bulk density
(g/ml)

Tapped
density (g/ml)

Carr’s Index
(%)

Hausner
ratio

Angle of
repose (θ)

3% (Aspirin) 0.2398 0.2697 12.46 1.12 27.16

3% (Ibupro-
fen)

0.2664 0.2947 10.62 1.10 27.45

3% (P.V.P.) 0.2754 0.3084 17.10 1.30 30.22

Post-compression evaluation

The results of the comparison study indicate that optimised formulation
A3 and I3 have shown comparable results as compared with the results of
the tablet prepared standard binder. So, it revealed that Lepidium sativum
can be used as an alternative, cost-effective, easily available binder in
pharmaceutical industry.
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Figure 7.10 Weight variation, tablet thickness, hardness comparison.

Figure 7.11 Friability and disintegration time comparison.

Figure 7.12 In vitro % drug release graph comparison aspirin..
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Figure 7.13 In vitro % drug release data comparison ibuprofen.

7.4 Conclusions

This study shows the effect of Lepidium sativum as binder in the formula-
tion development of aspirin and ibuprofen tablets in comparison with the
standard binders. From the results, it is concluded that, Lepidium sativum
has a better binding capacity in comparison with polyvinyl pyrrolidine. The
Lepidium sativum used is having high binding capacity, its disintegration
time falls within the standard limits, the mechanical properties of the tablets
were assessed using the crushing strength and friability of the tablet. Drug
release properties of the tablets were assessed using disintegration time and
dissolution time as assessment parameters. So it is concluded that Lepidium
sativum can be an alternative binder for the pharmaceutical formulations.
Abundant availability, food grade status, economic feasibility, commercial
suitability and reliability make the mucilage as an alternative for the existing
synthetic excipients.
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8.1 Introduction

Petrochemical-derived plastics being used in daily items and industries like
clothing, housing, construction, furniture, automobiles, household items,
agriculture, horticulture, irrigation, packaging, medical appliances; electron-
ics and electrical, etc. drive the demand growth. According to a recent survey,
the production of plastic materials in 2015 was 269 million tonnes (Source:
Plastics Europe (PEMRG)/Consultic), which shows the high demand for
plastics. Plastics play a very important role in our everyday life being it is
used in wrapping, conveniently carrying, as a protective covering, etc.. So
eradication of plastics from the system is not at all possible even though it
poses a great threat to our society and environment. Petrochemically derived
plastics are nonbiodegradable and hence cannot be degraded over time and
hence dumped in landfills, Air pollution as the only way to get rid of this
plastics are to burn them which produces dangerous gases that are a source
of air pollution; water pollution due to dumping and accumulation of plas-
tics into water bodies. To overcome all these ill effects of petrochemically
derived plastics to humanity and environment there was needed to work
on new perspectives like biopolymers. The only solution to reduce plastic

135
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residues is the use of biodegradable plastics (Kalia et al., 2003). Biopolymers
are considered as an important innovation of sustainable development as
they reduce the emission of carbon dioxide and also conserve the fossil
resources. Also now the manufacturing of conventional plastics has become
increasingly expensive due to depletion of crude oil source. New paths are
being approached for the production of biodegradable plastics by deriving it
from biopolymers using starch, sugar or cellulose to substitute conventional
plastics.

Initially, natural biopolymers were being used for plastic production,
such as wool, leather, silk and cellulose which has been now replaced by
the synthetic plastic materials but now advance technologies are being used
for the production of biopolymers. Most commercialised biopolymer which
has been recently much investigated is poly hydroxyl alkanoates (PHAs).
PHAs the biodegradable, natural, biocompatible and renewable biopolymer.
They are usually found intercellularly in bacteria when they are subjected to
stressful conditions which can be nitrogen, phosphate, or oxygen limitation.
Excess of carbon source and non-availability of optimum pH also add to
PHA production. (Hazer and Steinbuchel, 2007). Type of micro-organisms
and nature of carbon source decides the composition of PHAs. A wide
range of microorganisms produces, viz. Ralstonia eutropha (formerly called
Alcaligenes eutrophus, Wautersia eutropha, or Cupriavidus necator), Alcali-
genes latus, Aeromonas hydrophila, Pseudomonas putida and recombinant
Escherichia coli (Steinbüchel et al., 1992) but it was also observed that some
bacteria such as Ralstonia eutropha and Alcaligenes latus could synthesis
PHAs using nutrient non-limiting media (Ojumu et al., 2004) unlike the one
that requires limiting media for PHA production. PHAs are classified by the
chain length of the branching polymers or in simpler words we can say by
the number of carbon atom present in the monomers. They are classified into
Short chain length (SCL) PHAs which are composed of 3-5 carbon atoms,
while medium-chain-length (mcl-PHAs) and long chain- length (LCl-PHAs)
consist of 6-14 and over 14 carbon atoms, respectively. Such classification
arises as PHA synthesis is highly substrate specific and accept only 3-
hydroxyalkanoates (3HAs) having certain carbon length (Anderson, Ward
and Dawes 1990; Aldor Keasling 2003).

Poly 3-hydroxybutyrate (PHB) and polyhydroxyvalerate (PHV) are the
most common form of PHA found in microbial cells. They are very much
similar to the petrochemical plastics and hence can be used as an alternative
to the conventional plastics (Chen 2009). In the mid-1920s, Le Moigne
at the Pasteur Institute in Paris firstly identified the presence of PHB in



8.1 Introduction 137

Bacillus megaterium. Poly3-hydroxybutyrate (PHB) is a homopolymer of 3
hydroxybutyrates. PHB can be accumulated up to 80% of the cell dry weight
from various carbon sources by Ralstonia eutropha (Kim et al. 1994) and near
90% in recombinant E. coli (Yu and Stahl 2008). Blending PHAs with other
monomers and copolymer production has increased the scope for new inven-
tions in this field. PHAs are Snow being widely used in the food, agriculture,
and biomedical materials (Chen G-Q, 2009). PHAs are considered to be an
alternative to the conventional plastics because of the similarities they possess
such as high melting temperature (175◦C) and relatively high tensile strength
(30–35 M Pa) while the elongation at break is very different between PHB
(5%) and PP (400%) (El-Hadi et al. 2002). PHB is free of heterogeneities,
like catalyst residues or other impurities due to its natural origin.

List of Limiting Compounds Leading To PHA Formation

Compound Organism
Ammonium Alcaligenes eutrophus, A. latus, Azospirillum brasiliense,

Pseudomonas oleovorans, P. cepacia, Rhodospirillum rubrum, R.
sphaeroides, Methylocystis parvus, Rhizobium ORS 571

Carbon Spirillum sp., Hyphomicrobium sp.
Iron Pseudomonas sp. K
Magnesium Pseudomonas sp. K, Pseudomonas oleovorans, Rhizobium ORS

571
Oxygen Azospirillum brasiliense, Azotobacter vinelandii, A. beijerinckii,

Rhizobium ORS 571
Phosphate Rhodospirillum rubrum, Rhodobacter sphaeroides, Caulobacter

crescentus, Pseudomonas oleovorans
Potassium, Sulphate Bacillus thuringiensis, Pseudomonas sp. K, Pseudomonas

oleovorans, Rhodospirillum
rubrum, Rhodobacter sphaeroides

Nowadays, the research work is being emphasised on the production of
PHAs by utilisation of cheap and renewable raw materials because of the
relatively high production cost in comparison to that of petroleum-based
plastics. (Chen G-Q, 2009). The requirement of special growth medium,
expensive raw materials, and high recovery cost add up to the limitations of
PHAs production. Carbon source normally costs up to 50% of the production
cost. Hence the best alternative for this is the agro-industrial wastes and by-
products such as olive oil mill effluents, sugarcane molasses, or paper mill
wastewater rather than refined organic substrates (Halami, 2008) which can
be used as carbon source.
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Chemical structure of some polyhydroxyalkanoates a) PH3B b) PHV c)
PHBV

Biosynthetic pathway of PHAs production proposed by Steinbüchel, A.
and B. Füchtenbusch (1998)
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8.2 Production

It has been reported that over 250 different bacteria can accumulate PHAs
which consists of both gram-negative as well as gram-positive species.
(Steinbüchel, 1991; Lenz et al., 1992). PHAs are found as an intercellular
accumulated product as discrete granules in cells of Bactria, having various
size and number per cell depending on the different species. It was observed
in Alcaligenes eutrophus about 8 to 13 granules per cell having diameter
range of 0.2 to 0.5µm, when observed under electron microscope the granules
appeared as highly refractive inclusion (Byrom, 1994)

Intercellular depolymerases can degrade the accumulated PHA and when
the nutrient limiting condition is restored this PHAs are used up as carbon
and as a source of energy. The molecular weight of polymers of PHAs
ranges from 2 × 105 to 3×106 Daltons, which are dependent on the type
of microorganism and the condition provided to the microorganism for
growth (Byrom, 1994). PHAs are composed of R(-)-3-hydroxy alkanoic acid
monomers having carbon atoms from C4 to C14. It can be saturated or
unsaturated and can be a straight or branched chain and also have side chain
consisting of the aliphatic or aromatic compound (Doi et al., 1992; De Smet
et al., 1983). Sudan black or Nile blue dye can be used to identify the PHA
accumulating microorganisms (Anthony-G et al., 1982; Schlegel et al., 1970).

Main classes of biobased and 
biodegradable polymers 

From biomass From microorganisms From biotechnology 

Protein Lipids Polysaccharide PHA 

PHB 

Gelatin/Collagen 

Casein 

Whey 

Albumen 

Feathermeal 

Zein 

Soy 

Gluten meal 

Peanets 

Starch 

Cellulose 
carboxymethylcellulose 

Chitosan hyaluronic 
acid 

Alginate 

Polyactides 

POlyacticacid 

Triglycerides 

Crosslinked 
triglycerides 

Rape seed oil 

Soy bean oil 
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As described earlier number of carbon atom in monomer unit are divided
into the short chain length polyhydroxyalkanoates PHAs, and medium chain
length polyhydroxyalkanoates PHAs. A. eutrophus can only polymerise
3Has (SCL) while that of Pseudomonas oleovorans 3HAs (MCL) can be
polymerised for the synthesis of PHAs.

For the synthesis of PHAs (SCL), the monomer units are oxidised at posi-
tions other than the third carbons while for PHAs(MCL), all the monomers
units are oxidised except that of the third position with few exception
(Valentin et al., 1994).

Industrial production of PHAs

Industrial production of PHAs consists of microbial fermentation for which
carbohydrates such as glucose and sucrose are preferred as raw material.
Researchers are going on for the production of development of transgenic
plants which can produce PHA and can be stored in their tissues (Doi et
al., 1994). Some of the works being done in this field are taking non-food
competing sources for the cultivation of bacteria in case of cyanobacteria in
olive mill wastewater and their genetic modification (Cinelli P et al., 2012)
and from the municipal wastewater.

Available brands of PHAs in the market:

Commercial
name

Producer Country Product

Biomer Biomer Germany Biomer P209
Biomer P226
Biomer P240

Minerv-PHA Bio-on Italy MINERV-PHATM

Biogreen Mitsubishi Gas Japan Biogreen
Biocycle PHB Industrial Brazil BIOCYCLE 1000

BIOCYCLE 18BC-1
BIOCYCLE 189C-1
BIOCYCLE 189D-1

Ecogen Tianan
Biological
Material
Polyone

China ENMAT Y1000
ENMAT Y1000P
ENMAT Y3000
ENMAT Y3000P
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Commercial
name

Producer Country Product

Mirel Metabolix USA Mirel P4001
Mirel P4010
Mirel P5001
Mirel P5004
Mirel M2100
Mirel M2200
Mirel M4100

Nodax P&G Chemicals USA/Japan NodaxTM

Metabolix Telles LLC USA MveraTM B5011
MveraTM B5010

Jiangsu Nantian Jiangsu Nantian
Group

China P(3HB)

Goodfellow Goodfellow
Cambridge Ltd

UK Polyhydroxyalkanoate –
Biopolymer (PHA)
Polyhydroxybutyrate/
Polyhydroxyvalerate
12% -Biopolymer
(PHB88/PHV12)

Tepha Tepha Inc USA P(4HB)

The accumulation of PHAs in various microorganisms:

Genus PHA% ( in
dry
biomass)

Substrate for PHA
production

Acinetobacter <1 Glucose
Aphanothecae <1 -
Azospirillum 57 3-hydroxybutyrate
Axobacter 73 Glucose
Bacillus 25 Glucose
Beggiatoa 57 Acetate
Beijerinckia 38 Glucose
Caulobacter 36 Glucose/Glutamate/Yeast extract
Chloroflexus <1 Yeast extract/Glycylglycine
Chlorogloea 10 Acetate/CO2

Chromatium 20 Acetate
Chromobacterium 37 Glucose/Peptone
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Genus PHA% ( in
dry
biomass)

Substrate for PHA
production

Clostridium 13 Tryptone/Peptone/Glucose
Derxia 26 Glucose
Halobacterium 38 Glucose
Leptothrix 67 Pyruvate
Methylobacterium 47 Methanol
Methylocystis 70 Methane
Methylosinus 25 Methane
Micrococcus 28 Peptone/Tryptone
Nocardia 14 Butane
Pseudomonas 67 Methanol
Ralstonia 96 Glucose
Rhodobacter 60 Acetate
Rhodospirillum 47 Acetate
Sphaerotilus 45 Glucose/Peptone
Spirillum 40 Lactate
Spirulina 6 CO2

Streptomyces 4 Glucose
Syntrophomonas 30 Crotonate

PHAs production from molasses

Molasses is one of the most abundantly found by-product of sugar industry
and is a sugar-rich substrate that can be used for the production of PHAs.
Molasses finds a massive use at an industrial level as carbon source due to its
low price and its wide availability. (Albuquerque M et al., 2007). Production
of PHB was first reported by Page by Azotobacter vinelandii UWD using
sugar beet molasses (Page W, 1992). PHAs accumulation was also reported
in media derived from soy molasses; it was also tried to produce mcl-PHA
from soy molasses using Pseudomonas corrugate (Solaiman et al., 2006).

PHAs production from whey and whey hydrolysates

Whey is a by-product generated from the dairy industry and more specifically
from the manufacture of cheese. The carbon source in whey is the lactose
which constitutes the 70% of the total dry weight which is widely used in
fermentative industry. Recombinant E. coli strains were constructed which
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were able to express Cupriavidus necator phaC2 gene (also known as Ral-
stonia eutropha) for the production of PHB from whey (Lee et al., 1997).
By controlling the oxygen supply, the concentration of intercellular PHB was
increased in recombinant E. coli. Increase in PHB up to 70-80% was observed
when the aeration rate was kept constant but the maximum agitation speed
was at 500 rpm, without removing the culture broth (Kim BS, 2000).

PHAs production from lignocellulosic raw materials

Lignocellulosic is non-food biomass which can be used as a raw material for
the synthesis of PHB as it is considered as a most abundant renewable carbon
source (Lin et al., 2012). The compositional constituents of lignocellulose
are cellulose (30-50%), hemicelluloses (20-50%) and lignin (15-35%). It
has been observed that some bacterium such as Saccharophagus degradans
ATCC 43961 were able to directly utilise cellulose for PHA (Munoz LEA,
Riley MR., 2008). Lignocellulosic biomass is utilised for the conversion of
monomers of sugar from hemicelluloses such as xylose, arabinose, mannose,
galactose and rhamnose. Recalcitrance nature of lignocellulose is one of the
major drawbacks for the usage as raw material as it requires pre-treatment
steps to produce bioplastics. Production of PHB/V from fructose and glucose
can also be achieved using propionic acid as a co-substrate (Ramsay et
al.,1989; Ramsay et al., 1990). In order to obtain xylose utilising strains for
the PHAs production, researchers isolated and screened 55 bacteria from soil
(Silva et al., 2004) in which two strains, Burkholderia cepacia IPT048 and B.
sacchari IPT 101 showed good PHB synthesis abilities.

PHAs production from fats, vegetable oils and waste cooking oils

For fermentative PHA production triacylglycerides (TAG) and its derived
fatty acids were used in the 1990s as they have more energy per mole
when compared to carbohydrates for conversion in PHA synthesis (Solaiman
et al., 2006). To avoid the saponification step, it is desirable to use the
triacylglycerols in fatty acids production. Saturated PHA monomers were
produced when a high level of saturated fats was used from coconut oil
while unsaturated PHA monomers were produced when a high level of
unsaturated fats from soybean oil was used. Now researchers are looking for
the production of PHA from various oils such as palm oil (Wu et al., 2009),
olive oil (Ntaikou et al., 2009), corn oil (Chaudhry et al., 2011), coconut oil
(Thakor et al., 2005), soybean oil (He et al., 1998; Kahar et al., 2004), other
vegetable oils and animal fats. Due to the recent increase in edible oil now
PHA production from oils are not considered as cost-effective.
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PHAs production from glycerol

Glycerol is the major by-product of the biodiesel. Pseudomonas putida
KT2442 was shown to produce mcl-PHA from glycerol (Solaiman et al.,
2006). The polymers produced were similar to that of the one produced
from glucose or fructose as a carbon source (Huijberts et al., 1992.). Work
was done in the field of constructing a recombinant E. coli strain with the
phaC1 gene from Pseudomonas sp. LDC-5 (Sujatha and Shenbagarathai,
2006). This recombinant strain produced 3.4 g PHAs/L on glycerol and
fish peptone derived medium. Recently, researcher studied PHB biosynthesis
using glycerol as a carbon source (De Almeida et al., 2007) while some
studied the different uses of crude glycerol in the production of PHA (Mothes
et al., 2007) and also the influence of the salt concentration in the glycerol
on the PHB production by C. necator JMP134 and Paracoccus denitrificans
(Cavalheiro et al., 2009).

PHAs production from wastewater

PHA can be produced from wastewater which can reduce the cost of raw
material, viz. municipal wastewater(Chua et al., 2003; Coats et al., 2007;
Coats et al., 2011), biodiesel wastewater (Dobroth et al., 2011), food pro-
cessing waste effluent (Khardenavis et al., 2007; Venkateswar et al., 2012),
brewery waste effluent (Liu et al., 2011), paper mill wastewater (Bengtsson
et al., 2008) and kraft mill wastewater (Pozoet al., 2011) which are source of
organic water, have been tested for PHAs biosynthesis. The first step involved
the conversion of organic carbon from source to volatile fatty acids and then
into PHA by mixing cell cultures (Bengtsson et al., 2008; Liu et al., 2011).

Production of biopolymer

The PHAs which are prominent having high concentration with high pro-
ductivity are PHB, poly (3-hydroxybutyrate-co-3-hydroxyvalerate) and poly
(3-hydroxyhexanoate-co-3- hydroxyoctanoate). Different strategies are being
introduced for the efficient production of PHAs (Yu, 2001, Du et al.,2001;
Du and Yu, 2002). The efficient production of PHA can only be obtained by
considering different attributes for example selection of the microbes which
can take up carbohydrate source which is relatively cheaper and easily avail-
able, should have high polymer synthesis rate and have maximum polymer
accumulation capacity. To improve production methods such as fed-batch and
continuous cultivation are being implemented (Lee, 1996; Du and Yu, 2002a;
Du and Yu, 2002b; Du et al. 2001b; Yu and Wang, 2001). Researchers have
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derived some equations which can relate to the PHA yield on different carbon
sources. (Yamane, 1992; Yamane, 1993; Yu and Wang, 2001).

List of microorganisms producing PHA on different biomass:

Biomass Microorganism PHA Content, Cell
dry weight (%CDW)

Soy molasses Pseudomonas corrugata 5.00-17.00
Molasses (sugarcane) Bacillus cereus SPV 61.07
Crude glycerol Cupriavidus necator

DSM545
62.70

Wheat straw
hydrolysate

Burkholderia sacchari
DSM17165

72.00

Extruded rice bran and
wheat bran

Haloferax mediterranei 56.00

Rice grain distillery
wastewater with
nutrient added

Activated sludge
(MMC)

67.00

Olive mill wastewater Cupriavidus necator
DSM 545

55.00 (11% 3HV
co-polymer)

Waste rapeseed oil Cupriavidus necator
H16

76.00 (8% 3-HV
co-polymer)

Pineapple juice Bacillus sp. 48.89
Sugarbeet juice Azohydromonas lata 65.60
Maple sap Azohydromonas lata 77.60
Oil palm frond juice Cupriavidus necator

NCIMB 11599
75.00

8.3 Characterisation and Identification

Apart from an economical process for the production of PHAs, it is
also important to characterise the isolated PHA. The quantitative estima-
tion and characterisation of PHAs, can be done using various techniques
which include staining reactions, spectrophotometric analysis, infrared-
FTIR spectroscopy, HPLC, flow cytometry and spectrofluorometry, gas
chromatography-GCMS, NMR spectroscopy, molecular weight determina-
tion and thermal analysis of the extracted polymer.

8.3.1 Spectrophotometric Methods

This method is helpful in the quantitative estimation of the esters extracted
using solvent extraction method. The application of this method is limited
to the case when the quantity of polyesters is relatively high. Researchers
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have developed an analytical method which consists of involves measuring
the turbidity of P(3HB) granules produced by the digestion of bacterial cells
with sodium hypochlorite solution (Williamson and Wilkinson, 1958). As the
P(3HB) molecule gets degraded at high temperature, different spectropho-
tometric methods were developed. The P(3HB) gets degraded into crotonic
acid when heated in the presence of concentrated sulphuric acid and using
crotonic acid Ultraviolet (UV) absorption band at an absorbance of 235 nm
the polyester content can be determined (Law and Slepecky, 1961; Ward and
Dawes, 1973).

8.3.2 Infrared Spectroscopy

The main principle behind using this method is that P (3HB) molecule has
a strong carbonyl absorption peak at 1728 cm−1 in the infrared spectrum. It
was reported that the presence of B-hydroxybutyric acid in intact bacterial
cells using infrared spectrophotometry (Blackwood A.C. and Agnes E.P.P.,
1957). Fourier transform infrared spectroscopy method can be employed
to analyze the chemical structure of the extracted PHA. Biopolymer was
dissolved in chloroform and using KBr disc (Shamala et al., 2003) in
Perkin Elmer Fourier transform infrared (FTIR) spectrophotometer (Jasco
FTIR6100, Japan) infrared spectra of the samples were taken at the range
of 400-4000 cm−1. Using FTIR the functional group of PHB granules were
predicted, i.e., aliphatic CHO stretching, =C–H deformation, =C–H, =CH and
=C–O (Nur, Belma, Yavuz, Nazime, 2004). It was observed that the maximum
PHA concentration of 70.8% (CDW) in Alcaligenes sp. by supplementing
palmitic acid while the yield increased to 78.0% (DCW) and productivity
of 0.14 g l−1 h in a shake flask incubation. FTIR technique can be used
to determine the synthesis of PHA (Pan et al., 2009) and also useful in
the investigation of copolymers (SCL–MCL PHA) and also the different
compositional structure. It was observed that a band at 3434 cm−1 shows the
presence of OH alcohol or OH carboxyl polymeric of the polymer compound
and a band having absorption at 1648 cm−1 indicates the presence of the
ketoenolic group. With variation in copolymer composition, the band of the
CO stretching vibration also changed (Luo et al. 2006). Bruker model IFS-55
FTIR spectrometer coupled to a Bruker IR microscope fitted with an IBM
compatible PC running OPUS, Version 2.2 software was used to prepare a
sample for FTIR and spectra was taken at 500 Hz (Tripathi and Srivastava,
2011).
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8.3.3 High-Performance Liquid Chromatography (HPLC)

High pressure liquid chromatography (HPLC) was employed to measure the
yield of poly-B-hydroxybutyrate (PHB) in Rhizobium japonicum bactericides
(Karr et al., 1983). The products in the acid digest of PHB containing material
were fractionated by HPLC on Aminex HPX-87-H ion exclusion resin for
organic acid analysis. The degradation of PHB into crotonic acid, when
subjected to acid digestion, showed absorbance at 210 nm.

8.3.4 Gas Chromatography-Mass Spectrometry (GC-MS)

This method was firstly used for the detection of poly-3-hydroxybutyrate
(Braunegg et al. 1978). In this process, the cells were treated with mild acid
or alkaline hydrolysis which is followed by GC. This process was improvised
by using propanol and HCl (Riis and Mai 1988). Researchers have done
works which described trimethylsilyl (TMSi) derivatisations and have a wide
application in the determination of PHA (Lee et al., 1995).

8.3.5 NMR Spectroscopy

Using nuclear magnetic resonance (NMR) spectra (Bioembergen et al. 1986;
Doi et al. 1988; Kathryn et al. 1995; Gross et al. 1989), the copolymers of
PHA can be determined. NMR spectroscopy is more efficient because in
this process the hydrolysis step can be skipped. This method is to check the
accumulation of PHB isolated from samples of Pseudomonas sp. Strain LBr
by using cross polarisation magic-angle spinning 13C NMR spectra. (Jacob
et al. 1986).

8.3.6 Flow cytometry and Spectrofluorometry

Flow cytometry has been used in A. Eutrophus which showed the advan-
tage of single cell light scattering measurement for analysis and control
of fermentation processes (Srienc B et al., 1984). This method along with
cell sorting technology has immense application in strain improvement. This
method was also advocated for characterisation and differentiation of bacteria
during microbial processes(Muller et al., 1995). The relation between total
culture fluorescence and total biomass concentration was also shown in work
performed by workers (Groom et al., 1988). Using Nile Red fluorescence
technique researchers developed a convenient method for PHB detection
(Degelau et al., 1995). Nile blue was used as a stain for E. coli in flow
cytometry. (Jose et al., 2009).
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8.3.7 Staining Reactions and Microscopy

Different staining techniques are being employed for detection of bacterial
strains which can detect PHA producing bacteria. Sudan black (Gerhardt et
al., 1981), Nile blue (Anthony-G et al., 1982) Nile red (Gorenflo et al., 1999)
stains are able to detect intercellular PHA in bacterial strains. Quantitative
analysis of PHA can be done using spectrophotometric method (Law and
Slepecky, 1961), gas chromatography and HPLC (Brandl et al., 1988). Sudan
black B stain is used to detect the presence of PHB while phase contrast
microscopy can also be used which is beneficial when large numbers of
isolates are to be screened. (Bourque et al., 1992). Sudan black B was used
as a dye for the isolation and detection of P (3HB) producing colonies on a
nitrogen limiting plate (Schlegel et al., 1970). Nile blue is a water soluble
organic dye of basic nature (Anthony et al., 1982). PHB granules have bright
orange fluorescence when observed under a microscope with an episcopic-
fluorescence attachment. This dye is more efficient as it doesn’t stain any
other inclusion bodies.

Samples (Soil, roots, water) 

Single colonies isolated 

Dilution and plating 

Transferred to nutrient 
slants, incubate at 300C, 24 

Negative Positive 

Extraction

Growth in media with excess carbon 

Sudan black staining of cells 

Positive

Sudan black staining 

Extraction Discard 

Negative 
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8.4 Extraction and Recovery

Extraction of PHA can be very tedious and can be economically expensive
hence efforts are made to develop methods with can make the downstream
process easier to recover fermented product.

8.4.1 Using Chloroform and Sodium Hypochlorite

PHA extraction was done using chloroform–hypochlorite extraction method
and pure PHA can be extracted using nonsolvent precipitation and then
filtration done using membrane filter (2 mm, Millipore). The nonsolvents that
can be used are methanol and water (7:3, vol-1) (Srivastava and Tripathi,
2012). Recovery of PHA can be made with a dispersion of hypochlorite
solution and chloroform. By centrifugation of PHA producing cell mass with
hypochlorite and chloroform solution provide a three separate phase. The
bottom-most chloroform layer is containing PHA which can be recovered
using a pipette (Hahn et al., 1994).

Biomass harvested Frozen drying at -400C 

Add 100 ml 6% Sodium hypochlorite and 100 ml 
Chloroform

Separate and filter the supernatant from biomass 
in 0.45 µm 

Cool and precipitate with methanol 
and chloroform

Drying in evaporator 
at 600C 

Shake for 20 minutes 300 rpm at 370C for 3 hours; 
Centrifuge the sample at 3000 rpm

PHA-evaporate Distilled methanol 

Separated oil using hexane 

Drying at room temperature 
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8.4.2 Using Surfactant and Chelating Agents

Centrifuged cell suspended in a known amount of water with 0.6% Triton
and 0.06% EDTA adjusted at a pH of 13 was rested at 50◦C for 10 min
and again centrifuged. The precipitates containing PHA further purified by
dissolving in chloroform and precipitated with hexane (Chen et al., 2001).
It is reported that a PHA-containing biomass which was treated with SDS
or Triton X-100 keeping ratio 1:1, had recovery of PHA with purity of
87% however, when SDS or Triton X-100 treatment further followed by
hypochlorite wash, purity up to 97 to 98% achieved (Ramsay, Berger et
al. 1990). In the mixed surfactant system when 0.1 M ammonium chloride
was added at pH 3, maximum extraction of PHA achieved with recovery
of 84.4% and a purity of 92.49% at a reduced cloud point temperature of
33◦C (Murugesan and Iyyaswami 2017). Extraction of PHA by disruption of
cell membranes using fatty acid carboxylates as surfactants, provide excellent
polymer recovery (>99%) and high purity (>90%) (Samorı̀ et al. 2015). Yang
et al. (2011) reported most of the detergents which are surfactant or mixture
of surfactant recovered PHA polymer in high purity from cells. Alkylbenzene
sulfonic acid (LAS-99) in linear form which is a detergent produced a high
yield of highly pure PHAs, and less amount of detergent needed as compared
to SDS to produce comparable yields. Chemical extraction of PHA with
detergents could potentially substitute use harsh organic solvents. Thus it
leads to making cleaner technology process for industrial production of PHA.

8.4.3 Using Alkali

Centrifuged cell suspended in a known amount of water and pH adjusted
to 11 rested at 50◦C for 10 min was again centrifuged. The precipitate
hence found was purified by dissolving in chloroform and precipitated
with hexane (Choi and Lee, 1999). Biomass (dried) containing poly(3-
hydroxybutyrate) an important PHA was treated with 5 different chemicals
(sodium hydroxide [NaOH, 1 M]), sodium hypochlorite (NaClO, 100 g/L),
SDS(100 g/L), EDTA(50 g/L) or sulphuric acid (H2SO4, 100 g/L). These
reaction mixtures were then thermostated at 500C for 10 min at 125 rpm.
Biomass was separated from the aqueous fraction and precipitate containing
mostly PHB washed with distilled water twice and then dried at 40◦C in
the oven for 24 h. and the purity of PHB was analyzed. Corresponding
digestion chemicals of highest purity of PHA were chosen as the second-
stage digestion-chemicals. Among different methods used, sodium dodecyl
sulphate (SDS)–NaOH method was selected as the best method (Lo et al.
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2011). For poly R-hydroxybutyrate recovery disruption of bacterium Ral-
stonia eutropha cells by supercritical CO2. For pretreatment, the cells were
exposed to 140 mM NaCl and heat (60◦C, 1 h) and cells were also exposed to
0.2-0.8% (w/w) NaOH to examine the effect of alkaline pretreatment. It was
found that pretreatment with a minimum of 0.4% (w/w) NaOH was necessary
(Khosravi-Darani et al. 2004).

8.4.4 Using Enzymes

This is a separate process which had the capacity in the commercial pro-
duction of PHB by BIOPOL (Holmes and Lim 1990). Optimisation of the
action of this enzyme mixture was also done (Choi and Lee 1999). In case
of Rhizobium meliloti 14, the recovery was up to 90% (Lakshman and
Shamla 2003). Cell biomass of P. putida re-suspended in water and sterilised.
Suspension digested with alcalase and SDS at pH 8.5 and at 55◦C followed by
further treatments with EDTA and lysozyme at pH 7 at 30◦C for 15 min. To
recover the PHA granules in water suspension solubilised non-PHA removed
by cross-flow ultrafiltration system and purified through continuous diafil-
tration process. Final purity of PHA in water suspension obtained 92.6%,
with a nearly 90% recovery (Yasotha et al. 2006). PHB producing Ralstonia
eutropha DSM545 cells were suspended in 25 ml (concentration of 20 g/L)
in a specific buffer depending on the enzyme to be used; 1ml of differ-
ent enzyme suspension of bovine chymotrypsin, bovine trypsin, bromelain,
papain, lysozyme bovine and pancreatin was added separately to achieve
the desired enzyme mass per biomass. Under desired temperature solutions
were agitated at 200 rpm. Samples were diluted to 1:50 with distilled water.
The best cell lysis was achieved with 2.0% of bromelain, equivalent to 14.1
Uml−1, at 50◦C and pH 9.0, with 88.8% PHB purity (Kapritchkoff et al.
2006). Medium chain length PHAs producing fluorescent Pseudomonas, P.
oleovorans, P. putida GPp104 and P. putida KT2442 cells were harvested in
the late stationary phase. Cells were exposed to various lytic treatments. The
solubilisation involves heat, protease and detergent; leaves the peptidoglycan
intact; and facilitates the separation. The enzymes alcalase, neutrase and
lecitase were used. By solubilisation, the purity of the resulting medium chain
length PHAs exceeds 95% (De Koning and Witholt 1997).

8.4.5 Using Microbial Method of Extraction

The lytic enzymes are able to dissolve the cell material which helps in the
release of accumulated PHA to the broth which can be extracted from broth
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using a minimal amount of chloroform. This is one of the most effective
methods in which lytic enzyme of an actinomycetes culture was used to lyse
Rhizobium meliloti 14 cells (Lakshman and Shamla 2003). In the presence
of sucrose as carbon substrate, Sinorhizobium meliloti produced polyhydrox-
yalkanoate (PHA) which constitute 50% of the biomass. Using secondary
fermentation involving a cell lytic actinomycetes species Microbispora sp.
the intracellular PHA was isolated. Up to further 72 hr, S. meliloti fermented
broth kept at 30◦C, 150 rpm with supplementation. Pelleted growth of Micro-
bispora sp. cells was removed by filtration and filtrate was extracted by a
surfactant and a chelating agent. Maximum yield of PHA obtained was 49%
of biomass weight after 24 h of lytic culture fermentation recovery of the
polymer was 94% with 90% purity (Lakshman and Shamala 2006).

8.4.6 Purification of Biopolymers

An efficient recovery method should have high purity yield and should be
cost-effective. The conventional approach includes different methods, viz.
chemical digestion, enzymatic digestion, solvent extraction, by using a sur-
factant and mechanical. For PHA recovery, organic solvents and chemicals
are being used from prolong time. Extraction of PHAs with organic solvents
is found to be better than other extraction methods (Heng et al. 2016). In
solvent extraction process, improved cellular membrane permeability and
solubilisation recover PHA without degradation (Ramsay et al. 1994). Con-
tamination of Gram-negative bacterial endotoxin of the polymer is prevented
by this method, and thus, improved polymeric quality is utilised for biomed-
ical applications (Lee et al.1999). It was found that solvents that contain
functional carbon atoms with one hydrogen atom and one chlorine at least
atom give better results. Extraction with diols, acetalised triols, dicarboxylic
or tricarboxylic acid esters and butyrolactone could result in high purity
recovery (Traussnig et al., 1990). Under physical condition 34.5◦C tempera-
ture, 6.54 pH and agitation speed of 3.13 Hz Alcaligenes sp. cultivated for the
production of PHB. Extraction of PHB performed using 50 mL chloroform
hypochlorite dispersion extraction. Achieved PHB mass fraction yield of
76.80% on dry molasses substrate (Tripathi, A. D, S. K. Srivastava, et al.
2013).

Another commonly used method is chemical digestion. For differen-
tial digestion of non-PHA biomass, sodium hypochlorite was used. It was
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reported that using sodium hypochlorite solution and chloroform, in C. neca-
tor and recombinant E. coli high purity levels of PHA obtained (Hahn et al.,
1994). Alkali treatment was commonly given to get higher recovery. NaOH
has been used in various concentrations. Acidic treatment has not gained
importance. Chelating agents like EDTA play an important role in recovery.

Surfactants integrate itself into the lipid bilayer membrane of the cell and
thus increase the cell envelope volume till saturation. As result cells lysed and
production of micelles of surfactant and membrane phospholipids took place,
which releases P(3HB) having cell debris in its surrounding (Ramsay et al.,
1990). Anionic sodium dodecyl sulphate (SDS) is one of the most common
surfactants. Combine effect of chelate and surfactant could enhance PHA
release. Recovery of P(3HB) from C. necator was 93.3% with 98.7% purity
was obtained (Chen et al., 1999).

Zeneca Group PLC had developed enzymatic digestion method (Holmes
and Lim, 1990). Recover of medium-chain-length (mcl) PHA from P. putida
with enzymatic digestion has achieved purity of almost 93% (Kathiraser et
al., 2007). Various enzymes, viz. lysozyme, neutrase, alcalase, lecitase, etc.
have been exploited. For the extraction of PHA, enzymes with hypochlorite,
SDS or alkali treatment, EDTA, the heat were also tested (De Koning and
Witholt, 1997).

Mechanical cell disruption is also a method for PHAs recovery. This
method includes bead mill disruption, high-pressure homogenisation ultra-
sonication and centrifugation techniques. To recover P(3HB) from Methy-
lobacterium sp., V49, 5% (w/v) SDS solution was used and homogenised at
operating pressure of 400 kg/cm2. The yield of 98% and purity of 95% were
obtained after two cycles (Ghatnekar et al. 2002). P(3HB) recovery of 80%
and a purity of 98.5% (w/w) were achieved with chemical treatment followed
by three cycles of centrifugation to remove non-P(3HB) cell material (Van
Wegen et al. 1998).

Biological recovery method is an alternative to conventional methods of
recovery. This method is safe and eco-friendly. Kunasundari et al. (2013) have
proposed a recovery process using laboratory rats. Their study reported cer-
tain animals could feed C. necator H16 cells as a protein source. Indigestible
PHA granules digested excreted out in white faecal pellets form have almost
90% PHA by weight by rinsing with water resulted in an increased PHA
purity of greater than 95%. Under the publication number WO2010134798
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A1 this method has been patented. This approach is natural and environmen-
tally friendly; it exploited the digestive system of suitable animals. It requires
no chemical and has specific requirements so cost wise it is very effective.
Enzymes in the digestive tract of animals can hydrolyze the biomass and
the compounds such as PHA which cannot be digested, excreted as faecal
pellets (Sudesh 2010). Although faeces produced, require multiple washing.
Washings could be on the basis of percentage of PHA in the faeces. PHA
recovered biologically may be seen beyond bad feeling which may endorse
its applicability in products.

Cultivation 

Media  preparation 
and sterilization

Inoculum  
preparation

Microorganism Raw material 

Cell separation 

 PHA recover/  
extraction

Broth 

 High purity PHA 

Schematic diagram of intracellular PHA production and purification
process.
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Methods of  
extraction/recovery 

Conventional 
methods 

Biological       
methods 

Enzymatic Digestion 

Chemical digestion 

Solvent extraction  

Using  living 
organisms 

Using Surfactant 

Chloroform 
Dichloromethane  
Dichloroethane 

Acetone     
Methylene Chloride 

MCL Alcohol

Sodium hypochlorite 
Sodium hydroxide 

EDTA
H2SO4

Trypsin                
Bromelain  
Pancreatin     
Lysozyme     
Alcalase     

Lysozyme 
Chymotrypsin  

Papain 

SDS              
Detergent       

 Bead mill    
Disruption,           

High pressure 
homogenization
Ultrasonication, 
Centrifugation 

Mechanical 
disruption 

Conventional and biological recovery methods of PHA from bacterial
cells

8.4.7 Application of Biopolymers in Food Packaging

Treatment of plastic waste by thermal conversion or landfill disposal has dire
ecological consequences. Incineration generates toxic products and growing
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plastic waste heaps like problems are of major concern. Plastic recycling
rate around the world is 20% only this cannot be a potential solution. An
approach for bio-based plastic materials can bring a solution. Now it has a
market less than 5% of the entire plastic market. Several plastic-like materials
available in the market are thermo-plasticised starch, polylactic acid, bio-
based polyethylene, poly trimethylene terephthalate, polybutylenes succinate,
poly(p-phenylene), microbial poly hydroxyl alkanoates (PHAs) (Chen, G.-Q.
2010). Among these only PHAs are completely bio-synthesised and having
complete biocompatibility and biodegradability (Chen 2010; Verlinden et al.
2007).

Global bioplastic packaging market by product type (%utilisation) 2010

AAC: aliphatic-aromatic copolyesters; PLA: polylactic acid; PHB: polyhy-
droxyalkanoate; WSP: water-soluble polymers
Source: Pira International Ltd
Any food packaging materials should have properties of protecting food
from the external threats like contaminants, radiation, mechanical damage,
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humidity and also should be maintaining organoleptic properties of food.
Maintaining a modified atmosphere inside the package, stability under low
temperature, the environmental conditions should not degrade it during the
storage of the food product, but the material must degrade after discarding it.
Aspects of PHAs which makes it food packaging material:

• PHAs can be converted into films solely or in the composite form via
thermoforming (Virov 2013).

• Due to adaptable crystallinity and elasticity, PHAs can be processed to
flexible foils or rigid and strong cast components (via injection mould-
ing) for making storage boxes and containers (Siracusa et al. 2008;
Mensitieri et al. 2011).

• Hydrophobicity of PHA films exhibit a high water vapour barrier;
parallelly high barrier properties against CO2 (Miguel and Iruin 1999;
Dagnon et al. 2010).

• scl-PHA copolyesters (PHBV), homopolyesters PHB and poly(4HB)
exhibit a high oxygen barrier. The fine-tuning of the polyester composi-
tion during the biosynthesis determines gas barrier performance (Martin
and Williams 2003).

• Their high UV-barrier protects food spoilage (Siracusa et al. 2008).
• With food residues, PHA-based packaging spoiled can be easily dis-

carded by composting (Koller et al. 2010).

A problem associated with PHAs that endotoxins attached to PHAs
produced from Gram-negative strains (Furrer et al. 2007). Also, lipid residues
remain attached after extraction can affect sensory quality of food it encloses.
It is reported that endotoxins can be removed using supercritical solvent
extraction of PHAs. Chemical methods can remove remaining lipids and
pyrolytic, also by using a mixture of organic solvents and anti-solvent or
high-pressure extraction with anti-solvents (Koller 2014).

It is important to have oxygen, water and CO2 barrier in packaging mate-
rial. To maintain product packaging material should overcome the driving
force of the difference in oxygen partial pressures inside and outside of
the package. Water and oxygen barrier of PHAs comparable to polystyrene,
another common petrochemical non-biodegradable and biodegradable pack-
aging material, poly ε-caprolactone (PCL) (Sanchez-Garcia et al. 2007).

Water and oxygen barrier properties of PHA and other polymers
(Bugnicourt et al. 2014).
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PHA LDPE HDPE PET Nylon
Water 5–19 1.2 0.5 1.3 25
Oxygen 23–29 250–840 30–250 5 3

Water vapour transmission in g-mil (100 cm2/day) at 38◦C, 90% RH
Oxygen transfer rate in cc-mil (100cm2/day) at 25◦C 0% RH
PHB was reported as having a good barrier against CO2 permeation (Siracusa
et al. 2008; Dagnon et al. 2010; Shogren 1997). Also, the effect of addi-
tion of saturated and unsaturated fatty acid on the production of PHB was
analyzed and palmitic acid found to be best among other saturated and unsat-
urated fatty acid to give better production (Srivastava and Tripathi 2013).
PHA biopolyesters meet required features necessary for biodegradable food
packaging material. For production, advanced and inexpensive methods are
already developed. For large-scale PHA biosynthesis inexpensive raw materi-
als or CO2, upgraded to function as carbon sources. Tripathi et al. (2012) have
reported production of PHAs by soil bacterium Pseudomonas aeruginosa
using sugar refinery waste (cane molasses) produced the maximum PHA
(biodegradable polymer) among another carbon source.

Molecular weight comparison of PHB obtained from Various sources

Compound Mn Mw Mn/Mw Viscosity
(n)

PHB extracted from
Alcaligenes sp.

1.25×105 2.86×105 2.29 9.8 × 101

PHB (A. latus) 3.13×105 5.28×105 1.69 9.4 × 101

PHB (commercial) 0.91×105 1.77×105 1.95 9.1× 101

PCL (Polycaprolac-
tone)

0.56× 105 1.63× 105 2.90 8.5× 101

PHB (Soy) 3.48× 105 7.90× 105 2.26 8.5× 101

Mw: Weight-average molecular weight
Mn: Number-average molecular weight
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Thermo-mechanical features of different PHAs (Koller 2014)

PHB Poly-
(3HB-
co-
3%-
3HV)

Poly-
(3HB-
co-
11%-
3HV)

Poly-
(3HB-
co-
20%-
3HV)

Poly-
(3HB-
co-
3%-
4HB)

Poly-
(3HB-
co-
16%-
4HB)

Poly-
(3HB-
co-
64%-
4HB)

Poly-
(4HB)

Poly-
(3HB-co-
21,8-%-
3HV-co-
5,1-%-
4HB)

Poly-
(3HB-co-
2,4-%-
3HV-co-
13,4-%-
3HHx)

Poly-
(3HO-
co-12%-
3HHx)

Melting
tempera-
ture [◦C]

177 170 157 145 166 152 50 60 140 114 61

Glass
transition
tempera-
ture [◦C]

4 - 2 -1 - -8 - -50 -2 -2 -35

Tensile
strength
[MPa]

40 38 38 32 28 26 17 104 - - 9

Elongation
at break
[%]

6 - 5 50 45 444 591 1000 - 481 380

HHx: hydroxyhexanoate; HB: hydroxybutyrate; HV: hydroxyvalerate; HO:
hydroxyoctanoate

8.5 Biodegradability

All PHA family members are biodegradable in the soil, in freshwater
and seawater and in industrial composting equipment. It is very versa-
tile family; these can be processed to hard or soft plastics and to crys-
talline and amorphous polymers as well. American Society for Testing &
Materials (ASTM) has set criteria for a plastic to be called compostable.
Compostable plastic needs to be met following criteria:

Biodegrade - Break down into carbon dioxide, water, and biomass.
Disintegrate - Material is indistinguishable in the compost.
Eco-toxicity - Should not produce any toxic material and can support plant
growth.
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Degradability of PHA materials:

a) Environmental degradability

PHA materials are biodegradable in various environments. Temperature,
moisture level, pH, and nutrient supply affect rate of biodegradation of
PHA materials. Composition, crystallinity, additives, and surface area of the
polymer also important factors in determining the rate of biodegradation of
PHA. Various bacteria and fungi can degrade PHA. Microorganisms excrete
extracellular PHA-degrading enzymes to break down the solid polymer into
water soluble oligomers and monomer, so that utilise it as nutrients within
cells. PHB has an important property that it can be completely broken down
to CO2 and H2O by microorganisms. Many publications approve that PHB
and its composites can be degraded in natural ecosystems, viz. soil, compost
and water. Maergaert et al. isolated from soil more than 300 microbial strains
capable of degrading PHB in vitro.

Biodegradation process of PHA in a natural environment

Natural degradation 

Enzymatic degradation                                                                      

PHA-degrading enzyme
(PHA depolymerise)

Microorganism
Polymer

Organic acid (Dimer,
monomer)

Microorganism Biomass, CO2 , H2O

Adsorb�on
and

hydrolysis

Secre�on

Carbon
source

O2

8.5.1 Enzymatic Degradability

Biodegradation PHAs depends on the secretion of extracellular PHA depoly-
merases, which are carboxylesterases (EC 3.1.1.75 and EC 3.1.1.76), and
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on the physical state of PHAs. It is found that N-terminal of structural
genes of extracellular PHB depolymerases have catalytic domain whereas
C-terminal have a substrate-binding domain, and both domains connected
and maintained by optimal distance with linker region. Analysis reveals
that C-terminal domain has substrate-binding domain for water-insoluble
P(3HB) substrate, and PHB depolymerase lost hydrolyzing activity without
C-terminal domain for water-insoluble P(3HB) but retained activity for water-
soluble (R)-3HB oligomers (Nojiri and Saito 1997). The rate of enzymatic
activity is highly dependent on the enzyme concentration. With the con-
centration of PHB depolymerase, rates of enzymatic activity increased to
a certain value and later gradually decrease (Doi et al. 1994). The rates
of film erosion (biodegradation) of P(3HB-co-10 mol%-6HH) samples with
40–50% crystallinity were higher than those of P(3HB) samples with 63–
78% crystallinity (Abe et al. 1998). The enzymatic degradation of P(3HB)
homopolymer and five types of copolyesters were performed in aqueous
solutions of purified PHA depolymerase secreted from R. pickettii T1 at 37◦C.
It was reported that rate of enzymatic erosion on the solution cast increase
with an increase in the fraction of second monomer units up to 10–20 mol%
then it showed a decrease in the erosion rate (Numata et al. 2009).

Degradation of the PHB film in garden soil (Shrivastav et al. 2011)

(a) PHB film at 0 days, (b) PHB film after 50 days



162 Role of Polyhydroxyalkanoates in Food Packaging

PHA bottles disintegrate in the soil within 60 days (but remain intact
until discarded)

source: https://www.biobasedpress.eu/2016/08/pha-promising-versatile-bio
degradable/
ISO 17556, ASTM D5988, NF U52-001 and UNI 11462 are the international
standards for testing biodegradability of plastics in the soil. These standards
are specifically designed to determine plastics biodegradability in soil under
natural conditions. Pass levels and time frame are required for a bio-based
product to ensure biodegradability under soil conditions.

8.5.2 Versions and Title of Standard Testing Methods for
Determining Biodegradability of Materials in Soil:

8.5.3 American Society for Testing and Materials International
(ASTM)

ASTM D 5988-12: Standard test method for determining aerobic biodegra-
dation of plastic materials in soil

International Standards
ISO 17556-2012: Determination of the ultimate aerobic biodegradability of
plastic materials in soil by measuring the oxygen demand in a respirometer
or the amount of carbon dioxide evolved
ISO 11266-1994: Soil quality - Guidance on laboratory testing for biodegra-
dation of organic chemicals in soil under aerobic conditions

8.5.4 French and Italian Normalisation Organisations (AFNOR,
UNI)

NF U52-001 February 2005: Biodegradable materials for use in agriculture
and horticulture - Mulching products -Requirements and test methods

https://www.biobasedpress.eu/2016/08/pha-promising-versatile-biodegradable/
https://www.biobasedpress.eu/2016/08/pha-promising-versatile-biodegradable/
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UNI 11462:2012: Plastic materials biodegradable in soil - Types, require-
ments and test methods

8.5.5 OECD Guidelines

304A: Inherent Biodegradability in Soil
307: Aerobic & Anaerobic Transformations in Soil

8.6 Challenges and Opportunity

Bioplastics are favourable and more preferred over conventional petro derived
plastics regarding their eco-friendly nature as today’s major concern is the
pollution caused by these non-degradable plastics. They have wide appli-
cation in various fields, viz. medical, agricultural and packaging industry.
Unlike the petro based plastics, bioplastics do not produce effluent to the
surrounding nature, hence safer to use. The problem being faced in case
of synthetic plastic is the lack of waste management system that is a great
threat to humankind in the long run. These all aspects lead to the research
and development in the field of bioplastics.

As the fossil fuels are on the verge of depletion, hence there is a need
to develop alternatives to synthetic plastics. The production of PHA can be
done using substrates that are waste from any food industry or even municipal
wastewater solids can be used for the accumulation of PHAs. Ethylene is a
hazardous gas is produced by the synthetic plastics, can be avoided using
bioplastics.

There are wide scope and opportunity in finding the most suitable and
efficient strain of microorganism which produces PHA, developing a suitable
source of the better production of PHA, looking for the favourable, cheap
and reliable source of raw material and substrate which is rich in carbon
source. While choosing the raw material or the recovery of end product the
economical aspect needs to be considered (Scott, 2000).

References

[1] Abe, H., Y. Doi, et al. “Solid-state structures and enzymatic degradabil-
ities for melt-crystallized films of copolymers of (R)-3-hydroxybutyric
acid with different hydroxyalkanoic acids.” Macromolecules 1998;
31(6): 1791-1797.



164 Role of Polyhydroxyalkanoates in Food Packaging

[2] Albuquerque MGE, Eiroa M, Torres C, Nunes BR, Reis Mam. Strate-
gies for the Development of a Side Stream Process for Polyhydrox-
yalkanoate (PHA) Production From Sugar Cane Molasses. J Biotechnol
2007; 130: 411-21.

[3] Aldor IS, Keasling JD. Process Design for Microbial Plastic Factories:
Metabolic Engineering of Spolyhydroxyalkanoates. Curropin Biotech
2003; 14: 475-83.

[4] Anderson AJ, Dawes EA. Occurrence, Metabolism, Metabolic Role,
And Industrial Uses Of Bacterial Polyhydroxyalkanoates. Microbiol
Rev 1990; 54: 450-72

[5] Anthony-G. Ostle and J.G. Holt. “Nile blue A as a fluorescent stain for
poly-B-hydroxybutyrate”. Applied and environmental Microbiology.
44 (1982): 238-241.

[6] Bengtsson S, Werker A, Christensson M, Welander T. Production Of
Polyhydroxyalkanoates by Activated Sludge Treating A Paper Mill
Wastewater. Bioresource Technol 2008; 99: 509-16.

[7] Bioembergen S, Holden DA, Hamer GK, Bluhm TL and Marches-
sault RH “Studies on composition and crystallinity of bacterial
poly (B-hydroxybutyrate-co-B-hydroxyvalerate)”. Macromolecules.
19(1986):2865-2871.

[8] Blackwood AC and Agnes EPP “Identification of B-hydroxybutyric
acid in bacterial cells by infrared spectroscopy”. J. Bact. 74 (1957):266-
267.

[9] Bourque B., Ouellette, G. Andre, D. Groleau. “Production of poly-
B-hydroxybutyrate from Methanol: Characterization of a new iso-
late. Methylobacterium extorquens”. Applied Microbiol. Biotechnol.
37(1992): 7-12.

[10] Braunegg G, Sonnleitner B and Lafferty RM “A rapid gas chromato-
graphic method for the determination of Poly-B-hydroxybutyric acid
in microbial biomass”. Eur. J. Appl. Microbiol Biotechnol. 6(1978):
29-37.

[11] Bugnicourt, E., P. Cinelli, et al. (2014). “Polyhydroxyalkanoate (PHA):
Review of synthesis, characteristics, processing and potential applica-
tions in packaging.”

[12] Cavalheiro JMBT, de Almeida MCMD, Grandfils C, da Fonseca MMR.
Poly(3-Hydroxybutyrate) Production by Cupriavidus necator Using
Waste Glycerol. Process Biochem 2009; 44: 509-15.

[13] Chaudhry W, Jamil N, Ali I, Ayaz M, Hasnain S. Screening For Poly-
hydroxyalkanoate (PHA)-Producing Bacterial Strains And Comparison



References 165

Of PHA Production From Various Inexpensive Carbon Sources. Ann
Microbiol 2011; 61: 6239.

[14] Chen G-Q. A Microbial Polyhydroxyalkanoates (PHA) Based Bio and
Materials Industry. Chemsoc Rev 2009; 38: 2434-46.

[15] Chen, G.-Q. (2010). Introduction of Bacterial Plastics PHA, PLA, PBS,
PE, PTT, and PPP. Plastics from Bacteria, Springer: 1-16.

[16] Chen, Y., J. Chen, et al. (1999). “Recovery of poly-3-hydroxybutyrate
from Alcaligenes eutrophus by surfactant–chelate aqueous system.”
Process Biochemistry 34(2): 153-157.

[17] Chua ASM, Takabatake H, Satoh H, Mino T. Production Of Poly-
hydroxyalkanoates (PHA) By Activated Sludge Treating Municipal
Wastewater: Effect Of pH, Sludge Retention Time (SRT), and Acetate
Concentration In Influent. Water Res 2003; 37: 3602-11.

[18] Cinelli P., Lazzeri A., Anguillesi I., Bugnicourt E. OLI-PHA A Novel
And Efficient Method For The Production Of Polyhydroxyalkanoate
Polymer-Based Packaging From Olive Oil Waste Water. In ‘Proceed-
ings Of 3rd International Conference On Industrial And Hazardous
Waste Management. Chania, Crete, Greece’ P8 (2012).

[19] Coats ER, Loge FJ, Wolcott MP, Englund K, Mcdonald AG. Synthesis
Of Polyhydroxyalkanoates In Municipal Wastewater Treatment Water
Environ Res 2007; 79: 2396-403.

[20] Coats ER, Vandevoort KE, Darby JL, Loge FJ. Toward Polyhydrox-
yalkanoate Production Concurrent With Municipal Wastewater Treat-
ment In A Sequencing Batch Reactor System. J Environ Eng 2011; 137:
46-54.

[21] Dagnon KL, C. Thellen, et al. (2010). “Physical and thermal analysis
of the degradation of poly (3-hydroxybutyrate-co-4-hydroxybutyrate)
coated paper in a constructed soil medium.” Journal of Polymers and
the Environment 18(4): 510-522.

[22] De Almeida A, Nikel PI, Giordano AM, Pettinari MJ. Effects Of
Granule-Associated Protein Phap On Glycerol-Dependent Growth
And Polymer Production In Poly(3-Hydroxybutyrate)-Producing
Escherichia coli. Appl Environ Microb 2007; 73: 7912-6.

[23] De Koning, G. and B. Witholt (1997). “A process for the recovery of
poly (hydroxyalkanoates) from Pseudomonads Part 1: Solubilization.”
Bioprocess and Biosystems Engineering 17(1): 7-13.

[24] Degelau A, Scheper T. Bailey J.E. Guske C. “Fluorometric Mea-
surement of Poly-B-hydroxybutyrate in Alcaligenes eutrophus by



166 Role of Polyhydroxyalkanoates in Food Packaging

flow cytometry and spectrofluorometry”. Appl. Microbiol. Biotechnol.
42(1995): 653-657.

[25] Degelau A, Scheper T. Bailey J.E. Guske C. “Fluorometric Mea-
surement of Poly-B-hydroxybutyrate in Alcaligenes eutrophus by
flow cytometry and spectrofluorometry”. Appl. Microbiol. Biotechnol.
42(1995): 653-657.

[26] Dirk Betscheider Joachim Jose, “Nile blue A for staining E. coli in flow
cytometry experiments”. Analytical Biochemistry, 384.1(2009) :194-
196.

[27] Dobroth ZT, Hu S, Coats ER, Mcdonald AG. Polyhydroxybutyrate
Synthesis On Biodiesel Wastewater Using Mixed Microbial Consortia.
Bioresource Technol 2011; 102: 3352-9.

[28] Doi Y., Mukai K., Kasuya K., Yamada K.: Biodegradation Of Biosyn-
thetic And Chemosynthetic Polyhydroxyalkanoates. Studies In Poly-
mer Science, 12, 39–51 (1994).

[29] Doi, Y. Kunioka M., Nakamura Y. and Soga K. “Nuclear magnetic res-
onance studies on unusual bacterial copolyesters of 3-hydroxybutyrate
and 4-hydroxybutyrate”. Macromolecules. 21(1988): 2722-2727.

[30] El-Hadi A., Schnabel R., Straube E., Müller G., Henning S.: Cor-
relation Between Degree Of Crystallinity, Morphology, Glass Tem-
perature, Mechanical Properties And Biodegradation Of Poly (3-
Hydroxyalkanoate) Phas And Their Blends. Polymer Testing, 21,
665–674 (2002). Doi: 10.1016/S0142-9418(01)00142-8

[31] Furrer, P., S. Panke, et al. (2007). “Efficient recovery of low endotoxin
medium-chain-length poly ([R]-3-hydroxyalkanoate) from bacterial
biomass.” Journal of microbiological methods 69(1): 206-213.

[32] Ghatnekar, M.S., J.S. Pai, et al. (2002). “Production and recovery of
poly−3−hydroxybutyrate from Methylobacterium sp. V49.” Journal of
chemical technology and biotechnology 77(4): 444-448.

[33] Groom C.A., Luong J.H.T. and Mulchandani A., “Online culture
fluorescence measurement during the batch cultivation of poly-β-
hydroxybutyrate producing Alcaligenes eutrophus.” J. Biotechnology
8(1988): 271-278.

[34] Groom C.A., Luong J.H.T. and Mulchandani A., “Online culture
fluorescence measurement during the batch cultivation of poly-β-
hydroxybutyrate producing Alcaligenes eutrophus.” J. Biotechnology
8(1988): 271-278.

[35] Gross R.A., C. Demello, R.W. Lenz, Brandl H. and Fuller R.C.
“Biosynthesis and characterization of poly (B-hydroxyalkanoates)



References 167

produced by Pseudomonas oleoverans”. Macromolecules. 22(1989):1106-
1115.

[36] Hahn, S. K., Y. K. Chang, et al. (1994). “Optimization of microbial poly
(3−hydroxybutyrate) recover using dispersions of sodium hypochlorite
solution and chloroform.” Biotechnology and Bioengineering 44(2):
256-261.

[37] Halami Pm. Production Of Polyhydroxyalkanoate From Starch By The
Native Isolate bacillus Cereus Cfr 06. World J Microbiolbiotechnol.
2008; 24: 805812.

[38] Hazer B, Steinbuchel A. Increased Diversification Of Polyhydrox-
yalkanoates By Modification Reactions For Industrial And Medical
Applications. Appl Microbiol Biotechnol. 2007; 74: 112.

[39] He W, Tian W, Zhang G, Chen G-Q, Zhang Z. Production Of Novel
Polyhydroxyalkanoates By Pseudomonas stutzeri 1317 From Glucose
And Soybean Oil. Fems Microbiol Lett 1998; 169: 45-9.

[40] Heng, K.-S & Ong, Su Yean & Sudesh, Kumar. (2016). Efficient
biosynthesis and recovery of polyhydroxyalkanoate. 12. 383-398.

[41] Holmes, P. A. and G. B. Lim (1990). Separation process, Google
Patents

[42] Huijberts GNM, Eggink G, De Waard P, Huisman GW, Witholt B.
Pseudomonas putida KT2442 Cultivated On Glucose Accumulates
Poly(3-Hydroxyalkanoates) Consisting Of Saturated And Unsaturated
Monomers. Appl Environ Microb 1992; 58: 536-44.

[43] Jacob G.S., Garbow J.R. and Schaefer J. “Direct measurement of poly
(B-hydroxybutyrate) in Pseudomonas by solid state 13C NMR”. J.
Biol. Chem. 261 (1986):16785-16787.

[44] Jacob G.S., Garbow J.R. and Schaefer J. “Direct measurement of poly
(B-hydroxybutyrate) in Pseudomonas by solid state 13C NMR”. J.
Biol. Chem. 261 (1986):16785-16787.

[45] Kahar P, Tsuge T, Taguchi K, Doi Y. High Yield Production Of Poly-
hydroxyalkanoates From Soybean Oil By Ralstonia eutropha And Its
Recombinant Strain. Polym Degrad Stabil 2004; 83: 79-86.

[46] Kalia VC, Chauhan A, Bhattacharyya G, Rashmi P. Genomic
Databases Yield Novel Bioplastic Producers. Nat Biotechnol. 2003;
21:845846.

[47] Kapritchkoff, F.M., A.P. Viotti, et al. (2006). “Enzymatic recovery and
purification of polyhydroxybutyrate produced by Ralstonia eutropha.”
Journal of Biotechnology 122(4): 453-462.



168 Role of Polyhydroxyalkanoates in Food Packaging

[48] Karr D.B., Waters J.K. and Emerich D.W., “Analysis of Poly-B-
Hydroxybutyrate in Rhizobium japonicum bacterioids by ion-exclusion
high pressure liquid chromatography and UV detection”. Appl. Env.
Microbiol. 46.6(1983): 1339-1344.

[49] Kathiraser, Y., M.K. Aroua, et al. (2007). “Chemical characterization of
medium−chain−length polyhydroxyalkanoates (PHAs) recovered by
enzymatic treatment and ultrafiltration.” Journal of Chemical Technol-
ogy and Biotechnology 82(9): 847-855.

[50] Kathryn P. Caballero, Steven F. Karel, Richard A Register. “Biosyn-
thesis and Characterization of Hydroxybuyurate copolymers”. Interna-
tional Journal of Biological Macromolecules 17.2(1995): 86-92

[51] Khardenavis AA, Suresh Kumar M, Mudliar SN, Chakrabarti T.
Biotechnological Conversion Of Agro-Industrial Wastewaters Into
Biodegradable Plastic, Poly β-Hydroxybutyrate. Bioresource Technol
2007; 98: 3579-84.

[52] Khosravi−Darani, K., E. Vasheghani−Farahani, et al. (2004). “Effect
of process variables on supercritical fluid disruption of Ralstonia
eutropha cells for poly (R−hydroxybutyrate) recovery.” Biotechnology
Progress 20(6): 1757-1765.

[53] Kim BS, Lee SC, Lee SY, Chang HN, Chang YK, Woo SI. Production
Of Poly(3-Hydroxybutyric-Co-3-Hydroxyvaleric Acid) By Fedbatch
Culture Of Alcaligeneseutrophus with Substrate Control Using On-
Line Glucose Analyzer. Enzyme Microb Tech 1994; 16: 556-61.

[54] Kim Bs. Production Of Poly(3-Hydroxybutyrate) From Inexpensive
Substrates. Enzyme Microb Tech 2000; 27: 774-7.

[55] Koller, M., A. Salerno, et al. (2010). “Modern biotechnological poly-
mer synthesis: a review.” Food Technology and Biotechnology 48(3):
255-269.

[56] Koller, M. (2014). “Poly (hydroxyalkanoates) for food packaging:
Application and attempts towards implementation.” Applied Food
Biotechnology 1(1): 3-15.

[57] Kunasundari, B., V. Murugaiyah, et al. (2013). “Revisiting the single
cell protein application of Cupriavidus necator H16 and recovering
bioplastic granules simultaneously.” PLoS ONE 8(10): e78528.

[58] Lakshman, K. and T.R. Shamala (2006). “Extraction of polyhydrox-
yalkanoate from Sinorhizobium meliloti cells using Microbispora sp.
culture and its enzymes.” Enzyme and Microbial Technology 39(7):
1471-1475.



References 169

[59] Law J.H. and R.A. Slepecky, “Assay of Poly-B- Hydroxybutyric acid”.
J. Bacteriol. 82 (1961): 33-36.

[60] Lee Eun Veol and Choi Cha Yong, “Gas chromatography Mass spectro-
metric analysis and its application to a screening procedure for novel
bacterial polyhydroxy alkanoic acids containing long chain saturated
and unsaturated monomers”. J. Ferm Bioengg. 80.4(1995): 408-414.

[61] Lee SY, Middelberg APJ, Lee YK. Poly(3-Hydroxybutyrate) Produc-
tion From Whey Using Recombinant Escherichia coli. Biotechnol Lett
1997; 19: 1033-5

[62] Lemoigne M. Products Of Dehydration And Of Polymerization Of β-
Hydroxybutyric Acid. Bull Soc Chem Biol. 1926

[63] Lin CSK, Luque R, Clark JH, Webb C, Du C. Wheat-Based Biorefining
Strategy For Fermentative Production And Chemical Transformations
Of Succinic Acid. Biofuels BioprodBior 2012, 6: 88-104.

[64] Liu H-Y, P VandergheynstJs, Darby JL, Thompson DE, Green PG,
Loge FJ. Factorial Experimental Designs For Enhancement Of Con-
current Poly(Hydroxyalkanoate) Production And Brewery Wastewater
Treatment. Water Environ Res 2011; 83: 36-43.

[65] Lo, C.-W., H.-S. Wu, et al. (2011). “High throughput study of sepa-
ration of poly (3-hydroxybutyrate) from recombinant Escherichia coli
XL1 blue.” Journal of the Taiwan Institute of Chemical Engineers 42(2):
240-246.

[66] Luo, R., Chen, J., Zhang, L. and Chen, G. Polyhydroxyalkanoate
copolyesters produced by Ralstonia eutropha PHB-4 harboring a
low-substrate-specificity PHA synthase phaC2Ps from Pseudomonas
stutzeri 1317. Biochemical Engineering Journal (2006) 32(3), 218-225.

[67] Mergaert J, Anderson C, Wouters A, Swings J, Kersters K. Biodegra-
dation of polyhydroxyalkanoates. FEMS Microbiol Rev (2-4), 317-321
(1992).

[68] Martin, D.P. and S.F. Williams (2003). “Medical applications of poly-4-
hydroxybutyrate: a strong flexible absorbable biomaterial.” Biochemi-
cal Engineering Journal 16(2): 97-105.

[69] Miguel, O. and J.J. Iruin (1999). Evaluation of the transport properties
of poly (3−hydroxybutyrate) and its 3−hydroxyvalerate copolymers
for packaging applications. Macromolecular Symposia, Wiley Online
Library.

[70] Mensitieri, G., E. Di Maio, et al. (2011). “Processing and shelf
life issues of selected food packaging materials and structures from



170 Role of Polyhydroxyalkanoates in Food Packaging

renewable resources.” Trends in Food Science & Technology 22(2):
72-80.

[71] Mothes G, Schnorpfeil C, Ackermann JU. Production Of PHB From
Crude Glycerol. Engineering In Life Sciences. 2007; 7: 475-9.

[72] Muller S., Losche A. Bley T, Scheper T., “A flow cytometric approach
for characterization and differentiation of bacteria during microbial
processes”. Appl Microbiol Biotechnol 43 (1995):93-101.

[73] Muller S., Losche A. Bley T, Scheper T., “A flow cytometric approach
for characterization and differentiation of bacteria during microbial
processes”. Appl. Microbiol. Biotechnol 43(1995):93-101.

[74] Munoz Lea, Riley Mr. Utilization Of Cellulosic Waste From Tequila
Bagasse And Production Of Polyhydroxyalkanoate (Pha) Bioplastics
By Saccharophagus degradans. Biotechnol Bioeng 2008; 100: 882-8

[75] Murugesan, S. and R. Iyyaswami (2017). “Nonionic surfactants
induced cloud point extraction of Polyhydroxyalkanoate (PHA)
from Cupriavidus necator.” Separation Science and Technology(just-
accepted).

[76] Nojiri, M. and T. Saito (1997). “Structure and function of poly (3-
hydroxybutyrate) depolymerase from Alcaligenes faecalis T1.” Journal
of Bacteriology 179(22): 6965-6970.

[77] Ntaikou I, Kourmentza C, Koutrouli EC et al. Exploitation Of Olive
Oil Mill Wastewater For Combined Biohydrogen And Biopolymers
Production. Bioresource Technol 2009; 100: 3724-30.

[78] Numata, K., H. Abe, et al. (2009). “Biodegradability of poly (hydrox-
yalkanoate) materials.” Materials 2(3): 1104-1126.

[79] Nur ZY, Belma A, Yavuz B, Nazime M (2004) Effect of carbon and
nitrogen sources and incubation time on poly-beta-hydroxybutyrate
(PHB) synthesis by Bacillus megaterium 12. Afr J Biotechnol 3:63–69

[80] Ojumu TV, Yu J, Solomon BO. Production Of Polyhydroxyalkanoates-
A Bacterial Biodegradable Polymer. Afr J Biotechnol 2004;3: 18-24.

[81] Page WJ. Production Of Polyhydroxyalkanoates By Azotobacter
vinelandii UWD In Beet Molasses Culture. Fems Microbiol Rev 1992;
103: 149-57

[82] Pan, J., Li, G., Chen, Z., Zhu, W. and Xu, K. Alternative block
polyurethanes based on poly(3-hydroxybutyrate-co4-hydroxybutyrate)
and poly(ethylene glycol). Biomaterials (2009). 30 2975–2984.

[83] Pozo G, Villamar AC, Martı́nez M, Vidal G. Polyhydroxyalkanoates
(Pha) Biosynthesis From Kraft Mill Wastewaters: Biomass Origin And
C:N Relationship Influence. Water Sci Technol 2011; 63: 449-55.



References 171

[84] Ramsay BA, Lomaliza K, Chavarie C, Dubé B, Bataille P, Ramsay JA.
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Xylitol is a natural polyol and is most widely known for its sugar substi-
tute properties in diabetic patients; it is also used against an oral bacterial
population. Most economical approach for the commercial production of
xylitol involves the suitable yeast fermentation. In this present investigation,
factorial optimisation of these medium and process conditions is considered.
Xylitol production by Candida parapsilosis strain BKR1 using Plackett–
Burman and RSM is reported in modified minimal medium. Medium design
using Plackett–Burman screening reports that the significant components
are xylose, yeast extract, potassium dihydrogen phosphate and magnesium
sulphate. Further the statistical optimisation using face-centred central com-
posite design reveals the optimal grades of the significant medium com-
ponents as, xylose ∼104 g/l, yeast extract ∼4.5 g/l; KH2PO4∼2.8 g/l and
MgSO4·7H2O ∼2 g/l. Among the significant fermentation parameters, agi-
tation, pH, temperature and inoculum level were optimised and validated as
107 rpm, 5.0, 30◦C and 1 ml, respectively. Candida parapsilosis BKR1 was
optimised for higher xylitol productivity using statistical approaches.
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9.1 Introduction

Xylitol is one of the most expensive polyol sweeteners and considerable
attention in the food and pharmaceutical industries. Potential healthcare
benefits of xylitol includes, viz. tooth decay, ear infection in children, sub-
stitute for sugar in diabetic patients and parenteral application to mentally
distressed patients [13] [23]. Due to its resistance towards Maillard reactions,
the xylitol becomes a prospective food ingredient and continuously it has
been explored because of properties such as storage, colour and taste addition
to food products. Chewing gums, hard caramels, liquorice sweets, wafer
fillings, chocolate and other sugar based confectioneries for diabetics [1].
Xylitol derived from detoxified substrate, can be metabolized in the absence
of insulin and can replace sugar on a weight basis (w/w) [15] making it
a suitable sweetener for Diabetes mellitus patients [2, 5]. Bioconversion
of xylitol is influenced by numerous factors in various concentrations of
ingredients in culture medium, so their optimization study is very significant.
Response surface methodology (RSM) is a statistical analysis that is useful
for modelling and optimization of medium conditions and process parameters
[3]. Factorial design or response surface methodology has been utilized
extensively for optimizing different biotechnological processes [21]. Several
chemical steps are involved in the purification of xylose [4]. The microbial
conversion of xylose to xylitol is particularly attractive in that the process
is relatively easy and does not depend upon any toxic catalyst [20]. Xylitol
production through bioconversion has been proposed to alternative process
utilizing microorganism such as yeast, bacteria and fungi [16]. Among those,
yeast has some desirable properties and was proven to be a potential xylitol
producer [12] [19]. In the present chapter, the microbial screening and opti-
mization of medium composition, process variables for xylitol production
by Candida parapsilosis strain BKR1 using Plackett-Burman and Response
Surface Methodology (RSM) are detailed. The Plackett-Burman screening
design is applied for knowing the most significant nutrients enhancing
xylitol production. Face-centred central composite design (FC-CCD) and
Box-Benhem design were applied to determine the optimum level of each
of the significant nutrients and process variables respectively. For enhanced
production of highly demanding polyalcohol, xylitol in more economical
way through biotechnological methods, optimization of medium components
and fermentation parameters in adapted strain of Candida parapsilosis strain
BKR1 becomes inevitable.
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The present study covers the fermentative production and optimization
including,

1. The indigenous yeast isolate, Candida parapsilosis strain BKR1 are
optimized in minimal medium for higher xylitol production

2. Plackett–Burman optimization was carried out to identify significant
medium components.

3. Optimization techniques such as central composite design (CCD) for
medium components & Box Behnkem method (BBM) for process
parameters were assessed based on response surface plots for desirable
xylitol yield.

9.2 Fermentation and Statistical Optimization

The yeast strain Candida parapsilosis strain BKR1 (NCBI Accession No:
KC462059) was isolated as described earlier [17] and the strains were
maintained at 4◦C in culture medium supplemented with 20 g agar. The
medium composition (g/l) is given as: malt extract - 3.0; yeast extract - 3.0;
peptone - 5.0; glucose - 10.0, with pH 7. It was stored at 4◦C as agar slants
and sub-cultured every thirty days to maintain viability. Composition of the
modified minimal medium:- Ammonium sulphate – 3 g/l; KH2PO4 – 5 g/l;
Yeast extract – 3 g/l; Magnesium sulphate (MgSO4) – 0.2 g/l; Zinc Sulphate
(ZnSO4) – 6 mg/l; Copper Sulphate (CuSO4) – 0.4 mg/l; Ferric Chloride
(FeCl3) – 15 mg/l; Cobalt Chloride (CoCl2) – 0.45 mg/l; Manganese Sulphide
(MnSO3) – 5 mg/l; Calcium Chloride (CaCl2) – 200 mg/l; Xylose – 100 g/l.
Optimization studies were carried out in the minimal medium as described
elsewhere [17].

Fermentation was carried out in 250 ml Erlenmeyer flasks with 100 ml
of modified minimal medium under laboratory incubation conditions. This is
supplemented with different nutrient concentration for tests according to the
selected factorial design and sterilized at 121◦C for 20 min as per standard
autoclaving procedure. The flasks were inoculated with 1 ml of grown culture
broth containing Candida parapsilosis strain BKR1 once the temperature
reach ambient conditions aseptically under laminar hood. The flasks were
maintained at 30◦ C under agitation at 100 rpm for 48 h based on the results
obtained from preliminary screening which was carried out for 5 days (data
not provided).
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Table 9.1 Placket–Burman design for medium components.

S No Code Factor(s): Medium Composition (-) level (+)
level

1 A Ammonium sulphate (g/l) 2 4
2 B Pottasium dihydrogen phosphate (g/l) 3 7
3 C Yeast extract (g/l) 2 4
4 D Magnesium sulphate (g/l) 0.1 0.3
5 E Zinc sulphate (mg/l) 4 8
6 F Copper sulphate (mg/l) 0.3 0.5
7 G Ferric chloride (mg/l) 10 20
8 H Cobalt chloride (mg/l) 0.3 0.6
9 J Manganese sulphite (mg/l) 3 7
10 K Calcium chloride (mg/l) 150 250
11 L Xylose (g/l) 50 150

The sugars and sugar alcohols were characterized by high performance
liquid chromatography (HPLC) using an ion moderated partition chromatog-
raphy column SHODEX SC 1011 sugar column (300 X 7.8 mm). Samples
are eluted with deionized HPLC grade water at a flow rate of 0.5 ml/min at
80◦C and detected with a differential refractometer (WATERS 410). [15]

9.2.1 Plackett–Burman (PB) Experimental Design

PB experimental design assumes that there are no interactions between the
different variables in the given range under consideration. A linear approach
is choosen and considered to be sufficient for preliminary screening with less
variables under study. Plackett–Burman experimental design is a fractional
factorial design and the main effects of such a design may be simply calcu-
lated as the difference between the average of measurements made at the high
level (i.e. ‘+1’) of the factor and the average of measurements at the low level
(i.e. ‘–1’).

PBD was exploited especially to determine the number of variables
suggestively affect xylitol production [3]. Eleven variables (Table 9.1) were
screened in 13 experimental runs and insignificant variables were eliminated
in order to obtain a simpler and meaningful set of factors for fitting the model
equation. The low level (‘-1’) and high level (‘+1’) of each factor are enlisted
in Table 9.1. The statistical software package Design Expert 7.0.0 (Stat-ease
Inc., USA) was applied to process the experimental data. Once the critical
factors were spotted through iterative screening, the central composite design
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(CCD) and Box-Behnkem Method (BBM) was used to obtain a quadratic
model for medium components and process parameters respectively.

9.2.2 Response Surface Methodology

The face-centred central composite design and Box Behnkem design were
adopted to investigate the effects of variables on their cumulative responses
and subsequently in the optimization of xylitol productivity. These methods
are appropriate for fitting a quadratic surface and also help to optimize the
effective parameters with manageable number of experiments, as well as to
analyze the interaction between the identified significant factors/ parameters.
In order to determine the existence of a relationship between the factors
and response variables, the unperturbed data were analyzed in a statistical
manner, using regression concept to link the similarity between the variables
under study. A regression design is normally employed to model a response
as a mathematical function (either known or empirical) of a few continuous
factors and good model parameter estimates are desired [3]

The coded values of the process parameters are illustrated by the
following equation:

xi =
Xi −X0

∆x
(9.1)

where xi – coded value of the ith variable, Xi – uncoded value of the ith test
variable and X0 – uncoded value of the ith test variable at centre point. The
regression analysis is performed to estimate the response function as a second
order polynomial:

Y = β0 +

k∑
i=1

βiXi +

k∑
i=1

βiiX
2
i +

k−1∑
i=1,i<j

k∑
j=2

βijXiXj (9.2)

where Y is the predicted response, β0 constant, βi, βj and βij are coefficients
estimated from regression. They represent the linear, quadratic and cross
products of Xi and Xj on response.

9.2.3 Model Fitting and Statistical Analysis

The regression and graphical analysis with statistical significance were car-
ried out using Design Experts 7.0.0. In order to envisage the relationship
between the experimental variables and responses, the response surface and
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Figure 9.1 Pareto chart showing the effect of media component on xylitol production.

contour plots were generated from the models. The optimum values of the
fermentation process variables were obtained from the regression equation as
described elsewhere [17]. The adequacy of the models was further vindicated
through analysis of variance (ANOVA). Lack-of-fit is a special diagnostic test
for adequacy of a model and compares the standard error, based on the repli-
cate measurements to the other lack of fit, based on the model performance
[14]. F-value, calculated ratio between the lack-of-fit mean square and the
pure error mean square are statistic parameters used to determine whether the
lack-of-fit is significant or not, at a significance level. The statistical models
were authenticated with respect to xylitol production under the conditions
predicted by the model in laboratory shake-flasks level. Samples were drawn
at the desired intervals of fermentation time and xylitol production was
determined as described above using characterisation methods.

Plackett-Burman experiment design (PBD) showed a wide variation in
xylitol production. This disparity in xylitol production reflected the impor-
tance of optimization to attain higher productivity. From the Pareto chart,
(Figure 9.1) the variables, viz. xylose, potassium dihydrogen phosphate, yeast
extract and magnesium sulphate were selected based on the ‘frequency of
occurrence’ principle shown above the line of significance level. Further, the
level of factors xylose, potassium dihydrogen phosphate, yeast extract and
magnesium sulphate and the effect of their interactions on xylitol production
were determined by face-centred central composite design of RSM.
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Table 9.2 Face-centred central composite design (FC-CCD) experiment and response.

Run A
Xylose

B Yeast
extract

C
KH2.PO4

D
MgSO4

Response
Xylitol yield (g/g)
Experiment Predicted

1 100 4 3 2 0.55 0.54
2 100 4 3 2 0.58 0.57
3 100 2 3 2 0.39 0.38
4 100 4 3 3 0.45 0.44
5 100 6 3 2 0.45 0.44
6 120 2 2 1 0.19 0.19
7 100 4 3 2 0.57 0.56
8 120 2 4 3 0.15 0.15
9 100 4 3 2 0.56 0.55
10 80 6 4 3 0.15 0.15
11 100 4 3 1 0.42 0.41
12 100 4 4 2 0.46 0.45
13 80 6 4 1 0.07 0.07
14 80 2 2 3 0.09 0.09
15 100 4 3 2 0.58 0.57
16 120 2 2 3 0.23 0.23
17 80 2 2 1 0.08 0.08
18 100 4 3 2 0.58 0.57
19 80 4 3 2 0.45 0.44
20 120 6 4 1 0.12 0.12
21 80 2 4 1 0.09 0.09
22 80 2 4 3 0.19 0.19
23 120 6 4 3 0.17 0.17
24 80 6 2 3 0.14 0.14
25 80 6 2 1 0.09 0.09
26 120 4 3 2 0.49 0.48
27 120 6 2 1 0.26 0.25
28 100 4 2 2 0.48 0.47
29 120 6 2 3 0.26 0.25
30 120 2 4 1 0.08 0.08

Thirty experiments were performed at different combinations (within the
concentration range as derived from PBD results) of the factors shown (Table
9.2) and the central point was repeated six times (1, 2, 7, 9, 15 and 18) in trip-
licates to reduce standard error. The predicted and observed responses along
with design matrix are presented in Table 9.2. The results were analyzed
using Analysis of Variance (ANOVA). The second order regression equation
provided the levels of xylitol production as a function of xylose, potassium
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dihydrogen phosphate, yeast extract and magnesium sulphate, which can be
presented in terms of coded factors as mentioned in the following equation:

Y = 0.56+ 0.03*A + 0.01*B – 0.018*C + 0.023*D+ 0.01*AB – 0.032*AC

–0.005*AD –0.01*BC – 0.0025*BD+ 0.0125*CD – 0.082*A2

–0.13*B2 – 0.082*C2 – 0.117*D
2

(9.3)

where Y is the xylitol yield in weight basis (g/g), A, B, C and D are xylose,
potassium dihydrogen phosphate, yeast extract and magnesium sulphate,
expressed in w/v basis, respectively.

Box Benhem design was used for optimization of the process variables
namely agitation (rpm), Temperature (◦C), pH and Inoculum level (ml/l)
for increased xylitol yield. Ranges of the four process variables assessed
at 4 coded levels as denoted in Table 9.3. The xylitol yield was selected as
response due to different cycle of runs. Totally twenty nine experiments were
performed in triplicates to analyze the response abd minimizes standard error.

The quadratic models in terms of coded variables are shown in the
following equation (4), where (Y) represents xylitol yield (g/g), as a function
of agitation (A), pH (B), Temperature (C) and Inoculum level (D).

Y = 0.534 + 0.04*A + 0.013*B – 0.02*C + 0.017*D + 0.0025*AC

– 0.02*AD + 0.017*BC+ 0.037*BD + 0.04*CD – 0.137 *A2

– 0.193* B2 -0.173*C2 -0.142*D2 (9.4)

To fit the response function and experimental data, regression analysis was
performed and the second order model for the response was assessed by
ANOVA. The regression for the response was statistically substantial. For
the response (Y), the model did not show any lack of fit and determination
coefficient (R2) for xylitol production obtained was 0.9954, which explained
99% of the variability in response. The predicted R2 value of 0.9787 was
in rational agreement with the adjusted R2 value of 0.9912. An adequate
precision value greater than 4 is desirable. The adequate precision value of
39.116 indicates an adequate signal and suggests that the model can be to
navigate the design space. There is only a 0.01% chance that a “Model F-
value” this large could occur due to noise. The smaller the magnitude of
the ‘P’, more significant is the corresponding coefficient. ‘P’ value less than
0.05 indicate the model terms are vital. From the ‘P’ value it was found
that, the variables, A, B, C, D, AB, AC, BC, CD, A2, B2, C2, D2 were
significant for xylitol production. The above model can be used to predict
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Table 9.3 Box Behnkem design experiment and response.

Run A
Agitation
(rpm)

B pH C
Temperature
(◦C)

D Inoculum
level (ml)

Response
Xylitol yield (g/g)

Experiment Predicted
1 100 4 30 0.5 0.21 0.20
2 150 5 30 1.5 0.3 0.28
3 50 4 30 1 0.16 0.15
4 150 6 30 1 0.25 0.24
5 100 6 30 1.5 0.25 0.24
6 100 6 30 0.5 0.16 0.15
7 100 5 30 1 0.52 0.49
8 100 5 28 1.5 0.24 0.23
9 50 5 30 0.5 0.18 0.17
10 150 5 32 1 0.23 0.22
11 100 6 32 1 0.19 0.18
12 100 6 28 1 0.19 0.18
13 100 5 32 1.5 0.28 0.26
14 100 5 30 1 0.53 0.50
15 100 5 30 1 0.54 0.51
16 50 5 32 1 0.16 0.15
17 100 4 32 1 0.12 0.11
18 50 5 30 1.5 0.23 0.22
19 100 4 30 1.5 0.15 0.14
20 50 6 30 1 0.18 0.17
21 100 5 30 1 0.55 0.52
22 100 5 30 1 0.53 0.50
23 150 5 30 0.5 0.33 0.31
24 100 5 32 0.5 0.12 0.11
25 100 4 28 1 0.19 0.18
26 150 5 28 1 0.27 0.25
27 150 4 30 1 0.23 0.22
28 50 5 28 1 0.21 0.20
29 100 5 28 0.5 0.24 0.23

the xylitol production within the limits of the experimental factors that the
actual response values agree well with the predicted response values.

The above model is used to predict the xylitol production within the limits
of the experimental factors that the actual response values agree well with
the predicted response values. The production of xylitol with variable inter-
actions were studied by plotting surface curves against any two independent
variables, while keeping another variable at its central (0) level. The curves of
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Figure 9.2 Three dimensional plot showing interactive effect of yeast extract and xylose and
magnesium sulphate and xylose on xylitol yield.

Figure 9.3 Three-dimensional plot showing interactive effect of KH2PO4 and xylose and
KH2PO4 and yeast extract on xylitol yield.

calculated response (xylitol production) and contour plots from the interac-
tions between the variables are shown in Figures 9.2–9.4. Figure 9.2 show
the dependency of xylitol on xylose against yeast extract and magnesium
sulphate. The xylitol production increased with increasing in yeast extract to
about 4 g/l and then xylitol production is decreased with further increase in
yeast extract. Similar results were observed in Figures 9.3 and 9.4. Increase
in KH2PO4ensued a prominent rise in xylitol production upto 2.8 g/l. The
optimal conditions of (NH4)2SO4, KH2PO4, MgSO4·7H2O and yeast extract
for maximum xylitol production were determined by contour plot analysis
and estimated by regression equation.

9.2.4 Validation of the Experimental Model

It was tested by carrying out the batch experiment under optimal operation
conditions: Xylose ∼104 g/l, Yeast Extract ∼4.0 g/l; KH2PO4 ∼2.8 g/l and
MgSO4 ∼2. g/l established by the regression model. Four repeated experi-
ments were performed and the results are compared. The xylitol production
(0.555g/g) obtained from experiments was very close to the actual response



9.2 Fermentation and Statistical Optimization 185

Figure 9.4 Three-dimensional plot showing interactive effect of magnesium sulphate and
yeast extract and KH2PO4 and magnesium sulphate on xylitol yield.

(0.568 g/g) predicted by the regression model, which proved the validity of
the model.

To fit the response function and experimental data, regression analysis
was performed and the second order model for the response was evaluated
by ANOVA. The regression for the response was statistically significant. For
the response (Y), the model did not show any lack of fit and determination
coefficient (R2) for xylitol production obtained was 0.9890, which explained
98% of the variability in response. The predicted R2 value of 0.9411 was
in sensible agreement with the adjusted R2 value of 0.9780. An adequate
precision value greater than 4 is desirable. The adequate precision value of
29.334 indicates an adequate signal and suggests that the model can be to
navigate the design space. There is only a 0.01% chance that a “Model F-
value” this large could occur due to noise. Also the model F value of 90.09
implies the model is noteworthy. The smaller the magnitude of the ‘P’, more
significant is the corresponding coefficient. ‘P’ value less than 0.05 indicate
the model terms are significant. From the ‘P’ value it was found that, the
variables, A, B, C, D, BD, CD, A2, B2, C2, D2 were significant for xylitol
production. The above model can be used to predict the xylitol production
within the limits of the experimental factors that the actual response values
agree well with the predicted response values.

The response surface curves for the xylitol yield were shown in Figures
9.5–9.7. The nature of the response surface curves illustrates the interaction
between the variables. From the diagrams, it was observed that increase
in the agitation beyond 107 rpm reduces the xylitol yield. Similar patterns
were detected for the Figures 9.6 and 9.7. In general, the elliptical shape
of the curve indicates decent interaction between the two variables and
circular shape indicates no interaction between the variables. From the fig-
ure, it is observed that elliptical nature of the contour in graphs portrays
the mutual interaction of all the variables. There is a relative significant



186 Xylitol: Fermentative Production and Statistical

Figure 9.5 Three-dimensional plot showing interactive effect of agitation and pH and
agitation and temperature.

Figure 9.6 Three-dimensional plot showing interactive effect of agitation and inoculum level
and temperature and pH.

Figure 9.7 Three-dimensional plot showing interactive effect of inoculum level and pH and
inoculum level and temperature.
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Figure 9.8 Proposed metabolic pathway for xylitol production and the effects of optimiza-
tion inside Candida parapsilosis strain BKR1.

interaction between every two variables, and there is a maximum predicted
yield as designated by the surface limited in the smaller ellipse in the contour
diagrams.

Validation of the experimental model was confirmed by carrying out the
batch experiment under optimal operating conditions, Agitation: 107 rpm,
pH: 5, Temperature: 30◦C, Inoculum level: 1 ml established by the BBM
resulted regression model. Two repeated experiments were performed and
the results are compared. The xylitol production (0.527 g/g) obtained from
experiments was very marginal to the actual response (0.538 g/g) predicted
by the regression model, which proved the validity of the model.

9.3 Conclusion

In this work, Plackett-Burman design was used to determine the relative
importance of medium components for xylitol production. Among the vari-
ables, Potassium Dihydrogen Phosphate, Magnesium sulphate, yeast extract
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and xylose were found the most significant variables. From further optimiza-
tion studies the optimized values of the variables for xylitol production were
as follows: Xylose ∼104 g/l, Yeast Extract ∼4 g/l; KH2PO4 ∼2.8 g/l and
MgSO4 ∼2 g/l. This study showed that significance of medium components
during the mass production of xylitol. Besides the operation conditions,
Agitation: 107 RPM, pH – 5, Temperature – 29.9◦C, Inoculum level – 1 ml
were optimized. Based on the optimized conditions, the production reaches
0.55 g/g. The results show a close agreement between the expected and
obtained production level.

The multiphase stirred tank reactor developed in this study has the ability
to produce 0.55 g/g yield of xylitol against xylose in the indigenously isolated
Candida parapsilosis strain BKR1. Intermittently the productivity has to
be improvised to meet the industrial feasibility. Indisputably the research
findings reveal that Candida species are best xylitol producers by consum-
ing xylose as substrate. Figure 9.8 shows the probable metabolic pathway
followed by the Candida parapsilosis strain BKR1 to produce xylitol. To
improve productivity of xylitol, the ethanol production pathway has to be
inhibited by targeting suitable enzyme inhibitors and also the rate of xylose
reductase to be enhanced for high xylitol productivity. Optimization of the
medium components and process parameter plays a vital role in fermen-
tative production of xylitol, a natural polyol and important pharmaceutical
constituent.
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Nanomaterials of natural biopolymers such as polysaccharides are receiv-
ing increased attention in controlled therapeutics. The possibility of regio-
selective functionalisation and manipulation of ionisability makes the
polysaccharide a unique candidate for targeted and stimuli-responsive
delivery with biocompatibility and non-toxic nature, especially for cancer
chemotherapy. Self-assembly of the suitably modified amphiphilic polysac-
charide homopolymers and copolymers could be used as a facile synthetic
strategy for nanostructures such as micelles, vesicles or tubes for effec-
tive drug targeting and as an advanced treatment methodology. Modified
nanocellulose-based self-assembled vesicles having tailor-made size and wall
thickness by controlled long alkenyl modification with efficient drug loading
capability and stimuli-responsive delivery can be used as biocompatible and
non-toxic nanostructures in chemotherapy. The limitations in traditional ther-
apeutic and diagnostic agents can be solved by the unique physicochemical
properties of these nanomaterials including controlled size in nano-/micro-
dimensions, large surface area to mass ratio coupled with high reactivity
compared to bulk materials. The polysaccharide-based nanostructures can
address the toxicity concerns of the bulk materials and metal nanoparticles
in therapeutics.
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10.1 Introduction

Nanomaterials are finding applications in many advanced areas, especially in
therapeutic applications. In this case metallic nanoparticle assisted directed
drug delivery is of great potential. The storage and delivery of drugs in
polymeric micelles or self-assembled vesicles are of recent scientific interest
owing to control of the vesicle size and storage capacity in addition to the
possibility of control in drug delivery (Pramod et al. 2015). Self-assembly is
a spontaneous process by which organised structures with particular functions
and properties could be obtained without additional cumbersome processing
or modification steps (Li et al. 2016). Polysaccharide-based nanostructures
such as tubes, vesicles, micelles, and other self-assembled morphologies are
of great value in biomedical applications owing to the non-toxic nature and
biocompatibility.

Nanotechnology is the understanding and control of matter generally
in the 1–100nm dimension range. In nanomedicine where the strategies of
nanotechnology are applied to medicine, concerns with the use of precisely
engineered materials at this length scale to develop novel therapeutic and
diagnostic methodologies (Zhang et al. 2008). The limitations in traditional
therapeutic and diagnostic agents can be solved to some extent by the unique
physicochemical properties of these nanomaterials, such as ultra-small size,
large surface area to mass ratio coupled with high reactivity compared to bulk
materials (Figures 10.1 and 10.2).

Figure 10.1 Typical polymeric nanoparticles.
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Figure 10.2 Schematic illustration of Nanoparticle platforms for therapeutics, (a) lipo-
some, (b) niosome, (c) polymeric nanoparticle (d) dendrimer (e) polymer–drug conjugate (f)
micelles.

Self-assembly of amphiphilic block co-polymers is reported to form dif-
ferent morphologies in nano or micro dimensions including spheres, vesicles,
and tubes ( ). The copolymers with tailor-made amphiphilic properties or
natural polymers with regio-selective aliphatic modifications can be utilised
for biomedical applications. Among these, self-assembled polymeric micelles
have been the subject of many studies in the field of drug delivery (Aliabadi
et al. 2006). Polymeric micelles of block copolymers of poly (ethylene oxide)
with poly (amino acids) have shown great potential in drug delivery, drug
solubilisation and in targeted delivery (Figure 10.3). Kim et al. presented the
integration of amphiphilic block copolymer micelles of poly (acrylic acid)
(PAA) and poly (ethylene oxide)-block-poly(-caprolactone) (PEO-b-PCL)
as nanometre-sized vehicles for hydrophobic drugs within layer-by-layer
films using alternating hydrogen bond interactions as the driving force for
assembly, enabling the incorporation of drugs for pH-dependent release (Kim
et al. 2008).

Since direct injection of drugs may cause side effects due to their perme-
ation to other regions of the body, concealment and targeting with appropriate
materials is a critical consideration in the design of practical drug delivery
systems. Stimuli-free auto-modulated drug release using layered assembly of
micro and nanoshells was experimented by Ariga et al. (2011). The layer by
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Figure 10.3 Polymers and Block copolymers used in drug delivery applications.

layer micro shell assembly of gelatin was utilised for drug delivery by Shutva
et al. (2009). In these aqueous suspensions of insoluble drugs have been
subjected to powerful ultrasonic treatment followed by sequential addition
of polycations and polyanions to the particle solution leading to assembly of
ultra-thin polyelectrolyte shells on the nano-sized drug particles. The step-
wise release of drugs from LbL films of mesoporous capsules to the exterior
in the absence of external stimuli was also demonstrated. Oral drug delivery
through nanoparticles such as polymeric micelles is an important strategy
for gastrointestinal drug administration due to the increased solubility of the
drugs in polymer micelles (Gaucher et al. 2010).

Nanoparticles offer many advantages for drug and gene delivery as
well as medical diagnostics and imaging (Li et al. 2009). The size of the
polymer particle-drug conjugate plays an important role in determining the
bioavailability and in turn the efficacy of the drug. Also, they are large
enough to avoid glomerular permeation and small enough to avoid clearance
via uptake by macrophages. The particle diameters should be <500 nm to
escape phagocytosis (Cui et al. 2016). The small size allows the particles
to pass through the tissue gap and capillaries by diffusion. Nanoparticles are
also more resistant to hepatic filtration than larger particles. These unique
properties of polymeric nanoparticles have been utilised to control the release



10.1 Introduction 197

Table 10.1 Self-assembled organic nanosystems that are currently used in clinical practice.
Platform type Trade name Formulation Indication Reference
Liposomes Liposomes

DaunoXome
Liposomal
daunorubicin

• Breast cancer
• Advanced
HIV-associated Kaposi
sarcoma
• Acute nonlympho-
cytic leukemia
• Ovarian cancer
• multiple myeloma

Pastori et. al.,
2015

Marqibo Liposomal
vincristine

• Leukemia
• Hodgkin diseas
• Non-Hodgkin
lymphomas
• Wilms’tumor
• Rhabdomyosarcoma
• Neuroblastoma

Douer et. al.,
2016

Halaven Liposomal
eribulin mesylate

• Breast cancer
• Liposarcoma

Urban et al.,
2017

Micelles Genexol-PM PEGylated
micellar
paclitaxel

• Breast canter
• small cell lung can-
cer

Bhatt et. al.,
2016

Supramolecular
protein-drug
formulation

Abraxane Albumin-bound
paclitaxel

• Breast cancer
• Pancreatic cancer
• Nonsmall-cell lung
cancer

Sofias et al.,
2017

of macromolecular drugs, proteins, and vaccines and in controlled-release
applications.

Self-assembled hybrid nanostructures as nanoplatforms for cancer diag-
nosis and therapy was reviewed recently (Li et al. 2018). Self-assembled
organic-inorganic hybrids are a class of promising nanomaterials possess-
ing interesting physiochemical and biological characteristics, making them
highly attractive in cancer-related biomedical applications. Using various
organic-inorganic species as the building blocks one can create a myriad of
hybrid nanosystems using self-assembly strategy which will show favourable
interfacial properties retaining their physical or chemical functionalities
(Table 10.1).

Advances in the design of nanoscale stimuli-responsive systems that
are able to control drug biodistribution in response to specific exogenous
stimuli such as temperature, magnetic field, ultrasound intensity, light or
electric pulses or endogenous variants including changes in pH, enzyme
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concentration or redox systems were reviewed by Mura et al. (2013). Stimuli-
responsive drug delivery systems that deliver a drug in spatial-, temporal- and
dosage-controlled fashions have become the progressing field in therapeutics.
Implementation of such devices requires the use of biocompatible materials
that are susceptible to a specific physical incitement or that, in response
to a specific stimulus, undergo a protonation, a hydrolytic cleavage or a
supramolecular conformational change. Polysaccharides in nanoforms which
are modifiable by functionalisation are the best candidates for applications in
stimuli-responsive drug delivery (Aumelas et al. 2007).

10.2 Polysaccharides for Drug Delivery

Polysaccharides are gaining increasing attention as components of stimuli-
responsive drug delivery systems since they can be obtained from natural
renewable sources (Lorenzo et al. 2013). Polysaccharides-based nanopar-
ticles, are produced by covalent crosslinking, ionic crosslinking, polyelec-
trolyte complex formation and the self-assembly of their hydrophobically
modified systems (Liu et al. 2008). They are promising alternatives to
polyethylene glycol (PEG) which is widely used in biomedical applications
because they contain a variety of functional groups (hydroxyl, amino, and
carboxylic acid) that can be used for drug conjugation and self-assembly
(Myrick et al. 2014). Many polysaccharides are polyelectrolytes also such
that the surface charge of polysaccharide carriers can be used to engineer bio-
interactions such as cellular uptake or glomerular filtration (Choisnard et al.
2006). Cationic polysaccharides promote endocytic uptake by cells, whereas
anionic polysaccharides could increase bioavailability by reducing excretion
through the glomerular capillary wall. Negatively charged species would
be less filterable because of the negative charge of the glomerular mem-
brane. Control of both these functionalities could be used for applications
as charge-reversible and pH-responsive polysaccharides.

Ionic polysaccharides can be made into cross-linkable hydrogels sensitive
to external stimuli to control the drug release pattern. The applications can
be further extended by making inorganic-organic hybrids or composites or
by suitable grafting of functional groups to reinforce the responsive char-
acter. Polysaccharide based aerogels result in highly porous (90–99%) and
light weight (0.07–0.46 g/cm3) drug carriers with large surface area (Sa
= 70–680 m2/g) for enhanced drug loading capacity resulting in increased
bioavailability of the drug (Garcı́a- González et al. 2011).
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10.3 Self-assembled Nanostructures

10.3.1 Micelles

Self-assembled micelles are investigated to improve drug solubility, and
stability since the delivery of hydrophobic molecules and proteins has been
an issue due to poor bioavailability by Zhang et al. (2013). Natural polysac-
charides are being explored as substitutes for synthetic polymers in the
development of new micelle systems due to problems with toxicity and
immunogenicity. Self-assembled micelles can be readily formed in aqueous
solution by grafting hydrophobic moieties to the polysaccharide backbone
(Houga et al. 2009). Many polysaccharides also possess inherent bioactiv-
ity that can facilitate mucoadhesion, enhanced targeting of specific tissues,
and a reduction in the inflammatory response. The hydrophilic nature of
polysaccharides can be utilised to enhance circulatory stability.

Among the polymeric micelles, hydrophobised polysaccharides have cur-
rently become one of the hottest researches in the field of drug delivery
nanosystems. The characteristic properties of these nanosystems such as
small particle size with narrow size distribution, specific core-shell struc-
ture, high solubilisation, structural stability, passive tumour localisation by
enhanced permeability and retention (EPR) effect, active targeting ability
via tailored targeting groups, in addition to the facile synthetic strategy.
The polymeric micelles self-assembled by hydrophobised polysaccharides
by stereo and regio-specific modification can be employed as targeted drug
delivery nanosystems by including thermo- or pH-sensitive components or
by attaching specifically targeted moieties to the outer hydrophilic surface
(Liu et al. 2011). Hydrophobised polysaccharide polymeric micelles can also
serve as an effective non-viral vector for gene delivery, besides encapsulation
of water-insoluble drugs, which can complex with charged proteins or peptide
drugs through electrostatic force or hydrogen bond.

10.3.2 Vesicles

Supramolecular chemistry has been developed for the synthesis and self-
assembly of natural materials into hollow spheres called vesicles. The
vesicles are at the same time one of the main nano/micro structures in
living organisms. The self-assembly of amphiphilic biomolecules based on
lipids, proteins, and carbohydrates leads to this type of nanostructures. Large
vesicles act as membranes to protect the intracellular components from the
extracellular environment, whereas the small vesicles act in the intracellular
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transport of biomolecules. Stable vesicular structures have been reproduced in
the laboratory, as early as the 1960s with liposomes assembled from naturally
occurring phospholipids, and more recently with so-called polymersomes,
which result from the self-assembly of block copolymers into vesicles (Bros-
nan et al. 2015). Polymersomes are expected to play a tremendous role in the
development of biomedical applications, such as the delivery of therapeutics,
and as microreactors that mimic the behaviour of living cells.

Polymersomes hold some advantages over liposomes, such as a lower crit-
ical aggregation concentration, a higher membrane viscosity, and elasticity.
These characteristics enhance membrane stability and decrease the passive
diffusion of encapsulated molecules. A greater chemical diversity for surface
functionalisation is also expected. Most of the polymersomes were assem-
bled from synthetic amphiphiles with biocompatible or bioresorbable blocks,
such as polylactide-block-poly (ethylene oxide), polycaprolactone-block-
poly (ethylene oxide), and poly(2-methyl oxazoline)-block-poly(dimethyl
siloxane)-block poly(2-methyl oxazoline).

The trend in drug delivery is consequently directed towards integrated
multifunctional carrier systems, providing selective recognition in combina-
tion with the sustained or triggered release to achieve the best therapeutic
effects, where it should carry the optimum amount of a drug to the desired
target where it should be released at the optimum rate for a specified time.
Vesicular systems can effectively confine the drugs for controlled release.
Furthermore, carriers modified with recognition groups as tags can enhance
the capability of drug delivery for a better therapeutic effect. Cui et al.
reviewed the advances regarding designing and preparing assembled vesicles
with controllable size with targeting ligands for selective recognition in drug
delivery (Cui et al. 2016).

A glycoprotein analogue in which a polysaccharide block of dextran
is linked linearly to a polypeptide block of poly (γ-benzyl L-glutamate)
was also reported by Schatz et al. demonstrating that these macromolecular
structures can self-assemble spontaneously into vesicles in a water medium
(Schatz et al. 2009). This showed the applicability in the field of drug and
gene delivery applied to a large range of polypeptide and polysaccharide
molecules of biological interest, such as poly(sialic acid) or hyaluronic acid.
The ability of these copolymers to self-assemble into small vesicles could be
used to construct a new generation of drug and gene-delivery systems with a
high affinity for the surface glycoproteins of living cells. This type of capsular
structure composed of molecules of a polysaccharide-block-polypeptide can
lead to systems that mimic virus morphology.
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Colon-specific drug delivery was also reported using natural polysac-
charides which were extensively used for the development of solid dosage
forms for delivery of drug to the colon since the presence of large amounts of
polysaccharides in the human colon as the colon is inhabited by a large num-
ber and variety of bacteria secreting many enzymes such as D-glucosidase,
D-galactosidase, amylase, pectinase, xylanase, D-xylosidase, dextranase, etc.
(Sinha and Kumria 2001; Varshosaz et al. 2009; Vyas et al. 2009).

10.3.3 Giant Vesicles

Self-assembly of macromolecules is fundamental to life itself, and histor-
ically, these systems have been primitively mimicked by the development
of amphiphilic systems, driven by the hydrophobic effect. Brosnan et al.
demonstrated that self-assembly of purely hydrophilic systems into giant
vesicles for drug delivery could also be achieved with polysaccharides
such as pullulan (Brosnan et al. 2015). They have synthesised double
hydrophilic block copolymers from polysaccharides and poly (ethylene
oxide) or poly(sarcosine) to yield high molar mass diblock copolymers
through oxime chemistry. These hydrophilic materials easily assembled into
nanosized (<500 nm) and micro-sized (>5 µm) polymeric vesicles depend-
ing on concentration and diblock composition. Solely hydrophilic nature of
these materials with extraordinarily water permeability showed prospects for
applications as cellular mimics.

Many polysaccharides including dextran, chitosan, alginates, cellulose,
etc. were tried as nano drug conjugates in drug delivery applications as
shown in Table 10.2 (Kumar et al. 2017). A detailed classification of such
polysaccharides is shown in Figure 10.4. Dextrans for targeted and sustained
delivery of therapeutic and imaging agents were reported (Mehvar et al.
2000).

10.4 Other Polysaccharides Used in Drug Delivery

10.4.1 Dextrin

Dextrin is a low molecular weight polysaccharide obtained from starch by
hydrolysis using enzymes such as amylases (Heinze et al. 2006). Sridhar
et al. reported for the first time on the self-assembled vesicles of dextrin
and their applications in drug delivery (Figure 10.6, Sridhar et al. 2013).
Cyclodextrin-based multiwalled capsules for drug delivery were reported by
Qi et al. (2010).
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Table 10.2 Polysaccharide-based nanomaterials for target-based drug delivery applications.
Nanomaterials Synthesis

Methods
Drug Application References

Alginate
Alginate gel beads-
entrapped liposome

Encapsulation Bee venom
peptide

n.s. Xing et al.

(2003)
Chitosan
Chitosan microspheres Spray-drying Carbamazepine Nasal delivery Gavini et al.

(2006)
Chitosan (CS) and
poly(gamma-glutamic
acid) nanoparticles

Ionotropic
gelatin

Insulin Diabetes therapy Lin et al.
(2007)

Hyaluronic acid-
coupled chitosan
nanparticles

Ionotropic
gelation

Oxaliplatin Anticancer
therapy

Jain et al.
(2009)

N -trimethyl chitosan-
hyaluronan-cisplatin
conjugate
nanoparticles

Ionotropic
gelation

Cisplatin Anticancer
therapy

Cafaggi et al.
(2011)

Chitosan
nanoconstructs

Ionotropic
gelation

Heparin Oral delivery Paliwal et al.
(2012)

Dextran
Dextran magnetite and
conjugated cisplatin

Thermal
ablation

Cisplatin Anticancer
therapy

Sonoda et al.
(2010)

Folic acid-dextran-
camptothecin
nanoparticles

Supercritical
antisolvent

Camptothecin Anticancer
therapy

Zu et al.
(2011)

Gellan gum and Xan-
than gum
Gellan gum-PVA
hydrogel microspheres

Encapsulation Carvedilol Antihypertensive,
Oral drug
delivery

Agnihotri and
Aminabhavi
(2005)

Gellan gum beads Ionotropic
gelation

Cephalexin Oral delivery Agnihotri et al.
(2006)

10.4.2 Chitosan

Chitosan is obtained by the controlled deacetylation of chitin, an abundant
amino polysaccharide obtained from the crustacean shells. Polymer-drug
conjugates of chitosan-based nanomaterials have attained recent attention
as due to good biocompatibility, biodegradability, and low toxicity. These
systems have been prepared by emulsion techniques or by chemical or
ionic gelation, coacervation/precipitation, and spray-drying methods. As
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Figure 10.4 Classification of polysaccharides.

Figure 10.5 Novel cisplatin-stitched polysaccharide vesicular nanocarrier design for the
synergistic combination therapy of antagonistic drugs (Deshpande et al, 2017).
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Figure 10.6 (a) Dextrin vesicle design strategy, (b) self-assembly of dextrin with respect to
hydrophilic and hydrophobic content, (c) loading and releasing capabilities of dextrin vesicles
under normal and esterase enzyme and (d) synthetic methodologies (Sridhar et al., 2013).

alternatives to the traditional fabrication methods, self-assembled chitosan
nanomaterials show significant advantages (Yang et al. 2014).

10.4.3 Alginates

Alginates are linear unbranched natural polysaccharides extracted from
brown seaweeds and marine algae. It is an anionic copolymer comprising
of (1→4) linked β-D-mannuronic acid and α-L-guluronic acid units of dif-
ferent composition and sequence depending on the alginate source. Alginate
shows variable molecular weight, and degree of polymerisation dependent on
the enzymatic control during the production. Commercial alginates exhibit
a typical average molecular weight of approximately 200,000 Da. (Rehm
2009). Alginate can be designed as a controlled-release product based on its
favourable pH-sensitive properties for drug delivery. Polymer-coated alginate
microspheres and nanoparticles have proved promising for modified drug
delivery systems giving mechanical stability and the drug release control
(Matricardi et al. 2008). Different drugs, such as indomethacin (Pillay
et al. 1998), prednisolone (Wittayaareekul et al. 2006), metoclopramide
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hydrochloride, antiemetic drug (Gavini et al. 2005, 2006), protein drugs
(George and Abraham 2007; Lin et al. 2013), diclofenac (Nayak and
Pal 2011), antidiabetic drug, probucol (Mooranian et al. 2015), resveratrol
(Kassem et al. 2015) and risperidone (Bera et al. 2015) have been inves-
tigated as drug delivery agents for prolonged and better drug release at the
target site.

The drug-loaded nanospheres and vesicles were prepared by self-
assembly of alginate in aqueous media containing Ca2+ and CO3

− ions
under very mild conditions by adjusting the preparation conditions, nano-
sized drug-delivery systems such as nanospheres and vesicles were obtained.
The morphologies of the drug-delivery systems with the anticancer drug, 5-
fluorouracil, encapsulated in the nanospheres and vesicles, and in vitro drug
release behaviour was reported (Yang et al. 2014).

10.4.4 Gellan Gum

Gellan gum is a high molecular weight anionic linear polysaccharide pro-
duced by fermentation from Sphingomonas paucimobilis. This polymer is a
tetrasaccharide repeating unit of D-glucose, l-rhamnose, and D-glucuronate
in a molar ratio of 2:1:1 (Fialho et al. 2008). Chemical hydrogels of gel-
lan are prepared using chemical crosslinking of networks to increase their
mechanical properties and enable slower drug release profiles (Coviello et
al. 1999, 2007). In view of its unique structure and beneficial properties,
gellan is currently being used for the development of hydrogels for controlled
release forms in different various pharmaceutical formulations including oral,
ophthalmic, nasal, and other treatments (Osma’ek et al. 2014).

10.4.5 Xanthan Gum

Xanthan gum is fermentation-derived natural, high molecular weight polysac-
charide from Xanthomonas campestris. It consists of (1→4) linked β-D-
glucose units, having a trisaccharide side chain attached to alternate D-
glucosyl residues. Although the gum has many suitable properties desirable
for drug delivery, it has limited practical use with respect to the unmodified
forms due to slow dissolution and substantial swelling in biological fluids.
Chemical modification of xanthan gum is achieved by different conventional
chemical methods like carboxymethylation, and grafting, such as free radical,
microwave-assisted, chemo-enzymatic, and plasma-assisted chemical graft-
ing has resulted in the alteration of different physicochemical properties for
diverse biological applications (Badwaik et al. 2013).
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10.4.6 Pullulan

Pullulan is a natural polysaccharide, a maltotrios unit obtained from starch by
the fungal Aureobasidium pullulans. Vitamin H (biotin) was incorporated into
a hydrophobically modified polysaccharide, pullulan acetate (PA), in order to
improve the cancer-targeting activity and internalisation of self-assembled
nanoparticles. The biotinylated pullulan acetate (BPA) nanoparticles were
prepared by a diafiltration method at 100 nm level and studied its loading
efficiency by Naa et al. (2003).

10.4.7 Cellulose

Self-assembled micelles based on hydrophobic modified quaternised water
soluble cellulose for drug delivery was reported by Song et al. using cellulose
obtained from cotton linter pulp (Song et al. 2011). The study on amphiphilic
cationic cellulose (HMQC) derivatives carrying long chain alkyl groups
as hydrophobic moieties and quaternary ammonium groups as hydrophilic
moieties revealed that it can be self-assembled into cationic micelles in water
with the average hydrodynamic radius of 320–430 nm. The cytotoxicity
study showed that the HMQC exhibited low cytotoxicity. Prednisone acetate,
a water insoluble anti-inflammation drug, was chosen as a model drug to
investigate the utilisation of self-assembled HMQC micelles as a delivery
carrier for poorly water-soluble drugs. The study indicated that the pred-
nisone acetate could be incorporated effectively in the self-assembled HMQC
micelles and showed prospects for use as a controlled release system.

10.5 Nanocellulose for Drug Delivery

Nanocellulose, a unique and promising natural material extracted from native
cellulose, has gained much attention for its use as biomedical material,
because of its remarkable physical properties, special surface chemistry and
excellent biological properties such as biocompatibility, biodegradability and
low toxicity. Cellulose nanocrystals (CNC), nanofibrillated cellulose (NFC)
and bacterial cellulose (BC), the three different forms of nanocellulose for its
production, properties and biomedical applications were reviewed (Lin and
Dufresne 2014). CNC and NFC reported to bind and release water-soluble
drugs via ionic interactions whereas BC has been used to release drugs from
flexible membranes (Plackett et al. 2014). All forms of nanocellulose can
be chemically modified to expand the range of drugs that may bind to the
surface. Functional modification of nanocellulose will determine the potential
biomedical application for nanocellulose.
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Liu et reported a pH/near-infrared (NIR)-responsive hydrogel for on-
demand drug delivery and wound healing based on nanocellulose (Liu et al.
2018). Polydopamine (PDA) was introduced into CNF network to fabricate a
PDA/CNF hydrogel through ion crosslinking with calcium ion as a cross-
linker. Tetracycline hydrochloride (TH) which loaded on PDA could be
released from the prepared hydrogels in an on-demand fashion under NIR
exposure or at lower pH conditions for wound healing.

Potential applications of bacterial cellulose as transdermal drug delivery
system were reviewed by Abeer et al. (2014). The properties of such a wound-
healing system can easily be oriented towards transdermal drug delivery as
it prevents moisture from evaporating, avoids external contamination and
maintains intimate contact with the exposed, inflamed or diseased area. This
facilitates localised drug delivery to the target site. Transdermal delivery
systems that can work both to deliver drug as well as absorb exudates, gives
an opportunity for the application of BC membranes.

Bacterial nanocellulose (BNC) membranes are used as the carrier for
berberine hydrochloride and berberine sulphate to produce a new controlled
release system (Huang et al. 2013). The application of nanofibrillar cellulose
as a matrix material for sustained drug delivery is reported (Kolakovic et al.
2012). BNC as drug delivery system for proteins using serum albumin as
model drug was systematically investigated by Miller et al. comparing never-
dried BNC with freeze-dried one (Muller et al. 2013). Freeze-dried samples
showed a lower uptake capacity for albumin than native BNC, which was
found to be related to changes of the fibre network during the freeze- drying
process. BNC was functionalised with the antiseptic drug octenidine, and its
mechanical characteristics, biocompatibility, and antimicrobial efficacy were
investigated and concluded that it represents a ready-to-use wound dressing
for the treatment of infected wounds, without losing its antibacterial activity
over six months (Moritz et al. 2014).

10.6 Synthesis of Giant Vesicles from Nanocellulose

Our group has showed for the first time that modification of nano-fibrillated
cellulose (NFC) synthesised from the husk fibres of areca husk fibres (AHF)
by controlled regio-selective amidation with oleylamine (OA) showed giant
vesicular assembly (Soman et al. 2018). The modified system (MNFC) with
more than 66% OA content showed self-assembly into unilamellar vesicles of
2–5 µm diameters having wall thickness of 300–600 nm in tetrahydrofuran
solution at 2.5 mg mL-1 (Figure 10.7). The formation of large vesicles in
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Figure 10.7 (a) Transmission electron microscope image with fluorescence microscopy
image inset of self-assembled vesicles from modified nanofibrillated cellulose at 2.5 mg mL-1
in THF, (b) Cross sectional representation of the vesicle (blue lines indicate nanofibrils) and
(c) typical hydrogen bonding interactions expected in the modified fibrils in the vesicle wall.

modified nanocellulose was attributed to the folding of MNFC into bilayers
driven by long cis-unsaturated aliphatic chains in polar aprotic solvents
stabilised by hydrogen bonded interactions within the fibrils. These giant
vesicles formed can have possible applications in therapeutics for topical
applications.

10.7 Conclusions

Polysaccharide based self-assembled nanostructures such as vesicles are
having immense potential as a green, nontoxic drug delivery system for ther-
apeutic applications. The size and wall thickness of the vesicular assembly of
long alkenyl chain modified nanocellulose can be controlled by controlling
the regio-specific modification using oleyl amine. These structures are of
the same thickness of the cell walls to mimic their transport properties.
Nanocellulose, based polysaccharide self-assembly is expected to lead into
various morphologies opening up a novel strategy for controlled and targeted
drug delivery especially in cancer chemotherapy which are stimuli responsive
with minimum side effects. It opened up new vistas for synthesis of green
nano morphologies for biomedical applications especially in therapeutics.
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In this study, we report an extracellular rapid biosynthesis of silver nanoparti-
cles (AgNPs) from AgNO3 using aqueous leaf extract of Pimenta dioica. The
main purpose of this study is to minimise the hazards of chemical synthesis
and to develop an environment friendly method for the synthesis of silver
nanoparticles. Here the aqueous leaf extract of Pimenta dioica was used as a
reducing medium for Ag+ ions of silver nitrate to metallic Ag. The synthe-
sised nanoparticles were characterised by FT-IR, UV-Visible, SEM and TEM.
The spherically shaped AgNPs are found to be in the size range of 20-35
nm. The antibacterial activity of the silver nanoparticles was evaluated using
four types of bacteria, Staphylococcus aureus and Escherichia coli, Klebsiella
pneumonia and Pseudomonas aeroginosa. The antifungal activity was studied
with the zone of inhibition produced by two pathogenic fungi Aspergillus
niger and Candida albicans. The biosynthesised silver nanoparticles show
effective antimicrobial activity.

11.1 Introduction

Nanotechnology is an important field of modern research dealing with
synthesis, strategy and manipulation of particle’s structure ranging from
approximately 1 to 100 nm in size1. Within this size range all the properties
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(chemical, physical and biological) changes in fundamental ways of both
individual atoms/molecules and their corresponding bulk. Novel applications
of nanoparticles and nanomaterial are growing rapidly on various fronts due
to their completely new or enhanced properties based on size, their distri-
bution and morphology. It is swiftly gaining renovation in a large number
of fields such as health care, cosmetics, biomedical, food and feed, drug-
gene delivery, environment, health, mechanics, optics, chemical industries,
electronics, space industries, energy science, catalysis, light emitters, sin-
gle electron transistors, nonlinear optical devices and photo-electrochemical
applications.

The nanoparticles used for all the aforesaid purposes, the metallic
nanoparticles considered as the most promising as they contain remark-
able antibacterial properties due to their large surface area to volume ratio,
which is of interest for researchers due to the growing microbial resistance
against metal ions, antibiotics and the development of resistant strains 2.
Among the all noble metal nanoparticles, silver nanoparticles (AgNPs) are
an arch product from the field of nanotechnology which has gained boundless
interests because of their unique properties such as chemical stability, good
conductivity, catalytic and most important antibacterial, anti-viral, antifungal
in addition to anti-inflammatory activities which can be incorporated into
composite fibres, cryogenic superconducting materials, cosmetic products,
food industry and electronic components3,4,5. For biomedical applications;
being added to wound dressings, topical creams, antiseptic sprays and fabrics,
silver functions’ as an antiseptic and displays a broad biocidal effect against
microorganisms through the disruption of their unicellular membrane thus
disturbing their enzymatic activities. These silver nanoparticles are being
successfully used in the cancer diagnosis and treatment as well 6−7.

Generally, nanoparticles are prepared by a variety of chemical and phys-
ical methods which are quite expensive and potentially hazardous to the
environment which involve use of toxic and perilous chemicals that are
responsible for various biological risks8. The development of biologically-
inspired experimental processes for the synthesis of nanoparticles is evolving
into an important branch of nanotechnology. Nowadays green synthesis of
silver nanoparticles is an emerging area as it is nontoxic, cost effective and
environment friendly. Green plants contain several biomolecules such as
alkaloids, flavonoids and terpenes, which act as reducing as well as capping
agents9. Although many studies have been reported on the synthesis of
AgNPs using various plant extracts like Calotropis procera,10 Achyranthes
aspera,11 Bauhinia acuminata,12 to the best our knowledge not much work
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Figure 11.1 Picture of (a) Sarvasugandhi leaves and (b) powdered form.

has been reported using Pimenta dioica leaf extract.13 Pimenta dioica which
is commonly known as ‘Sarvasugandhi’ belongs to the family ‘Myrteace’.
It has anti-microbial, medicinal, insecticidal, anti-oxidant and deodorant
properties. It is rich in potassium, manganese, iron, copper, selenium and
magnesium. It is used for indigestion (dyspepsia), intestinal gas, abdominal
pain, heavy menstrual periods, vomiting, diarrhoea, fever, colds, high blood
pressure, diabetes, obesity etc. The present study aims to investigate the
antimicrobial activities of silver nanoparticles synthesised via green route
using Pimenta dioica leaf extract.

11.2 Experimental

The fresh leaves of ‘Sarvasugandhi’ (Pimenta dioica) as shown in Fig-
ure 11.1a were collected from the plant species. The leaves were rinsed
thoroughly first with tap water followed by distilled water to remove all the
dust and unwanted visible particles and dried at room temperature then sun-
dried to remove the residual moisture. The dried leaves were ground to fine
powder (Figure 11.1b).

11.2.1 Materials Used

11.2.1.1 Preparation of the leaf extract
30 gram of the dried Pimenta dioica leaves were powdered and boiled in a
250 ml glass beaker along with 200 ml of de-ionised water for 15 minutes.
After boiling, the colour of the aqueous solution is changed from watery
to yellowish colour. The aqueous extract was separated by filtration with
Whatman No.1 filter paper to remove particulate matter and to get clear
solutions which were then refrigerated (4 ◦C) the leaf extract stored to be
used for the bio synthesis of silver nanoparticles from silver nitrate solution.
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Figure 11.2 Figure showing (a) AgNO3 solution, (b) leaf extract and (c) silver nanoparticles.

11.2.1.2 Synthesis of silver nanoparticles
About 40 ml of Pimenta leaf extract was added to 100 ml 0.002 M aqueous
AgNO3 solution with stirring magnetically at room temperature. The yellow
colour of the mixture of silver nitrate and Pimenta leaf extract at zero min
to reaction time changed very fast at room temperature after 15 min to a
dark brown suspended mixture (Figure 11.2). This indicates that the Pimenta
leaf extract speeds up the biosynthesis of AgNPs. The silver nanoparticles
obtained by Pimenta leaf extract was centrifuged for 5 min.

11.2.2 Characterisation Techniques of Nanoparticles

11.2.2.1 Fourier transforms infrared spectroscopy (FTIR)
The synthesised silver nanoparticles were characterised by FTIR. The spectra
were recorded on a ‘Thermo Nicolet, Avatar 370’ FTIR spectrometer in
the wave number range 400–4000cm−1 by KBr disc method. The spectral
analysis was done in Sophisticated Analytical Instrument Facility, STIC,
CUSAT Cochin.

11.2.2.2 UV-visible spectroscopy
In UV-visible region of the electromagnetic spectrum, molecules undergo
electronic transitions. The reduction of the Ag+ ions by the supernatant of the
test plant extracts in the solutions and formation of silver nanoparticles were
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characterised by UV-visible spectroscopy. Electronic spectra are recorded
on ‘Perkin Elmer’ UV–visible spectrometer in the wavelength range 400–
450 nm.

11.2.2.3 Morphological analysis
Scanning electron microscopy (SEM) and Transmission electron microscopy
(TEM) - Electron microscopy are the common methods used for the surface
and morphological characterisation at the nanometre to micrometer scale.
SEM can provide morphological information on the submicron scale and
elemental information at the micron scale. TEM has a much higher resolution
compared with the SEM. So, to know the surface morphology of the prepared
nanoparticle sample same is used and TEM is useful to know the exact size
and shape of nanoparticles.

11.2.3 Biological Activity of the Nanoparticles

11.2.3.1 Antibacterial activity
Antibacterial properties were performed at CEPC, Kollam and Bio-
genix, Thiruvananthapuram. Antibacterial activities of the synthesised sil-
ver nanoparticles have been carried out against the pathogenic bacteria,
Escherichia coli and Staphylococcus Aureus using Muller Hinton Agar
medium by well diffusion method.

Filter paper disc diffusion technique was applied for determining the
antibacterial activity against E. coli and S. aureus. A sterile non-toxic swab
was dipped on a wooden applicator into the standardised inoculum and the
soaked swab was rotated firmly against the upper side wall of the tube to
express the excess fluid; streaked the entire agar surface of the plate with
the swab three times, turning the plates at 60 angles between each streaking;
allowed the inoculum to dry for 5–15 minutes with lid in place; applied the
disc (Hi media sterile 6mm disc) impregnated with the sample, approximately
30 µl, using aseptic technique; then placed the discs with centres at least 24
mm apart; incubated immediately at 37 ◦C; and examined after 16–18 hours
or later if necessary. The zone showing complete inhibition is measured and
the diameters of the zones to the nearest millimetre are recorded. Discs soaked
in pure solvent; Di methyl sulphoxide (DMS) were used as control.

Petriplates containing 20 ml Muller Hinton Agar Medium were seeded
with bacterial culture of Pseudomonas aeroginosa and Klebsiella pneumo-
niae (growth of culture adjusted according to McFards Standard, 0.5%).
Wells of approximately 10mm was bored using a well cutter and different



222 Antimicrobial Effects of Biosynthesised

concentrations of sample such as 25 µL, 50 µL, 100 µL were added. The
plates were then incubated at 37◦C for 24 hours. The antibacterial activity
was assayed by measuring the diameter of the inhibition zone formed around
the well (NCCLS, 1993). Streptomycin was used as a positive control.

11.2.3.2 Antifungal activity
In order to access the biological significance and ability of the sample, the
antifungal activity was determined by Agar well diffusion method. Potato
Dextrose agar plates were prepared and overnight grown species of fungus,
Aspergillus niger (ATCC 16404) and Candida albicans (ATCC 10231) was
swabbed. Wells of approximately 10 mm was bored using a well cutter and
samples of different concentration was added; the zone of inhibition was
measured after overnight incubation and compared with that of standard
antimycotic (Clotrimazole).

11.3 Results and Discussion

11.3.1 Characterisation of Silver Nanoparticles

11.3.1.1 UV-visible spectroscopy
It is recognised that UV–VIS spectroscopy could be used to examine size and
shape controlled nanoparticles in aqueous suspensions14. It is well known that
silver nanoparticles exhibit yellowish brown colour in aqueous solution due
to excitation of surface Plasmon vibrations in silver nanoparticles15.As the
extract was mixed in the aqueous solution of the silver ion complex, it started
to change the colour from colourless to yellowish brown due to reduction of
silver ion which indicated formation of silver nanoparticles.

Absorption of light at wavelength of 400–450 nm is due to collective
oscillation of surface electrons in AgNPs16 (Figure 11.3).The broadening of
peak indicated that the particles are polydispersed.

11.3.1.2 FT-IR spectral studies
The IR spectrum of Ag nanoparticles (Figure 11.4) shown band at 3425
cm−1 which represents the O-H stretching of hydrogen bonded alcohols and
phenols17,18. The peak located at 1630 cm−1 could be assigned to C=O
stretching or amide bending19,20. The peak at 1384 cm−1 assigned to nitro
N-O bending 21 and a peak at 1092 cm−1 to C-O-C stretching aromatic ring22.

FTIR spectrum of Ag nanoparticles suggests that Ag nanoparticles are
surrounded by different organic molecules such as terpenoids, alcohols,
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Figure 11.3 UV-Vis spectra of silver nanoparticles of Pimenta dioica.

Figure 11.4 FTIR spectra of silver nanoparticles of Pimenta dioica.

ketones, aldehydes, carboxylic acids etc. The FT-IR spectrum clearly indi-
cates the presence of the residual plant extract in the sample as a capping
agent to the silver nanoparticles.

11.3.2 Morphological Analysis

11.3.2.1 Scanning electron microscopy (SEM)
The synthesised silver nanoparticles were characterised by SEM. The SEM
micrographs are shown in Figure 11.5. The dispersion of nanoparticles can
be clearly seen in the micrographs. The presence of the residual plant extract
in the sample as a capping agent to the nanoparticles can also be seen in the
images.
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Figure 11.5 SEM micrographs of the Ag nanoparticles.

Figure 11.6 TEM images of the Ag nanoparticles.

11.3.2.2 Transmission electron microscopy (TEM)
The nano morphology of the nanoparticles was analyzed by TEM studies.
The TEM images of the silver nanoparticles are shown in Figure 11.6.

Transmission Electron Microscopy (TEM) results showed particles with
spherical shape surrounded by biological molecules, which prevent Ag
nanoparticles from aggregation. The average size of the nanoparticles is
found to be in the 20–35 nm range.

11.3.3 Biological Activity of the Complexes

The newly synthesised silver nanoparticles were screened in vitro for their
antibacterial activity against bacteria: Staphylococcus aureus and E. coli
(Figure 11.7). Dimethyl sulphoxide (DMS) was used as control. Figure 11.8a
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Figure 11.7 Antibacterial activity of the silver nanoparticles against E. coli and Staphylo-
coccus aureus.

Figure 11.8 Antibacterial activity of silver nanoparticles against (a) Klebsiella pneumonia
and (b) Pseudomonas aeroginosa.

and b showed the antibacterial activity against Klebsiella pneumoniae and
Pseudomonas aeroginosa. The zone inhibition of bacterial growth was mea-
sured in mm. The anti bacterial activity can be assessed based on the diameter
of the inhibition zone. It was observed that the nanoparticles show good
antimicrobial activity towards Staphylococcus aureus (15 mm) and E-coli
bacteria (8 mm). The antibacterial activity of K. pneumoniae and P. aerogi-
nosa are shown in Table 11.1. Figure 11.9a and b showed the antifungal
activity of silver nanoparticles against Candida albicans and Aspergillus
niger (Table 11.2). As the concentration of silver nanoparticles increases the
antimicrobial activity also increases.
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Table 11.1 Results showing antibacterial activity of silver nanoparticles against (a) Kleb-
siella pneumonia and (b) Pseudomonas aeroginosa

Organism Concentration (µl) of Nano Ag Zone of Inhibition
Klebsiella pneumonia 25 10

50 11
100 14

Streptomycin (10µl) 33
Pseudomonas aeroginosa 25 Nil

50 19
100 25

Streptomycin (10µl) 35

Figure 11.9 Antifungal activity of silver nanoparticles against (a) Candida albicans and (b)
Aspergillus niger.

Table 11.2 Results showing antifungal activities of Ag nanoparticles
Organism Concentration (µl) of Nano Ag Zone of Inhibition
Aspergillus niger 25 11

50 14
100 21

Clotrimazole (10 µl) (Std.) 13
Candida albicans 25 Nil

50 11
100 20

Clotrimazole (10µl) (Std.) 12
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11.4 Conclusions

Silver nanoparticles were synthesised by green route using ‘Sarvasugandhi’
plant extract. The nanoparticles were characterised by IR and UV spec-
troscopy. FTIR and UV-Vis analysis confirmed the reduction of Ag (I)
ions to Ag (0) which is supposed through the plant extract as capping
agents i.e. the phytochemical constituents which are acting as the reducing
agents. The morphology of the particles was assessed by stocktickerSEM
and stocktickerTEM. The antibacterial activity of the silver nanoparticles was
evaluated using four types of bacteria, Staphylococcus aureus, Escherichia
coli, Klebsiella pneumonia, Pseudomonas aeroginosa and antifungal activity
against Candida albicans and Aspergillus niger. The biosynthesised silver
nanoparticles showed effective antibacterial and antifungal activities.
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 ABSTRACT 

Nanomaterial suitable for enhancing the charge carrier collection in hybrid type 

solar cell was developed in this study. Low cost preparation technique as well as material 

were chosen for this study. A common well studied zinc oxide (ZnO) was the chosen 

inorganic oxide material and its nano-powders were prepared using simplest technique. 

Sol-gel method was chosen for synthesis of ZnO nano-powder. Structural, optical and 

morphological studies were done to analysis the different characteristics of the prepared 

sample. XRD reveals the formation of ZnO with hexagonal wulzite structure. A band gap 

of 3.11 eV was obtained from optical absorption studies. Morphological analysis reveals 

the formation of intercalated nano-flake like structure. This structure is beneficial when the 

nano-powder is blended with the active in solar cell because it provide more are of contact 

with the active region or the donor resulting in an enhanced charge carrier collection.  

 

KEYWORDS: Nanomaterials, ZnO, XRD, SEM. 

1.  INTRODUCTION  

Surge in consumption and need of energy in the present and in the future 

will increase the demand of photovoltaic devices since they are the most 

promising energy convertors. Environment friendliness, utilizing renewable and 

reliable source of energy is the most attractive advantage of solar cells. Among 

solar cells organic photovoltaic devices are getting more attention due to their 

advantages like easiness in device fabrication, availability of low cost deposition 

technique, flexibility, light weight, easy to integrate, semi-transparent etc.1-3  

Hybrid solar cells fabricated using simple configuration 

ITO/ZnO/P3HT:PCBM/Ag, with an efficiency of 1.6 % with a life time of around 

2 years were reported.4,5 These devices were fabricated and stored in open air 

atmosphere without any encapsulation or lamination. ZnO used in the device 

possessed a peculiar morphological structure rather than a uniform thin film. It is 
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that special morphology that made the device life time better. Introducing 

nanoparticles into the device structure more specifically in the active region can 

enhance the device performance specifically its short circuit current density. 

Here the work is focussed on developing nano-materials suitable for the 

hybrid type solar cells. Since the above said device utilize ZnO as inorganic oxide 

(electron transport layer), here the same (ZnO) material was chosen for developing 

nano-particles. Most simple method was selected for depositing and developing 

ZnO nanoparticles. As developed ZnO nano-powders were characterized to obtain 

its structure, morphology and optical properties. 

2.  EXPERIMENTAL TECHNIQUE 

ZnO nano-powders were synthesized through easy and simplest method-

sol-gel route. 0.5 M zinc nitrate hexahydrate was dissolved in 100 ml water and 

kept for stirring on a magnetic stirrer. 1 M potassium hydroxide (KOH) pellets 

were added to this solution and the mixture was subjected to constant stirring and 

heating around 50 °C for 5 h. After sometime, white precipitate was deposited at 

the bottom of the beaker. The solution was left as it was for about 24 h. After 

removing excess water carefully, the settled white precipitate was washed 4 to 5 

times with distilled water. The residue obtained was transferred carefully for 

drying in an oven at a temperature of about 100 °C for 10-20 min to remove water 

molecules and thus ZnO nanoparticles were obtained. 

XRD analysis was done using Rigaku D Max C Xray diffractometer with 

Cu Kα line as the source radiation along with Ni filter. Optical absorption spectra 

was taken using instrument - Hitatchi UV-Vis-NIR spectrophotometer. FESEM 

(field emission scanning electron microscopy) was done using the instrument 

JEOL, JSM-840 System. 

3.  RESULT AND DISCUSSION 

To confirm the formation of ZnO, structural and optical characterizations 

were done. Morphological and compositional characterization gave further insight 

about the developed material. 

 

3.1. Structural characterization  

For the present study, XRD pattern of the prepared ZnO is depicted in 

figure 1. Reflection from (100), (002), (101), (102), (110), (103), (200), (112), 

(201) planes are observed from XRD. Preferential orientation was along the plane 

(002) at diffraction angle 2θ = 34.40°. XRD pattern of the ZnO film reveal the 

formation of hexagonal wurtzite structure (jcpds card no. 750576).  Grain size was 
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calculated from prominent peak using Scherrer formula. Grain size obtained was ~ 

33 nm. 
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 Figure 1. XRD pattern of the powder ZnO  

 

3.2. Optical characterization 

Optical studies were done by taking the absorption spectra of the sample. 

UV-Vis-NIR spectroscopy was done for the samples and that obtained for a 

particular sample is shown below in figure 2. Powdered ZnO sample exhibit an 

optical absorption onset at the wavelength of 398 nm which corresponds to a band 

gap energy of 3.11eV.   

                       
Figure 2. Absorption spectra of ZnO nano-flakes 

 

3.3. Morphological and Compositional characterization  

Morphological studies gave the picture of microscopic structures of the 

sample. Morphology of the samples were analysed by performing field emission 

scanning electron microscopy (FESEM). SEM images of the ZnO powder samples 

are shown in figure 3. Image (a) and (b) shows magnification at 100K. ZnO 

particles were grown as flakes with average length of 1 μm and average thickness 
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of < 30 nm. Hence the prepared ZnO samples possess nano-flakes like structure 

but were grown in random fashion. Apart from its random arrangement, the nano-

flakes were intercalated. ZnO nano-particles were agglomerated to form spherical 

structure resulting in flower like appearance. It is obvious from the SEM image 

with a lower magnification and is shown as (c). These agglomerated flower 

structure possess an approximate diameter of 2 μm. Formation of ZnO could be 

further confirmed using EDAX measurement and the graph is shown in figure 4. 

 

              
(a)             (b) 

 

 
      (c) 

Figure 3. SEM images of the prepared ZnO nano powders 

 

 
    

Figure 4. EDAX spectrum for ZNP sample 

 

These structures are beneficial while dealing with organic solar cells since they 

enhance the surface area of contact between the donor materials or with the active 
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materials (depending on the device configuration) favouring an increment in the 

charge carrier collection, leading to enhancement in current or current density. 

Moreover, these structures might possess ability to scatter light and make it more 

available for the active material. 

4.  CONCLUSIONS  

Nanoparticles of ZnO was developed and confirm using the structural, 

optical study and morphological studies. Morphological studies reveals that the 

developed ZnO possess nano-flakes like structures and were intercalated. These 

structures will be beneficial for organic solar cells because this can enhance 

interactive area resulting in improvement in charge carrier collection. Reduced 

resistivity is another factor regarding material for solar cell and the works is going 

on in this regard. 

ACKNOWLEDGEMENTS  

G.R. would like to thank Cochin University of Science and Technology for 

providing Post- doctoral fellowship.  

REFERENCES (BOLD, 11 POINT) 

  
1. J. Jiang, P. Yang, S. Lan, C. Yu, and K. Wei, Polymer, 2013, 54, 155 -161. 

2. S. Beaupré, A. Najari, and M. Leclerc, Synthetic Metals, 2013, 182, 9–12. 

3. R. Po, A. Bernardi, A. Calabrese, C. Carbonera, G. Corso, A. Pellegrino, Energy 

Environmental Science, 2014, 7, 925–943. 

4. R. Geethu, M. V. Santhosh, C. Sudha Kartha, K. P. Vijayakumar, Journal of 

Materials Science: Materials in Electronics, 2019, 30, 18981–18989. 

5. R. Geethu, C. Sudha Kartha, K. P. Vijayakumar, Solar Energy, 2015, 120, 65–71. 



 

 

2019-20 



7th GKDC 
Team Rapidez Racing (E – kart 107) which consists of student members from B. 

TECH Automobile Engineering class of batch 2016 -2021 participated in the 

Electric Go kart category of 7th Go Kart Design Challenge organised by ISNEE 

from Feb 7th to Feb 11th 2020 at Kari Motor Speedway, Coimbatore. The 

student members are:  

The students who participated in the event were recognised by ISNEE as 

“GKDC Star Achievers”. 

 

S.NO Roll # Student Name Admission # 

1 1 ABHIJITH S PRASAD SAU/7135/16 

2 2 AJAY G NARAYAN SAU/7122/16 

3 3 AJI B SURESH SAU/7174/16 

4 6 ALAN GEO JOTHIS SAU/7430/16 

5 9 APPU RANJITH SAU/7379/16 

6 22 JISHIN AMAL JOSHI SAU/7119/16 

7 24 M HARIKRISHNAN SAU/7103/16 

8 27 MOHAMMED FANNAN SAU/7400/16 

9 28 MOHAMMED NAMEEL NIZAR SAU/7392/16 

10 32 NIHAL MUHAMMED SAU/7141/16 

11 34 SANATH RAJ R SAU/7384/16 

12 39 SUDEV KELAPPACHERY  SAU/7125/16 

13 43 YADHUKRISHNAN V S SAU/7088/16 



 

 

Prepared By 

Koshy P Joseph 

Assistant Professor 



Monitoring and Analysis of Gas Emissions from a Closed 

Landfill Site at Jleeb in Kuwait 

A&WMA’s 112th Annual Conference & Exhibition 
Québec City, Québec 

June 25-28, 2019 

 

Paper # 601336 

 

Ratish Menon 

 

SCMS Water Institute, SCMS School of Engineering and Technology, Kochi, India-683582 

 

Mohammad AlAhmad, Marwan AlDimashki 

eMISK, Environment Public Authority, P. O. Box 24395 - Safat - Kuwait 13104 

 

Vahidudeen Shanavas 

Kerala State Pollution Control Board, Kadavanthara, Gandhi Nagar, Elamkulam, India- 682020 

 

ABSTRACT 

Lack of monitoring for landfill gas (LFG) emissions increases the hazard risk especially when a 

landfill site is being developed for further uses. This paper discusses the results from a LFG 

monitoring study carried out at a closed landfill site in Kuwait which lack engineered gas collection 

and venting system. Jleeb Al Shuyoukh landfill site was active between 1970 and 1993. The 

composition and seasonal variations in LFG release were monitored at Jleeb landfill site using 

Gasclam for the continuous LFG monitoring at 4 boreholes during the period July 2018 – Feb 

2019. The monitored gases included methane (CH4), carbon dioxide (CO2), Carbon Monoxide 

(CO), Volatile Organic Compounds (VOCs), Hydrogen Sulphide (H2S) and Oxygen (O2). The 

concentration of these gases in %v/v was monitored at 1 hour interval for the entire study period 

along with atmospheric pressure, borehole pressure and temperature. Consistent methane release 

with a concentration of 40- 65 %v/v was observed at the boreholes constructed for this study.  

Among the monitored gases only CO2 showed a positive correlation with methane. A constant 

CH4/CO2 ratio and lack of correlation with H2S indicated that the landfill is in stable phase. Lack 

of correlation between methane release and the bore hole pressure as well as ambient temperature 



indicated high pressure build up of LFG within the landfill. The study discussed in this paper is a 

first ever such continuous LFG emission monitoring study being carried out at a landfill site in 

Kuwait and is expected to be beneficial for the design, implementation and operation of LFG 

monitoring, collection and utilization facilities at similar sites in the country. 

INTRODUCTION 

Gas emissions from landfill sites are a major concern for the impact of these gases on health, 

safety, environment and climate[Ref]. Many a time the landfill sites, after their useful life, are 

further utilized for urban development projects. Kuwait, being one of the oil-rich countries, is 

among the highest per capita waste generators in the world with landfill burial being the prevalent 

solid waste disposal method [Al-Ahmad 2012]. Kuwait has 18 landfills out of which only 4 are 

active now [eMISK/EPA, 2015].  Being a small country, Kuwait plan to make use of closed landfill 

sites for further urban development and expansion once their useful life time is over. However, 

lack of understanding on the stability of the closed landfill sites and the gas buildup within could 

be hazardous especially when the same is being used for urban development. As of now, little 

information was available on gas emissions from Kuwait landfill sites. The present study, carried 

out at Jleeb Al Shuyoukh is a first attempt to continuously monitor the major landfill gases such 

as Methane, Carbon Dioxide, Carbon Monoxide, Volatile Organic Compounds, Hydrogen 

Sulphide and Oxygen in near real time to understand the stability of the landfill site and 

characteristics of landfill gas (LFG) emissions. The present study points out that managing a 

landfill site highly demand a well-planned monitoring programme. The results described in this 

paper is anticipated to help the design, implementation and operation of LFG monitoring, 

collection and utilization facilities at similar sites. 

 

EXPERIMENTAL METHODS/MATERIALS/PROJECT APPROACH 

Jleeb Al Shuyoukh is the largest landfill site in Kuwait with an area exceeding 6 sq. km. This 

landfill site was active between 1970 and 1993 and received around 20 million m3 of domestic and 

construction/demolition waste during its operational period [Al-Ahmad, 2012]. Figure 1 shows the 

landfill site with details of the four boreholes where the measurements were carried out using the 

continuous LGF monitoring system GasClam (IonScience, Cambridge, UK). Kuwait has four 

seasons namely summer (June-September), autumn (October-November), winter (December-

February) and spring (March-May). The present study was carried out in the period July 2018-Feb 

2019. The ambient temperature in Kuwait increases to about 50⁰C in the beginning of summer and 

gradually reduces to about 30⁰C in the later part of summer. 

 

 



 

 

Figure 1. Borehole Locations at Jleeb landfill site where landfill gas monitoring was carried 

out 

  

 

Methodology 

Four boreholes were constructed and 4 GASCLAM monitors (from IonScience, UK) were 

installed for the continuous measurement of landfill gas from July 2018 to Feb 2019 (See Figure 

2).  The monitored gases included methane (CH4), carbon dioxide (CO2), carbon monoxide (CO), 

volatile organic compounds (VOCs), hydrogen sulphide (H2S) and oxygen (O2). The concentration 

of these gases in %v/v was monitored every hour for the period July 2018 to Feb 2019. Table 1 

gives the methods used for measuring the mentioned gases. Additionally, atmospheric pressure, 

borehole pressure and temperature were also monitored with hourly resolution. 

 

Figure 2. Construction of boreholes and the installation of GasClamp continuous 

monitoring  



 

 

 

Table 1- Technical Specifications of GasClam used for LFG measurement 

 

Statistical analyses were carried out on the monitored data to assess the spatial-temporal variations 

in LFG emissions at the site. Correlation of the monitored landfill gases in relation to methane was 

carried out to understand the characteristics of landfill gas generation. The ratio of methane to 

carbon dioxide was used as an indicator of stability of the landfill and variation of this ratio for 

different months during the study period at each boreholes were analyzed. Variation of methane 

concentration with respect to bore hole pressure and air temperature were analyzed to understand 

the dependency of these factors on the LFG emissions at the site.  

 

 

 



RESULTS AND DISCUSSON 

The composition of LFG can vary considering that several chemical and biological reactions 

occurring in the landfill without any direct control, and with the passage of time. Figure 3 shows 

the variation of concentrations of the components of LFG over time [Rettenberger]. The 

hazardousness of a landfill decreases with the pass of time (increasing phase) as in the later phases, 

microbial methane oxidation takes place (from phase VII). 

 

Figure 3.  Gas composition over time in the landfill body (Rettenberger). 

 

As shown in Figure 2 above, the CH4/CO2 ratio can vary with different phases of anaerobic 

reaction and is an excellent indicator for the characteristics of landfill gas generation (Yang et al., 

2016). A ratio of CH4/CO2 around 1.5 would indicate that the landfill has a stable landfill gas 

production (i.e., under stable anaerobic degradation, Phase IV). Also, the lack of correlation 

between methane and H2S indicate that methane is in a stable phase (Haarstad et al., 2012). 

The ratio of methane to carbon dioxide is a good indicator of the stability of landfill gas production 

with the ratio being constant for a long period of time between 1.5 – 2. Figure 4 shows the variation 

of this ratio for different months during the study period at each boreholes. The ratio appears to be 

constant at about 1.5 for boreholes 24 and 49.  Ratio shows some variation for the boreholes 16 

and 40 which may be showing a different characteristics of the landfill in that location.  

 



Figure 4. Monthly variation in CH4/CO2 ratio in the landfill gas 

 

 

Figure 5 below shows the concentration of the monitored landfill gases collected from each 

borehole in relation to methane. It is evident from these scatter plots that among the monitored 

gases only carbon dioxide and oxygen shows a clear correlation with methane gas. Carbon dioxide 

exhibits a positive correlation whereas oxygen shows a negative correlation. This indicates the 

oxidation of methane to carbon dioxide with the depletion of available oxygen.  

Figure 5. Correlation of LFG gases with Methane at different boreholes 

 



The pressure monitored inside the boreholes varied in the range 985-1005 mbar. Figure 6 shows 

that the methane released from the landfill does not depend on the bore hole pressure. Bore hole 

pressure was always monitored higher than atmospheric pressure. Even when the bore hole 

pressure was higher than 1000 mbar high methane release from the bore wells with concentration 

of more than 60% v/v was observed. This indicate heavy buildup of methane within the landfill 

probably due to lack of venting mechanisms. The variation in pressure throughout the landfill 

results in gases moving from areas of high pressure to areas of low pressure. Movement of gases 

from areas of high pressure to areas of lower pressure is known as convection. As more gases are 

generated, the pressure in the landfill increases, usually causing sub-surface pressures in the 

landfill to be higher than either the atmospheric pressure or borehole pressure. When pressure in 

the landfill is higher, gases tend to move to ambient air and this movement does not depend on the 

bore hole pressure or the atmospheric pressure.  

Figure 6. Variation of methane concentration with respect to bore hole pressure (Data from 

all boreholes for the entire study period) 

 

 

Temperature monitored during this study varied between 30- 50°C. We do not observe any 

dependency of landfill gas release on temperature as shown in figure 7. When the temperature 

varies between 30- 50°C the methane released have a concentration range from less than 1 %v/v 

to about 70%v/v. The reason for this could be that the landfill is already under pressure from gas 

buildup and the release of methane is not dependent on ambient temperature or pressure. 

 

 



Figure 7. Variation of methane concentration with respect to air temperature (Data from 

all boreholes for the entire study period) 

 

Figure 8 shows how methane gas release from the landfill is varying as a function of space and 

time. The median values from the hourly data for each month at each borehole was considered in 

deriving this result. It is clear from this graph that the typical methane concentration measured at 

the boreholes vary in the range 40- 65 %v/v as expected from an aging landfill. A consistent 

methane release was observed for each month during the study period. 

Figure 8. Spatio-temporal variation in methane gas concentration at different borehole 

locations. Values shown are median value for each season and each borehole. 

 

 



The monthly variation in methane release is represented by a box plot as shown in figure 9. The 

variability in methane concentration is observed to be high within the lower part of the inter-

quartile range during September. The median values of methane concentration range from 50%v/v 

in July to 40%v/v in September indicating monthly variability in methane release from the landfill. 

A yearlong study would be useful to explain the cause of such variability. 

 

Figure 9. Monthly variation in methane release from the landfill area. 

 

 

SUMMARY 

Consistent release of methane gas was observed at different locations of the landfill during the 

study period. The typical methane concentration measured at the boreholes varied in the range 40- 

65 %v/v. Release of landfill gases was found to be  driven by the pressure inside the landfill than 

the ambient temperature and pressure. If not vented out safely, the heavy build up of methane gas 

within the landfill could turn out to be hazardous. The CH4/CO2 ratio appeared to be stable in the 

landfill indicating a stable methane phase. A year long monitoring campaign is recommended to 

understand the seasonal variability in the gas release from the landfill. Different portions of land 

fill may have completely different characteristics. In the present study, the data from only 4 nearby 

boreholes were considered. Long term monitoring of landfill gases with boreholes uniformly 

distributed across the entire area would help in understanding the spatial changes in the landfill 

characteristics. 
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ABSTRACT 

The issue of extreme episodic air pollution events in the Delhi-National Capital Region (NCR), 

India, during the month of November has been of concern for the last few years. Recent studies 

have used satellite observations and transport models, which indicate movement of smoke from 

stubble burning regions in Punjab and Haryana towards Delhi. Quantification of contribution of 

these emissions to the air pollution in Delhi, however, remains uncertain. In the present study, a 

similar attempt was made, and measurements are reported from 16 ground-based continuous air 

quality monitoring stations (CAAQMS) in the Delhi-NCR for the years 2016 and 2017. Time 

series PM2.5 ground measurements were compared with the total Fire Radiative Power (FRP) from 

Moderate Resolution Imaging Spectroradiometer (MODIS) onboard Terra and Aqua satellites for 

the airshed for Delhi-NCR. To quantify the smoke contribution from the fire pixels to the Delhi-

NCR, the Navy Aerosol Analysis Prediction System (NAAPS) smoke data were used. NAAPS 

simulations show that the smoke aerosol contribution to Delhi-NCR from stubble burning was ~5-

10 µg/m3 during the pollution episodic days in 2016. NAAPS results along with the PM2.5 

measurements at Ludhiana, Punjab, indicate that the stubble burning emissions may contribute 33-

66 µg/m3 to the PM2.5 at Delhi depending on wind conditions and emission levels at the source. 

The predominant aerosols over the study area during the episodic period were verified to be 
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absorbing in nature. Limited meteorological data indicated low temperatures and high relative 

humidity conditions during the episodic events. 

Keywords: MODIS FRP, Airshed, CAAQMS, NAAPS, Stubble Burning, Regional transport 

 

INTRODUCTION 

Identification and quantification of contribution from regional air pollution sources is a major 

concern for many cities. Bergin et al., 2005 have reviewed the regional air pollutants, their impacts 

on air quality and management. Agricultural biomass burning, forest fires, dust storms and 

volcanic eruptions were identified as some of the regional sources of pollution. To study regional 

transport, studies have reported use of satellite data, transport models and ground based 

observations.  

During October-November a thick layer of smoke was observed over the Northern India and 

Kaskaoutis et al., 2014 found that the back trajectories at 500 m levels originated from the stubble 

burning regions in Punjab showing the potential influence of transport of aerosols (Kaskaoutis et 

al., 2014). More recently, Liu et al., 2018, Jethva et al., 2018 and Cusworth et al., 2018 have 

focused more specifically on the episodic events in the Delhi-NCR. Their approach uses 

covariation, and the contribution of the regional source is likely to be overestimated as the entire 

episodic enhancement is attributed to stubble burning activity, while the possibility of some local 

sources specific to the season may not have been given adequate consideration. 

In the present study, Navy Aerosol Analysis and Prediction System (NAAPS) smoke data was 

used to study and quantify the contribution of stubble burning emissions to the air pollution in the 

Delhi-NCR. NAAPS has been reported previously for studying the transport of smoke (Xian et al., 

2013; Hyer and Chew 2010; Reid et al., 2004). NAAPS is a 6-day forecast model, which gives 

global distribution of sulphate, dust, smoke and sea salt aerosols (Xian et al., 2013). Ground based 

air quality measurements from CAAQMS were used to assess the correlation between the PM2.5 

pollution levels in Delhi, with the FRP in the airshed for Delhi-NCR (Liu et al., 2018).  

MATERIALS AND METHODS 

The near real time MODIS collection 6 fire product (Giglio et al., 2015; Justice et al., 2006) data 

were collected for the Post Monsoon (October-November) stubble burning period from 2003-2017 

within the bounding box 25°N, 70°E; 35°N, 80°E (Figure 1) from Fire Information for Resource 

Management System (FIRMS) (URL 1). The historical variation in FRP within Delhi airshed 

(Figure 1 (b)) was studied. Variation of daily FRP in the airshed was compared with that of daily 

PM2.5 levels in Delhi for 2016 and 2017 to assess the correlation. The fire pixels with confidence 

(Justice et al., 2002) greater than or equal to 80% were considered for the study. 
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(a) 

 

(b) 

 
Figure 1: (a) The bounding box selected for the present study covering Punjab, Haryana, Rajasthan 

and Delhi; (b) Post-monsoon airshed for Delhi NCR (adapted from Liu et al., 2018) based on 

HYSPLIT analysis for the October-November period. 

 

The spatial and temporal variation of aerosols during October-November were studied using 

MODIS Aerosol Optical Depth (AOD) and the Ozone Monitoring Instrument Aerosol Index 

(OMI-AI) for the type of aerosols during October-November using DataFed (Husar and Poirot, 

2005; Husar and Hoijarvi, 2007; Husar et al., 2008). 

There are mainly two harvesting seasons in Punjab and Haryana Kharif (June-September) and Rabi 

(December-March). Crop area data from 2003-2016 over Punjab and Haryana were studied for the 

Kharif Season. The data were collected from the statistical reports available from DACNET portal, 

an initiative by Department of Agriculture and Cooperation (DAC) Ministry of Agriculture ( URL 

2), and the Department of Agriculture and Farmers Welfare, Haryana  (URL 3).  

PM10, PM2.5 and NO2 data from CAAQMS were studied over Punjab Haryana and Delhi. The time 

series of total FRP within Delhi airshed for October-November were compared with that of the 

PM2.5 levels at 16 stations over Delhi. 

NAAPS smoke product was used in the present study to estimate the contribution of stubble 

burning in the Haryana and Punjab region to the air pollution in Delhi. NAAPS uses near real time 

fire location details from FLAMBE (Reid et al., 2009) and MODIS AOD assimilation as an input 

for the simulations. The analyses were carried out using DataFed. 

RESULTS AND DISCUSSION 

The assessment of fire pixels within the airshed were carried out in terms of the total number of 

fire pixels (count) and the total Fire Radiative Power (FRP) value - of the fire pixels (Figure 2 a 

and b). It was observed that these both are highly correlated, and since FRP value is directly 

proportional to the amount of stubble burnt, the analysis in terms of total FRP was used for further 

analysis instead of the number of fire pixels. Further assessment were carried out for the years 

2016 and 2017 on the basis of data availability.  
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a)  b)  

Figure 2: Historical trend of fire pixels within airshed for October-November Season from 2003 

to 2017 a) fire count; and b) total FRP 

 

High pollution levels in Delhi have been observed since past few years during the first half of 

November. CAAQMS data available from Central Pollution Control Board portal (URL 4) were 

used for assessing the trend of air pollution in Delhi. Figure 3 shows the distribution of these 

ground monitoring stations. 

 

Figure 3 : Location of f CAAQMS stations in  Delhi-NCR 

 

The PM2.5 levels in Delhi range from 200 to 1000 μg/m3 in both 2016 and 2017 (Figure 4(a) and 

(b)). Comparing broadly, the episodic PM2.5 levels in Delhi during 2016 and 2017 are similar. The 

reduced FRP in 2017 compared to 2016 (Figure 2) does not seem to have affected the episodic 

levels of PM2.5 observed in Delhi. 
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(a)  

(b)  

Figure 4: Time series of PM2.5 data (unprocessed) from CAAQMS in Delhi a) at 7 stations in 

2016: b) at 16 stations in 2017 

 

The PM2.5 data for the period October 1 to November 30 for 2016 and 2017 from CAAQMS are 

plotted against the corresponding FRP in the Delhi airshed (Figure 5 (a) and (b) respectively. The 

increased PM levels were observed in the first half of November. It was observed that there is an 

occasional time delayed correlation between FRP peaks and the PM2.5 peaks in Delhi during 2016 

and there is little correlation during 2017 (Figure 5). 
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(a)  

(b)  

Figure 5: Time series of PM2.5 over Delhi as per CAAQMS data for episodic days along with FRP 

within Delhi airshed (a) in 2016 and (b) in 2017  The inset box indicates the period of the episodic 

events for the two years. 

 

The temporal variation of PM levels at Punjab (Amrutsar and Ludhiana) and Delhi were studied 

for the year 2017 (Figure 6) using local CAAQMS data. It was observed that while the PM2.5 levels 

at Punjab for the October-November, 2017 season is about 200-400 μg/m3 the same at Delhi were 

around ~300-600 μg/m3. 
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Figure 6: Comparison of PM10 and PM2.5 (in μg/m3) concentrations from CAAQMS 

(unprocessed) at two locations in Punjab (Ludhiana and Amrutsar) and two locations in Delhi-

NCR (R K Puram and ITO) for the year 2017 
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The spatial distribution of OMI absorption aerosol index (90th percentile values) over the study 

region were aggregated for the period 2012 to 2016 with data for Oct-Nov season (Figure 7). The 

90th percentile values indicate the extreme values of AAI, and could be an indicator of the fire 

events. The assessment of UV aerosol index (Figure 7) shows that absorbing aerosol is 

predominant over this region (with UV Aerosol Index values of about 1.8). 

 

 

Figure 7: Spatial distribution of OMI Absorbing Aerosol Index over the region during 2012- 

2016 (Delhi NCR is marked with a circle) 

More specifically, over Delhi-NCR, the seasonal variation of MODIS AOD and OMI Aerosol 

Index are shown in Figure 8. The data was averaged for the period of 2012-2016. It is clearly 

visible that there is an increase in MODIS AOD in October-November months over Delhi NCR, 

and relatively high Aerosol Absorption Index indicates that the nature of the aerosols over Delhi 

NCR during this period is largely that of an absorbing type. 

 

Figure 8: Seasonal variation of MODIS AOD and OMI Aerosol Index specifically over the 

Delhi-NCR (2012-16) 
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The temporal variation of smoke concentration at Delhi during 2012-16 are plotted as Figure 9, 

and it was observed that during October-November and April-May seasons there is increased 

contribution of smoke from fire pixels in the airshed that is contributing to the air pollution in the 

Delhi-NCR. 

 

Figure 9: Temporal variation of NAAPS simulated surface level smoke concentration averaged 

over Delhi NCR for 2012-016 

November 11, 2016 was identified as one of the days on which there were high fire activities in 

the airshed for Delhi. NAAPS data were analyzed for November 10-12, 2016 at 6-hour resolution 

and are presented in Figure 10. It was observed that on November 10 and 11 smoke plumes from 

Punjab region reached Delhi-NCR, while on November 12 the direction of dispersion changed and 

the smoke does not affect the Delhi-NCR. For November 11, the model estimates a contribution 

of ~25 μg/m3 of smoke to the Delhi-NCR. The high fire activity within the airshed does not lead 

to the extreme pollution events at Delhi. PM2.5 levels at Delhi during these days were 200-300 

µg/m3 range. An analysis of NAAPS smoke product for every 6-hour from October 20-November 

20, 2016 were analyzed, and indicate that smoke plumes start to appear from late October. On 

November 11, 2016 with the extreme fire event, about 5-15 µg/m3 of the smoke from source pixels 

were found to reach the Delhi-NCR. The extreme pollution events were observed to be on 

November 6-8, 2016 in Delhi, and during these days, ~5-10 µg/m3 of the smoke from stubble 

burning region reaches Delhi. As per the NAAPS results the smoke concentration over the burning 

region during this period was around 30-60 µg/m3, whereas the ground based measurements show 

a concentration of 200-400 µg/m3.  On the basis of ground measurements and NAAPS simulation 

results the pollution contribution reaching Delhi would be expected to be in the range of 33-66 

µg/m3. 
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Figure 10: The spatial and distribution of NAAPS smoke over the study area for November 11, 2016 (the peak activity date as per 

total FRP) 
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 SUMMARY 

Estimation of contribution of stubble burning in Punjab and Haryana to the air pollution in Delhi-

NCR during October-November was made using NAAPS smoke product. Smoke concentrations 

over the source region were estimated by NAAPS model as 30-60 µg/m3, and that contributed to 

Delhi-NCR was 5-15 µg/m3. Assessment of CAAQMS data indicates possible presence of local 

aerosol sources. The prevailing aerosol over the study area during October-November were 

observed to be of absorbing type. Comparison of time series of total fire pixels within the airshed 

with that of the PM2.5 levels at Delhi for the year 2016 indicate only occasional time delayed 

correlation, and even lesser so for 2017. There were many days with high fire events within the 

airshed for which corresponding (time delayed) pollution episodes were not observed at Delhi. 

The percentage of particle transport was observed to vary with meteorology, and the highest 

percentage contribution at Delhi did not coincide with the highest fire activity. The CAAQMS 

measurements in the airshed show that during October-November the PM2.5 concentrations over 

Delhi (300-600 μg/m3) is much higher than that observed in the CAAQMS in Punjab (about 200-

400 μg/m3). On the basis of NAAPS model results and the ground based PM2.5 concentrations at 

Ludhiana site in Punjab the possible contribution of stubble burning to the PM2.5 at Delhi-NCR 

could be of the order of 33 to 66 µg/m3. 

ACKNOWLEDGEMENTS 

Acknowledgement is expressed for CPCB for online access to the CAAQMS data, DataFed for 

providing a platform for extended data analyses and access to NAAPS model results, and NASA 

for providing thermal anomaly data available through Fire Information for Resource Management 

System (FIRMS).  

REFERENCES 

Bergin, M.S., West, J.J., Keating, T.J. and Russell, A.G., 2005. Regional atmospheric pollution 

and transboundary air quality management. Annual Review of Environment and Resources, 30, 

pp.1-37. 

Cusworth, D.H., Mickley, L.J., Sulprizio, M.P., Liu, T., Marlier, M.E., DeFries, R.S., Guttikunda, 

S.K. and Gupta, P., 2018. Quantifying the influence of agricultural fires in northwest India on 

urban air pollution in Delhi, India. Environmental Research Letters, 13(4), p.044018. 

Giglio, L., 2015. Modis collection 6 active fire product user’s guide revision A. Unpublished 

Manuscript, Department of Geographical Sciences, University of Maryland. Available online: 

https://lpdaac. usgs. gov/sites/default/files/public/product_documentation/mod14_user_guide. pdf 

(accessed on 22 February 2016). 

Husar, R.B. and Hoijarvi, K., 2007, July. DataFed: Mediated web services for distributed air 

quality data access and processing. In 2007 IEEE International Geoscience and Remote Sensing 

Symposium (pp. 4016-4020). IEEE. 

Husar, R. and Poirot, R., 2005. DataFed and FASTNET: Tools for agile air quality analysis. EM-

PITTSBURGH-AIR AND WASTE MANAGEMENT ASSOCIATION-, p.39. 



12 

 

Husar, R.B., Hoijarvi, K., Falke, S.R., Robinson, E.M. and Percivall, G.S., 2008. DataFed: An 

architecture for federating atmospheric data for GEOSS. IEEE Systems Journal, 2(3), pp.366-373. 

Hyer, E.J. and Chew, B.N., 2010. Aerosol transport model evaluation of an extreme smoke episode 

in Southeast Asia. Atmospheric Environment, 44(11), pp.1422-1427. Hyer, E.J. and Chew, B.N., 

2010. Aerosol transport model evaluation of an extreme smoke episode in Southeast 

Asia. Atmospheric Environment, 44(11), pp.1422-1427. Hyer, E.J. and Chew, B.N., 2010. Aerosol 

transport model evaluation of an extreme smoke episode in Southeast Asia. Atmospheric 

Environment, 44(11), pp.1422-1427. 

Justice, C., Giglio, L., Boschetti, L., Roy, D., Csiszar, I., Morisette, J. and Kaufman, Y., 2006. 

MODIS Fire Products Algorithm Technical Background Document. MODIS Science Team. 

Justice, C.O., Giglio, L., Korontzi, S., Owens, J., Morisette, J.T., Roy, D., Descloitres, J., 

Alleaume, S., Petitcolin, F. and Kaufman, Y., 2002. The MODIS fire products. Remote Sensing 

of Environment, 83(1-2), pp.244-262. 

Jethva, H., Chand, D., Torres, O., Gupta, P., Lyapustin, A. and Patadia, F., 2018. Agricultural 

burning and air quality over northern India: A synergistic analysis using NASA’s A-train satellite 

data and ground measurements. Aerosol and Air Quality Research, 18, pp.1756-1773 

Kaskaoutis, D.G., Kumar, S., Sharma, D., Singh, R.P., Kharol, S.K., Sharma, M., Singh, A.K., 

Singh, S., Singh, A. and Singh, D., 2014. Effects of crop residue burning on aerosol properties, 

plume characteristics, and long‐range transport over northern India. Journal of Geophysical 

Research: Atmospheres, 119(9), pp.5424-5444. 

Reid, J.S., Hyer, E.J., Prins, E.M., Westphal, D.L., Zhang, J., Wang, J., Christopher, S.A., Curtis, 

C.A., Schmidt, C.C., Eleuterio, D.P. and Richardson, K.A., 2009. Global monitoring and 

forecasting of biomass-burning smoke: Description of and lessons from the Fire Locating and 

Modeling of Burning Emissions (FLAMBE) program. IEEE Journal of Selected Topics in Applied 

Earth Observations and Remote Sensing, 2(3), pp.144-162. 

Reid, J.S., Prins, E.M., Westphal, D.L., Schmidt, C.C., Richardson, K.A., Christopher, S.A., Eck, 

T.F., Reid, E.A., Curtis, C.A. and Hoffman, J.P., 2004. Real‐time monitoring of South American 

smoke particle emissions and transport using a coupled remote sensing/box‐model 

approach. Geophysical Research Letters, 31(6). 

Xian, P., Reid, J.S., Atwood, S.A., Johnson, R.S., Hyer, E.J., Westphal, D.L. and Sessions, W., 

2013. Smoke aerosol transport patterns over the Maritime Continent. Atmospheric research, 122, 

pp.469-485. 

URL REFERENCES 

URL 1: https://firms.modaps.eosdis.nasa.gov/download/list.php 

URL 2: https://aps.dac.gov.in/APY/Public_Report1.aspx   

URL 3: http://agriharyana.gov.in/index.php?r=site%2Fstatistics 

URL 4: https://app.cpcbccr.com/ccr/#/caaqm-dashboard-all/caaqm-landing 

View publication statsView publication stats

https://firms.modaps.eosdis.nasa.gov/download/list.php
https://aps.dac.gov.in/APY/Public_Report1.aspx
http://agriharyana.gov.in/index.php?r=site%2Fstatistics
https://www.researchgate.net/publication/334770956


Experimental Investigation of Coir Fibre
on Its Potential for the Sorption
of Hydrocarbons

A. V. Praseeja and N. Sajikumar

Abstract Groundwater contamination due to petroleum hydrocarbons is a common
problem worldwide. It occurs due to surface oil spills or leaking from underground
storages. Nowadays, it becomes a threat to the quality of drinking water wells
also. The field remediation methods usually practised involve treating the water by
pumping out of the well and recharging it. In this study, an environmentally friendly
sustainable solution using coir geotextile is proposed to suggest a remedial measure
against hydrocarbon contamination. Hence, it should possess the capability to sorb
the contaminants so that its migration towards the groundwater is controlled/arrested.
This study aims to analyse the adsorption behaviour, degradation effect, surface
morphology and the variation in the lignin-cellulose content of coir geotextile under
the action of hydrocarbons. The experimental results exhibit better sorption capacity
of oil by coir fibres. Moreover, it is observed that the degradation behaviour is not
much influenced by the action of hydrocarbons.

Keywords Coir geotextile · Degradation · Hydrocarbons · Natural fibre ·
Remedial measure · Sorption capacity

1 Introduction

Though the problem due to petroleum hydrocarbons was primarily noticed only in
oil spill areas, it also becomes a major cause of groundwater contamination also in
recent times as indicated by newspaper reports regarding leaks frompetroleumunder-
ground tanks. Hence, any remedial measure that is adopted in the subsurface should
possess the capability to sorb the contaminants so that its migration towards the
groundwater is controlled/arrested. In most of the practical applications of remedi-
ating oil-contaminated groundwater, synthetic oil-absorbing materials are used. The
need for replacing synthetic sorbents with natural biodegradable sorbents is essential
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[1–3]. Several studies highlighted the possibility of using natural biodegradablemate-
rials as oil sorbents [4–8]. Because of its availability and biodegradability, natural
fibres are now in a position to replace synthetic polymers in various applications. The
natural sorbents like cellulosic fibres, moss, straw, cotton, etc. are least expensive
and effective which have already been utilized for removing the oil spill over water
bodies [1–3]. But their application has not been explored in the region of the vadose
zone in reducing the effect of contamination. In this proposed study, the potential of
coir geotextile is to be investigated, as ameasure for enhancing the natural retardation
capacity of the vadose zone. To efficiently use coir geotextile as a remedial measure
in the subsurface, it is necessary to investigate its morphology, sorption capacity and
mechanical properties which are briefly investigated in this study.

A suitable absorbent material shall have properties like hydrophobicity and
oleophilicity, high uptake capacity, retention over time, biodegradability, etc. More-
over, the sorption capacity of sorbents can be enhanced using some pre-treatment
methods, if it possesses at least some of these properties. Some of the researchers [1,
5, 7, 9, 10] practically demonstrated the use of cellulose-based materials as sorbents
to mitigate the effects of oil spills over surface water bodies. Thus the addition
of sorbents in the saturated zone has already been in practice, where the sorbents
absorb the oil content and thus facilitate easy removal of the oil by removal of the
absorbents. Among the fibrous materials, non-woven materials are widely used as
liquid-absorbent materials [2, 11], which are characterized by their high rate of liquid
absorption than woven materials. A sorption capacity model has been developed and
validated by studying the recovery of the oil spill in land/water using natural fibres
[8]. Both the intra-particle (Sintra) and inter-particle (Sinter) sorption capacity models
were developed which is given in Table 1.

Degradation behaviour of coir geotextile has been studied by many researchers
[12–15] and its dependence observed on factors such as type of embedment soil,
climatic conditions, organic content, moisture content and the type of coir used.
It is also observed from the literature that major strength loss takes place in 4–
8 months [15], especially in the case of sandy soils. It is also reported by conducting
experiments under similar environments that jute geotextile is degraded faster (within
1 year) than coir geotextile (8–10 years) [16].

2 Materials

Coir is a hard and tough organic fibre extracted from the husk of coconut. Sri Lanka
and India are considered to be the major coir fibre producers in the world, ff which,
only 15% of the husks are used for extracting fibres, and the rest are abandoned in
nature, hence becoming a cause of environmental pollution [17] Table 2 shows the
physical and chemical composition of coir fibre. Due to its high lignin and cellulose
content compared to other natural fibres, it is regarded as the strongest of all known
natural fibres. The coir geotextile is made of these coir fibres, which have already
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Table 1 Sorption capacity
models

Model Equation

Penetration Absorbency (PA)
/Intra-particle sorption capacity

Sintra = Wo
W = φLρl

dψρ f
=

φ
(
r2c

)(
Pb+ ρl gV

�r2c
+ 2γ cos θ

rc

)
ρl

(
dL
dt

)
8μdψρ f

Sorption Capacity (SC)
/Inter-particle sorption capacity

Sinter = Wo
W =

4γla cos θ
g

1+e f
kd f ρ f

1
d

(
1−ψ
ψ

)1−m

Overall Sorption Capacity S[g/ g] =
Sinter[g/ g] + Sintra[g/ g]

Note rc is the radius of capillary [L]; F, the porosity of the entire
capillary(dimensionless); Pb, the external pressure acting on the
sorbent [ML−1T2]; V, the volume of liquid drop [L3]; g, the
gravitational acceleration [LT−2];μ, the oil coefficient of viscosity
[ML−1S−1]; ρf , the fibre density [ML−3]; ρl, the liquid drop
density [ML−3]; d, the sorbent thickness [L]; γ , the surface tension
(wall tension) [N/m]; ψ, the sorbent packing density [ML−3]; L,
the oil wetted length of the capillary [L]; γ la, the surface tension
between liquid and air [N/m]; θ, the fibre contact angle; ef , sorbent
shape factor and k, m represent two experimental constants that
correlate sorbent/liquid proper

Table 2 Chemical
composition and Physical
properties of Coir fibre

Chemical composition Unit Value

Lignin % 45.84

Cellulose % 43.44

Hemicellulose % 0.25

Ash % 2.22

Pectin % 3

Water soluble % 5.25

Physical properties Unit Value

Length cm 15–20

Porosity % 40

Fibre density g/cc 1.4

Sorbent thickness mm 35

Fibre contact angle 0 39

proved their excellent qualities in various engineering applications [15–17]. The coir
geotextiles used for the study are supplied from Coir Board, Thrissur, Kerala, India.

The petroleum hydrocarbons are classified as Non-Aqueous Phase Liquids
(NAPLs). The two common types of NAPLs (based on their liquid densities) are
their lighter form (LNAPLs) and denser form (DNAPLs). Two types of LNAPL
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Table 3 Properties of Hydrocarbon

Description Petrol oil Diesel oil

Density, kg/m3 746 835

Viscosity, Ns/m2 0.6e−03 2.98e−03

Surface tension between liquid and air at 20 °C, N/m 0.029 0.031

(petrol oil and diesel oil) are employed in this study to investigate the oil sorp-
tion characteristics of coir fibre. The diesel oil and petrol oil were collected from
petroleum storage pumps and were used without modification. Densities of the oils
were measured using a gravimetric method. Table 3 shows the physical properties
of these oils.

3 Experimental Studies

3.1 Sorption Capacity

The experimental study is meant for testing the amount of oil absorbed by a sample,
after immersing it in the LNAPL medium. The test is based on method EPA 9095B
(2004). Both petrol and diesel oils are used in this study and their properties are given
in Table 3. Each set of experiments was repeated thrice to minimize the percent of
uncertainty and the average value is noted as the sorption capacity (qe).

qe = (S1 −%AU)

S2
(1)

%AU =
(
AU

S2

)
× 100% (2)

where S1 is the weight of fibre with absorbed oil and S2 represents the remaining free
oil collected in the beaker. The oil sorption capacity is then estimated using Eq. (1)
by considering percent of uncertainty (%AU) which is given in Eq. (2).

3.1.1 Degradation Study and Change in Chemical Compositions

For conducting the experimental study, non-woven coir geotextiles of 600 and
900 GSM of size 20 × 20 cm are taken as the samples. The samples are embedded
in wet lateritic soil (pH 6) mixed with petrol oil (hydrocarbon) for 12 months. The
soil was collected from one metre below the ground level, sun-dried for 2 days,
lumps and debris removed. For setting the samples in one tray, 10 kg of clean soil is
taken, a small quantity of water is sprinkled over it, and uniformly mixed with petrol
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(0.5 L). The uniformly mixed soil is filled in two layers, such that coir samples were
placed in between the first and second layers. The whole tray is then covered with a
plastic sheet and holes are provided for aeration. The test on degradation behaviour,
chemical composition and SEM analysis is conducted. The samples were tested in
CCRI, Kalavoor, Alappuzha, Kerala.

4 Results and Discussion

4.1 Sorption Capacity

As indicated in the previous section, the hydrocarbon (both petrol oil and diesel
oil) sorption capacities of the coir fibre are determined. In the case of petrol oil,
the sorption capacity is obtained as 4.84 g/g, whereas in the case of diesel oil it is
about 5.45 g/g. For validating the results obtained from the experimental study, it
is compared with the models given in Table 1 by substituting the values given in
Tables 2 and 3. The total sorption capacity value of coir fibre is estimated from the
sum of SC and PA models. The result shows 4.94 g/g and 5.27 g/g in the case of
petrol oil and diesel oil, respectively, which agree well with the experimental results,
with a percent of error that does not exceed 5%. The comparison of experimental
results with the empirical model thus verifies the applicability of both SC and PA
models for coir fibres in the case of oil sorption. Another study result shows the
sorption capacity of coir fibre for crude oil ranges between 3.5 g/g and 6.0 g/g [18].
The obtained result in this study is within the range. The values are also compared
with oil absorbency values of other natural fibres such as wheat (5.49 g/g) and oat
straws (5.00 g/g), which is indicated as better absorbency values [8].

4.1.1 Effect of Sorption Time

Figure 1 shows the results for the effect of the sorption times on oil removal at
different times of 1 h, 1 day, 2, 5, 10, 20 and 30 days. The same procedure for the
test based on EPA method 9095B is repeated for 30 days. The zero-day in Fig. 1
corresponds to the sorption capacity for 1 h (0.042 days). The value of oil sorption
gradually increased as sorption time increases from 1 h to 30 days. A time of 20 days–
30 days resulted in a maximum and constant oil sorption capacity of 5.65 g/g in the
case of diesel oil and 5.14 g/g for the petrol oil. The initial fast adsorption may be due
to the initial adsorption onto the surface of the material and subsequent penetration
into the inner microscopic voids. The slow uptake in the later stages may be due to
an attachment controlled process caused by less available voids for active sorption
[9].
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Fig. 1 Effect of time on
sorption of oil onto coir
fibres

4.1.2 Adsorption Isotherms

Adsorption isotherms are essential to understand the adsorption capacity of a specific
adsorbent. Several previous studies used Langmuir or Freundlich isotherm models
to describe oil adsorption behaviour of the fibrous sorbent [9, 19, 20]. The Langmuir
isotherm theory represents monolayer coverage of adsorbate over a homogenous
adsorbent surface, where each molecule assumes to have equal sorption energy. This
model is thermodynamically consistent and follows Henry’s law at low concentra-
tions. Meanwhile, the Freundlich isotherm model is an exponential equation which
assumes themultilayer adsorption on the heterogeneous surface of the sorbent. Theo-
retically, it means, an infinite amount of adsorption can occur. Unlike the Langmuir
expression, it does not reduce to linear isotherm (Henry’s law) at low concentrations
[20].

The data obtained in the present experiment were analysed using Langmuir and
Freundlich isotherm models. The linear and non-linear forms of these models are
given in Table 4. The symbols used in the models can be described as follows: qe is
the amount of adsorbate per unit weight of adsorbent (mg/g);Ce, the concentration of
adsorbate in solution at equilibrium after the adsorption is complete (mg/L); KL, the
Langmuir equilibrium constant, represents the amount of solute adsorbed/unit weight
of an adsorbent informing a complete monolayer on the surface; KF , the Freundlich
equilibrium constant which indicates the adsorptive capacity; b, the constant related

Table 4 List of adsorption
isotherms

Isotherm model Non-linear form
equation

Linear form equation

Langmuir qe = K LCe
1+bCe

Ce
qe

= 1
K L + b

K L Ce

Freundlich qe = K FC1/n
e log qe =

log K F + 1/n logCe
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to the energy or net enthalpy of adsorption; and n is the Freundlich constant indicative
of the affinity of the adsorbate for the surface of the adsorbent.

The constants of these isotherms can be calculated from the linear form of each
model. Hence the equilibrium experimental data for the coir-fibre adsorbents were
analysed using Langmuir isotherm by plotting Ce/qe against Ce (as shown in Fig. 2)
and Freundlich isotherm by plotting log qe against log Ce (as shown in Fig. 3).
Figure 2 represents Langmuir adsorption isotherm which is a straight line of slope
b/KL and intercepts 1/KL. The values of these constants are obtained and are given
in Table 5.

The essential characteristics of the Langmuir isotherm could be expressed in terms
of a dimensionless constant, separation factor or equilibrium parameter r (Eq. 3) that
is defined as follows.

Fig. 2 Langmuir adsorption isotherm of oil on coir fibre

Fig. 3 Freundlich adsorption isotherm of oil on coir fibre
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r = 1

1+ bC0
(3)

whereC0 is the initial adsorbate concentration (mg/L) and b is the Langmuir constant
related to the energy of adsorption (L/mg). The value of r indicates the shape of the
adsorption isotherm to know whether adsorption is unfavourable (r > 1), linear (r
= 1), favourable (0 < r < 1), or irreversible (r = 0) [20]. The obtained values are
given in Table 4. To examine the validity of these models, the values of R2 are used
to compare the isotherm models. The R2 values of the Langmuir model tend to be
much closer to 1 than those values obtained from the Freundlich model (Table 5). So
Langmuir isotherm is best to describe the sorption of oils by the coir-fibre adsorbent.

The results of the parameters estimated using Langmuir and Freundlich models
are presented in Figs. 2 and 3, and adsorption of oil by coir fibre in Table 5. The
isotherms yield constants whose values express the affinity of adsorbate for the
surface of adsorbent [19]. Appling the Langmuir isotherm model, it was observed
that KL varies from 5.69 to 6.73, b (L/mg) the Langmuir constant ranges from 0.04
to 0.06 and the values of r calculated by Eq. (3) are between 0 and 1, confirming
that isotherm is favourable. Applying the Freundlich model, the values of KF vary
from 3.73 to 4.47. The higher values of constants KL and KF indicate more sorption,
so the results show that coir fibre offered a maximum sorption capacity in the case
of diesel compared with petrol. 1/n values for petrol and diesel are 0.024 and 0.017,
respectively. The smaller values of 1/n, the higher the affinity between adsorbate and
adsorbent.

Langmuir and Freundlich correlation coefficients (R2) are presented in Table 5.
The Freundlich isotherms model gives lower correlation coefficients (R2 = 0.84–
0.92) comparedwith that of the Langmuir isothermsmodel (R2 = 0.91–0.94). Hence,
Langmuir isotherm is best to describe the sorption of oils using coir-fibre adsorbent.

4.2 Degradation Behaviour

4.2.1 Durability Test

The tensile strength test is usually performed to determine the durability of coir
geotextiles, following the procedure outlined in IS: 13,162 (Part 5) and ASTM
D4595. The rate of degradation was studied by conducting tensile strength tests on
coir geotextile samples after treating it for 1 month, 3 months, 6 months, 9 months
and 12 months [21]. The overall strength reduction observed when embedded in a
hydrocarbon environment for 1 year is about 61.54 and 73.10% in the case of 900
and 600GSM, respectively, as shown in Fig. 4. The pH value of the soil considered in
this study is 6, which can cause around 66% of degradation as per the results already
presented [15]. Hence the degradation rate of geotextiles is not much influenced by
the presence of hydrocarbons.
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Fig. 4 Percentage Strength reduction curve of treated coir fibre after 1 year [21]

4.2.2 Variation in Chemical Composition

The chemical compositions and mechanical properties of lingo-cellulose fibres can
vary depending on their origin, maturity, species, extraction procedures and environ-
mental conditions [22]. As the cellulose and lignin are the major constituents of the
coir fibre, their percentage variation with the effect of hydrocarbons is required to
be observed. Lignin content is much less hydrophilic than cellulose; it can prevent
the absorption of water and also forms an effective barrier against attack by fungi
[23]. The samples were taken from the same setup as for the degradation test. The
lignin and cellulose content are checked after treating it for 6 months, 9 months
and 12 months. The test was conducted in CCRI, Kalavoor, Alappuzha, Kerala. The
cellulose content was determined using a standard procedure [24] and the determina-
tion of lignin content was carried out using a standard method [25]. Figure 5 shows
the variation of lignin and cellulose content of treated coir fibre during 1 year period
of testing.

At the end of 6months, the lignin content is reduced to 22.26% (about 50% reduc-
tion), and the percentage of cellulose content reduced to 29% (about 33% reduction).
After treating the fibres for 1 year with hydrocarbons, a drastic reduction of both
lignin (decreased to 6.5%, about 86% reduction) and cellulose content (decreased to
9%, about 79% reduction) was observed. The result is compared with another work
[23] which shows the decreasing trend in lignin content is about 84%, by treating
coir pith (initial lignin content was 30%) with urea for 30 days. In the present study,
only a 50% reduction in lignin content of coir fibre is observed after 6 months, when
treated with hydrocarbons. Therefore, this decreasing trend is comparable with other
environmental conditions. Moreover, in order to identify the effect of this variation
in the sorption capacity of fibres, it is necessary to check the sorption capacity of
degraded fibres which is presented in the later session.
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Fig. 5 Variation in cellulose-lignin content of treated coir fibre after 1 year

4.2.3 Surface Morphology

For studying the morphology of coir fibre surface on degradation with the effect
of hydrocarbons, a scanning electron microscope (SEM) model was used. The coir
sample was taken from the same experimental setup used for degradation study. The
samples of the sixth month and 1-year-treated samples were chosen for the analysis.
The SEM images of coir fibres are shown in Figs. 6 and 7. The obtained images were
compared with the SEM image of raw coir fibre [16]. It is observed that a significant
number of pore spaces as well as fibre cracking have increased in the surface of
fibres, in the case of treated samples than the untreated ones.

Fig. 6 SEM analysis of sixth month degraded coir sample treated with hydrocarbons
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Fig. 7 SEM analysis of 1-year degraded coir sample treated with hydrocarbons

4.2.4 Sorption Check of Degraded Sample

As a reduction in chemical compositions and more fibre crackings are observed in
the case of treated samples at the end of 1 year, it is necessary to check how the
degradation of fibre affects its sorption capacity. In order to observe the absorption
behaviour of degraded fibre, the sorption capacity of treated samples (taken from
degradation test setup) has been checked by the same procedure used for untreated
ones. The 6th month, 9th month and 1-year-treated (degraded) samples were consid-
ered for this study. The sorption capacity is obtained by soaking the treated fibres in
oil for 1 h and 24 h. The obtained value is compared with the sorption behaviour of
untreated samples and the result is shown in Fig. 8. The zero treated time in Fig. 8
represents the sorption capacity value of untreated samples.

From Fig. 8, it is clear that the degradation effect has not much influenced the
sorption behaviour of coir fibres. In the case of sorption of oil (both petrol oil and
diesel oil) by treated coir fibres for, it is observed that the sorption capacity (qe)
value is slightly increased in the first 6 months and then decreased after 1 year, but
the percentage reduction is less compared to untreated fibres. The same trend was
observed by soaking the degraded fibres for 24 h also. The result is shown in Fig. 8.

Fig. 8 Effect of degradation
on sorption of oil onto coir
fibres
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From the above result, it is clear that coir fibre can absorb oil as well, even though it
gets degraded under natural conditions. Hence, the coir fibre can be recommended
to be used as a better sorption media against hydrocarbon contamination.

5 Conclusions

The results of studies carried out to identify the suitability of coir geotextile as a
remediation measure in the unsaturated zone against hydrocarbon contamination
lead to the following conclusions:

• The coir fibre has an oil sorption capacity for petrol oil about 4.84 g/g and that
for diesel oil as 5.45 g/g. The sorption experimental results were compared with
the empirical model and the results match with a percent of error not exceeding
5%. The result shows that sorption capacity models can excellently predict the
oil sorption of coir fibre.

• The Freundlich and the Langmuir models have been used to explain the sorption
behavior of oil on coir fibres. The result shows that the Langmuir model could
well fit the adsorption isotherm and hence can be used for further modelling.

• The adsorbed amount of oil increases with the increase of contact time and
reaches equilibrium after 10 days. The separation factor, r-value in the present
investigation, was less than one, indicating favourable adsorption of oil on coir
fibres.

• The degradation rate of coir geotextile treated with hydrocarbon-mixed soil is
almost the same as the degradation rate under other environmental conditions
(in untreated soils). Hence the degradation effect is not much influenced by the
presence of hydrocarbons.

• From the experimental result of the absorption behaviour of the degraded fibre, it
is observed that the sorption capacity of coir fibres has not much been influenced
by its degradation effect.

Since coir is freely abundant, locally available, biodegradable and has a consider-
able high absorption capacity, the coir fibre may be treated as an economically viable
solution for the absorption of oil from the subsurface system.
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Abstract 
 
An environmental forensic investigation is needed to determine the polluter contribution when more than one 
polluter is responsible for a pollution incident apart from finding out the polluters. The amount of compensation to 
be given by each polluter depends on this.In India, currently there is an absence of a structured method of liability 
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I. Introduction  
 
Environmental forensics is a branch dealing with the 
investigation behind an episode of environmental 
pollution. The polluter contribution and the amount of 
compensation to be paid to restore are found out with 
the help of environmental forensics. Compensation for 
damages are to be estimated. Most of the countries 
rely on “polluter pays principle”. The polluter must pay 
for the damage caused by him. The fine amount 
includes the cost for the damages incurred, cost of 
remediation for making the site back to normal state, 
etc. The estimation of compensation to be paid by 
each polluter in the case of multiple polluters is the 
main problem. In India, before the implementation of 
National Green Tribunal by Ministry of Law and 
Justice (2010), criminal sanctions were used for 
allocation of responsibilities in environmental pollution. 
Varghese and G K. Alappat (2012) had discussed 
about the evolution of environmental forensics in US 
and European Countries. In case of spillage of 
hazardous wastes, illegal disposal of waste etc. 
financial liability is levied on polluter according to rule 
25 of Hazardous rules 2008. The assessment of 
liabilitites, the estimation of monetary values for 
compensation etc. proved to be difficult for regulating 
agencies like state pollution control board. For 
overcoming these issues, a set of guidelines are 
framed by Central Pollution Control Board for liability 
allocation with the approval of Ministry of Environment, 
Forest and Climate Change (2016). In this paper, a 
critical analysis of the guidelines implemented are 
discussed. Some of the important environmental 
cases in India are also discussed herewith.    
 
 
 
 
 
 
 
 

 
II. Identification of Impacts 
 
The guidelines on implementing liabilities for 
environmental damages deals with issues of illegal 
dumping of hazardous waste, spillage of hazardous 
waste during transportation, improper handling of 
hazardous waste etc. These issues most of the time 
have long term effects on land. The contaminated 
land requires more time for remediation to return to its 
original state. 
 
II.1 Impact on soil 
 
The various ways in which hazardous waste affects 
soil are as follows: 
 

• Illegal dumping of waste 

• Leching from hazardous waste which gets 
into aquifier 

• Discharge of liquid hazardous waste into 
open land 

• Spillage of hazardous waste during 
transportation 
 

The affected soil becomes unfit for agricultural 
purposes. Humans coming into contact with soil are 
prone to risk from diseases. Impact on soil again in 
turn affects plants, animals and underground water 
systems. 
 
II.2 Impact on groundwater 
 
The hazardous waste affects the groundwater in 
many ways. Some of them are listed below 

• Leaching from waste dumped in open land 

• Leaching of contaminants from underground 
tanks 

• Leaching from landfills 

• Reverse injection of waste into deep wells 

• Leaching of contaminants from underground  
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pipes 
 
The contamination spreads quickly in an underground 
aquifier affecting larger area of water. 

 
II.3 Impact on Surface water 

 
Surface water gets affected from hazardous waste in 
a number of ways as follows 

• Runoff from hazardous waste enters surface 
water 

• Discharge of hazardous waste directly into 
surface water 

 
Surface water is one of the biggest source of water 
supply system for people. 
 
II.4 Impact on Human health 
 
Exposure to hazardous waste can cause short term 
and long term effects on human health. It can even 
cause loss of life to humans. 
 
II.5 Impact on Flora and Fauna 
 
Exposure to hazardous waste affects flora and fauna 
also. The consumption of water polluted with waste, 
dermal exposure to waste, ingestion of plants grown 
on contaminated land etc. 
 
II.6 Impact on Crops 
 
Disposal of hazardous waste on land causes harmful 
impact on crops.Spillage of waste oil creates 
accumulation of aluminium, mangnesium etc. which 
affects plant growth as well as productivity. 
 
II.7 Impact on Property 
 
Spillage of hazardous waste on property can affect 
the building in many ways like corrosion of buildings, 
release of gases inside the buildings etc. 
 
III. Environmental Liability 
 
Environment liability is essential to be imposed for 
clean up of contaminated land.Broad categories of 
environment liability are listed as follows: 

• Obligation related to hazardous waste 
generation, handling, storage, transportation, 
disposal etc. 

• Remedial obligations related to 
soil/ground/water contamination or air 
pollution or risk to human health 

• Obligations to compensate third parties for 
personal injury, property damage etc. 

• Obligations to pay for punitive damages for 
paying fine/penalties for negligence  

• Obligations to pay for natural resource 
damages 

 
The environment liability is strict on responsible party. 
They will have to pay for the damages without 
considering any fault. In case of multiple polluters, 

according to the guidelines, joint and several liability is 
imposed. According to the principles of joint and 
several liability, one party will pay for the damages 
and then, he can ask the other parties to pay their part 
to him. 
An Emergency Response Plan (ERP) is to be framed 
by transporter, operator etc. It should contain the 
immediate procedures to be adopted in case of an 
emergency.  
 
IV. Procedure to be followed by PRP 
 
The following procedure should be adopted by 
responsible party in case of any environmental 
damage 
 

• Immediate response measures must be 
adopted to minimize the environmental 
impact as per the guidelines of section 4..1 

• Environmental site assessment must be 
performed to understand the extent of 
contamination 

• A flowchart must be considered to assess 
whether contamination of natural resources 
are occurring or not 

• The party may appoint an experienced 
professional/organisation to undertake phase 
I & II site assessments and risk assessments 
as described in sections 4.2. 

• After completion of the assessments, the 
PRP shall start remediation activities after 
submitting a detailed report on site and risk 
assessments, along with a remediation plan 
for remediating the polluted land and the total 
costs required for remediation to SPCB/PCC. 

• The authority shall study the reports and then 
decide on the remediation activities to be 
performed. 

 
V. Compensation Liability  
 
An indicative list of impacts and recovery measures 
which help in assessing compensation liability is given 
in section 4.4, table 1 of the guidelines. The list of 
parameters are as follows: 

• Drinking water 

• Ecology 

• Agriculture 

• Infrastructure 

• Resettlement 

• Health 

• Injury 

• Loss of life 
 
VI. Approach for Allocation 
 
The approach followed by the authorities of 
PCC/SPCB is as follows: 

• On getting information about contamination 
and after site inspection, an immediate 
liability amount of Rs. 10, 00,000 is levied on 
the party. The party can appoint an auditor for 
estimation purpose. 
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• Legal and financial liability can be imposed 
for risk assessment and remediation works 

• A minimum liability of Rs. 20,00,000 may be 
levied on the party which may be increased 
upto 4, 50, 000. The party will have to submit 
a bank guarantee equal to sum of liabilities for 
assessment and remediation. 

• In case if any party is not responding for clean 
up activities, the SPCB shall initiate the 
process themselves considering the safety of 
people and environment. The liability amount 
will be increased to two – three times 
because of negligence. Criminal procedures 
may be adopted if the part is not found 
responding. 

• In the absence of fund, the SPCB may ask 
the government to support for remediation 
activities carried out by SPCB. 

• The occupier, transporter, importer, or 
operator has to insure for an amount with the 
insurance company for carrying out the 
remediation works. 
 

VI.1 Indicative cost for site assessment 
 
An indicative cost for site assessment and 
remediation of different activites are given in section 
5.1, table 2 of guidelines. The activities are as follows: 

• Landfill breach and release of hazardous 
wastes into environment 

• Spillage of liquid hazardous waste 

• Dumping of hazardous waste on open 
grounds 

• Improper handling of waste 

• Fire accident leading to spillage of hazardous 
waste 

 
VII.Enforcement of penalty 
 
In case of disobeying of the the Environment 
protection act of Ministry of Environment and Forest 
(1986) the following actions will be taken 
 

• Violation of act may lead to an imprisonment 
of upto five years with a fine upto Rs. 
1,00,000. 

• If the violation occurs even after one year 
from the time frame given above, then the 
imprisonment may continue upto seven 
years. 

 
Usually a fine amount of maximum Rs.1,00,000 may 
be levied on the party. However if the violations of 
rules occur, liability amount gets added on. Moreover, 
an additional fine of Rs. 5,000 may be charged daily 
after a stipulated time for paying remediation costs. 
 
VII.I Conclusions 
 
The current practice in the liability allocation process 
in India was discussed. Absence of a mathematical 
method of evaluation was observed in India. There is 
a need to develop a well structured method of liability 

allocation in India. The concept of liability allocation 
among multiple polluters is not much given 
importance in the Indian context. The proportion of 
liability to be beared by each polluter depends on 
many factors. A set of factors need to be framed for 
this. 
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ABSTRACT 

When a site is polluted, the responsible party should be made to pay for the clean-up in 

exercise of the ‘polluter pay’ principle. If investigations at the site reveals the role of more 

than one party in the pollution, responsibility allocation becomes complex. As the 

remediability and consequently the remediation cost, will depend on the type of pollutant, its 

concentration and many other factors, there is a need to consider all these factors while 

allocating cost among polluters. This points to the need of quantifying remediability. A 

method is proposed to quantify remediability that will help in remediation responsibility 

allocation. The Remediability Index (RI) is proposed as a composite index considering the 

weighted impact of three types of factors that influence the remediation of a damaged site. 

These factors are pollutant properties, properties of the polluted medium and external factors. 

All these main factors shall have sub- factors to reflect their different properties. The RI can 

lead to more accurate allocation of remediation liability among multiple polluters 

1. INTRODUCTION 

An environmentally damaged site poses a serious threat to human life and environment 

(Reddy 2008). The environmental damage occurring may be mitigated to a certain extent by 

adopting different clean-up methods. Often, the polluters or responsible parties are made to 

pay for this clean up conforming to environmental legislations that are based on the principle 

of ‘polluter pay’. The remediation method to be adopted at a site depends on many factors 

like type of contaminant, extent of pollution, properties of the contaminated medium, cost for 

technology, etc.  The remediation liability allocation becomes challenging when multiple 

polluters are responsible. A structured method is required for the liability distribution among 

the responsible parties in such cases. The responsible parties in a pollution episode generally 

include, current and past owners, operators or lessees, transporters, etc. When charged with 

the liability,  however,  the responsible parties often come up with various arguments to 

reduce their share of the costs (Ram et al. 2005) The hearings become lengthy as a result of 

this and the clean-up process gets delayed (Krishna and Girish 2018). Proper procedural and 

legal frameworks are important for allocating compensation to the victims of pollution and 

for assigning the cost to the polluters, both for compensating victims and to pay for clean-up 

activities. This study tries to highlight the importance of quantifying remediability in the 

context of environmental clean-up cost allocation. Also, a strategy is proposed for the 

quantification of remediability.  

 

 



2. NEED FOR QUANTIFYING REMEDIATION 

  

The guidelines for Implementing Liabilities for Environmental Damages due to Handling & 

Disposal of Hazardous Waste and Penalty (Ministry of environment, forest & climate change 

2015) provides a method for evaluating the remediation cost to be given by PRP’s in case of 

any environmental damage done. The remediation cost is calculated based on several factors 

according to the guidelines namely, extent of contamination, location, depth to groundwater, 

toxicity, etc. These factors vary with each site and case.  With regular occurrence of incidents 

like spillages, illegal disposal etc., a structured method of imposing liability on the 

responsible parties is required. The damages done to the environment must be remediated at 

the earliest.   

 

Contaminants enter the environment as a result of environmental damages like spills during 

conveyance, leakage from waste storage or disposal sites etc. These damages have ever 

lasting effect on the environment (Khan et al. 2004). The damage cost includes cost for the 

impact of damage and cost for remediation of the site (Yao et al. 2016). The site needs to be 

remediated very quickly since the presence of toxic chemicals in the waste pose grave threats 

to human health and ecosystem. There arises situations in which, remediation measures need 

to be immediately taken because of the intensity of contamination. Although, remediation of 

contaminated sites and its technology and cost aspects have been topics of research(Broos et 

al. 1999; Kaufman et al. 2005; Reddy 2008; Wan et al. 2015) there were no attempts seen to 

quantify remediability. Quantifying remediability in terms of an index- Remediability Index- 

can be important to serve the following purposes: 

a. To quantify the efforts and resources required for remediation 

 

The effort required for remediation will depend mainly on the pollutant, properties of 

contaminated medium and the environmental factors at site ( Khan et al. 2004; 

Kaufman et al. 2005; Krishna and Girish 2018).  The remediability index will 

quantify the effort and resources required to remediate a specific pollutant in a 

specific environment. Higher the remediability index, lower the cost and effort 

required to remediate the site. 

 

b. To apportion cost among multiple polluters 

 

When a site is polluted by more than one party, the cost of remediation can be 

apportioned based on the remediability index. Sometimes, one polluter may be 

releasing a pollutant that is more difficult to remediate than the pollutant released by 

another polluter. In such situations, the pollutants which can be easily remediated will 

be removed while cleaning up the difficult to remove pollutants. However, charging 

remediation liability from only one polluter is not fair. In some cases, a polluter A 

may release a pollutant in small quantity, while another polluter B may release the 

same pollutant at a considerably larger quantity. Both the polluters must be made 



liable. Polluter A cannot escape the liability claiming the discharge was insignificant. 

A remediation index will help in apportioning the responsibility in such situations.  

 

c. Ranking of sites for taking up remediation activities 

 

The authorities may want to spend the available resources most effectively. So taking 

up remediation based on remediability index can help. For example, if a site has very 

low remediability that may be addressed after considering a site that is easily 

remediated, etc.  

 

d. To help develop remediation liability insurance schemes 

 

In countries like the US, there are insurance schemes that takes care of remediation 

costs such as pollution legal liability, commercial pollution legal liability, site or 

premises pollution liability, Integrated General Liability and Pollution Liability 

Coverage, “Cleanup Cost Cap" or "Stop Loss" or "Cost Containment" Coverage, 

Contractor’s Pollution Liability and Errors and Omissions Insurance, etc.(Anderson 

1998; Jones and Hurwitz 1999). Such schemes can use remediability index as a 

criteria for fixing premiums. If the remediability index of a site A is 10 and 

remediability index of another site B is 20, then the premium amount to be paid by the 

parties of site A will be higher than that of site B, since more amount is required for 

the remediation works on site A.    

 

 

e. As a criteria for selection of site for a particular industry 

 

If there are different sites available for starting an industry, one criterion for site 

selection can be the remediability of the site for the pollutants emitted by the industry. 

The sites with higher remediability index can be selected for industries. 

 

f. Settlement of disputes 

 

The remediability index helps parties to reach an out of court settlement in 

remediation cases if they know that costs are going to be apportioned in proportion to 

the remediability index. This saves money and time for the parties involved. 

 

g. To help in allocation of orphan shares 

 

Orphan shares are of parties who do not have the money to pay for clean-up or who 

are no longer alive. Some statutes like the CERCLA of the US, requires these shares 

to be allocated to the other PRP’s (U.S Statutes 1980). Development of remediability 

index will help in a fair and justifiable allocation of orphan shares. The parties found 

more liable will have to contribute more for the orphan shares. 



Remediation methods needs to be taken immediately after the occurrence of an 

environmental damage to prevent further damage to the environment A remediability index 

gives an insight into the seriousness of contamination. The higher, the remediability index, 

easier will be the remediation. A remediability index developed can help in allocating 

resources, allocating liabilities, settling disputes etc. as discussed earlier. 

3. DEVELOPMENT OF FACTORS 

Remediability index (RI) is intended to form the basis for liability allocation.  The factors for 

framing remediability index can be formed by conducting a Delphi among experts. The 

weights of finalized factors may be developed by an AHP process. A trial set of factors 

identified are given in table 3.1 

3.1 List of factors influencing remediability 

MAIN FACTORS SUB-FACTORS 

Pollutant Properties 

 

Concentration of Pollutant in the 

environmental medium 

Toxicity of pollutant 

Half-life of pollutant 

Mobility of pollutant 

Synergistic nature of pollutants 

Solubility of pollutant 

Properties of Polluted Medium 

 

Type of Soil 

Permeability of soil 

Grain Size of Soil 

Depth to Groundwater 

Depth of contamination 

Volume of polluted medium 

External Factors 

Technology available 

Annual Rainfall 

Vegetation cover  

Location of site 

(urban/rural/suburban) 

Accessibility of the site  

 

 

 



The remediability index can be found using the weights and magnitude of factors as follows: 

𝑅𝐼 =  100 − 𝛴(𝑤𝑖 ∗ ( 𝛴 (𝑠𝑖𝑗 ∗  𝑚𝑖𝑗 )) ) 

  

Where, 

wi is the weight of ith main factor 

mij is the magnitude of jth sub factor of ith main factor 

sij is the weight of jth sub factor of ith main factor 

∑wi = 1 

∑sij =1 

The factors are normalized to keep the value of remediability index between 0 and 100. 

4. CONCLUSIONS 

After the occurrence of an environmental damage, the first priority must be given for 

remediation. The need for quantifying remediation was discussed. A remediability index 

developed in each case will be helpful in settling out the issues of multiple party allocation, 

for allocating orphan shares among polluters, for fixing the insurance premiums, for ranking 

of sites etc. Most of the multiple party pollution cases takes a lot of time to settle if done 

through courts. These lengthy procedures can be avoided if the parties are ready to pay their 

share based on the remediability index.  
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Abstract: All over the world India bangs the top most position in deaths caused by road crashes. Over 1 lakh people are killed or 

seriously injured in road crashes in India every year, that is more than the number of people killed in all our wars put together. 

Sixteen children die on Indian rroads daily and there is at least one death every four minutes.  Majority of the crashes are found to 

take place on rural highways. Rural highways are characterized by a low traffic volume and hence, speed of the vehicles is mainly 

controlled by the geometry. The topological conditions of India have resulted in very complex curves which include combination of 

horizontal curve and steep gradients up or down. In such environment, the drivers tend to choose the speeds that they perceive to be 

comfortable to them based on their perception of the criticality of the road geometrics ahead. Any unexpected road feature in the 

highway may surprise the drivers and may result in erroneous driving manoeuvres, which in turn, may end up in road crashes. As 

highways are meant for high speed travel, the impact of any collision that takes place will be grievous or fatal. Hence, the highways 

have to be designed such that their geometry directs the drivers to choose the operating speed which is in harmony with the 

environment. 

A large number of studies are done to evaluate the effect of geometry on operating speed of rural curves. But only a few researches 

are done to assess the effect of geometry on the stability of vehicles. Skidding and rollover crashes are increasing dramatically, the 

first being more common in small vehicles like cars and the latter being more common in heavy commercial vehicles like trucks. The 

availability of sufficient lateral friction to counteract centrifugal force experienced by a vehicle on curve is least studied, especially in 

India. The values of lateral friction adopted for design of horizontal curves were developed eighty years ago by Barnett 1936; Moyer 

and Berry 1940. Since then, vehicle fleet has changed completely and hence the demand for lateral friction may also have changed. 

But the point mass equation widely used for design of horizontal curve relies on lateral friction values developed by them. Also, the 

equation ignores the effect of vehicular characteristics or complexity of curve geometry. So, studies focusing on revision of 

geometric design criteria of horizontal curves based on vehicle stability and assessment of existing margin of safety or in other 

words, a quantitative assessment of risk involved affecting the stability of vehicles is very important. In this paper an effort has been 

made to identify the gaps in current design practices and to exhibit current status of study in the field of vehicle stability on rural 

highways. 

 

Keywords: Skidding, Friction, Vehicle Stability, Rollover. 

 

I. INTRODUCTION 

 

When a vehicle travels along a horizontal circular curve, it experiences centrifugal force outward the centre of the horizontal 

curve. This centrifugal force is inversely proportional to the radius of horizontal curve. Vehicle stability is achieved by the 

resistive forces that resist the centrifugal force. These forces include frictional interaction between the tires and pavement, and a 

component of the vehicle weight that acts parallel to the road surface. The frictional interaction between the tires and pavement 

depends on road surface side-friction factor, which in turn depends on many other factors, including road surface condition, 

weather and climatic condition, tire condition, and vehicle kinematics. The component of the vehicle weight that acts parallel to 

the road surface depends on the side slope of the highway, which is usually termed as superelevation. This approach is usually 

referred to as the point-mass (PM) model, which is adopted by North American design guides due to its simplicity. 

Based on the point-mass model, when a vehicle travels along a vertical curve, there is obviously no centrifugal force, and 

consequently no potential risk for skidding or rollover. However, for 3D(combined) alignments, where a horizontal curve is 

superimposed by a vertical alignment, the vertical alignment affects the available side friction. For 3D alignments, traditional 

design guides (AASHTO 2001; TAC 1999) calculate the minimum radius assuming a side friction on a horizontal plane using the 

point-mass model, thus ignoring the effect of vertical alignment. This approach simplifies cornering dynamics by reducing the 

vehicle into a point mass travelling on a 2D horizontal alignment. 
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So, the point-mass model, currently used in the design of minimum radius of horizontal curves, although relatively simple, has 

several limitations. The effect of an overlapping vertical alignment is totally ignored. Also, the point-mass model is not based on 

any particular set of vehicle characteristics and is theoretically as applicable to trucks as it is to passenger cars (Harwood et al. 

1994). However, in light of the differences between passenger cars and trucks in terms of size, number of tires, tire characteristics, 

and suspension characteristics, the suitability of the point mass assumption for trucks has to be re-examined. It was found that 

although the friction demands at the four tires of passenger car are approximately equal, the friction demands at various tires of a 

tractor- trailer truck vary widely (FHWA 1985). The net result of this tire-to-tire variation in side friction demand is that trucks 

typically demand approximately 10% higher side friction than that required for passenger cars. 

The point-mass model does not explicitly consider vehicle rollover thresholds. The rollover threshold for passenger cars is 

relatively high, so a passenger car will normally skid off a road long before it would rollover (McGee 1981). However, tractor-

trailer trucks have relatively higher mass centres and consequently tend to have lower rollover thresholds. Furthermore, because 

of suspension characteristics, the rollover threshold of these trucks is substantially less than it would be, if a truck was a rigid 

body. Studies have found that most unstable trucks had rollover threshold of about 0.30 g (Harwood et al. 1990). That is, if a 

truck travels at a minimum curve radius of 39 m with a design speed of 35 km/h, the lateral acceleration is 0.17 g. Then, this truck 

could undergo an additional lateral acceleration of only 0.13 g without rolling over. 

Another limitation in the point-mass model is that it does not account for vehicle stability on complex alignments, including 

compound and reverse horizontal curves either individually or combined with vertical alignments. Such curves are commonly 

used in various highway classifications, especially rural highways. While current design guides provide brief and vague 

guidelines for the design of compound horizontal curves to have a ratio between the larger and smaller radii not to exceed 1.5, 

there are no guidelines for the design of reverse curves from the perspective of vehicle stability. In addition, current design guides 

deal with vehicle stability on compound or reverse curves as two individual curves, each with its own design requirements. 

Therefore, consistency is lacking in both the individual design of these curves and their 3D nature when they are combined with 

vertical alignments. 

 

II. STATE OF ART OF THE SUBJECT 

 

A large number of studies are done to evaluate the effect of geometry on operating speed of rural curves. In fact, there are many 

research findings available for understanding side friction and its characteristics in curve design. However, these studies were 

made in early days of highway design theory development. Recent research works to assess the effect of geometry on the stability 

of vehicles are a few in numbers among which most of them relied on computer simulation techniques to analyze the behavior of 

vehicles on curves. The reason for vehicle stability being least studied may be the difficulty in collecting real time data by conducting 

large number of experiments using different types of vehicles on highway curves of different nature. 

 

III. DETAILED LITERATURE SURVEY 

 

Considering the alarming rate of increase of road crash, especially in developing countries, United Nations has declared 2011 to 

2020 as the Decade of Action for Road Safety (WHO, 2008). In developed countries, road traffic crashes have been reported to be 

declining by 30%, with the implementation of systems approach to road safety, in which, the design of good roads is given a 

prime consideration. 

To achieve safety-oriented design, engineers and researchers may adopt different techniques. One such technique found suitable 

for rural highway transportation is to examine the consistency of highway geometric design. Highway consistency can be defined 

as the conformance of highway geometry with driver expectancy. Inconsistent highway segments can be subjected to 

improvement on a priority basis. (FHWA,2000) 

Fatality and injury crash rates on two-lane rural highways are four to seven times than those on other rural highways (Cleveland et 

al. 1984). Therefore, research work on geometric design consistency has concentrated mainly on two-lane rural highways. 

Research work on consistency can be categorized into four main areas (1) Speed considerations; (2) safety considerations; and (3) 

performance considerations (4) Considerations of alignment indices. 

Since change in speed of vehicles is a visible indicator of inconsistency in geometric design (Nicholson, 1998), several 

interpretations of operating speed as a geometric design consistency measure have been found in the literature. Safety 

considerations give special attention to the effects of curve geometry, lateral friction and super elevation on vehicle stability. 

Performance considerations address the effect of design parameters on the driver workload and driver anticipation. General 

character of alignment changes between segments of roadway is another measure of evaluating consistency using alignment 

indices. 

Even though attractiveness of different highways and route selection mainly depends up on their operating speed, safety against 

skidding and vehicle rollover should be given prime importance on horizontal curves. Skidding and rollover occurs when the 

friction available between vehicle tire and pavement is less resulting in driver discomfort while traversing the curve. The 

interaction between friction demand and supply is the key to understand vehicle stability. 

The maximum lateral friction factor used in design should provide comfort, without likelihood of skidding, by the vast majority of 
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drivers. In addition, the maximum side friction factors used in design should be conservative for dry pavements and should 

provide an ample margin of safety against skidding on pavements that are wet as well as ice or snow covered and against vehicle 

rollover. 

Horizontal curves are not designed based on maximum available side friction, which is basically the point when the vehicle is 

about to skid (TAC 1999). Instead, side friction values are limited based on driver comfort levels that were established by early 

researchers (Barnett 1936; Stone x and Noble 1940; Moyer and Berry 1940). Since, lateral skidding occurs at a point much later 

than when a noticeable side pitch is first detected, it was felt that a sufficient margin of safety against skidding was being 

provided by limiting side friction in this manner (Barnett 1936). It was assumed that a driver would reduce his or her speed upon 

feeling discomfort and thus prevent any significant risk of lateral skidding. This assumed margin of safety was meant to account 

for adverse pavement conditions, environmental and other factors that potentially contribute to destabilizing a vehicle on a 

horizontal curve. 

Current horizontal curve design based on AASHTO Green book uses lateral friction values based on driver comfort levels that 

were established by earlier researchers (Barnett 1936; Stonex and Noble 1940; Moyer and Berry 1940). Moyer and Berry (1940) 

found "that a ball bank indicator reading of 10 degrees was the most satisfactory indication of safe speed." They collected data 

from 48 states and although the effect of body roll was neglected, they concluded that 10 degree reading should still be 

conservative. A friction factor of 0.14 to 0.15 was found to represent a ball bank indicator reading of 10 degrees. Applying those 

design values of side friction for today’s passenger cars is questionable.  In addition, those values were originally developed for 

passenger cars and their application to today’s fleet of trucks is definitely questionable. Vehicle design has changed significantly 

over the last 150 years resulting in a need to re-examine the driver comfort levels used in AASHTO design policy. This is 

especially true since the new approach for modern truck design typically tends to provide optimum power/mass ratio for trucks to 

carry heavier cargo, resulting in higher mass centres and less rollover threshold. 

Emmerson (1969) has calculated actual lateral friction factors observed at six horizontal curve sites based on passenger car speed 

data, and found that at the curve radius range of 196-350 m the average value of lateral friction factors indicated 0.11 with more 

than 80 % passenger cars having less than0.15. In contrast, in the case of curve radius range of 21-100 m, lateral friction factors 

were observed to be 0.27 and 0.22 with more than 90 % passenger cars having greater than 0.15. 

Fancher et al. (1986) Conducted experiments using different truck tires on dry and wet concrete pavements at 40 mph speeds. The 

average skidding friction was 0.54 on dry surfaces and 0.47 on wet surfaces. The average peak friction on a dry concrete 

pavement was 0.76, while the average   peak friction on a wet on a wet concrete pavement was0.64. 

In western Canada, a number of curves have been examined using various vehicles. It was found that ball bank angles of 

approximately 10 degrees resulted in side friction factors of 0.16 - 0.17, which correspond to AASHTO values (Morrall et al. 

1994). Regression models relating ball bank angles to side friction factors (determined by using the acceleration data collected 

with the GAnalyst) for each test vehicle at dry and wet conditions were developed. Safe side friction factors for the inside and 

outside of a given curve were found to be 0.1588 and 0.1790 for dry pavements and 0.187 for wet pavements for all classes of 

vehicles grouped together. These factors are slightly higher than those found by previous researchers(Morrall et al. 1994). The 

authors also found that curves flatter than 500 m provide high levels of dynamic driving safety on both wet and dry pavements. 

Moreover, the value of the side friction factor is a function of length along the curve. 

Harwood and Mason (1994) examined the margin of safety provided by the AASHTO (1990) design guide on minimum radius 

curves with respect to vehicle skidding and rollover. Assuming, vehicles do not exceed the design speed, they found for most 

situations that an adequate margin of safety does exist. However, under some conditions, skidding and rollover can occur if the 

vehicle exceeds the design speed even marginally (Harwood et al. 1994). The simulation performed in their analysis examined 

only 2D horizontal alignments and no study on combined 3D alignments were made. 

This indicates that observed side friction factors can be different from theoretical values which questions the consistency of 

existing highways based on vehicle stability, especially side friction. 

To estimate the margin of safety that a curve provides against skidding, the side friction at impending skid conditions and the 

peak side friction demanded must be known (Morrall et al. 1994). Once these values are known, the margin of safety can be 

defined as 

MS skid  =Fs skid -Fspeak     (1) 

 

where MS skid = margin of safety against skidding 
 

Fs skid = side friction factor at impending skid condition at a given speed, and  

Fs peak = peak side friction demanded at a given speed. 
Vehicle rollover thresholds were also examined by Harwood and Mason (1994). They found that passenger cars have a very high 

threshold in the order of 1.2 g and that unstable trucks can have thresholds as low as 0.27 g. Since, AASHTO (1990) allows 

lateral acceleration values as high as 0.17 and given the fact that vehicles typically oversteer along a portion of a curve, the 

margin of safety for rollover is not great (Harwood et al 1994). It was found that an unstable truck could rollover when exceeding 

the design speed by as little as 8 km/hr on low design speed horizontal curves and that this is a potentially realistic situation on 

freeway ramps (Harwood et al. 1994). 

https://ijireeice.com/


IJIREEICE ISSN (Online) 2278-1021 

ISSN (Print)    2319-5940 
 

 

International Journal of Innovative Research in 
Electrical, Electronics, Instrumentation and Control Engineering 

 

NCIET- 2020 

National Conference on Innovations in Engineering & Technology 
Govt., Polytechnic College, Palakkad, Kerala 

Vol. 8, Special Issue 1, February 2020 

 

Copyright to IJIREEICE                                                    IJIREEICE                                                                        27 

Carlson and Mason (1999) examined lateral acceleration and ball bank indicator readings to determine whether they were actually 

indicators of driver comfort. They collected data using a mid- size sedan on 5 different curves on the Pennsylvania Transportation 

Institute test track. Ball bank indicator readings and the unbalanced lateral acceleration were strongly correlated with a coefficient 

of determination (R2) value equal to0.924. 

The relationship can be expressed mathematically as follows (Carlson et al. 1999): 

 

𝐵𝐵𝐼 = 1.115 + 52.627(𝑈𝐿𝐴)        (2) 

Where,  

 

BBI = Ball bank indicator reading (degrees), and 

 

ULA = Unbalanced lateral acceleration or side friction factor 

 

The curves examined in the Felipe and Navin (1999) study was all very small in radius with the largest being only 100 m. Their 

findings did show that curve radius played a major role in the speed chosen by drivers. Drivers limited their speed on large radii 

curves based on comfortable lateral acceleration and speed environment while on small radii curves the limiting factor was 

strictly comfortable lateral acceleration. 

Some research work has been conducted in Canada to evaluate side friction under different weather, climatic, and vehicle fleet 

conditions. A study in Calgary found that while the design values of side friction provided higher margin of safety for passenger 

cars and pick-up trucks against skidding on dry pavement, the margin of safety on wet and icy conditions was questionable 

(Morrall and Talarico 1995; Talarico and Morrall1994). 

Chang (2001) found that for modern vehicles the key safety issue is rolling rather than lateral skidding. He suggested two 

methods in which current geometric design standards can address body roll in vehicle dynamics via modifications to the 

recommended values for horizontal alignment elements. He identified increasing super elevation rates on horizontal curves and 

increasing minimum curve radii as the most appropriate methods to account for the effect of body roll on vehicle dynamics 

(Chang2001). 

Chang (2001) examined vehicle stability on horizontal alignments taking into account vehicle body roll and found that rollover 

may be more critical than lateral skidding when considering modern vehicles. He argues that the rollover threshold is actually 

much lower than what is currently thought correct by the AASHTO (2001) or TAC (1999) guides. He also suggests that the effect 

of sprung vehicles on minimum horizontal radius be incorporated into current design criteria in order to achieve greater 

consistency between highway and vehicle design. 

Another experimental study has been conducted in New Brunswick using actual five axle semitrailer as a design vehicle with 

more consideration given to the evaluation of rollover threshold (Garcia et al 2003). The study found that the vehicle carrying 

less-than-truck-load displayed the highest propensity to rollover with some recorded values of lateral acceleration close to 80 to 

90% of the corresponding rollover threshold (when traveling at or below the posted speed limit). Clearly, this raises questions 

about the adequacy of current design guidelines against rollover. 

In fact, there are a few research findings available for understanding lateral friction and its characteristics incurve design. For ex., 

Meyer (1949), Barnett (HRB 1936), Moyer & Berry (HRB 1940), and Stonex and Noble (HRB 1940) have published their 

research findings on lateral friction values and vehicle speeds made mostly in the US. Ball bank indicators were used to find 

lateral acceleration and hence determine safe speed on curves. However, these studies were made in early days of highway design 

theory development, and it is critical that these research findings, which were based on design speed of 120 km/h at the highest, 

are not directly applicable to current rural highway design. 

For instance, J. Emmerson (1969) has calculated actual side friction factors observed at six horizontal curve sites based on 

passenger car speed data, and found that at the curve radius range of 196-350 m the average value of side friction factors indicated 

0.11 with more than 80 % passenger cars having less than 0.15. In contrast, in the case of curve radius range of 21-100 m, side 

friction factors were observed to be 0.27 and 0.22 with more than 90 % passenger cars having greater than 0.15. This indicates 

that observed side friction factors can be different from theoretical values 

Essam et al. (1988) studied the limitations of point mass model currently used in the design of minimum radius of horizontal 

curves. Design aids were then developed to address the recommended solutions to maintain the margin of safety required. 

Computer software that simulates vehicle behaviour on different geometrical alignments was employed to investigate vehicle 

stability on complex curves with 3D alignments. It was found that vehicle safety is questionable, especially for larger vehicles on 

curves associated with vertical alignments. 

Garber et al. (1990) investigated the major factors associated with large truck crashes including the effect of highway facility type 

and highway geometry, and the development of mathematical models relating the factors with crash rates and probability of 

occurrence. 

Easa (2003) in Switzerland, studied on 300 sites and a relationship expressing their pavement conditions and side friction force at 

different speed levels were developed. Based on the relationship two side friction factor equations, one for the longitudinal 

direction and another for the side direction, were published. 
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McLean in Australia asserted based on his empirical analysis that the side friction values specified in AASHTO design guideline 

were too low. Then he proposed to increase the current side friction values ranging 0.11-0.19 to0.08-0.35 

Meanwhile a group of researchers in Germany including R. Lamm (1999) investigated several European country cases and 

proposed a new relationship for finding relevant side friction factors in highway curve design as shown in Eqn. 

FR = 0.27 − 2.19 ∗ 10−3VD + 5.79 ∗ 10−6VD
2(3) 

Where, FR: Side Friction Factor, Vd: Design Speed (km/h) and the research made an assumption that the model relating side 

friction factors and design speed would be a logarithmic function. 

 

PinakiMondal et al. (2010) detailed the effect of velocity and road conditions on the roll over behaviour of a popular SUV on 

Indian road conditions. Road conditions were collected from three crash prone areas of an Indian metropolitan city. The safety 

critical vehicle dynamics related parameters of a commercial SUV were measured through experiments. These parameters were 

incorporated within the mathematical modelling and simulations using a multi-body vehicle dynamics software. The sensitivity of 

critical roll over velocity to the variations in road-tire frictional co-efficient, road side slope and radius of curvature were studied. 

The findings of the dynamic lateral acceleration threshold indicated that proper side slope and better skid resistance are necessary 

to improve the roll over stability especially for Indian wet road conditions 

Donnell et. al. (2011) provided an analysis of the margin of safety that exists in horizontal curve design policy. This analysis 

considered various vehicle types, pavement surface types, and operating speed distributions. Comparisons between friction 

supply, demand, and design side friction factors were made in this paper. It was found that drivers travel at speeds that nearly 

approximate AASHTO maximum side friction factors on rural highways with high design speeds (i.e., greater than 45 mph). At 

lower design speeds, however, the observed friction demand of drivers in the present study often exceeded the AASHTO 

maximum side friction factors used in horizontal curve design. It was found that the observed friction demand, which were based 

on speeds collected on dry pavement conditions, was generally at least 0.05 below mean friction supply on curves. The friction 

data were collected using a combination of a portable dynamic friction tester (DF Tester) and circular texture meter (CT meter). 

The test method produces pavement surface friction properties as a function of speed.  

Tang-Hsien Chang (2014) suggests that the relationship between minimum radius, super elevation, side friction, and design speed 

should be modified to incorporate modern vehicle design in body rolling. This study addressed the limitations of conventional 

design criteria for horizontal curves. A more appropriate equation was derived as follows 

Where, 

For passenger cars and trucks, 𝑅 =
𝑉2

121(0.5𝑒+𝑓)
    (4)   

 

R is Radius of horizontal curve,  

e is super elevation 

and f is lateral friction factor 

In order to ensure driving safety based on the values obtained from the revised equation, an evaluation of existing highway curves 

was proposed. This study also suggested that highwayagencies should improve unsatisfactory sections and install speed calming 

measures at places that cannot be modified. 

Morrall et. al. 2013 conducted study to determine the amount of side friction demanded and provided for a range of roadway 

curvatures, vehicle speeds and types, and pavement surface conditions. A ball bank indicator and a commercial accelerometer (the 

GAnalyst) were used to measure ball bank readings and corresponding lateral accelerations on the test curves. The friction supply 

levels measured in the field indicate that friction varies between rural two‐ lane and multi‐ lane highways. Their search indicate that 

passenger cars are more likely to skid before rolling over on horizontal curves, while large trucks are more likely to rollover on 

horizontal curve before skidding on lows peed roads. 

JinXu et al. (2015) conducted an experimental study on lateral acceleration of cars in different environments in Sichuan, 

Southwest China. The lateral accelerations, speeds, and trajectory curvatures of a passenger car on twelve highways with different 

design speeds and topographies were obtained. The negative correlation between the lateral acceleration and the curvature was 

analysed and interpreted. In addition, regression models of the lateral acceleration with the curvature and speed for three different 

kinds of roads (six-lane road, four-lane road, and two-lane road) were established. 

 

IV. CONCLUSION 

 

The combination of horizontal curves with vertical alignment is a common feature on rural highways in India. It is evident from 

the literature review that the current geometric design guides do not adequately investigate vehicle stability on such 3D 

alignments. So, the use of lateral friction values which were developed years back and still used by current design standards may 

raise safety concerns over vehicles traversing such curves. Inconsistent highways may be resulted as a consequence. Only a few 

research works are carried out in the field of geometric design consistency on horizontal curves in India. Most of the works 

evaluate consistency based on speed considerations. Consistency of curves based on margin of safety against skidding and 

rollover are subjects for only a few researchers. Lateral friction at tire pavement interface and unbalanced lateral acceleration 
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experienced by a vehicle are indicative of their stability. Studies report that the influence of geometry and vehicular 

characteristics on the stability of vehicles is very high. Knowledge of relationship between different kinds of geometric elements 

and vehicle stability will help to derive guidelines for designing highway geometric elements with consistency and safety. 
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Polarity Detection Using Digital Media
 

  
  

Abstract— People now use digital mediums for expressing 
their opinion on any matter. This interaction caused a 
tremendous increase in the amount of data generated online. 
Automatic sentiment extraction provides an effective method 
for analysing public opinion on any topic. This paper proposed 
an approach for summarising large documents and for 
automatically extracting sentiments. Twitter and news feeds 
are the 2 primary sources of data used in this paper .In this 
work Latent Semantic Analyser extracted the mostly discussed 
topics and are visualised using a word cloud. Valence Aware 
Dictionary and Sentiment Reasoner is the lexicon and rule 
based sentiment analysis tool used to extract sentiments from 
collected data. Valence Aware Dictionary and Sentiment 
Reasoner extracts the polarity expressed on text and the results 
are visualised for better analysis. The topics selected for data 
collection are Kerala flood, Election 2019 and Sabrimala issue. 

Index Terms—sentiment analysis, polarity detection, text 
mining, topic modeling, latent semantic indexing 

I. INTRODUCTION  

Immense amount of data is generated everyday through 
many digital medias. The extensive use of internet changed 
the way people express their opinion on various 
matters.Today, people use blogs, tweets, etc to express their 
views on any topic. Apart from this, there are various online 
newspaper sites that publish news on daily basis. Data 
extraction and representation techniques are required to deal 
with this huge amount of data. Automatic sentiment 
extraction process gives a viable method to measure public 
feeling on any topic. Topic modelling is an unsupervised 
classification technique that can extract the major topics in 
discussion from a collection of documents. This paper 
proposed a method for creating the emotional profile of an 
event based on sentiment analysis on multiple digital media 
interactions. Kerala flood, Election 2019 and Sabrimala issue 
are the topics under analysis. 

 Twitter is one of the most used microblogging platforms. 
People now use Twitter for expressing their emotion on 
various public matters through 140 characters long tweets. 
Millions of people are posting millions of tweets related to 
various topics daily. Twitter is one of the sources of data in 
this paper. In today’s digital world traditional physical 
newspapers and magazines are replaced by online news and 
weblogs [1]. Hence another source of data for this paper is 
news headlines from newspaper sites Hindu, Times of India, 
Samayam collected using Really Simple Syndication Feeds. 

Topic models are used to analyze large volumes of text 
data [2]. Discovering topics are essential for various 
purposes such as for clustering documents, organizing online 
available content for information retrieval and 
recommendations. In probabilistic topic models, documents 

are considered as a collection of topics and topics are 
considered as a collection of words. Topic modeling 
algorithms extract frequent keywords from the document and 
are assigned to a particular topic. There are various topic 
modeling techniques like Latent Dirichlet Allocation, Latent 
Semantic Indexing, Vector Space Model, etc. Latent 
Semantic Indexing method is used in this paper. Topic 
modeling technique is used here to filter the data based on 
that particular event. 

Sentiment analysis categorizes the texts in a document 
based on the polarity of words. Sentiment analysis has 
various applications in the field of politics, public actions, 
healthcare, etc. Sentiment analysis consumes more time for 
manually labeling words in a document with polarity value. 
Sentiment analysis can be automated by using a lexicon 
based approach or by using machine learning [3]. Lexicon 
based method contains a dictionary of opinionated words 
with some polarity value. The words in the input document 
are matched with the words in the dictionary for finding 
polarity. In the lexicon-based approach, data is not required 
to be trained and preprocessed. This paper uses a lexicon-
based method called Valence Aware dictionary and 
sEntiment Reasoner (VADER). 

The remaining section of paper is organized as follows: 
section 2 is a Literature Survey to discuss about the past 
works done on sentiment analysis and topic modeling, 
section 3 elaborates the methodology used in the proposed 
system and section 4 discusses the results. Finally the 
section 5 concludes the paper. 

II. RELATED WORKS 

In recent years researchers have developed several 
stratergies for understanding and analyzing human 
emotions from user-generated content. 

J. Bernabe-Moreno et.al proposed a method for creating 
the emotional profile of a location based on the emotional 
rating of the geo-localized social media interactions [4]. 
This approach seamlessly reflected di�erent mood changes 
in the location under analysis and worked well even with 
finer time granularity. The limitation of this system is that 
it’s working is limited to tweets in English and considers 
only tweets from a particular area.  

Hosub Lee et.al proposed a method to recognize user 
emotions by inconspicuously collecting and analyzing user-
generated data from different types of sensors on the 
smartphone [5]. The system classifies user emotions into 7 
classes such as happiness, surprise, anger, disgust, sadness, 
fear, and neutral with an accuracy of 67.52%. Future works 
related to this system aims at including new features 
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associated with user behaviour for improving the 
performance of the system. 

Mitodru Niyogi and Asim Kumar Pal introduced a 
method for summarising tweets related to demonetization to 
understand people's opinions related to that topic [6]. The 
limitations are that the proposed system can work only for a 
single language and that in case of some topics it can’t infer 
to a single label because of its mixed nature. 

Vinay Kumar Jain et.al presented an advanced 
framework for automatic detection of emotions in Multi-
Language text data [7]. In this paper classification of the 
dataset has been performed using machine learning 
techniques in two phases which provide better results in 
comparison to other approaches. 

Neha Singh et.al proposed an approach that analyses 
users emotions, concerns, and feelings expressed in tweets 
during the emergency situations to provide appropriate 
feedback to emergency responders and local authorities [8]. 
The limitation is that data distribution of emotions is 
generally sparse which makes the change point detection 
algorithm perform really bad for some emotions and good 
for the dominating emotions. 

Venkata K. Neppallia et.al developed models to analyze 
the sentiment of geomapped tweets posted during Hurricane 
Sandy and to visualize the sentiment on a geographical map 
centered around the hurricane [9]. The future works of this 
paper aim at integrating more sophisticated models for 
improved sentiment classification as well as fine-grained 
emotion detection. 

Desheng Wu and Yiwen Cu introduced a framework 
which combines data from multiple sources, including 
social media and geo-location with information on disaster 
losses. Emotions were extracted using SentiWordnet [10]. 
The dataset used here is hurricane sandy dataset which is 
collected by using twitter streaming API. The accuracy of 
the topic classification is limited. 

Richard O. Sinnott et.al proposed a scalable and flexible 
Cloud-based infrastructure that leverages advanced 
machine learning and natural language processing 
capabilities to identify/detect events through changes in 
sentiment [11]. The harvesters and tweets that are collected 
are used to train the sentiment classification algorithms. 
Accuracy is less and is not suited for all applications. 

Guy Lansley and Paul A. Longley developed an 
operational classification for georeferenced Tweets from 
London to reveal weekday patterns of social media activity 
across a city [12]. Associations identified in this paper can 
be used to develop predictive tools to estimate either land 
use and activity, or the content of social media posts across 
space and time. 

Barkha Bansala and Sangeet Srivastavaa proposed a 
novel method called Hybrid Topic-Based Sentiment 
Analysis (HTBSA) for election prediction using tweets 
[13]. HTBSA gives 8.4 Mean Absolute Error rate as 
compared to 12 MAE given by sentence level sentiment 
analysis for election prediction. 

Hoe Yun Kwon and Young Ok Kang introduced a 
method to quantify the possibility of disaster occurrence 
shown by flood-related Twitter data as a value called risk 
level and visualize it on the map based on the location 
information shown in tweet text in order to detect a sign of 
disaster [14]. It showed that SM data has a possibility to be 

utilized as a method to detect a sign of disaster. Accuracy 
of data extracted can be improved more using the elaborate 
glossary. 

Munirul M. Haque et al. proposed a facial expression 
based mood detection model developed by capturing 
images from user’s laptops or mobile phones [15].The 
system showed 80% accuracy in detecting moods from 
facial expression. 

Anil Bandhakavi et.al modeled the emotion corpus 
using a generative unigram mixture model, combined with 
the emotion-sentiment mapping proposed in psychology for 
automated generation of word-polarity lexicons that capture 
emotion-rich vocabulary [16]. This system gives accuracy 
over 85%. Performance can be improved by using corpus-
based technique biterm topic modeling which is better than 
LDA. 

Luciano Gallegos et al. combined social media data 
from Twitter and Foursquare with demographic data from 
the US Census to carry out micro-analysis of geography 
and emotion [17]. The system showed 65% accuracy which 
can be improved by including socio-economic factors such 
as family income by census tract, to the study of sentiment 
analysis and human mobility patterns. 

Francine Chen et al. introduced a method for matching 
geo-tagged tweets with geolocated venues and 
visualizations for profiling venues based on information 
mined from venue-tagged tweets [18]. The system showed 
overall performance rate of 70%. Future works deals with 
exploring methods for identifying tweets related to a venue 
when the venue has not been explicitly mentioned. 

Chae Won Park and Dae Ryong Seo introduced 
sentiment analysis using Valence Aware Dictionary and 
Sentiment Reasoner on tweets related to Siri, Cortana, and 
Google Assistant[19]. The change in sentiment score was 
described as positive, negative, and neutral percentage 
depending on the positive and negative events on    Siri and 
Google Assistant. Eventually established a method to 
choose better artificial intelligence tool. 

Victoria Ikoro et.al proposed a method for sentiment 
analysis on tweets UK energy consumers[20]. The system 
is based on 2 sentiment lexicons one for detecting 
sentiment-bearing terms and negative sentiments and 
another lexicon for classifying the remaining data. Latent 
Dirichlet Allocation technique is applied on data to 
determine the most discussed topics between the customers. 
The system showed better accuracy as compared to 
methods using a single lexicon. 
 

III. PROPOSED SYSTEM 

Humans use various digital resources to express their 
emotions on different topics. Enormous amount of data is 
created during each second as a result of these interactions.  
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Fig 1. Proposed System Architecture 

 
 
This paper proposes an approach for analyzing the polarity 
expressed in these data from different resources. The Kerala 
flood, Sabarimala issue and Indian elections 2019 are the 
three major events under consideration. 
   The figure 1 depicts the proposed system architecture. The 
dataset collected from different sources are analysed by 
latent semantic analyser which generates a word cloud based 
on the keywords indicating the major topics under 
discussion. The preprocessed data is then applied on lexicon 
based sentiment analyser called Valence Aware dictionary 
and Sentiment Reasoner (VADER) to produce a bar graph 
visualizing the polarity of text in the data. 

A. Data Collection 

 Data collection procedure includes gathering tweets and 
news feeds based on the three occasions during different 
time spans. Tweets are collected using Twitter streaming 
API and news feeds are gathered by utilising Really Simple 
Syndication feeds (RSS feeds). Around 10000 data was 
collected through these resources. 

a) Twitter API 
Twitter streaming API is used here for collecting 

tweets related to events. Twitter is one of the most widely 
used microblogging platforms. In order to make use of 
Twitter API, it is necessary to request for developer account. 
After verification Twitter will provide us Access token and 
Consumer keys which can be used for collecting tweets. 
Twitter provides free access to tweets posted in the past 7 
days only, hence in this paper keyword based search 
technique which comes under getoldtweets package is also 
used. It extracts tweets using keywords related to that event. 

 

b) Really Simple Syndication Feeds 
       Really Simple Syndication feeds contain the summary 
of content from an associated web. RSS is used for saving 
updated data on websites that user commonly visit or 
websites that are favorite [21].It is used here for collecting 
news feeds related to the three major events under 
consideration. Many sites offer RSS feeds which can be 
identified by a small button saying RSS or XML. RSS feeds 
from newspaper sites like The Hindu, Times of India and 
Samayam are used in this paper for collecting news 
headlines. 
 

B. Latent Semantic Analysis 

     Topic modeling is the process of finding a collection of 
words that represents the meaning of a collection of 
documents [20]. Latent semantic analysis also known as 
latent semantic indexing is a topic modeling technique. 
Topic modeling techniques are used for summarizing large 
documents. In this system it is used to understand the major 
topics under discussion. Latent Semantic analyzer will 
return a set of frequent words along with some weight value.        

     Topic model takes a document as its input and convert 
that to bag of words which implies a document term matrix 
containing the number of times a particular term has 
occurred in a document. It is given as the input to topic 
model. The objective of topic modeling is to find the topic 
by analyzing the words. Training discovers the topics by 
using topic models [20]. Topic models will assign each 
word with a topic. The model produces word probability 
distributions over topics and topic probability distributions 
over documents as its output [20]. The topic modeling 
technique used here is Latent Semantic Analysis. LSA 
learns latent topics by performing matrix decomposition on 
document-term matrix using Singular value decomposition. 
LSA is typically used as a dimension reduction or noise 
reducing technique.LSA initially convert the documents into 
document term matrices. LSA then uses matrix algebra 
technique called Single Value Decomposition (SVD) to 
identify patterns and relationship between terms and topics 
in the text. SVD is a matrix factorization technique that 
represents the matrix as a product of two matrices. Here the 
document term matrix X is decomposed into U and V which 
are orthogonal matrix and S, a diagonal matrix [20]. 

                                X = U SV t                                                         (1) 

As a result of these 3 matrices term-topic, topic-topic and 
document-term matrices with linearly independent 
components are formed. 

a) Preprocessing 
      The collected data can be highly noisy and can contain 
unconventional spelling schemes. Pre-processing is used to 
make data on to a better form. Preprocessing techniques 
used for topic modeling are different from that used for 
sentiment analysis. 

• Tokenisation  : Tokenisation process involves 
splitting the given texts into pieces called tokens. 
Tokenisation is achieved by splitting text on while 
spaces [22]. Tokenisation is done by using 
functions within Natural Language Tool Kit 
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module. Tokenisation splits texts into sentences 
and sentences into words. 

• Stop words removal   : Stopwords are words in 
English that doesnot add much meaning to the data. 
It can be ignored without affecting the meaning of 
the sentence. Stopwords can be removed by 
comparing text to a list of stopwords. This classic 
method of stopwords removal is based on pre-
compiled lists of stopwords[23]. Natural language 
Toolkit is used for removing stopwords. 

• Conversion to lowercase : Text data contains words 
in upper case as well as lower case. To make it 
uniform all the words are converted to lowercase. 

• Stemming : Stemming is the process of reducing 
words to their base form. Porter stemmer algorithm 
is applied in this paper. Porter stemmer algorithm 
removes common morphological and inflexional 
endings from words. Porter stemmer is a small, 
simple and fast program that can process more 
number of words in a small period of 
time[24].Porter stemmer algorithm is used as it is 
more efficient than other stemming algorithms. 

These are the various techniques used for pre-processing 
the collected data. 

b) Latent Semantic Analyser 

Latent semantic analysis is a topic modeling technique. 
In this system it is used to understand the major topics under 
discussion. Latent Semantic analyzer will return a set of 
words along with some weight value. 

c) Word Cloud 

Word cloud is a visualization technique for representing 
text data. The size of each word in the word cloud indicates 
its frequency or importance. In this paper word cloud is used 
to represent the output of latent semantic analysis. It 
represents the keywords and its frequency using size. 

C. Sentiment Analysis 

   Valence Aware Dictionary and Sentiment Reasoner 
(VADER) is a lexicon and sentiment analysis tool developed 
by Hutto and Gilbert [25] .VADER analyses the sentiments 
expressed within the text and give the polarity and intensity 
of that emotion. The main advantage of VADER is that it 
can work well for social media data by considering slang, 
abbreviations and emoticons within social media data. Also 
it does not require any training data and it can work faster 
[26]. The three existing lexicons called Linguistic Inquiry 
and Word Count (LIWC), Affectives Norms for English 
words and General Inquirer were considered for 
constructing VADER [26]. Authors also added social media 
slang, emoticons etc to VADER for getting better results. 
Then assigned a valence value for each of the features. 
These features were then rated on a scale from [-4] showing 
extreme negative to [4] showing extreme positive with [0] 
for neutral.Through qualitative analysis few generalisable 
heuristics causing change in sentiment intensity were 
formed:  
Punctuation: Punctuations namely exclamation increases the 
intensity without modifying semantic orientation [7]. 
Capitalisation : Increases the sentiment intensity magnitude 
without modifying semantic orientation [7]. 

Degree Modifiers : It can increase or decrease the sentiment 
intensity. For example in the case of good and extremely 
good the intensity of extremely good is greater[26]. 
Conjunctions: The polarity of text depends on the polarity of 
text after conjunction. Polarity after the conjunction will be 
more dominant and it determines the overall sentiment. 

a) Preprocessing 

Only tokenization and stemming techniques are used for 
preprocessing in the case of sentiment analysis using 
VADER and the techniques are the same as that explained in 
the previous section. 

b) VADER 

 Analyses the sentiments expressed within the text. It 
gives the polarity and intensity of that emotion. VADER 
computes the intensity and polarity of data based on the 
three events so as to gain insights about the event. 

c) Polarity Mapping 

 Maps the polarity of words within news feeds and tweets 
so as to understand the emotional intensity during that 
particular event. Bar chart is used for plotting the results of 
sentiment analysis. x axis represents the polarity of data and 
y axis denotes the percentage of data.                  

IV.   EXPERIMENTAL RESULTS 

 The system is developed for summarisation and 
sentiment analysis using Anaconda Python environment. 
The experiment is done on Windows 10 with the support of 
intel core i5 and 4GB RAM.Tweets and news are the main 
sources of data for this project. Tweets and news data about 
the three major events under consideration were collected 
using Twitter streaming API and Really Simple Syndication 
feeds of news paper sites Hindu,Times Of India, Samayam. 
Tweets were collected using the consumer and access token 
keys. Tweets were also extracted using famous keyword 
based search technique and are stored to a csv file. The 
collected data contains username, date, retweets, favourites, 
text, geo, mentions, hashtags, id and permalink field. News 
headlines were collected by extracting RSS feeds 
downloaded from newspaper sites. Headlines and URLs 
were extracted from RSS feeds and are stored on to a csv 
file   

TABLE I  

DATASET COLLECTED 

Event Total Data 

Kerala Flood 4337 

Election 2690 

Sabarimala 2944 
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 As shown in Table I, over 4337 tweets and news about 
kerala flood was collected. The data from August 2018 to 
September were collected initially. Then for understanding the 
sentiments after flood, data was collected from September 
2018 till Jan 2019. KeralaFlood, KeralaFlood2018, 
KeralaFloodRescue were the keywords used for data 
collection as depicted in Table II . The next event under 
consideration is Lokasabha elections 2019. A total of 2690 
data about this topic was collected using keywords 
BjpElection2019, Congresselection2019, Modielection, 
RahulGandhi election from Jan 2019 till April 2019. The next 
event under consideration was Sabarimala issue, over 2944 
data about this topic was collected using keywords 
SaveSabarimala, Sabarimala . The tweets regarding this topic 
were collected from July 2018 and January 2019. 

 The dataset is preprocessed and is applied to Latent 
Semantic Analyser first. Latent Semantic Analyser generates a 
dictionary of terms and from that produces a term - document 
matrix which contains the terms and its number of 
occurrences in the documents and this step is called as corpus 
creation. Here the csv file containing the data is considered as 
a single document. After creating the corpus LSA model is 
created using Gensim package in Python. Gensim is a library 
in python for unsupervised topic modeling and natural 
language processing. For optimising the results of topic 
modelling it is essential to find the number of topics. 
Coherence score is computed and plotted based on all the 
three events for this purpose. The number of topics with a 
higher coherence was choosed. The resultant of LSA is a set 
of keywords with some weight. These keywords are then 
visualised using a Word cloud based on the frequency of 
occurrence. Word cloud is a visualisation technique which 
indicates the frequency and weight of words in a document 
[2]. Word clouds for all the three events are generated using 
this procedure. Fig 2 shows the word clouds generated as a 
result of topic modelling. 

Sentiment analysis determines the polarity communicated 
in the content and the outcomes can be utilized for generating 
insights about the data under analysis. Valence Aware 
Dictionary and Sentiment Reasoner (VADER) is used in this 
paper for performing sentiment analysis. VADER’s primary 
benefit is that it can consider emoticons, abbreviations etc 
expressed in the data. When the csv file containing data is 
given as input to VADER it will compute and display the 
polarity and intensity of the data. 

 

 

 

Fig. 2. Word clouds generate 

Fig. 3. Sentiment analysis example 

When the pre-processed data is given as input to VADER, it 
checks whether the words in the text are present in the lexicon 
and it provides a sentiment score between 1.0 and -1.0. VADER 
produces four sentiment ratings positive, negative, neutral, 
compound from these scores. This sentiment scores are 
compared with compound sentiment threshold 0.5 to determine 
whether it is positive, negative or neutral. Fig 3 clearly shows 
the change in sentiment value with the use of emoticons. 
Percentage is then computed to determine the amount of 
positive, negative and neutral data in the given document. The 
result of sentiment analysis is then visualised using Bar plot in 
python. 

 

Fig. 4. Kerala flood 

TABLE II  

                                  KEYWORDS USED 

Event  Keywords 

Kerala Flood Keralaflood,Keralaflood2018,K

eralafloodrescue 

Election Bjp Election 2019, Congress
Election 2019,Modi 
Election, Rahul Gandhi Election

Sabarimala Savesabarimala, Sabarimala 
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The output of sentiment analysis on data related to 

Kerala flood during different time span is shown in Fig 4 . 
In both the graphs the positive sentiments is greater than all 
other sentiment matrices. As seen in first graph, during 
August 43% of the data is positive whereas in second figure 
40% of the data is positive and 25% of data is showing 
negative sentiments. The negative sentiments in data 
collected during August are 23%. The neutral sentiments 
percentage is 33% and 34% of the data considered. 

The same process is repeated on kerala flood news feeds 
and observed that 31% of the data is showing positive 
sentiments, 31% showing negative sentiments and 35% of 
the data denotes neutral sentiments. Also sentiment analysis 
on Kerala flood data collected during elections 2019 resulted 
in 26% positive, 18% negative and 55% neutral data. 

The next event under consideration was Sabarimala 
issue. A total of around 3000 data were collected during July 
and January 2019. As it is seen in fig 5, in July the 
percentage of neutral data was higher and the percentage of 
positive and negative data was the same and it was 25%. 
Meanwhile in January 2019 the percentage of positive data 
increased to 40% and the percentage of negative tweets 
decreased to 18%. 

 

  
Fig. 5. Sabarimala 

  
Fig. 6. Election data based on parties 

  

Fig. 7. Election data based on leaders 
 
The next event under consideration was election. In case of 
election 4 sets of data was collected. The data about 2 main parties 
and 2 main leaders were collected for analysis 

The fig 6 shows the output sentiment analysis on collected 
data about the parties and 2 main leaders. From the figure it is clear 
that the data collected about Congress shows 43% positive 
sentiments whereas the data collected about BJP shows 30% 
positive sentiments. Also the percentage of negative sentiments is 
22% and 34%. Fig 7 shows the sentiment expressed in data towards 
2 main party leaders. As we can see the data collected about 
Narendra Modi is 40% positive 36% negative and 23% neutral. The 
data collected about Rahul Gandhi is 26% positive 23% negative 
and 50% neutral. 

V. CONCLUSION 

As the amount of data is increasing day by day there should be 
some means to extract useful information from data. This paper 
proposed such an approach for summarising large documents and 
extracting the sentiments expressed on these data. Topic modelling 
is performed using Latent Semantic Indexing .Sentiment analysis is 
done using a lexicon based approach called Valence Aware 
Dictionary and Sentiment Reasoner. The paper is based on 3 recent 
events Kerala Flood, Election 2019 and Sabarimala issue. Tweets 
and news headlines are the two major sources of data used in this 
paper. The system showed an accuracy of 78.3%. 

Future works can be extended to deal with sentiment analysis 
on data from other languages. The sources of data can be extended 
to other digital mediums for a better result. Also the system can be 
extended for creating emotional profile of a location during 
disasters through sentiment analysis on text from that location. 
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Abstract— Support Vector Machine (SVM) is one of the main 

classification techniques used in many security-related 

applications like malware detection, spam filtering, etc. To 

incorporate SVM into real-world security applications they must 

be able to cope up with the attack patterns that will lead to 

misclassifications. In this system, the vulnerability of SVM to 

evasion attacks are measured. A simple but effective approach is 

presented that can be exploited to systematically assess the 

security of widely-used classification algorithms against evasion 

attacks. To identify the vulnerabilities some transformations are 

applied to the testing set of handwritten digit images.  The 

obtained result is plotted as a confusion matrix that allows the 

visualization of the performance of the algorithm against evasion 

attack. The work demonstrates the correctness and performance 

of existing adversarial systems. This work also compares the 

performance level of feature descriptors like Speeded Up Robust 

Features (SURF) and Histogram of Oriented Gradients (HOG) 

and their level of vulnerability to the evasion attacks are also 

measured. It can be inferred from our system that, even though 

both HOG and SURF are vulnerable to evasion attacks, those 

images that are extracted using SURF is less vulnerable compared 

to those images extracted using HOG features.  

Keywords— HOG, SURF, Evasion Attacks, SVM 

I. INTRODUCTION 

Nowadays machine learning algorithms are used in a wide 
range of applications. It is widely used in security sensitive 
applications such as malware detection and spam detection 
because of its ability to detect attacks or variants of known ones. 
Evasion attacks [6] are the most popular type of attack that can 
occur during system operation in adversarial settings. Evasion 
attacks manipulate the input data at test time and cause 
misclassifications. Even though many pattern recognition 
techniques are used in security sensitive applications to 
distinguish between malicious and legitimate samples, still there 
exist some attackers who intent to misclassify malicious data as 

legitimate data at test time. Current research shows the fact that 
SVM are vulnerable to evasion attacks as they never consider 
the existence of an attack. Adversarial machine learning 
algorithms [7] are built to exploit the vulnerabilities in a machine 
learning algorithm. These vulnerabilities are simulated by 
training the learning algorithm under various attack scenarios 
and policies. To better understand the vulnerability of SVM 
classifier in adversarial settings some manipulations are made in 
the input data at test time. 

The main objective of the work is to identify the 
vulnerabilities in SVM classifier to evasion attacks. The success 
of a machine learning algorithm depends on their resistance to 
adversarial data. To identify the vulnerabilities some 
transformations are applied on the testing set of handwritten 
digit images. The number of correct and incorrect predictions is 
summarised by plotting a confusion matrix. Our system also 
compares the performance level of feature descriptors like 
SURF and HOG and their level of vulnerability to the evasion 
attacks are also measured. 

II. RELATED  WORKS 

Support Vector Machine [3] is one of the most commonly 
used classification technique. In [2], it is observed that SVM 
trained on HOG feature vector identified objects similar to a 
human visual system. In [1], HOG (Histogram of Oriented 
Gradients) which are locally normalised show excellent 
performance compared to other existing feature set for human 
detection in images. Lowe in [4] showed that feature extracted 
using local interest points detects objects more efficiently than 
global feature vectors. Bay, Herbert et.al in [5] introduced an 
effective local feature descriptor SURF (Speeded Up Robust 
Features). SURF being invariant to transformation can correctly 
classify objects subjected to transformation attacks. In [8], the 
systems portraits the various image transformations that can be 
applied to images in order to cause an adversarial effect. 



III. METHODOLOGY  

The basic architecture of our system is depicted in Figure. 1. 
Here, numerical digits features are extracted using HOG 
(Histogram of Oriented Gradient) and SURF (Speeded Up 
Robust Features) and classified using a multi-class SVM 
classifier. In this work, using the features extracted from the 
training set, the SVM classifier is trained. The basic procedure 
for creating an object classifier is:  

• Acquire a labelled data set. 

• The data set is partitioned into a training set and a 
test set. 

• Train the classifier using features extracted from 
the training set. 

• Test the classifier using features extracted from the 
test set. 

 

Figure 1. Architecture Diagram 

 

A. Training Dataset Generation 

For training, digit images taken from the MNIST database 
(Modified National Institute of Standards and Technology 
database) .Each image in the training set is surrounded by other 
digits, this is to recreate the real world scenario. 

B. Test Dataset Generation 

For testing, handwritten images of digits are used. These 
handwritten digits are taken from the MNIST database .MNIST 
is a large database of handwritten digits which are normally used 
for training and testing. 

C. Feature Extraction 

a) HOG Features: HOG stands for Histogram of Oriented 

Gradients. HOG is a feature descriptor where the histogram of 

directions of gradients are used as features. HOG [1] [2] feature 

vectors extracted from the training images are the data used to 

train the classifier. It is therefore important to ensure that the 

proper amount of information about the object is encoded by 

the HOG feature vector. Gradients of an image are useful 

because the magnitude of gradients is large around edge corners 

and edges pack a lot of information about object shape. For 

HOG feature extraction, first calculate the horizontal and 

vertical gradients and then calculate the histogram of gradients. 

Finally the histograms are combined into one giant vector.  

b)  SURF Features: SURF stands for Speeded Up Robust 

Features. SURF is a local feature detector and a feature 

descriptor that relies on local haar wavelet responses. SURF is 

a speeded-up version of Scale ‐ Invariant Feature 

Transformation (SIFT).SURF (Speeded Up Robust Features)  

[5] is a kind of feature extractor and also a matcher for the 

points of interest in any image and the extracted features used 

in object recognition. SURF feature extraction is based on the 

same methodology as well as stages as that of SIFT. SURF is 

implemented either by approximating LoG(Laplacian of 

Gaussian) with Box Filter for finding scale-space or by relying  

on determinant of the Hessian matrix for both scale and 

location. 

D. Training 

Digit classification is a multiclass classification problem, 
where an image is classified into one out of the ten possible digit 
classes 0-9. During training phase, the extracted HOG features 
from the training set are used to train the classifier. Multiclass 
linear SVM is used as the classifier. 

E. Attack Generation 

Transformations such as gamma correction, blur, sharpen, 
rotation etc. are applied on the handwritten digit images to 
validate how the classifier performed on data. These 
transformations allow a small, carefully designed change to 
input and thus completely alter the output of the system. 

a) Blur: The shape of an object is due to its edges, so in 

blurring we simply reduce the edge content and makes the 

transition from one colour to other smooth. Filter used for 

blurring is normally a low pass filter, because it allows low 

frequency and stop high frequency. Around edge pixel value 

(frequency) changes rapidly, as a result high frequency will be 

filtered out. 

b) Gamma Correction : Gamma correction control the 

overall brightness of an image. Varying the amount of gamma 

correction not only changes the brightness of an image but also 

changes the ratio of red to green to blue. 

c) Sharpen: Sharpening is opposite to blur. Blurring is 

performed by reducing the edge content and sharpening is 

performed by increasing the edge content. For these, edges are 

found by any of operator and it is added to the image. And thus 

image would have more edges, and it looks like sharpen. 

d) Rotation : Image rotation is performed in order to rotate 

the image at any desired angle. And here, image is rotated only 

at small degree to avoid a major change in the appearance of 

the image. 

F. Testing 

Evaluate the digit classifier using images from the test set 
after applying the transformations. The evaluation returns the 
confusion matrix, which is a good initial indicator of how well 
the classifier is performing. As in the training step, HOG 
features and SURF features are extracted from the test images. 
These features will be used to make  the final predictions  



 

Figure 2. HOG: Before Transformation 

Figure 3. HOG: After Blur 

Figure 4. HOG: After Gamma Correction  

Figure 5. HOG: After Sharpening 

Figure 6. HOG: After Rotation 



IV. RESULTS AND DISCUSSIONS 

Figure 7. SURF: Before Transformation 

Figure 8. SURF: After Blur 

Figure 9. SURF: After Gamma Correction 

Figure 10. SURF: After Sharpening 

Figure 11. SURF: After Rotation 



A.  USING HOG FEATURES 

a)  Before Transformations : Figure 2. Shows the 

confusion matrix obtained on the classifier before applying 

Transformation. Relatively less error rates are obtained. 

Misclassification can be seen in 0 where 0 has been mostly 

classified as 6.Similar errors are seen in 6 and 5.The above 

confusion matrix has an average accuracy of 0.49. 

 

b)   After Transformations :  

 

• Results for blur: The columns of the confusion 
matrix in Figure 3 represent predicted labels and the 
rows of represent known labels. From the confusion 
matrix it i s evident that 0 has often been 
misclassified as 6, since blurring the images of 6 
seems similar to 0. Simi larly ,6 and 7 are also 
misclassified as 8. The average accuracy is 0.29. 

• Results for gamma: Figure. 4.  illustrates the 
confusion matrix for gamma transformation. It is 
evident that 7 have been misclassified often as 3. 
Similarly, there are errors in 0. The average accuracy 
is 0.48. 

• Results for sharpen: Figure 5.  shows the confusion 
matrix obtained after the sharpen transformation has 
been applied. The average accuracy is 0.48. It shows 

relatively lesser misclassification compared to other 
transformations. But here there is also a 
misclassification of 0 as 6. 

• Results for rotation: The representation of the 
confusion matrix in Figure.6 shows that 1 has been 
often misclassified as 3, whereas 3 has been 
misclassified as 6. Also there has been 
misclassification of 7 as 8 after rotation and 5 as 6 
after rotation. The average accuracy is only 0.28. 

 

B.  USING SURF FEATURES      

a)  Before Transformations : It shows that 

misclassification rates are comparatively less compared to 

those extracted using HOG features. But still there is some 

misclassification in 9, 6 and 5.Confusion Matrix shown in 

Figure 7 depicts that 

 

b) After transformations 

• Results for blur: Figure 8 shows Confusion matrix ob
tained after applying blur transformation is shown in 
fig. 8. 1 and 6 is misclassified as 4. It is due to the 
distortion in image due to blurring; the classifier is  
unable to detect the right images. 

• Results for gamma: Figure 9 shows the confusion 
matrix after applying gamma correction on the 
images. The accuracy obtained is 0.20 which is 
approximately equal to the confusion matrix obtained 

before applying transformations. Here, errors in 
misclassification is less.1 is often misclassified as 7 
and similarly for 4 which is misclassified as 6.  

• Results for sharpen: Figure 10 shows confusion 
matrix for sharpen transformation. Misclassification 
is seen in 6 where 6 has been misclassified as 4. Also 
1 has been classified as 6 mostly 

• Results for rotation: Figure 11 is the confusion matrix 
for rotation transformation. It shows a major 
misclassification for 1 where 4, 7 and 9 have been 
misclassified as 1. Similar errors can be seen in 6 and 
8. There is a perfect classification for 1 

CONCLUSION 

From the experiments it can be concluded that SVM is 
highly vulnerable to evasion attacks. From the HOG feature 
extraction and SURF feature extraction it is found that digit 
images extracted using HOG features are more vulnerable to 
image transformations like blurring, sharpening and rotation. 
SURF is proved to be invariant to transformations like rotation, 
blur, sharpening while HOG is not invariant. HOG has an 
average accuracy of 0.49 before applying transformations. It 
was found that after applying transformations, the average 
accuracy got reduced. But, it can be concluded that, sharpen and 
gamma transformations show very less deviation (0.48) from the 
trained average accuracy of HOG. Similarly, in SURF ,the 
average accuracy obtained before applying transformations is 
0.23.The accuracies obtained after applying transformations 
reduced. An overall analysis shows that blur and rotation 
transformations are stronger in making the SVM vulnerable. In 
adversarial settings, smart and adaptive adversaries can 
deliberately manipulate data (violating stationarity) to exploit 
existing learning algorithm vulnerabilities and impair the entire 
system. This raises several open questions concerning whether 
machine-learning techniques can be used safely in security-
sensitive tasks.  
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   ABSTRACT 

Education is the key to women’s empowerment. When education gets denied there 

isn’t much to happen in her life. As usual she gets married and have children at a 

young age, work in unpaid or low-paying jobs, and rely on economic support from 

their husband or family. Without education, their future and their family’s future gets 

limited. According to the Malala Fund, there are over 130 million girls worldwide who 

are not in school. Has anyone thought about them or their future? There might be an 

unpolished gem among them. Studies have found that if every girl completes 12 years 

of education, child marriage would drop by 64% and health complications from early 

pregnancy, like early births and child deaths, would drop by 59% and 49%, 

respectively. Educating women and girls also improve the economic status of a 

nation, which will reduce the risk of war and terrorism and can be a better harbinger 

of future. There are still many barriers preventing girls and women to pursue and 

complete their education like fees, distance or lack of transportation, being forced to 

work and provide for their families, being forced to marry and have children, or 

conflict in their hometown or country. The most difficult obstacle is the mentality of 

the family towards a girl child. They are denied education only because she is born as 

a girl. The United Nations found that as girls reach secondary school, their enrolment 

rates decline significantly. Only 39% of the countries have equal proportions of boys 

and girls enrolled in secondary education. In developing countries, 35% to 85% of 

girls are forced to stay at home from school to take care of their younger siblings and 

to manage the house while their brothers are provided with higher education. To 

reach the competition level and to expand their professional opportunities, women 

need the same experiences and skills, making post-secondary education an essential 

part of women’s empowerment. Higher education instils them with the knowledge, 

competence and experience that are necessary to get involved in government, 

business, or even in a civil society. With higher education, women and girls 

have better access to health information and other beneficial services which in turn 

will only help the family or generation to grow and develop. We need more and more 

sheors to be the torch bearers of future. 

Key words: Empowerment, Post-secondary education, Shero, Professional 

opportunities 
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“You educate a man; You educate a man. 

You educate a woman; You educate a generation”-Brigham Young 

We are living in a highly competitive world where survival is the only mantra to be focused. Such a fast 

growing world hardly differentiates between men and women. Education is the only key factor that brought 

towards such a change. Even when women have access to education, there can be many other factors that can 

make it difficult for her to take full advantage of those opportunities. It’s women who still carries the cultural 

burden of being the primary homemakers and caregivers. This unpaid “second shift” means that they have less 

time and energy to dedicate to their studies. Family responsibilities doesn’t become burden for them but that is 

the prime factor that is delimiting them from their higher education or carrier growth. When women become 

the sole providers for their families, they need to fulfil it with many other factors like being victims of domestic 

violence, threats like financial and from profession which becomes much more difficult for them to handle. The 

immense pressure that she is handling becomes worthless when it is labelled under the synonym ‘mother’ or 

‘wife’.  Today’s era has witnessed a lot of change when it comes to single girl child nuclear family. Deciding voices 

are only that of their parents. Thus providing wings for them to fly high and capture their aim. Their dreams can’t 

be in fetters and who knows there might be an unpolished gem that is being soiled.  Women in India have been 

treated with utmost respect and dignity since time immemorial. For a nation to advance, empowering women 

is crucial. India was blessed with visionary women who broke the fetters of gender norms in every sector. Its 

long back we heard about the denial of education to women. A girl child was considered curse than a boon. 

Never to live in a world where mothers and sisters are dragged out of their homes and raped. Wherein she 

becomes both the victim and accused and its said by “them”, it’s all because of her “out of the box” attitude that 

caused her this. Is this the caring that we need to give to our sisters, rather than rending a helping hand? We 

can’t even skim through the news heads that is going on these days. What if such an accusation comes out, it 

needs to face a frequent trail from the social medias and channels who will make them even worse? Is the only 

solution, to remain silent and bear the tragic effects or to have a prolonged grudge and to end up in depression 

throughout the life? It’s an open ended question towards the secularist nation. Here I would like to quote the 

famous wording of Michelle Obama, 

“When girls are educated, their countries become stronger and more prosperous”  

Let the nation realize her power of golden touch. She is to succeed where ever she goes, don’t curtail her 

from her doing what is right. Listen to her inner voice that itself will keep the nation going. We do respect our 

mothers and all woman is an incarnation of her, our mother Earth. Its only she who can protect, provide, love, 

sacrifice selflessly. Split of the moment can we see her incarnations of a loving Sita, ready to sacrifice everything 

for her love and family, Durga the fearest of all who battle against evil for good. For us this is our mother, both 

deities in one, who loves and cares us with one hand and get furious with another. Still we love her and keep no 

grudges. Then how can we ever think of harming her. Where has our brains and minds gone, ready to stab the 

same womb from where we came? Is this what we call progression? Are we the real citizens bearing torches for 

a future developing nation? How can we sustain by spiting on our own veins?  When will all these quires be 

dissolved? The only solution for all this is only education, it opens the eyes to a new world of realities and hopes 

for a better nation. It’s clearly evident that the only means to attain empowerment is through education. Change 

should begin from her and its only she who can bring changes. Here I would like to cite the story of Rani Padmini 

a legendary 13th – 14th century Queen (Rani) of the Mewar kingdom of present day India. She was the wife of 

King Ratan Sen, captured and imprisoned by Delhi's sultan Alauddin Khalji. Alauddin Khalji became enamoured 

with Padmavati's beauty and decided to siege Chittor to obtain Padmavati. Before Chittor was captured they 

had to face defeat against Khalji, she and her companions committed Jauhar (self-immolation) thereby defeating 

Khalji’s aim and protecting their honour. Coupled to the Jauhar, the Rajput men died fighting on the battlefield. 

Throughout the novel Padmini: The Spirited Queen of Chitoor, Mridula Behari tried to explain the immense 

beauty and knowledge that Padmavati possessed. It’s only because of her education and knowledge, she had 

the courage to face such a situation where her husband the Rana itself was helpless. She was bold enough to 

convince everyone and to equip them for a war against the evils. There are many instances in the novel where 

we find her indulged in reading the ancient scriptures and getting mesmerised by that. It’s the education that 

https://yourdream.liveyourdream.org/2017/05/reasons-for-gender-wage-gap/
https://en.wikipedia.org/wiki/Alauddin_Khalji
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brought her into a new world where she understands that action speaks more than words. There is always an 

urge for action than mere talks, that won’t lead you anywhere. Education delimits the boundaries of caste, creed, 

gender, finance and what not. How true it is to quote Malala Yousafzai’s wordings here, 

“If one man can destroy everything, why can’t one girl change it? 

As Prime Minister Narendra Modi said on the launch of the expanded ‘Beti Bachao Beti Padhao’ (March 

8, 2018): “Daughters are not a burden but the pride of the whole family. We realise the power of our daughters 

when we see a woman fighter pilot. The country feels proud whenever our daughters bag gold medals, or for 

that matter any medal, in the Olympics.” This is the time only when we think oh! are they capable of bagging a 

gold and that too for the nation? When they come to lime light we find applauds and cheering from all over the 

nation. But have ever we imagined the trials or pains that they have gone through to achieve that? Same is the 

case with the other gender, but they are always on safe side of the scrutiny eyes of the society. It’s a boy, no 

matter if he is alone or late to home or traveling late or alone. The world is always open to him than to her. We 

need more Sheros to be an inspiration and to motivate others to come out from their shells that is encircling 

them towards darkness. Engaged in a combat to the march for equality with our sisters and mothers, let us 

understand the theme of Women's Day: “An Equal world is an enabled world: realizing women’s power.” After 

the adoption of the Beijing Agenda for Action, UN has set the year 2020 as a key year for assessing international 

progress towards achieving gender equality and human rights for all women and girls. The Ministry of Human 

Resource Development (MHRD) has much trigged up their progression under the leadership of PM Modi in 

providing equal opportunities. It is with immense happiness we can say that due to the Swachh Bharat Mission, 

14,67,679 schools now have a functioning girl’s toilet, an increase of 4.17 percentage points in comparison to 

2013-14. The impact of the mission has resulted in an increase in enrolment of girls by 25 percentage points in 

2018-19 from 2013 -14. These figures get dimmed in a society which is indulging much more in a political game 

for their sustenance. We living in the safe shelters haven’t ever thought about our sisters who is being victimized 

and marginalized. Minister of Finance Nirmala Sitharaman applauded the performance of Beti Bachao Beti 

Padhao in her speech on the budget: “Gross enrolment ratio of girls across all levels of education is now higher 

than boys. At the elementary level it is 94.32 per cent as against 89.28 per cent for boys, at the secondary level 

it is 81.32 per cent as compared to 78 per cent and at the higher secondary level girls have achieved a level of 

59.7 per cent compared to only 57.54 per cent.” The MHRD has approved 5,930 Kasturba Gandhi Balika 

Vidyalayas, which are girls ' residential schools and have an enrolment of 6,18 lakh students, to increase equality 

of access and opportunity for girls. The National Incentive Scheme for Girls for Secondary Education has 

approved an incentive sum of Rs 8,56 crore for the 28,547 beneficiaries.  According to the scheme Rs 3,000 is 

being deposited under the age of 16 in the name of deserving unmarried girls and entitles them to withdraw it 

along with interest in reaching 18 years of age and passing Class X. Besides an improvement in the girl's gross 

enrolment rate in schools, the educational outcomes and accomplishments have also improved. 

Let’s go ahead with this initiative for our sisters than to get involved in the cheap political drama that is 

being happening in our nation. There is considerable evidence that women’s education and literacy tend to 

reduce the mortality rates of children. It’s indeed true what Malala Yousafzai pointed out: 

“We realize the importance of our voice only when we are silenced”  

In accordance with the celebration of India's success in improving gender equality in the education 

system, much greater and collective efforts are needed to achieve the Sustainable Development Goal of 

eliminating gender disparities in education and ensure equal access to all levels of education and vocational 

training for the vulnerable, including persons with disabilities, indigenous peoples and children in vulnerable 

situations. History of Indian women is full of pioneers, who broke gender barriers and worked hard for their 

rights and made advances in politics, arts, science, law, etc. Let us cite few examples of our pioneers who made 

us think beyond Anandibai Gopalrao Joshi, who became the first Indian female physician in the year 1887. She 

was also the first Indian woman who get training in Western medicine and the first woman to travel to the 

United States of America. Arunima Sinha, is the first female amputee to climb Mount Everest. She is also the 

first Indian amputee to climb the Everest. She was a national level volleyball player who in 2011 was pushed by 

https://indianexpress.com/about/narendra-modi
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robbers from a running train as she defied them. After meeting this accident, one of her legs was amputated 

below the knee. Arati Saha became the first Indian and Asian woman to swim across English Channel in the year 

1959. She also became the first female sportsperson awarded with Padma Shri in 1960. Mother Teresa founded 

many Missionaries of Charity, a Roman Catholic religious congregation, giving her life to social work. Indira 

Gandhi became the first woman Prime Minister of India and served from 1966 to 1977. Indira Gandhi renowned 

as the "Woman of the Millennium" in a poll which was organised by BBC in 1999. In 1971, she became the first 

woman to receive the Bharat Ratna award. Justice M. Fathima Beevi became the first female judge to be 

appointed in the Supreme Court of India in the year 1989. In her autobiography she had said about the immense 

suffering that she had faced to reach such a highest peak. Her father was the only person who supported her 

thorough out her journey. Kalpana Chawla, the first Indian woman who reached in space. As a mission specialist 

and a primary robotic arm operator, she went into space in 1997. 

We can move to our present Sheros starting with Mithali Raj, the first woman to score a double hundred 

in Test Cricket against New Zealand at Wellington, 2004. She was the first to achieve this landmark in the world. 

Pratibha Patil became the first woman President of India and held office from July 2007 to July 2012.Kiran 

Bedi, joining Indian Police Service (IPS) in 1972, she became the first woman officer in India. Moreover, later in 

2003, Kiran Bedi also became the first woman to be appointed as the United Nations Civil Police adviser. Anjali 

Gupta is the first female flying officer in the Indian Air Force to be court martialled. She used to work for the 

Aircraft Systems and Testing Establishment unit in Bangalore. Anjali completed her Masters of Philosophy in 

Sociology from the Delhi University and was first posted at Belgaum in 2001. Sania Mirza, a professional tennis 

player, became the first ever Indian woman to win the Women's Tennis Association (WTA) title in 2005. Later in 

2015, Sania Mirza became the first Indian woman titled as rank number one in WTA's double rankings. Saina 

Nehwal became the first Indian women to win a medal in Badminton at 2012 Olympic Games. Later in 2015, she 

became the first Indian woman to secure no. 1 position in world rankings. Mary Kom, is the only woman boxer 

who has won a medal in each of the six World Championships. She was the only Indian woman boxer who 

qualified for the 2012 Olympics and became the first Indian woman boxer to win a gold medal in Asian Games 

in 2014. Cited just a few but more hands of achievements are behind which are yet to be recognised and 

appreciated. They have set a model for us to think and act beyond.  

Our government has also taken much initiative for protecting the rights of education for girls. India Post 

or Department of Posts, the postal system of the country, offers several savings schemes with different interest 

rates. The Sukanya Samriddhi Yojana, one such savings scheme offered by India Post, is a deposit scheme for 

the girl child that can be opened in any of the leading banks and post offices across the country. In such schemes 

the child is getting the benefit for future education and for her marriage or future life. There is a platform called 

WE, that is an empowerment program through which woman are trained to form self-organized and self-

managed savings groups, each consisting of 15-25 members. Their aim is to develop individual empowerment 

and increase their access to financial resources which is the prime element for eradicating poverty. All the 

members meet weekly to make decisions and interact in life-skills training, discuss various issues of mutual 

interest. They not only give a platform for awareness but also make an effort to join together and take action to 

improve their lives and communities. We too need to make more and more efforts than ME TOO to raise our 

voice against the inhuman oppression and injustices that is happening worldwide. Amendments to laws are must 

as Judiciary is the ultimate power which we believe and rely on. For a common man judiciary is the only hope or 

last and final resort. We all need to respect our law than fearing it. If the administrators of law are more 

channelized and less corrupted, we don’t have to wait for justice. It’s absolutely true to say the famous phrase 

“Justice delayed is justice denied”. Let us be the harbingers of a brighter future that initiates the slogan justice 

and tranquility. Let the coming era witness a world devoid of corruption, discrimination, poverty, illiteracy. 

“Empower yourselves with a good education, then get out there and 

 use that education to build a country worthy of your boundless promise”  

       -Michelle Obama 

 



Int.J.Eng.Lang.Lit & Trans.Studies         (ISSN:2349-9451/2395-2628)   Vol. 7. Issue.1. 2020 (Jan-Mar) 

 

                           

                         183 
DIVYA MS 

Bibliography 

“Women empowerment”. Indian Express article. https://indianexpress.com/article/opinion/columns/beti-

bachao-beti-padhao/article/6297784. 

“First Indian Women”. India Today. https://www.indiatoday.in/education-today/gk-current-affairs/story/the-

first-indian-women-312243-2016-03-08 

“One Health and Disease: Tick-Borne.” National Park Service, U.S. Department of the interior, 

https://www.nps.gov/articles/one-health-disease-ticks-borne.htm. 

Behari, Mridula . https://www.amazon.in/Padmini-Spirited-Chittor-Mridula-Behari-ebook/dp/B0774NH95V 

Behari, Mridula. Padmini: The Spirited Queen of Chittor: Penguin publishers, 2017. 

https://indianexpress.com/article/opinion/columns/beti-bachao-beti-padhao/article/6297784.
https://indianexpress.com/article/opinion/columns/beti-bachao-beti-padhao/article/6297784.
https://www.indiatoday.in/education-today/gk-current-affairs/story/the-first-indian-women-312243-2016-03-08
https://www.indiatoday.in/education-today/gk-current-affairs/story/the-first-indian-women-312243-2016-03-08
https://www.nps.gov/articles/one-health-disease-ticks-borne.htm
https://www.amazon.in/Padmini-Spirited-Chittor-Mridula-Behari-ebook/dp/B0774NH95V


 

Mathematical Sciences International Research Journal Volume 8 Issue 2                       ISSN 2278- 8697 

 

 

IMRF Biannual Peer Reviewed (Refereed) International Journal | SE Impact Factor 2.73            |    72 
 

SOFT MORPHOLOGICAL OPERATORS ON  
FUZZY HYPERGRAPHS 

 

Nuja M Unnikrishnan 
Research Scholar, Bharata Mata College, Thrikkakara, Kerala,  India 

Bino Sebastian 
Assistant Professor, Mar Athanasius College, Kothamangalam, Kerala, India 

K V Thomas 
Associate Professor, Bharata Mata College, Thrikkakara, Kerala, India 

 
Received: Aug. 2019 Accepted: Sep. 2019 Published: Oct. 2019 
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1. Introduction and Related Works: Mathematical morphology is a discipline of image analysis that 
was introduced in the mid-1960’s by two researchers Georges Matheron and Jean Serra. Historically, it 
was the first consistent non-linear image analysis theory, which from the very beginning included not 
only theoretical results but also had many practical traits. Mathematical Morphology has seen rapid 
progression, considering the paces being made in the disciplines of image processing, machine vision 
and pattern recognition. Since complete lattice theory is accepted as an appropriate theoretical 
framework for mathematical morphology [16], it became possible to define morphological operators for 
any type of data image as long as complete lattice structure can be introduced on its pixel intensity 
range. This led to the development of mathematical morphology on graphs [1], [2],[8], simplicial 
complexes [9], hypergraphs [3],[4],[10],[14], fuzzy graphs [7] and fuzzy hypergraphs [18]. 
 
Soft mathematical morphology is another approach to mathematical morphology that was introduced 
by Koskinen, Astola and Neuvo [21]. In this approach weighted order statistics are used instead of 
minima and maxima. It has been proved that soft morphological operators show better performance 
than primitive morphological operators as they are less sensitive to additive noise and to small 
variations in object shape [22]. Soft mathematical morphology have also been extended to fuzzy sets [15], 
[19],[20].  
 
In this paper a new framework is introduced that extends the perceptions of soft mathematical 
morphology into hypergraphs and fuzzy hypergraphs. The definitions of soft morphological operations 
and fuzzy soft morphological operations are presented. 
 
2. Preliminaries: In this section, we see definitions and results that will be needed in the development 
of this paper 
2.1 Morphological operators on hypergraphs [4]: Hypergraph is defined as a pair H= (H

•
, H

X
), where 

H
•
 is a set of points called vertices and H

X
 is composed of a family of subsets of H

•
 called hyperedges ie; 

H
X
 = (ei), i   I where I is a finite set of indices. A hypergraph X= (X

•
, X

X
) is called a sub hypergraph of H, 
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•
  H

•
 and X
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  H

X
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, ℋ
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and ℋ   are respectively all subsets of H
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subsets of H
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and all sub hypergraphs of H. The set ℋ of all sub hypergraphs of a hypergraph H forms a 
complete lattice [4], [23]. Here ℋ
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 X  
are Boolean lattices. Morphological operators are de  
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fined on 
these lattices. Bino, Unnikrishnan, Kannan and Ramkumar [4] defined [⸹,∆] and [ε,Ԑ] respectively by 
[⸹,∆](X)= (⸹(X

•
),∆(X

X
)) and [ε,Ԑ](X) = (ε(X

•)
,Ԑ(X

X
)) for any X   ℋ; where 
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X
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X
 and X

X
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The operators [⸹, ∆] and [ε, Ԑ] are respectively dilation and erosion acting on the lattice (ℋ, ) 
 
2.2 Morphological Operators on Fuzzy Hypergraphs [18]: Let X be a finite set and   be a fuzzy 
subset of X. Let Ԑ be a collection of fuzzy subsets of X such that for each    Ԑ and x  X,  
         . If X =⋃           , then H= (X,E,  Ԑ) is called a fuzzy hypergraph on the fuzzy set  . The 

set of all fuzzy hypergraphs Ҥ of a hypergraph H=(X, E) forms a complete lattice. Fuzzy operations are 
defined on the fuzzy vertex set and fuzzy hyperedge set of a fuzzy hypergraph H= (X,E, ,Ԑ)) as follows: 
 

   : X → [0,1] is defined by    (x) =            (v(ei)),i   ei E} for every x X 

  : E → [0,1] is defined by   (ei)=       {             │ei  E ,    } 

   : E →[0,1] is defined by   (ei) =       {                         

  : X→ [0,1] is defined by   (x) =         {  (v(ei)),i   ei E} for every x   

 
We define  :Ҥ→Ҥ and  : Ҥ→Ҥ by 
   
    (H)= (X, E,      ); X=     supp   

    (H) = (X, E,        ; X=    
  supp    

 
Here   ,   ,    and    are the dilation of  fuzzy vertex set, dilation of fuzzy hyperedge set, erosion of 

fuzzy vertex set and erosion of fuzzy hyperedge set respectively.  
Also,  (H)= (X,E,   ,   ) ; X=     supp δμ  is the dilation of the fuzzy hypergraph H =(X,E,  ,Ԑ) and  

 (H)= (X, E,         ; X=      supp    is the erosion of the fuzzy hypergraph H =(X, E, ,Ԑ). 

 
2.3 Soft Mathematical Morphology [21],[22]: In soft morphology, the structural element B is divided 
into two subsets: the core B1 and the soft boundary B2 = BB1. Soft morphological erosion of a grey- scale 
image f by a soft grey- scale structural element [       is  
  
f Ө [      (x)= kth smallest of ({k◊ (f(y) -                          
                      (x+y) K  
                      (x+z) K  
 
Soft morphological dilation of f by [       is  
 
f ⊕ [      (x)= kth largest of ({k◊ (f(y) +                           
(x-y) K  
(x-z) K  
 
where x, y, z   Z

2
, are the spatial co-ordinates; f: F  Z is the grey- scale image;  : K   Z is the core of 

the grey- scale structural element; and  : K   Z is the soft boundary of the grey- scale structural 
element respectively, and K  = K K ; K   Z

2
 is the domain of the grey- scale structural element. Here 

{k◊f(x)} denote the repetition of f(x) for k times, i.e. {k◊f(x)}= {f(x), f(x),……..f(x)}(k times). 
 
2.4 Fuzzy Soft Mathematical Morphology [19]: Fuzzy soft erosion and fuzzy soft dilation are defined 
as follows: 
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              (x)= min[1, kth smallest of ({k◊ (  (x+y) -                                  

y    
z    
    ⊕          (x)= max[0, kth largest of ({k◊ (  (x-y) +                                  

y    
z    
 
where x, y, z   Z

2
, are the spatial co-ordinates and   ,    ,     are the membership functions of the 

image, the core of the structural element and the soft boundary of the structural element, respectively. 
Additionally, for the structural element B   Z

2
; B= B1  B2 and B1  B2 =  . 

 
3. Soft Mathematical Morphology Using Hypergraphs: Here we introduce the definitions of soft 
erosion and soft dilation in the framework of hypergraph. For a hypergraph H, we can consider a set of 
points (vertices) and a set of hyperedges.  
 
This section has the work space under consideration to be a hypergraph H= (  , H

x
) and we consider 

the sets   ,    and Ҥ to be the set of all subsets of   , the set of all subsets of   , the set of all sub 
hypergraphs of H respectively. The set Ҥ of all sub hypergraphs of H forms a complete lattice [4]. We 
define morphological operators on these lattices. In soft mathematical morphology, the structural 
element is divided into two subsets, i.e. the core and the soft boundary, in which the core weights more 
than the soft boundary in the development of the final output.  Hence we subdivide the hyperedges 
(along with the vertices belonging to it) into two sets: the core B1 and the soft boundary B2.   
 
3.1 Definition: We define the operators    ,    from    into    and the operators   ,    from    into 
   as follows: 
For any        and       , where   = ei   ei⃰ ;  ei   B1 and ei

⃰   B2, i  J such that J I  

  :       is defined as   (  )=                 ⋃     (  )  (  
  )          

          

  
  :       is defined as             smallest of         

                  
               

       
 

  :       is defined as       =                ⋂               
            

          

  :                           =                        
                            

      
           

       
It is obvious that for k=1, we get the same operator results as defined in [4]. 
 
3.2 Algebraic Property:    and    are dual of each other. Also    and    are dual of each other 
 

Proof: By definition,       =    largest of {       
                             

        } 

           =        smallest of         
                          

              
     =             
Therefore    and    are duals. 

Now,   (  )=                 ⋃ {   (  )  (  
  )}     

           

              (   =                ⋃ {   (  )  (  
  )}     

 

                 =                ⋃ {   (  )  (  
  )}     

                                  =                 ⋂               
        

                                  =        
Thereby proving that    and    are also dual of each other. 
 
3.3 Definition:  Now we are in a position to define vertex soft dilation (   and vertex soft    erosion(   
that act on   , also hyper edge soft erosion (ε), hyper edge soft dilation(∆)  that act on   .The 
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operators   and   that act on    are defined by   =   ○    and   =   ○    and we define ∆ and ε that 
act on    by ∆=   ○    and ε =   ○   .Further we define the operators [ , ∆] and [ ,ε ] as  
 
[ , ∆](X)= (             and [ ,ε ](X)= (             for any X  Ҥ.  
These operators are called the soft dilation and soft erosion acting on the lattice (Ҥ,  ) 
 
4. Fuzzy Soft Mathematical Morphology Using Fuzzy Hypergraphs: The set of all fuzzy hypergraphs 
Ҥ of a hypergraph H=(X, E) forms a complete lattice. The fuzzy morphological operators will be defined 
on this lattice. In this section, we define fuzzy soft operations on the fuzzy vertex set and fuzzy 
hyperedge set of a fuzzy hypergraph H= (X,E, ,Ԑ) defined on the (crisp) hypergraph H= (X, E). Then, 
based on these operators, we propose dilations and erosions acting on the lattice. As in the previous 
section, we subdivide the fuzzy  hyperedges(along with the fuzzy vertices belonging to it) into two sets: 
the core B1 and the soft boundary B2. 
 
4.1 Definition: We define two fuzzy sets on X and two fuzzy sets on E as follows: 
The fuzzy set    : X →[0,1] is defined by  

   (x)=               *⋁ ,   (     )  ( (  
  ))     |                (  

  )         
       -+  

for every x   X. 
 The fuzzy set   : E →[0,1] is defined by 

    (ei)=           
              {⋀        ,  (  

  ))                 (  
  )  ei    ,   

        

   }]. 
The fuzzy set    : E →[0,1] is defined by 

   (ei)=      [   
             ⋁ (         (  

  ))                 (  
  )  ei    ,  

         }]. 

The fuzzy set   : X→[0,1] is defined by  

  (x) =                 ⋀ ,   (     )  ( (  
 ))    |               (  

 )          
     -  

 for every x    
 
4.2 Definition:  The operators   ,   ,    and   are called soft dilation of  fuzzy vertex set,  soft dilation 

of fuzzy hyperedge set, soft erosion of fuzzy vertex set and soft erosion of fuzzy hyperedge set 
respectively.  
 Also, we define  (H)= (X,E,   ,   ) ; X=     supp δμ  as the soft dilation of the fuzzy hypergraph H 

=(X,E,  ,Ԑ) and   (H)= (X, E,         ; X=     supp   as the soft erosion of the fuzzy   hypergraph H =(X, 

E, ,Ԑ). 
 
For k=1, the operator results are same as that obtained using the definition in [18]. 
 
5. Example: Corresponding to a grayscale image, form a hypergraph/fuzzy hypergraph. Each pixel is 
considered as a vertex. Weights or membership grades are given based on the intensity value of the 
corresponding pixel.  
Let us construct a 4-uniform fuzzy hypergraph as shown in fig 5.1. Since we are dealing with soft 
morphology, we divide the hyperedges along with the vertices belonging to them into two subsets: core 
and soft boundary which act as the structural element. The core is separated from soft boundary using 
black colour (fig 5.2).   
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Let the membership grades of the vertices and hyperedges of a four-uniform fuzzy hypergraph 
corresponding to an image be represented in matrix  form as  
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  (ei)=          
              {⋀        ,     

   )                 (  
  )  ei    ,  

         }]. 

 

  = [
    
    
    

  
  
  

  
  
  
] 

 
It is obvious for k=1, we get the same values for dilation and erosion as obtained in [18] 
 
For k=2, 
 

  (x)=              *⋁ ,   (     )  ( (  
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6. Conclusion: In this paper, we have proposed a new approach to soft morphology. The proposed 
method has been established by constructing a hypergraph and fuzzy hypergraph - based learning 
framework which will in turn be capable of enhancing the visual quality of the image. 
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ABSTRACT 
Expansive soils undergo considerable amounts of volume changes due to moisture content fluctuations and it cause 
problems to infrastructures on them. Also, due to industrialization the production and the accumulation of various 
wastes has created serious problems of handling and disposal. One of the possible solution of it is to utilize the 
waste materials for the improvement of soil. Jarofix is one of such waste material from zinc industries. So, in this 
study the utilization of jarofix to control the expansive nature of clay mixing along with lime have studied. For that the 
variation of free swell index, swell potential and swell pressure of bentonite clay were studied by adding different 
percentage of jarofix. The variation of the same have studied by adding different percentage of lime also. The results 
reveal that the jarofix and lime can be used as an effective agent for reducing the expansive nature of soil. 
 
 
1 INTRODUCTION 
 
Expansive soil underlined by the rock exist more than 
one third of world’s land surface. In India, almost 20% 
of the total area is covered by expansive soil ( Verma  
and Maru 2013; Jagtap et al. 2015). Expansive soils are 
worldwide problem that poses several challenges for 
civil engineers. The soils which increase its volume 
when the water content increases, are classified as 
expansive soils and usually their load carrying capacity 
is very low. The heaving and the settlement to this soil 
causes damage to the structures built on such soils. 
Expansive soils also known as shrink-swell soils 
because it tends to swell and shrink when the moister 
content varies. Evaporation of water from an exposed 
soil surface usually results in soil volumetric shrinkage. 
Drying of the soils and the cracking due to this are one 
of the crucial issue. Cracking is one of the cause for 
substantial damage to the foundation-supported 
structures. Shrinkage also can adversely influence the 
engineering properties and behavior of the soils. The 
adverse effects include decreased strength of the 
cracked soils and increased flow through the soils. 
Problem of expansive soils has appeared as cracking 
and break-up of pavements, railways, highway 
embankments, roadways, building foundations, channel 
and reservoir linings, irrigation systems, water lines and 
sewer lines (Bhuvaneshwari and Sowbi 2017).The 
problems associated with expansive clays are 
worldwide, having occurred in countries like United 
States, China, Australia, India, Canada, and regions in 
Europe. Expansive soils are usually fine grained soils.  
Not only such soils are characterized by large volume 
change, they are also usually have a high moisture-
holding capacity, low bearing capacity, low strength and 
low permeability. Clay minerals, especially the smectite 
(montmorillonite) group, which increase in volume 
during wetting and decrease in volume during drying 

are responsible for the expansive nature of this 
category of soils. (Liet Chi Dang et. al 2017; Geeta Rani 
et al. 2017) The montmorillonite is hydrated Aluminum 
silicates with 3 layered lattice structure in which inter 
particle space when occupied by layers of water 
molecules give rise to swelling and related phenomena. 
Soil properties, including the composition of soil 
(mineral constituents), pore fluid, dry density and soil 
structure, primarily determine the potential for swell, 
whereas environmental conditions such as climate, 
groundwater, drainage, vegetation cover, confinement, 
and field permeability determine the actual amount and 
rate of swell. Construction engineers usually avoid the 
use of expansive soils because they are usually difficult 
to work on and can cause structural failure 
infrastructures built on them. But due to rapid 
industrialization and huge population growth of our 
country, there is a scarcity of land to meet the human 
needs. The objective of stabilization of expansive soils 
is usually to increase their strength characteristics and 
to overcome the disruptive and harmful properties such 
as swelling and shrinkage. The stabilization of these 
soil is, however, not easy process mainly because of 
the difficulties of pulverization and of their proper mixing 
with stabilizers or other soils. The various methods of 
foundation design and construction for buildings which 
may prove successful in expansive soils are as follows: 
(i) Removing the expansive soil up to the firm stratum 
and back-filling with granular material; (ii) Providing a 
reinforced concrete raft, inverted T-beam or a deep 
reinforced concrete beam; (iii) Designing the structure 
flexible enough to tolerate differential movements; (iv) 
Designing the structure rigid enough to move as a unit; 
(v) Increasing the foundation pressure to counteract 
swelling pressure; (vi) Providing a pile and beam 
construction with the pile installing up to the zone of 
inappreciable movement. Out of the above methods, 
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the raft foundation and the pile and beam construction 
appear to be the most satisfactory methods 

Each year, damage to buildings, roads, pipelines, 
and other structures by expansive soils is much higher. 
However, since the hazards due to expansive soils 
develop gradually and it causes threat to the life rarely, 
they have received only limited attention, in spite of 
their severe effects on the economy. Most of the 
damages related to expansive soils is not due to a lack 
of appropriate engineering solutions. But it is due to the 
non-recognition of expansive soils at the site and 
expected magnitude of expansion early stages of 
construction. The most common and economical 
method for stabilizing these soils is using admixtures 
that prevent volume changes. When geotechnical 
engineers are faced with expansive soils, the 
engineering properties of those soils may need to be 
improved to make them suitable for construction using 
cost effective method.  

One method to improve expansive soils is chemical 
stabilization. Chemical stabilization includes the mixing 
or injecting of chemical substances into the soil. 
Portland cement, lime, asphalt, calcium chloride, 
sodium chloride etc. are the common chemical 
stabilization agents. The effectiveness of these 
additives depends on the soil conditions, stabilizer 
properties, and type of construction. The selection of a 
particular additive depends on costs, benefits, 
availability, and practicality of its application. In recent 
years, researchers from many fields have attempted to 
improve the soils by using different industrial wastes 
which is having cementitious value and is an effective 
method for disposal of waste also( Akinwumi et.al 
2017). 

Industrialization and urbanization have good and 
bad impacts. All over world, huge quantities of 
hazardous wastes are generated from different 
industries. (Aswathy et al. 2016) Improper management 
of these wastes causes adverse effects on the society 
and which may also lead to cause possible outbreak of 
epidemics. Hence, disposal of these different waste 
materials is a serious problem facing nowadays all over 
the world. Nowadays dumping over the useful land has 
been the major option available for the disposal. This 
has created non-utilization of large area of land and 
causes other environmental problems.  Approximately 
960 million tonnes of solid waste is being generated 
annually in India. 4.5 million tones of which are 
considered as hazardous in nature. (Nitisha   et al. 
2014).The utilization of these industrial wastes in the 
construction field is one of the best solution to dispose 
the waste.   Various wastes like fly ash, slag, mine 
tailing, pond ash, rice husk ash, cement kiln dust, and 
limestone dust etc. have already been blended with 
lime and cement is used to improve the geotechnical 
properties soil. (Muntohar 2013). 

Jaroste is one of such solid wastes from zinc 
industries. Jarosite is a by-product of hydro-
metallurgical process, used to produce zinc and lead. It 
is acidic in nature. Due to the presence of toxic 
substances like zinc, lead, cadmium, copper and other 
metallic and non-metallic oxides, it is subjected to 
leaching and which may create adverse effects on 
environment and human health. So, jarosite falls under 
hazardous waste category as per the prevailing 
Hazardous Waste (Management, Handling and Trans-
boundary Movement) Rules, 2008. (Nitisha Rathore et 

al. 2014). Hence its disposal has become a major 
environmental concern in all zinc industries. When 
Jarosite is mixed with lime and cement, the resulting 
material is called Jarofix and which is more stable than 
jarosite. (Sinha et al. 2015) At present, the total 
accumulated Jarofix in India is about 15 million tons and 
the annual production is about 5 million tons (Sinha et 
al. 2012). Like other waste materials this is also 
occupying costly agricultural and useful lands and has 
become environmental hazard in almost all zinc 
industries. So, the best way to solve the disposal 
problem of Jarofix is to decrease the quantity for 
disposal by utilizing in various civil engineering fields. 
Only a few literatures are available regarding the utility 
of Jarofix in various applications. 

Lime (CaO or Ca(OH)2)  is safe and economic 
stabilization agent and is a burned by product of lime 
stone (CaCO3). Presently lime stabilization of soils is 
widely used in several structures in civil engineering 
such as highways, railways, airports, embankments, 
foundation base, slope protection, canal linings, and 
others. This use of lime is mainly because of its overall 
economy, easiness to handle and use and its simplicity. 
Several research studies highlighted the beneficial 
effect of lime in improving soil performance. When solid 
waste added to soil found to be ineffective for 
improvement of weak soil and if it can be effectively 
used along with lime for soil modification it will also be 
beneficial to handle the problems created due to waste 
disposal. (Dash  and  Hussain 2012). The strength of 
lime-soil mixture is influenced by several factors such 
as soil type, amount of lime added, moisture content, 
curing period, unit weight of soil and time elapsed 
between mixing and compaction. The addition of 
quicklime (CaO) or hydrated lime [Ca (OH)2] to 
expansive soil reduces swelling & swelling pressure 
and improves strength. The improvement of lime 
treated soils may be attributed due to the following 
reactions.1) Cation Exchange: Replacement of the 
exchangeable cations (sodium, hydrogen, etc.) of the 
soil by the calcium cations from the lime. 2)Flocculation: 
An increase in grain size created by the suppression of 
the double water layer surrounding the clay particles 
due to an increased electrolyte concentration results in 
flocculation. 3) carbonation and agglomeration: 
Reaction of lime and carbon dioxide from the 
atmosphere to form relatively weak cementing agents, 
calcium and/or magnesium carbonate.4)Pozzolanic 
Reactions: Reaction between the silica and alumina 
present in the clay minerals and the calcium from the 
lime to form new cementatious minerals. (Generally, 
cation exchange takes place by initial addition of 1–2% 
of lime, further addition of lime is responsible for 
pozzolanic activity (Kate 2009). 

The amount of strength increase in soil is highly 
dependent on pozzolonic characteristics of the soil. 
When the pozzolonic content in the soil is less, the 
improvement in strength obtained by adding lime is also 
less. The immediate increase in strength due to lime 
treatment results from flocculation-agglomeration 
reaction and leads to better workability, whereas long-
term strength gain is due to pozzolanic reactions. 
Various studies have conducted the utilization of 
various wastes along with lime for weak soil 
improvement all over the world. 
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2  EXPERIMENTAL WORK 
 
2.1 Materials  

In this paper the utilization of jarofix along with lime to 
reduce the swelling characteristics of expansive soils 
have studied. Bentonite is a highly expansive soil. So, 
the different experiments have done using bentonite 
clay, bentonite mixed with jarofix and the bentonite 
mixed with jarofix and lime. The laboratory tests were 
done to evaluate physical and engineering properties of 
the materials used. The following are the description of 
materials used in this study. 

2.1.1 Bentonite 

Commercially available bentonite was used in this 
study. Bentonite is a type of clay which contains with a 
very high proportion of clay mineral montmorillonite. 
Bentonite is highly plastic and water absorbent clay and 
has high shrinkage and swelling characteristics with 
high ion exchange capacity and very low water 
permeability ( Rinku Varghese et. al 2016). When it is 
mixed with water it rapidly swells. Bentonite slurry is 
often used to solve problems in the construction of 
borings and excavating trenches in water- saturated 
soils. Also, due to the binding properties of bentonite it 
is used for retaining the soil inside the bore hole at the 
time of piling.    Bentonite used in this study is of grey in 
color, very fine, odorless and smooth texture. As per IS 
classification based on liquid limit and plasticity index 
the soil belongs to CH.  
 
2.1.2 Jarofix 
Jarosite is the major byproduct at Binani Zinc Ltd, 
Binanipuram., Kochi which is a major zinc 
manufacturing company in Kerala. Jarosite is a toxic 
material and is converted into Jarofix by adding cement 
and lime which is dumbed over a large area inside the 
company. Jarofix which is used in the study is collected 
from there and is brought to laboratory. The physical 
appearance of the material is fine powder, light brown in 
appearance and the lumps were broken by pulverizing 
between the fingers. After air drying and pulverizing the 
jarofix samples were transferred to plastic bags and 
stored in air tight containers at room temperature. For 
getting the nature of the material the index properties 
were done. The grain size analysis shows that the 
material consists of mainly fine particles and the silt and 
fine fraction comes to be 96.38% and remaining 3.62% 
is sandy fraction. As per IS classification the materials 
belong to MH. The chemical characteristics reveals that 
the main constituents of jarofix are SO3, CaO, SiO2 and 
Fe2O3 and heavy metals like lead, cadmium and zinc of 
which zinc and cadmium are poisoners. The 
Geotechnical properties of bentonite and Jarofix were 
determined as per IS specifications and is as shown in 
the Table 1. The chemical properties of jarofix is as 
shown in the Table 2. 
 
 
Table 1.Geotechnical properties of bentonite and 
Jarofix 
 

Properties Bentonite Jarofix 

Specific gravity 2.42 2.31 

IS classification CH MH 

Liquid Limit (%) 330 61 

Plastic Limit (%) 40.5 44 

Plasticity Index (%) 289.5 17 

Shrinkage Limit (%) 13 32 

Optimum Moisture Content 
(%) 

37 48.3 

Maximum Dry Density 
(kN/m

3
) 

12.4 11.6 

 
 
Table 2. Chemical composition of jarofix* 
(*As supplied by Binani Zinc Ltd, Binanipuram.,Kochi, 
Kerala) 
 

Chemical 
components 

Range (%) 

SO3 19-31 

CaO 4-18 

SiO2 3-12 

Al2O3 <12 

Fe2O3 18-36 

Na2O <4 

Cadmium <0.08 

Lead <5.5 

Zinc <3.5 

 
 
2.1.3 Lime 
 
Lime stabilization is one of the oldest and common 
process for improving the engineering properties of 
expansive soils (Liet Chi Dang et. al 2016) . Lime 
is calcium oxide or calcium hydroxide. Lime used in this 
study was obtained in the form of shells from local 
shops. It was sprinkled with water and let to rest for a 
day, and after which the powered form of lime was 
obtained.  It was sieved through 425 microns before 
mixing it with other materials. To reduce the 
carbonation effect due to humidity, the lime was kept in 
an airtight plastic container. 

 
2.2 Experimental studies 
All the samples used in this study were air dried 
because oven dry may cause the variation of 
properties. Air dried soil has been dry mixed with 
various percentages of additives. Sufficient quantity of 
distilled water has been added to bring the moisture 
content to the desired level. The index properties were 
determined to assess the properties and for the 
classification of materials. The aim of the experimental 
works is the utilization of Jarofix for reducing the 
compressive characteristics of expansive soil combined 
with lime and thereby reducing the problems created 
due to dumping of Jarofix in zinc manufacturing 
industries. So, in this study bentonite was used as it is 
one of the most swelling clays. Initially the experiments 
to measure the expansive nature of soil such as Free 
swell index(FSI), swell potential and swelling pressure 
were found as per IS specifications using the bentonite 
clay  and  the bentonite mixed with 10,20,30,40 and 
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50% of Jarofix. Later, to study the effect of lime on each 
bentonite-jarofix mixture and to find the optimum 
percentage of lime in each mixture, all the mentioned 
experiments were done with varying percentage of lime. 
The different percentage of lime added were 2.5, 5, 7.5, 
10 and 12.5 and all the results were analyzed and the 
results are discussed in the following sessions. In this 
paper, the nomenclature B, J, and L stands for 
bentonite, jarofix and lime respectively. 
 
 
3 RESULTS AND DISCUSSIONS 
 
3.1 Free Swell Index (FSI) 
 
Free Swell Index is the increase in volume of a soil, 
without any external constraints when submerged in 
water. The test for Free Swell Index was done as per IS  
2720 (Part 40) – 1977.Free swell index is determined 
on the  sample fraction passing 425 µ sieve. At room 
temperature, ten grams of the dried and pulverized 
sample were poured into two graduated cylindrical jars 
of 100 mL capacity. One of the cylindrical jar contained 
the distilled water and the other with kerosene. After 24 
hours, the final volumes of the sample in the two 
cylinders were noted. FSI was obtained as the ratio of 
the difference in the final volumes of soil in water (Vw) 
and in kerosene to the final volume in kerosene (Vk) 
expressed as a percentage. It is written as shown in 
Eq.1. 
 

FSI (%) =   
       

    
                                                    [1]     

 

Figure 1 shows the variation of Free Swell Index 
(FSI) of bentonite with different Jarofix content. The 
Free Swell Index was found to decrease from 671% to 
250% when the percentage of jarofix added to the 
bentonite clay increases to 50%. The percentage 
reduction in FSI is 62.7%. The FSI of jarofix is 25%. 
The addition of more and more material having less free 
swell index to the bentonite may be the reason for 
decrease in the value.  

 

 

Fig.1 Variation of free swell index of bentonite with 
different percentage of Jarofix. 

 
To study the effect of lime on bentonite jarofix 

mixture, 2.5%, 5%, 7.5%, 10% and 12.5% of lime was 
added to all combinations. Results shows that the 
presence of lime decreases the free swell index. The 
FSI of bentonite is 671% without lime and it decreases 
to 367% when the percentage of lime increases to 
12.5% and the corresponding percentage decrease in 

FSI is 45.3%. For the mixture of 90% bentonite and 
10% Jarofix (90B+10J) and the mixture of 80% 
bentonite and 20% Jarofix (80B+20J) the values 
decrease from 617% to 340% and from 600% to 425% 
respectively. The corresponding percentage decrease 
are 44.9% and 29.2%. The FSI values decreases with 
the presence of lime. But it was not considerable after 
7.5% of lime. The same trend has obtained for 
70B+30J, 60B+40J and 50B+50J mixes also. The 
variations of FSI with lime for different mixtures are 
shown in the figure 2. 

 
 

 
Fig.2 Variation of FSI with different percentage of lime 

 
3.2 Swell potential  
 
One of the typical characteristics of clay minerals is the 
presence of the negative charge on their surfaces. The 
quantity of the exchangeable cations required to 
balance that negative charge is called cation exchange 
capacity (CEC). If the CEC is higher for a particular soil, 
then its activity of the clay particles and the swelling 
potentials are high.  (Nelson and Miller 1992). 

Swell Potential of a soil specimen is measured as 
the ratio of the increase in thickness to the original 
thickness expressed as a percentage when the material 
specimen compacted at OMC in a consolidation ring 
and  soaked under a surcharge load. The dried 
soil(bentonite) passing through IS 4.75 mm sieve was 
used. Then the required weight of the dried sample was 
thoroughly mixed with different percentages of Jarofix. 
The mixture was compacted in four layers each in the 
consolidation ring of 20 mm thickness and 60 mm 
diameter. A filter paper and a porous stone were placed 
at each end of the sample. This unit was placed in the 
oedometer and the loading pad positioned centrally on 
the top. Initial token surcharge pressure of 5 kPa was 
applied on the specimen after setting the dial gauge 
reading to zero (Phanikumar et.al 2007). The free swell 
method was adopted for the determination of swell 
potential. In the free swell method, the sample is 
completely inundated in water and is allowed to swell 
freely under a token surcharge. Dial gauge readings 
were taken until equilibrium (no further change in the 
dial gauge reading). The increase in the thickness (H) 
of the sample was noted after saturation. Swell potential 
(S%)is defined as the ratio of the increase in thickness 
to the original thickness (H) and is expressed as a 
percentage (Seed et al. 1962). It can be written as in 
Eq.2. 
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S(%) =  
  

  
* 100                                                            [2] 

 

 

 
Fig.3 Variation of swell potential of bentonite with 
different percentage of Jarofix. 
 
 

The variation of swell potential of bentonite with 
different percentage of jarofix is as shown in the figure 
3. As the percentage of jarofix increases the swell 
potential of soil decreases from 37% to 28.9%. The 
percentage decrease in swell potential is 21.9. The 
volume occupied by the clay minerals is replaced by the 
Jarofix particle which is having less swell potential 
compared to bentonite, may be the reason for decrease 
in value.  

 
 

 
Fig.4 Variation of swell potential    with different 
percentage of lime 
 
 

Figure 4 shows the variation of swell potential of   
different bentonite-jarofix mixes   when the lime 
increases from 0% to 12.5%. Results shows that the 
presence of lime decreases the swell potential. The 

swell potential     of bentonite is 37% without lime and it 
decreases to 23.3% when the percentage of lime 
increases to 12.5%. The percentage decrease in swell 
potential is 37. For the mixture of 90% bentonite and 
10% Jarofix (  90B+10J) the swell potential decrease 
from 35.2% to 22.1%.   The same for the mixture of 
80% bentonite and 20% Jarofix (80B+20J) changes 
from 32.2% to 19.5% respectively. The corresponding 
percentage decrease in swell potentials are 37.3 and 
39.4 respectively. So, the swell potential    values 

decreases with the presence of lime. But it was not 
considerable after 7.5%. The same trend has obtained 
for other mixes also. 

The decrease in the percentage swell and free swell 
index due to the addition of lime is attributed to the fact 
that bentonite cations are substituted for by calcium, 
leading to the formation of calcium silicate and 
aluminate hydrates. The formation of a cementitious 
matrix increases the strength and resists swelling and 
thus decreases the percentage swell and free swell 
index. (Kumar et.al 2014). 

 
3.3 Swell pressure 
 
When an expansive soil contact with water, a pressure 
known as swelling or expansion pressure builds up in 
the soil and it is exerted on the overlying materials and 
structures. Swelling pressure can be defined as the 
maximum pressure that needs to be placed over a 
swelling soil to prevent volume increase. The swelling 
pressure is not a unique parameter for a swelling soil. It 
is significantly influenced by several factors and the 
most important of them is the initial moisture content. 
For a given dry density, lower the initial moisture 
content, greater the water thirst and higher the swelling 
pressure upon saturation. Swelling Pressure is the 
pressure at which the expansive soil exerts if the soil is 
not allowed to swell or the volume change of the soil is 
arrested. In this study, it is determined as per IS2720 
(Part X41)-1977 using the Consolidometer method. 
Samples of diameter of 60mm and thickness 20 mm are 
used. Samples are prepared at max dry density and 
optimum moisture content. Specimens have been 
compacted consolidation ring. The inner surface of the 
ring has been smeared with oil to help to minimize the 
friction between the inner surface of the ring and the 
soil sample. The wet homogeneous mixture has been 
placed inside the specimen ring using a spoon in three 
layers. During testing sample was kept always 
submerged in water. Free swelling of the sample is 
allowed under the seating load of 5 KPa. After the 
samples reached maximum swell they were subjected 
to incremental loads and the total loads required to 
bring the sample to zero swell is used to determine the 
swell pressure. The variation of swell pressure of 
bentonite with different percentage of jarofix is as 
shown in the figure 5. When the percentage of jarofix 
increases the swell pressure of the soil decreases from 
670 kN/m

2
 to 480 kN/m

2
 and the corresponding 

percentage in decrease is 28.4. 
 

 
Fig.5 Variation of swell pressure of bentonite with 
different percentage of Jarofix 
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Fig.6 Variation of swell pressure with different 
percentage of lime. 

 The figure 6 showed that similar to the free swell 
index and swell potential, the presence of lime 
decreases the swell pressure also. The swell pressure    
of bentonite is 670 kN/m

2
 without lime and it decreases 

to 181kN/m
2
 when the percentage of lime increases to 

12.5%. The decrease in percentage is 73.  The swell 
pressure of the mixture of 90% bentonite and 10% 
Jarofix (Jarofix 90B+10J) decreases from 560 kN/m

2
 to 

174 kN/m
2
. The same for the mixture of 80% bentonite 

and 20% decreases (80B+20J ) from 545 kN/m
2
 to 136 

kN/m
2
. The corresponding percentage decreases are 

70 and 75.   The swell pressure   values decrease with 
the presence of lime. But it was not considerable after 
7.5%. The other mixes also showed the same trend 
similar to the free swell index and swell potential.  

Hence the study showed that the Jarofix is an 
effective material for reducing the swelling 
characteristics of expansive soil. The free swell index, 
swell pressure and swell potential of the bentonite was 
found to be decreases in the presence of Jarofix. Later 
the addition of lime to all the mixes mentioned earlier 
leads to further reduction in swelling characteristics and 
it was observed that the maximum reduction in swelling 
was corresponding to 7.5% lime.  After that that the 
reduction in swelling with the addition of lime was not 
considerable. 

 Also, while analyzing the effect of lime on the free 
swell index, swell pressure and swell potential of 
various bentonite- Jarofix-lime mixtures with different 
percentages of Jarofix, it can be observed that the 
behavior of the mixes was same as that of bentonite –
Jarofix mixtures without the presence of lime. Or in 
other words the swelling characteristics of bentonite 
were found to be decrease with increase in percentage 
jarofix even in the presence of lime. 

 
 
 
4 CONCLUSIONS 
 
Expansive soils are a worldwide problem that poses 
several challenges for civil engineers. Some partially 
saturated clayey soils are very sensitive to variations in 
water content and show excessive volume changes. 
Such soils which increase in volume because of an 
increase in their water contents, are classified as 
expansive soils. Also, the utilization of the waste 
material from various industries in engineering field 
plays an important role for protecting the environment 

from pollution. This study demonstrates the effect of the 
waste material jarofix, which is the waste product from 
zinc industries combined with lime for reducing the 
swelling behaviour of an expansive soil. Based on the 
results from the study it can be concluded that jarofix 
alone and jarofix along with lime is suitable for reducing 
the swelling characteristics of expansive soils. The 
following are the conclusions.  

 As the percentage of jarofix increases the FSI, 
swell pressure and swell potentials of 
bentonite clay decreases. 

 For each mixes as the percentage of lime 
increases the FSI, swell pressure and swell 
potentials of bentonite decreases. 

  The optimum percentage of lime was obtained 
as 7.5%. 

 
More studies are needed to understand the complete 
behavior of the soil Jarofix mix along with lime and the 
studies are continuing to explore more application of 
these materials.  
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Abstract— This paper focuses on the flood management 

strategies which are appropriate for Kochi while  considering 

water conservation aspects. Best Management Practices (BMP), 

the structural and non structural measures, to manage the 

quantity and improve the quality of storm water in cost effective 

manner were reviewed. The BMPs like permeable pavers, Rain 

barrels and infiltration trenches were analyzed for their 

hydrological performances using  the Storm Water Management 

Model (SWMM) by  US EPA. The present study applies a multi 

criteria analysis (MCA) namely analytical network process 

(ANP) to rank the BMPs for flood reduction in the city. MCA 

makes it possible to tradeoff various other criteria that can bring 

about sustainability element to the solution. The ranking was 

obtained considering multiple stakeholders like people, design 

engineers and policy makers. 

Keywords— Flood reduction, Best Management Practices, Multi 

Criteria Analysis, SWMM, Analytical network Process 

 

I. INTRODUCTION 

 Kochi, the most populated city in Kerala, is one of 

the 20 selected smart cities in India. The city is transforming 

from early-urban to middle urban stage [1]. Even at this 

growth stage, Kochi lacks sufficient drainage and sewerage 

system.  The storm water in Kochi is managed through natural 

inland canals and secondary man made drains, constructed 

even without considering the actual runoff. Lack of sewerage 

network causes the households to use storm drains for sewage 

discharge thereby contaminating and clogging the drainage 

network of city. Any blockage in these open drains or canals 

results in inundation of the surrounding area with sewage 

mixed storm water. On the other side, the city is under acute 

water scarcity due to contaminated ground water and mostly 

unreliable and insufficient supply through pubic distribution 

network [2]. Therefore, managing large volume of storm 

water without flooding while utilizing it as a resource to 

enhance  urban water security is of prime importance to 

Kochi.  

The present work evaluated some of the Best Management 

Practices (BMP) [3] for storm water management such as rain 

barrels, infiltration trench, pervious pavements and permeable 

interlocking pavements. A ranking of BMPs or their 

combinations were carried out using multi-criteria analysis 

(MCA) based on technical, social, economic and 

environmental criteria with focus on flood reduction and 

harvesting of rainwater in the urban area. 

II. STUDY AREA 

49 sq. km of eastern Kochi divided into 137 sub catchments 

was considered in the present study. Catchments were selected 

such that they are bounded by water bodies on all sides. 

Overflow effects from the upper catchments are therefore 

avoided in such hydrologically  isolated catchments. The 

study area and the catchment subdivision are given in figure 1. 

A drainage map of the study area, was prepared from the 

ground contour (created using SRTM- DEM) and inland water 

way map, as shown in figure 2. 

 

 

Figure 1 - Catchment area and its subdivisions. 

Figure 2 also shows problematic area with 500 m buffer zone 
created for finding out the weightage factor for problematic 

area nearness. The nodes coming under these buffer zones are 

more significant in causing flood problems to the public 

compared to the other areas. 
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Figure 2 - .(a) Drainage network of the study area (b) Flood potential areas 

within study area 

III. METHODOLOGY 

 Figure 3 shows the overall frame work of the study. 

A preliminary site analysis was conducted to study the 

condition of drains and to know the present food mitigation 

measures taken in the catchment. Visit to various government 

offices were conducted to check the availability of various 

data 
 

 
Figure 3 - Methodology flow chart 

 

A. Selection of Alternatives 

Following alternatives were selected based on the extent to 

which the BMP combinations are applied. 

 Permeable pavements for 100% of the road 

area(PP100) 

 Rain barrel for 80% roofs in the sub 

catchment(RB80) 

 Permeable pavements at junctions and major curves+ 

Rain barrels in 50 % roof tops(PPjun+RB50) 

 Permeable pavements at junctions and major curves+ 

Rain barrels in 50 % roof tops + infiltration 

trenches(PPjun+RB50+IT) 

 Permeable pavements at junctions and major curves+ 

Rain barrels in 80 % roof tops(PPjun+RB80) 

 

B. Selection of Criteria 

The criteria for the MCA was based on sustainability principle 

and included social, economic, technical and environmental 

aspects as shown in Table1. 
 

 

 

 

 
Table 1- Criteria selected in present study 
Technical Social Economic Environmental 

(a) Runoff volume 

reduction  

(b) Node inflow 

reduction  

(c) Peak flow 

reduction 

(d) Flood volume 

reduction 

(a)Aesthetic 

 

(b) Life 

quality 

improveme

nt 

(a) 

Construction 

cost 

 

(b) 

Maintenance 

cost 

(a)TSS1 

Removal rate 

(b) TN2 

Removal rate 

(c)TP3 removal 

rate 

 

1Total Suspended Solids, 2Total Nitrogen, 3Total Phosphate 

 
C. Selection of MCDA 

According to study conducted by [4] for problems like 

investing on infrastructure on flood mitigation the multi 

criteria analysis found to be more applicable compared to cost 

benefit analysis, cost effectiveness analysis and robust 

decision making approaches. The selection of the most suited 

BMP will vary according to the stake holders and the criteria’s 

considered. Multi Criteria Decision Aid (MCDA) will be 

helpful in selecting the best BMPs or its combination. MCDA 

considers the alternatives against selected criteria. Analytic 

Hierarchy Process (AHP) is an easy to use MCDA which 

could be applied to performance-type problems and resource 

management problems [5]. In the present study, we have used 

Analytic Network Process (ANP) a generalized AHP[6]. 

 

D. Hydrological Modelling 

Storm Water Management Model (SWMM v. 5.1) was used 

for assessing the hydrological performance given by the 

selected BMPs[7]. The input values to the BMPs was in 

reference to the work by [8]. Horton's infiltration model along 

with dynamic wave routing was used in SWMM simulations. 
One hour duration storm data from the nearest Agricultural 

Research Station at Chalakudy was made available through 

ISRO MOSDAC (https://www.mosdac.gov.in/) 

for hydrological modelling. The hydrological outputs like 

total runoff volume, node inflow volume, flood volume, peak 

flow volume etc were obtained from SWMM for each 

alternative modeled. The reduction in the hydrological 

parameter as compared to the model without any BMPs for 

each alternative was then calculated. Weightages were 

assigned to sub-catchments according land use classification 

for assessing the runoff reduction potential. The major land 

use type in the catchment were:Town area=3; high density 

residential area=2; low density residential area=1. Area within 

the problematic buffer was assigned a factor of importance 2. 

 

E. Impervious Catchment Area Estimation 

Estimation of impervious area is important in the estimation 

of storm run-off. Satellite remote sensing data from IRS P6 

LISS IV sensor onboard Resourcesat-2 accessed from 

National Remote Sensing Centre (NRSC) on 16/02/2015 was 

used to estimate roof-top and road area in the selected 

catchments. The sensor has 5.8 m spatial resolution in 3 

spectral bands. Roof top area was vectorized using QGIS tools 

before estimating the total area. Present study found the total 

impervious area to be 27% of the total catchment area. The 

paved area inside property boundaries were disregarded as it 

was difficult to accurately estimate from satellite data due to 

tree cover. 

(a) (b) 

https://www.mosdac.gov.in/
https://www.mosdac.gov.in/
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F. Criteria Prioritising 

The criteria was prioritised in a 1 to 9 point scale in pair wise 

criteria comparison for each stake holder. The stake holders 

considered in the present study included people, design 

engineer and politicians. The priorities were assessed referring 

to [9]. Table 2 shows the priorities assigned to criteria 

considering each stake holder. The inconsistency value was 

used to check if the criteria priorities assigned were logical. 

The inconsistency value should be less than 0.1. 

 
Table 2- Priority assigned to criteria considering each stake holder 

Criteria Priority 

People Design 

Engineer 

Politicians 

Social 

performance 

0.376 0.038 0.095 

Construction cost 0.264 0.265 0.265 

Maintenance cost 0.163 0.095 0.038 

Hydrological 

performance 

0.096 0.379 0.379 

Water quality 0.052 0.163 0.163 

Sustainability 0.046 0.056 0.056 

Inconsistency 0.058 0.034 0.034 

 

  

IV. RESULTS AND DISCUSSION 

 Figure 4 shows the reduction in flow volume as 

simulated by SWMM for various alternatives selected in the 

present study. In most of the hydrological performance 

evaluation cases, the first alternative permeable pavements for 

all the road area seems to give best performance and the rain 

barrels on 80% of the roofs had the least performance. This 

was because of the difference in the percentage area of 

catchment occupied. The rain barrels actually have 2.1 sq m 

area for one barrel. The percentage area occupied by the rain 

barrels was negligible. This parameter was getting into effect 

in the hydrological performance. For the combination 

alternatives, the road area considered were less. Thus the 

performance was not up to that provided by pervious pavers 

alone. 

 

 

 

 
Figure 4 - Hydrological performance of alternatives 

 

The ranking of selected BMP combinations as obtained from 

the multi criteria analysis is given in Table 3. The best 

alternative turned to be rain barrel for 80% roofs in the sub 

catchment. Even though the hydrological performance by the 

alternative was less, the scoring was done in the life quality 

improvement and for minimum cost.  Among the alternative 

with pavers and rain barrels, the one with more rain barrels 

scored. This showed that, in the catchment, the best suited 

BMP is rain barrel and the quality improvement in life 

brought about by rain barrels out weights the extra cost 

incurred. The introduction of a cost effective BMP called 

infiltration trench did not do much betterment in the 

catchment. The percentage area occupied by this BMP was 

also less and thus reduced in hydrological performance. The 

100 percent road area with pavers was not that much of a 

practical option. It also came lowest in ranking. Even though 

the permeable pavements gave good hydrological 

performance, the cost criteria was very high for the option. 

 

 Table 3- Rank of selected BMP alternatives 

Rank Alternative Score 

1 RB80 0.240 

2 PPjun+RB80 0.209 

3 PPjun+RB50 0.201 

4 PPjun+RB50+IT 0.185 

5 PP100 0.162 

 
 

V. CONCLUSIONS 

 Present study resulted in the ranking of the most 

suitable BMP for the catchment area. Apart from the 

hydrological performance, other factors which bring 

sustainability element into the BMP practices were evaluated. 

Factors like Economy, Social performance, Environmental 

criteria were included in the analysis. The alternatives selected 

were analyzed against these multiple criteria. Interests of all 

the three stake holders, which includes People, Design 

Engineers and Policy makers, were considered during the 

analysis. 

 The alternatives with rain barrels were found to be 

the most suited for the catchment 

 Infiltration trench doesn’t give a noticeable effect 

 Permeable pavements for entire road area which gave 

the maximum performance in the hydrological 

criteria came out with lowest rank owing to increased 

cost 

 First rank alternative can be established when rain 

water harvesting system was given for 5494,994 m
2
 

roof area against a cost of Rs. 65 Crore. It will result 

in a total runoff reduction by 252 Million m
3
 

 If implementing rain barrels for 80% of roofs of the 

catchment is not attainable, Pavements at junctions 

and rain barrels for 50% of the roofs, is suitable. This 

proposal requires a total cost of Rs. 163 Crore and 

results in a runoff reduction of 290 Million m
3
 

 

 

ACKNOWLEDGEMENT 

Authors would like to acknowledge Kochi Municipal 

Corporation and SCMS Group of Educational Institutions for 

facilitating and supporting this study. 

 

REFERENCES 

 
[1] City Development Plan, Kerala Sustainable Urban Development Project, 



 Presented at 13
th

 ISOLA Annual Conference- Reimagining Landscapes, Kochi-February 15&16, 2019 

Tiruvanatapuram, Kerala, 2017. Available: 
http://www.ksudp.org/index.php/downloads/110 

[2] Development of Water Policy: Background Study Report. Submitted to 

Kochi Municipal Corporation, SCMS Water Institute, October, 2015. 
[3] The Use of Best management Practices (BMP ) in urban Watersheds, US 

Environment Protection Agency Washington, D.C,TR-600-R(04-184), 

Mar,2004  
[4] R. Mechler, J. Czajkowski, H. Kunreuther, E. Michel-Kerjan, W. Botzen, 

A. Keating, C. McQuistan, N. Cooper, et al., "Making Communities More 

Flood Resilient: The Role of Cost Benefit Analysis and Other Decision-
support Tools in Disaster Risk Reduction". White Paper, Zurich Flood 

Resilience Alliance, 9-13, September, 2014.  

[5] Velasquez1and Hester, P.T., "An Analysis of Multi-Criteria Decision 
Making Methods", International Journal of Operations Research Vol. 10, No. 

2, 56-66, 2013. 

[6] T.L. Saaty, "Decision Making with the analytic hierarchy process", Int. J. 
Services Sciences,1(1),83-97, 2008. 

[7] Strom Water Management Model User’s Manual Version 5.1, 1st Ed., US 

EPA, King Drive Cincinnati, OH, 2015,46-72. Available: 
https://www.epa.gov/water-research/storm-water-management-model-swmm 

[8] M. C. Aceves and M. Fuamba, " Methodology for Selecting Best 

Management Practices Integrating Multiple Stakeholders and Criteria. Part 2", 
Water, 6 (33), 2016. 

[9] A.M. Marin, "Sustainable Storm water management: development of a 

decisionmaking tool to help in best management practices selection. Case 
study in Laval,Canada", Masters Thesis, Universitat Politecnica de Valencia, 

Valencia, Spain, July 2012, 136. Available: 
https://riunet.upv.es/handle/10251/27245 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

View publication statsView publication stats

https://www.researchgate.net/publication/331398009


ASSESSING DIFFERENTIAL RESPONSIBILITY OF 
POLLUTION FOR ENVIRONMENTAL FORENSIC 

APPLICATIONS 

 

Lakshmi Priyaa; George K. Varghesea; Irfan Khursheed Shahb 

 

aNational Institute of Technology, Calicut, Kerala, India 

bAmar Singh College, Srinagar, Jammu& Kashmir, India 

KEYWORDS: Environmental Forensics, Environmental Damage Cost, Delphi Technique, 
Pollution cost 

 

Extended Abstract 

An environmental forensic investigation not just involves identifying who the polluter(s) 
is/are, but also involves estimating the monetary cost of the damage. World over, there 
are many instances where polluters were made to pay for the damages they have 
caused(Barrett and Wassell 1973; Cohen 2010; European Environment Agency 2011; 
Goulder and Jacobsen 2007). The cost of the damage worked out depends on the specific 
pollution event. Also, the damage calculation method adopted is unique to the case and 
are usually contingent upon the specific instance of pollution- in terms of the location, 
severity, time, social background, etc. Generally two types of compensations are 
recognized for pollution damages; environmental compensation and monitory 
compensation. Environmental compensation includes the remediation cost, and the cost 
of any other actions that provide restoration benefits. Monitory compensation includes the 
money given to the affected parties for compensating the loss of life and property. Many 
favour the concept of environmental compensation as it results in the conservation of the 
environmental goods. In addition, it can effectively handle the economic heterogeneity of 
the affected population. But, many a times both environmental compensation and 
monitory compensation may be required and a proper mix of the two may prove 
economically more efficient(Gastineau and Taugourdeau 2014). The research literature 
is rich in studies concerning the types of compensations and the different approaches for 
its estimation. However, the allocation of compensation when more than one party is held 
responsible for the pollution, considering the differential responsibility, is an area not much 
researched upon. 
 

If an environmental forensic investigation reveals the role of more than one party for a 

pollution event, the expert may be asked to give relative weights for the extent of 

responsibility of the parties involved, so that the damage cost can be divided proportional 

to their involvement in the event. The current study was carried out to identify the factors 

to be considered for arriving at the relative weights for the extent of responsibility of the 

parties involved in a pollution event. The opinions extracted from a panel of experts 

through a structured communication method were the basis for identifying the factors and 

their relative importance. Delphi and Analytical Hierarchy Process (AHP) were used for 

this. The most important factors identified are i) Strength of evidence against the polluter, 

ii) Fraction of the pollutant contributed by the polluter, iii) Cause of emission (routine/ 

accidental/ deliberate, Type of ownership (State owned/ Public Sector/ Private) relevant 

to the polluter, v) General perception about the polluter in the affected community and vi) 



Other factors. The weights obtained for each of these factors in a 0 - 1 scale were 0.2, 

0.15, 0.1, 0.3, 0.1 and 0.15 respectively 

Introduction 

An environmental forensic investigation not just involves identifying who the polluter(s) 
is/are, but also estimating the monetary cost of the damage(Block 1998;Stout et al. 1998; 
Siddik et al. 2015; Varghese et al. 2015). Generally, when a damage occurs, there occurs 
loss to lives, health, property and goods. However, these losses are often considered as 
compensable, for which laws existed in all communities, even since distant past; like 
Liability for Injuries to Employees (U.S Government Publishing Office 1908) of United 
States, The Workman’s Compensation Act (Ministry of Labour and Employment 1923) of 
India, Workers Compensation Act (Office of Parliamentary Counsel 1987) of Australia and 
the Public Liability Insurance Act (Ministry of Law and Justice 1991), just to mention a few. 
But, damages that occur to environment were often neglected until a few decades back. 
Nevertheless, the past few decades have seen a shift from this, and the need for a 
justifiable compensation for environmental damage is addressed by many environmental 
statutes and legislations like, Swedish Environmental Code (Ministry of Environment and 
Energy 1998), the European Union Directive on Environment Liability (European 
Parliament 2004), The National Green Tribunal Act of India (Ministry of Law and Justice 
2010), etc. 
 
A planned framework is important for allocating compensation to the victims of pollution 
and for assigning the cost to the polluters, both for compensating victims and to pay for 
clean-up activities(Lin 2005). A challenge in ensuring compensation for environmental 
damages is that, all kinds of environmental damage are not measurable in terms of 
economic values. Some losses like loss of trees, flora and fauna are easily measured(Cho 
et al. 2008; Groot et al. 2012; Wilting et al. 2017; Reale et al. 2018), however, losses due 
to psychological irritation caused by noise, odour etc. cannot be measured 
easily(Pfennigstorf 1979). Though, there are recent works that attempt to measure  the 
economic values of losses due to psychological irritations, etc., (Hussain et al. 2016; 
Shepherd et al. 2016; Rung et al. 2018) these are not without disadvantages. 
 

In the history of environment clean up laws the Resource Conservation and Recovery Act 

(RCRA) of 1976 in the US, was one of the first to be enacted(U.SStatutes1976), according 

to which the owner/operator of a hazardous waste unit would be held responsible for the 

release of any waste and would be required to perform further clean up. A more 

comprehensive act, Comprehensive Environmental Response, Compensation and 

Liability Act(CERCLA) or the Superfund law, was enacted on December 11, 1980(U.S 

Statutes 1980). The law provided for the establishment of a central fund in cases of clean 

up when no party is found responsible. Under CERCLA section 107(a),Potentially 

Responsible Parties (PRP) are identified, who can be past owners and operators, present 

owners and operators, waste generators or transporters or even people who arrange for 

the transport of waste(Murphy, Brian L. Sanborn 1993; Murphy 2000). The PRPs are the 

ones who are supposed to share the cost of pollution. 

CERCLA gives some general guidelines regarding allocation of responsibilities when 

more than one party is identified to be involved in pollution. As per its provisions, a joint 

liability is placed on parties responsible for contamination. The differential responsibility 

among PRP’s is allocated using any equitable factors, which the court finds 

appropriate(U.S Statutes 1980). Under EU directives, article 9, joint responsibility should 



be allocated without any prejudice and the liability is to be allocated in accordance with 

the national law. The National Green Tribunal Act, 2010, of India that provides for 

compensation to environmental damages, directs the responsibilities to be divided among 

PRPs on an equitable basis.  

Thus, in the case of pollution where more than one PRP is involved, the regulations say 

that the responsibility should be shared by all PRPs. But none of the regulations tell how 

exactly the liabilities should be divided among PRPs. Also, the regulations are silent on 

the factors to be considered for assigning the responsibilities among the PRPs. But, there 

have been attempts from judiciaries and experts to address the issue. 

In the Alcan case, 990 F.2d 711(3rd circuit court, 1992) court stated that there is no 
minimum concentration for labelling anybody as PRP. The court stated that Alcan had the 
responsibility to illustrate the toxicity, transport potential, etc. of the waste. The court 
allocated costs based on the volume of waste generated, degree of care taken for waste 
disposal and degree of cooperation with officials. Because of the greater cooperation 
rendered by the defendant, he was allocated only 6 percentage of the remediation cost.     
In re Bell Petroleum 3 F.3d 889 (5th Circuit Court, 1993), verdict court stated that weighing 
of responsible factors are essential for allocation of responsibilities in case of multiple 
parties (Murphy 2000). In the case of United States v. Occidental Chemical Corp.,965 
F.Supp.408 (W.D.N.Y 1997), the existing owner had filed a case against the previous 
owner for contaminating a warehouse with lead dust. However, the court stated that one 
third of clean-up cost should be met by previous owner-operator, one third should be met 
by the existing owner and one third by existing operator, since the existing owner had 
benefitted economically from buying the contaminated land knowingly and the existing 
operator had discharged the lead dust into environment by its activities. 
 
Reasonable factors known as Gore factors (H.R. 7020, 96th Cong., 2d Sess. (1980) 

developed by Albert Gore are used as guidelines for liability allocation in the U.S. The 

Gore factors include (i) Ability to distinguish party’s contribution to the nature and extent 

of problem, (ii) degree of party’s involvement in activities that caused the problem, (iii) 

degree of care exercised by the party, (iv) degree of cooperation of the party with 

government agencies, (v) the quantity of hazardous waste involved, (vi) the toxicity of 

waste. Courts have used these factors many times for liability allocation. In the case of 

Amoco Oil Co. v Dingwell, 690 F.Supp.78 (D.Me.1988), court allocated 65 percent of 

clean-up cost to owner and 35 percent to generator. The court allocated the cost based 

on three factors among the Gore factors that the court felt was relevant. In the case of 

United States v. Tyson, 258 F. Supp. 2d 809 (E.D Tenn.2003), it was found that the 

existing owner knew about the previous operations of the plant that were in a hazardous 

manner, the owner was not cooperating with the Environmental Protection Agency (EPA) 

and did not dispose of the waste properly. The court identified the factors responsible for 

the cost allocation as the improper disposal of waste, less cooperation from the party with 

government, etc. Court ordered 50 percent of clean-up cost to owner and 50 percent of 

clean-up cost to generator. 

But, the Gore factors are neither complete nor limited (Pos 1994). Many important points 

like profit from acquiring contaminated land knowingly (Nagle 1994,Ferrey 2009) were not  

included in Gore factors. In the case of United States v. R.W. Meyer, 889 F.2d 1497, the 

court observed that it has to consider some more factors apart from Gore factors for 

responsibility allocation like economic levels, mind-set of parties, contracts between the 

parties, etc. Factors like transport potential of pollutant, physical and chemical properties 



of pollutants, economic profits, historical cases, etc. were also considered in liability 

`allocation (Mesard et al. 2015). Similarly, the area of contamination, duration, volume of 

waste etc. can also be determining factors in responsibility allocation (Boehm and Murphy 

2015). Thus, it can be concluded that Gore factors do not provide justifiable standards for 

cost allocation. A more in depth analysis of factors to be used in responsibility allocation 

is thus required. A structured method of responsibility allocation is needed, that can be 

applied to all cases dealing with liability allocation. In the current study, an attempt is made 

to develop a method of liability allocation incorporating all possible factors that are critical 

for the process. 

Methodology 

A Delphi study is performed to finalize the factors for responsibility allocation. Delphi study 
is a tool for getting expert opinions ( Rowe and Wright  Ali et al. 2015; Danladi et al. 2015). 
It allows iteration amongst an expert panel. After arriving at responsible factors, an 
Analytic Hierarchy Process (AHP) is conducted for obtaining the weights for each factor 
from rankings. Analytic Hierarchy Process (AHP) is an organized method used for 
analysing problems in different decision making situations(Veisi et al. 2016). AHP was 
found in 1970’s by Saaty (Saaty, R 1987). It involves a pair wise comparison of rankings 
of  factors and continues till weights are obtained for each factor ( Lin, S. Tang 2003; Cay 
and Uyan 2013; Shaojian et al. 2013). From the AHP, the relative weights for each factors 
are attained. The stepwise procedure used in this work for determining fractional 
responsibility is as follows: 

 Step I: An expert panel is finalized first based on their expertise, communication 
skills, preparedness to participate and time to participate (Rådestad et al. 2013). 

 Step II: For determining the factors important for responsibility allocation, an initial 
list of all possible factors were prepared based on previous works on liability 
allocation and cases decided by courts(Taylor and Owete 2007; Mesard et al. 
2015; Yao et al. 2016). 

 Step III: A Delphi survey was carried out among experts in a structured manner 
with this initial list of possible factors. An expert panel of 10 members were fixed. 
In the first round, experts expressed their degree of agreement towards each factor 
stated in the questionnaire. The factors identified were mostly used in past works 
and some new factors were also added (Hanna and Noble 2015). The experts were 
also free to add the factors which they feel are important but not present in the first 
round. 

 Step IV: In the second round, ranks were assigned to all the factors formed from 
first round by expert opinion. With a two round Delphi procedure, a finalized list of 
factors with rankings was obtained.  

 Step V: After finalizing the factors, the weights are calculated from the AHP 
analysis.  

 

Once the weights of the factors (wi) are finalized, the following equation is used for 

determining the fractional responsibility of each polluter.𝑅𝑖 = ∑ 𝑤𝑖 × 𝑚𝑖𝑗  
      (1) 

 



where,  

Ri is the fraction of responsibility of the ith polluter,  

wj is the weight of jth factor,  

mijis the magnitude of jth factor for the ith polluter 

ΣRi= 1 

 

Results and Discussions 

The factors identified based on past works were subjected to Delphi procedure. After 

round 1 of Delphi, the following factors were identified relevant by the experts. 

(i) Strength of evidence against the polluter 

 Whether the substance was present when he took the ownership 

 Whether the owner ought to have reasonably known of the presence of 

the substance when he took the ownership 

 Whether the presence of the substance ought to have been discovered 

by the owner when he took ownership, had he taken reasonable steps 

to determine existence of contaminants at site 

 What steps did the person take on becoming aware of the presence of 

substance, including immediate reporting to and cooperation with 

regulatory authorities 

 Whether the person benefited from activity resulting in the 

contamination and what was the monetary value of their benefit 

 The price the owner paid for the site and relationship between that price 

and fair market value of property had the substance not been present at  

the site at the  time of purchase 

 Whether the person dealing with the substance followed the laws 

 The waste management practices of the party 

 The degree of cooperation with regulatory agencies 

 Whether the person took reasonable steps to prevent the presence of 

substance at  site 

 The potential risk and harm associated with the PRP's contamination 

 With respect to the previous owner, whether that owner sold the 

property without disclosing the presence of substance at site to 

purchase 

 Once the person became aware of the presence of substance, did he 

contribute to further accumulation or the continued release of substance 

 Whether the presence of the substance was caused solely by the act or 

omission of an independent person 

 

(ii) Fraction of the pollutant contributed by the polluter  

 Degree of a person’s contribution to contamination, in relation to 

contribution of other responsible person’s  contribution 

 

(iii) Cause of emission (routine/ accidental/ deliberate)  



 The ability of the party to distinguish its contribution to the discharge, 

release, or disposal of a hazardous waste 

 The involvement of the party in hazardous waste generation, treatment, 

storage, and disposal 

 Was the emission/ discharge one time/ continuous 

 Was the emission/ discharge routine/ accidental 

 Does it require extra money to be spent in controlling the 

emissions/discharges 

 

iv) Type of ownership (State owned/ Public Sector/ Private) relevant to the polluter 

 

v) General perception about the polluter in the affected community 

 

 History of similar cases made by the polluter 

vi) Other factors 

 Willingness of polluter to pay for contamination 

The factors finalized after round 1 of Delphi were then subjected to Analytic Hierarchy 

Process. The weights of each factor were then found out using Saaty analysis. A pairwise 

comparison of factors was performed till weight of each factor is found.  

The final ranking of factors based on AHP study conducted were as shown in table 1. 

Table 1: Final list of factors and their weights 

MAIN FACTOR SUB FACTOR RANK WEIGHTS WEIGHT
S 

(i) Strength of 
evidence 

against the 
polluter 

  0.2  

 Whether the 
substance was 
present when he 
took the ownership 

1  0.12 

 Whether the owner 
ought to have 
reasonably known of 
the presence of the 
substance when he 
took the ownership 

7  0.07 

 Whether the 
presence of the 
substance ought to 
have been 
discovered by the 
owner when he took 
ownership, had he 
taken reasonable 
steps to determine 
existence of 
contaminants at site 

13  0.04 



 What steps did the 
person take on 
becoming aware of 
the presence of 
substance, including 
immediate reporting 
to and cooperation 
with regulatory 
authorities 

14  0.03 

 Whether the person 
benefited from 
activity resulting in 
the contamination 
and what was the 
monetary value of 
their benefit 

2  0.11 

 The price the owner 
paid for the site and 
relationship between 
that price and fair 
market value of 
property had the 
substance not been 
present at  the site at 
the  time of purchase 

6  0.08 

 Whether the person 
dealing with the 
substance followed 
the laws 

8  0.06 

 The waste 
management 
practices of the party 

12  0.05 

 The degree of 

cooperation with 

regulatory agencies 

9  0.06 

 Whether the person 
took reasonable 
steps to prevent the 
presence of 
substance at  site 

10  0.06 

· The potential risk 
and harm associated 
with the PRP's 
contamination 

3  0.09 

 With respect to the 
previous owner, 
whether that owner 
sold the property 
without disclosing 
the presence of 

4  0.09 



substance at site to 
purchase 

 Once the person 
became aware of the 
presence of 
substance, did he 
contribute to further 
accumulation or the 
continued release of 
substance 

5  0.08 

 Whether the 
presence of the 
substance was 
caused solely by the 
act or omission of an 
independent person 

11  0.06 

(ii) Fraction of 
the pollutant 

contributed by 
the polluter 

  0.15  

 Degree of a person’s 
contribution to 
contamination, in 
relation to 
contribution of other 
responsible person’s  
contribution 

1  1 

(iii) Cause of 
emission 
(routine/ 

accidental/ 
deliberate) 

  0.10  

 The ability of the 
party to distinguish 
its contribution to the 
discharge, release, 
or disposal of a 
hazardous waste 

2  0.2 

 The involvement of 
the party in 
hazardous waste 
generation, 
treatment, storage, 
and disposal 

3  0.15 

 Was the emission/ 
discharge one time/ 
continuous 

5  0.1 

 Was the emission/ 
discharge routine/ 
accidental 

1  0.4 

 Does it require extra 
money to be spent in 

4  0.15 



controlling the 
emissions/discharge
s 

iv) Type of 
ownership 

(State owned/ 
Public Sector/ 

Private) 
relevant to the 

polluter 

  0.30  

v) General 
perception 
about the 

polluter in the 
affected 

community 

  0.10  

 History of similar 
cases made by the 
polluter 

1  1 

vi) Other factors   0.15  

 Willingness of 
polluter to pay for 
contamination 

1  1 

 

Table 2:  Rankings of main factors and their weights 

MAIN FACTORS RANK WEIGHTS 

(i)  Strength of evidence 
against the polluter 

2 0.2 

(ii)  Fraction of the pollutant 
contributed by the polluter 

3 0.15 

(iii) Cause of emission 
(routine/ accidental/ 

deliberate) 

5 0.10 

iv)  Type of ownership 
(State owned/ Public 

Sector/ Private) relevant to 
the polluter 

1 0.3 

v) General perception 
about the polluter in the 

affected community 

6 0.10 

vi)  Other factors 4 0.15 

 

The factors in table 1 are divided as main factors and sub factors. The weights and ranks 

of sub factors are also shown in table 1. The rankings of main factors are shown in table 

2. The weights obtained for main factors like i) Strength of evidence against the polluter, 

ii) Fraction of the pollutant contributed by the polluter, iii) Cause of emission (routine/ 

accidental/ deliberate, Type of ownership (State owned/ Public Sector/ Private) relevant 

to the polluter, v) General perception about the polluter in the affected community and vi) 

Other factors were 0.2, 0.15, 0.1, 0.3, 0.1 and 0.15 respectively.  



Conclusions 

A list of all possible factors that are critical in allocating responsibilities of an environmental 

damage were framed using Delphi. Weights were developed using AHP for allocation of 

liabilities among multiple parties for all the factors, since allocation becomes difficult when 

multiple responsible parties are present. The weights obtained on a scale of 0-1 for each 

factor were found out through a structured method of Delphi and AHP. With the help of 

weights found out an empirical equation can be developed for estimating the 

compensation to be paid by each polluter. The equation gives the fraction of responsibility 

for each polluter. From which the compensation required to be paid by each polluter can 

be determined. This will give a more effective as well as impartial solution for liability 

distribution among multiple polluters. 
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ABSTRACT: 

An environmental forensic investigation not just involves identifying who the polluter(s) is/are, 

but also involves estimating the monetary cost of the damage. World over, there are many 

instances where polluters were made to pay for the damages they have caused. If an 

environmental forensic investigation reveals the role of more than one party for a pollution 

event, the expert may be asked to give relative weights for the extent of responsibility of the 

parties involved, so that the damage cost can be divided proportional to their involvement in 

the event. The current study was carried out to identify the factors to be considered for arriving 

at the relative weights for the extent of responsibility of the parties involved in a pollution 

event.  A structured approach considering these factors for responsibility allocation in case of 

multiple polluters is evidently missing in India. A study on the current practices of assessing 

liability in different parts of the world was done and it was compared with the Indian practice 

to suggest the modifications to be adopted in India.  

INTRODUCTION 

An environmental forensic investigation not just involves identifying who the polluter(s) is/are, 

but also involves estimating the monetary cost of the damage(Block 1998; Siddik et al. 2015; 

Stout et al. 1998; Varghese et al. 2015). Usually, after a damage incident, there will be losses 

to property, lives goods, etc. These losses are considered compensable. There have been laws 

for this from ancient past like Liability for Injuries to Employees (US Government Publishing 

Office 1908), The Workman’s Compensation Act (Ministry of Labour and Employment 1923) 

to cite a few. The damages that occur to environment also should be covered under 

compensation laws. Some of the laws for environmental compensation in various parts of the 

world are Swedish Environmental Code ( Ministry of Environment and Energy 1998), the 

European Union Directive on Environment Liability( European Parliament 2004), The 

National Green Tribunal Act of India (Ministry of Law and Justice 2010), etc. 

A structured framework is essential for allocating responsibility in case of multiple polluters. 

It should also include the remediation cost and compensation for sufferers (Lin 2005).  One of 

the first laws in the environmental compensation category was the Resource Conservation and 

Recovery Act (RCRA) of 1976 (US Statues 1976). This law asks the polluter to pay for the 

damages and also would be asked to clean up the affected site. Comprehensive Environmental 
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Response, Compensation and Liability Act (CERCLA) or the Superfund law, was enacted on 

December 11, 1980. According to this law, a central fund will be established in case of clean 

up, if no party is found responsible. Potentially Responsible Parties (PRP) or people who have 

to bear the compensation amount were explained by CERCLA as those parties who can be past 

owners and operators, present owners and operators, waste generators or transporters or even 

people who arrange for the transport of waste (Murphy, Brian L. Sanborn 1993; Murphy 2000). 

Rational factors known as Gore factors (H.R. 7020, 96th Cong., 2d Sess. (1980) developed by 

Albert Gore are used as guidelines for liability allocation in the U.S. The Gore factors include 

(i) Ability to distinguish party’s contribution to the nature and extent of problem, (ii) degree of 

party’s involvement in activities that caused the problem, (iii) degree of care exercised by the 

party, (iv) degree of cooperation of the party with government agencies, (v) the quantity of 

hazardous waste involved, (vi) the toxicity of waste. Courts have used these factors many times 

for liability allocation.  

Gore factors do not include all possible factors that may` be decisive in responsibility 

allocation. A detailed structured method is required for liability allocation. In this study, a 

comparison of currently existing methods of liability allocation from different parts of world 

and India were made.  

ENVIRONMENTAL COMPENSATION LAWS IN WORLD 

Swedish Environmental Code (Ministry of Environment and Energy 1998)(Energy 1998),The 

European Union Directive on Environment Liability (European Parliament 2004)  etc. are some 

of the already existing environmental damage compensation laws in world. Some of the 

currently existing compensation laws of different countries are given below. 

 

ASIA 

 

CHINA 

 

The currently existing environment compensation laws in China is the Tort Liability Law 

(Peoples Republic of China 2009) which came into existence in 2009. Article 65 of the law 

provides strict liability on the polluter in case of an environmental pollution incident. The 

article 66 moves the entire liability on to the polluter. Article 67 comes into play in case of 

multiple polluters. When multiple polluters cause a pollution, the liability on each polluter shall 

be determined by the type of pollutant, volume of emission and other factors. 

 

JAPAN 

 

In Japan, in case of pollution of water by discharge of harmful substances from business 

activities, the Water pollution prevention act (Ministry of Environment 1970) in its article 19(1) 

enforces liability on the polluter. The polluter has to pay compensation for the losses occurred. 

In case of multiple polluters, article 20 provides that the court may decide on the compensation 

to be given by each polluter after considering the circumstances. 

 

 

 

 

 



 

EUROPE 

 

FINLAND 

 

The section 7 of Act on Compensation for Environmental Damages(Ministry of Environment 

1994) provides liability on the responsible party in case of a pollution incident. In case of 

pollution by multiple parties, the liability is allocated equitably. 

 

ICELAND 

 

In all the member states of European Union, they follow the European Union Directive on 

Environment Liability (European Parliament 2008). In the section 26 of the act, the polluter 

must pay for the waste generated, thereby protecting the environment. Article 14 deals with 

pollution from multiple parties. In such cases, the liability is distributed among them partly or 

wholly as decided by the member states. 

 

 

AMERICA 

 

 

CANADA 

 

The section 4 in restriction section of  Environmental Violations Administrative Monetary 

Penalties Act (Ministry of Environment 2009), clearly defines penalty cost for environmental 

damage done by individuals, ships, and vessels. However, in case of multiple polluters, there 

is currently no strict laws. 

 

UNITED STATES 

Comprehensive Environmental Response, Compensation and Liability Act (CERCLA) 

provides guidelines regarding allocation of responsibilities when more than one party is 

identified to be involved in pollution. As per its provisions (U.S Statutes 1980), a joint liability 

is placed on parties responsible for contamination. The differential responsibility among PRP’s 

is allocated using any equitable factors, which the court finds appropriate. 

LIABILITY ALLOCATION CASES 

Courts while giving their verdicts have used Gore factors in many cases. However, the courts 

have expressed the use of factors which are case specific, other than Gore factors in liability 

allocation. 

In the case of United States vs R.W Meyer, 889 F.2d 1497 (6th circuit court, 1989) the court 

found that the owner had constructed a defective sewer system, which created contamination. 

The court ordered two-third liability to generator and one- third liability to owner. The owner 

did not cooperate with EPA for any investigation or clean up. In this case, the court also 

remarked upon that, apart from Gore factors, mind-set of the parties, their economic status etc. 

should also be considered while allocating responsibilities. 



In the case of Weyerhauser v. Koppers Co, 771 F. Supp. 1406(1991) the court had allocated 

responsibility between the owner and operator. In this case, the previous operator of wood 

treatment plant was allotted 60% compensation and owner was allotted 40% compensation. 

The operator as well as the owner received monetary benefits, since they both knew about the 

contamination. Though the operator’s activities caused the contamination, the owner was also 

asked to pay compensation since owner received monetary benefits. The court emphasised on 

the “benefits” obtained because of the contaminating activities 

In South Florida Water Management District v. Montalvo case, 84 F.3d. 402. 409(11th circuit 

court, 1996) the current owner had brought the contaminated property from previous owner 

after knowing about the pollution. However, current owner was not benefitted economically 

from the deal. The court then allocated 75% of compensation cost to previous owner whose 

activities had caused the pollution and 25% of cost to current owner, since he had a knowledge 

about the contamination while purchasing the property. Here also court found that “knowledge 

about contamination” as well as “economic benefits” from the deal are two factors that are not 

dealt upon in Gore factors. 

In Ellman v. Woo case, 90-0718 (E.D. Pa. 1991) court distributed the cost of clean-up between 

lessee and owner. The owner litigated the lessee for contaminating the land. However, it was 

found that major pollution was caused by petroleum pollution, which was not a result of lessee 

and owner’s activities. The petroleum contamination would have been caused by neighbouring 

sites. The owner brought the property after knowing about the contamination. The lessee 

argued that it should not be asked to pay compensation since the contamination due to 

petroleum as well as other chemical will cost same remediation cost. Since the owner knew 

about the contamination already as well as since the lessee also released contaminants, they 

both were charged 50% of liability each. 

In Gopher Oil Co. v. Union Oil Co., 757 F. Supp. 988 (1990), the court had allotted 100 % 

compensation cost to the seller, or the previous owner. Seller sold the property after 

contaminating it. The buyer however was wrongly informed as the property was free of 

pollution.  The buyer did not know about the contamination. The court focused on the fact that, 

the buyer lacked knowledge on pollution. So, court had ordered 100% cost to the seller. 

In the Alcan case, 990 F.2d 711(3rd circuit court, 1992) court stated that there is no minimum 

concentration for labelling anybody as PRP. The court stated that Alcan had the responsibility 

to illustrate the toxicity, transport potential, etc. of the waste. The court allocated costs based 

on the volume of waste generated, degree of care taken for waste disposal and degree of 

cooperation with officials. Because of the greater cooperation rendered by the defendant, he 

was allocated only 6 percentage of the remediation cost.      

 

In re Bell Petroleum 3 F.3d 889 (5th Circuit Court, 1993), verdict court stated that weighing of 

responsible factors are essential for allocation of responsibilities in case of multiple parties 

(Murphy 2000).  

 

In the case of United States v. Occidental Chemical Corp.,965 F.Supp.408 (W.D.N.Y 1997), 

the existing owner had filed a case against the previous owner for contaminating a warehouse 

with lead dust. However, the court stated that one third of clean-up cost should be met by 

previous owner-operator, one third should be met by the existing owner and one third by 

existing operator, since the existing owner had benefitted economically from buying the 



contaminated land knowingly and the existing operator had discharged the lead dust into 

environment by its activities. 

 

In the case of Amoco Oil Co. v Dingwell, 690 F.Supp.78 (D.Me.1988), court allocated 65 

percent of clean-up cost to owner and 35 percent to generator. The court allocated the cost 

based on three factors among the Gore factors that the court felt was relevant. 

 

 In the case of United States v. Tyson, 258 F. Supp. 2d 809 (E.D Tenn.2003), it was found that 

the existing owner knew about the previous operations of the plant that were in a hazardous 

manner, the owner was not cooperating with the Environmental Protection Agency (EPA) and 

did not dispose of the waste properly. The court identified the factors responsible for the cost 

allocation as the improper disposal of waste, less cooperation from the party with government, 

etc. Court ordered 50 percent of clean-up cost to owner and 50 percent of clean-up cost to 

generator. 

 

The Gore factors are not comprehensive in nature. Some factors like economic levels, mind-

set of parties, contracts between the parties, transport potential of pollutant, physical and 

chemical properties of pollutants, economic profits, historical cases, etc. were not considered 

in liability allocation (Ferrey 2009; Nagle 1994) . 

It was found that in most of the cases, different factors were taken for liability allocation. In all 

the current methods of liability allocation present, they do not have a list of all possible factors.  

Hence came the need for framing a list of all possible factors. 

 

ENVIRONMENTAL COMPENSATION IN INDIA 

In India, strict environment laws started with The Water (Prevention and Control of Pollution) 

Act (Ministry of Environment and Forest 1974) for the prevention and control of water 

pollution in India. Section 43-45 of the act gives an insight onto the compensation that should 

be given for any environmental damage done. Then came The Air (Prevention and Control of 

Pollution) Act (Ministry of Environment and Forest 1981), for the control of air pollution. 

Section 37-41 of this act provides provisions for penalties to be given in any case of violation 

of the act. An important environmental law that came in India was the Environment 

(Protection)Act (Ministry of Environment and Forest 1986)  The section 15-17 deals with the 

penalty for polluters. The penalty amount was increased in this law. Some other environmental 

laws existing in the country are National Environment Appellate Authority Act(Ministry of 

Environment and Forest 1997), Factories Act(Ministry of Labour and Employment 1948), 

Public Liability Insurance Act (Ministry of Law and Justice 1991) etc. 

National Green Tribunal Act(Ministry of Law and Justice 2010) was established in 2010 for 

dealing with cases related to environmental protection, to provide compensation for damages 

done to environment etc. In the chapter III, section 17(i)-(iii) of the act deals with compensation 

to be paid in case of any environmental damage. When multiple polluters are there behind an 

environmental damage, then the liabilities are to be divided between them on an equitable basis. 

Chapter IV, section 26-28 also deals with violation of the act and compensation to be paid by 

the violators if they are companies or government departments. 

In Raghunath S/o Rakhamji Lokhane Vs MPWPB& Ors (Original Application No. 

11/2013(THC)(WZ)), the applicant had filed case application against the rising issues of water 



pollution. The tribunal directed the Maharashtra Pollution Control Board (MCB) to calculate 

the remediation cost with the help of an expert panel. The remediation cost was asked to be 

distributed among the polluters equitably. 

However in the case of Sterlite Industries (I) Ltd. Vs Union of India and Ors. (Original 

Application No. 22/2013 (SZ)), the applicant had filed case against the air and water pollution 

caused by the industry. However the tribunal did not grant compensation because of the lack 

of monitoring data, their claims were not legally established.  

CONCLUSIONS 

Environmental laws in India have some shortcomings when it comes to liability allocation in 

case of multiple polluters. The current method of liability allocation has many shortcomings 

like nature of pollutant, type of polluter, risk parameters etc. are not taken into consideration. 

There is a need for a structured method incorporating all possible factors for liability allocation.
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Abstract—The NLP applications uses the parts of speech 

tagging as the preprocessing step. For making POS tagging 

accurate, various techniques have been explored. But in Indian 

languages, not much work has been done. This paper describes 

Part of Speech Tagger by incorporating Hidden Markov Model is 

built. Supervised learning approach is implemented in which, 
already tagged sentences in Malayalam is used to build Hidden 

Markov Model. 

Keywords—Hidden Markov-model; POS tagging; Supervised 
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I.  INTRODUCTION  

Linguistic processing uses  Part of Speech (POS) as a 

feature to translate the sentences. A POS Tagger is a translator 
that takes the sentences and outputs the word sequences with 

its part of speech tags. Tagger examines each word with its 
context in the sentence during the analysis  process. 

Part of Speech Tagging, which is a grammatical tagging 
tagged the words in a text based on its context and definition. 

The POS tagging is useful in many research areas includes 

Speech Recognition, Information Retrieval, Speech Synthesis 
etc. In English, lots of works has been done in part of speech 

tagging. But unfortunately, in regional languages  not much has 
been done especially in Malayalam. As the structure of Indian 

languages differs from the Western languages, the existing 
taggers cannot be used for Indian languages. Hence the rule-

based taggers would not work well in this scenario whereas the 

stochastic taggers can be used in a very crude form. With some 
knowledge on the structure of the language these taggers give 

better results.   

A Hidden Markov Model (HMM), which is a statistical 

model is  the system modeled as a Markov process with the 
unknown parameters[2]. The probability of the word in a 

sequence might depend on the word preceding it immediately, 
with the hidden and the observed words coming successively in 

a sentence. Based on the above assumption, the model is 
prepared by observing various scenarios. In POS tagging, the 

tags cannot be seen but the words are visible. This favors the 
use of HMM to model the system, as it allows observed words 

in input sentence and hidden tags to be built into it with each of 
the hidden tag state produces a word in a sentence.   

Viterbi algorithm, a popular search algorithm is used for 

lexical calculations in HMM. This is a dynamic programming 
algorithm which results in a sequence of the observed words.  

This algorithm implements the n-grams approach, and it works 
based on the number of assumptions it makes.  The algorithm 

is based on the assumption that at a given instant of time,  both 
the hidden and the observed word must form a sequence. 

Moreover, It expects that the tag sequence to be aligned. This 
algorithm calculates the most likely tag sequence that  can 

occur which is unambiguous and unique, until the correct tag is 

obtained. At each level most appropriate sequence and the 
probability including these are computed.   

Since Malayalam is a morphological rich language, each 
word may come up with different tags for different sentences. 

And also POS tagging is very useful to pre-process the 
documents for similarity checking , summary generation etc. 

II. RELATED WORKS 

 

Tagger with the highest possible accuracy is required for 

language processing. In usual cases accuracy of Statistical 

approach is better compared to Rule based Approach. Parts -of-

speech tagging has good practical application, with uses in 

many areas, including machine translation, parsing, 

information retrieval and lexicography. Initially with the aid of 

a corpus people engineered rule for tagging. Later, with the 

support of large corpus, Markov-model based stochastic 

taggers which were trained automatically gives highly accurate 

tagging result [1]. 
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 Two approaches are there in POS tagging: rule-based 

approach and stochastic approach. Rule based taggers [2] 

make use of considerably large database of words which have 

predefined disambiguation rule. Consider the example, that an 

ambivalent word is a verb or a noun. Stochastic taggers use 

statistical algorithm along with training corpus to check for the 

ambivalence. One of the oldest approach in tagging is Rule 

based approach, which use predefined rules. The prior 

algorithms for assigning parts -of-speech automatically can be 

traced back to a two-stage architecture. The Initial stage uses a 

dictionary to label word. The second stage make use of large 

lists of already defined disambiguation rules to labeling word 

precisely. They take less storage and use simple rules. Rule 

based taggers make use of morphological statistics along with 

predefined rule to designate tags to unknown or ambivalent 

words. Stochastic approach makes use of statistical 

information and probability for assigning tag to words. This 

approach uses statistical algorithms as alternative to grammar 

rule. They are predominantly more precise when compared to 

rule based taggers. Stochastic taggers are commonly used 

because of their higher degree of precision when compared to 

the rule based taggers. 

 

In other words, high accuracy is acquired using some 

complex procedures and data structures. HMMs Stochastic 

grammars and HMMS are generic models, allocating a joint 

probability to the label sequences and paired observation; the 

specifications are normally trained to magnify the joint 

probability of training examples [4]. An usual model list all 

attainable observation sequences requiring a depiction to 

define a joint likelihood over label sequences and observation. 

In particular, it is not realistic to entitle long range 

dependencies. This difficulty is one of the main motivating 

forces for looking at conditional models as a substitute.  

  

Considerable progress has been made in the estimation of 

models with latent variables in recent years. Even with NP-

hardness in general cases  [7]. Various approaches to solve one 

of the classical problems of unsupervised learning involving 

the Unsupervised POS tagging has been addressed in [4].  

 

III PROPOSED METHODOLOGY 

 

The fig .1 provides the proposed architecture, it performs 

the following functions: It takes an input sentence in 

Malayalam Language; it processes the input text and computes 

the transition and emission probabilities. The probabilities 

computed are then stored in a 2-D matrix in the form of an 

intermediate file, which is then given to Viterbi Algorithm to 

find the best POS sequence for the input.  

 

 
Fig. 1. Block diagram of proposed system 

 

 

 

Hidden Markov Model is used to find the optimal probable tag 

sequence. 

 

A. Hidden Markov Model for POS tagging  

 

The Hidden Markov Model makes use of two different 

kinds of probabilities[4]. They are: POS transition 

probabilities and Word emission probabilities. The transition 

probability is the occurrence of a new tag from the current tag 

in the input. Learning Markov models (with tags) is started by 

counting the number of occurrences in the corpus and then 

followed by determining the probability be dividing with 

context. The instinct behind HMM and the stochastic taggers 

is the “pick the most likely tag for this word” approach. HMM 

taggers use the tag sequence that maximizes the formula (1) 

for a word sequence or given sentence. 

 

“P (word | tag) * P (tag | previous n tags)”.  (1) 

 

For identifying the maximum probability in the HMM it uses 

the Viterbi Algorithm  

 

3.1.1. Viterbi for POS tagging 

Input: sentence 

Initialize a map for the transition, possible_tags , emission, in 

the model file. 

Split the line based on the type,word, context an prob  

 

FORWARD STEP:  The lines are split into the words.  

And the scores are reviewed  

BACKWARD STEP: 

Adds the substrings and combines the tags into a string and 

print 

 

Enumerate the sentence transition initially followed by the 

score enumeration of the existing and the forth coming 

sentence and ends the sentence with the final symbol. 
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A. POS tag set 

 

.The tag set developed for the work is given in Table1. 

 

 
SL.NO. TAGS DESCRIPTION 

1 <NN>  NOUN 

2 <NNC> COMPOUND 
NOUN 

3 <NNP> PROPER NOUN 

4 <PRP> PRONOUN 

5 <ADJ>  ADJECTIVE 

6 <ADV>   ADVERB 

7 <CNJ>  CONJUNCTION 

8 <VN> VERBAL NOUN 

9 <Q> QUANTIFIER 

10 <DET> DETERMINERS 

11 <PSP> POST POSITIONS 

12 <RP> PARTICLES 

13 <RD_PUNC> PUNCTUATIONS 

 

   Table 1. POS Tag set 

 

 

III.    EXPERIMENTAL RESULTS 

 

In the experimental phase of the system development, around 

two hundred sentences are used to train the model. The system 

was trained using the corpus which is already tagged.. the test 

data set are utilized in testing the system and the lexical 

generation probability and the emission probability were used  

to tag the data set used for testing. The results shown below 

were obtained while testing the test data. By increasing the 

number of sentences in training set, tagging system accuracy 

is improved upto 85%. Only 13 tag sequences are used for 

performance, and the result obtained from was very 

satisfactory. 

 

Some of the outputs are shown below 

Input sentence1:  

                               

                                

                                

                      . 

 

Tagged sentence: 

                                   

                             

                                          

                     

                        

                               \ 

V_VN   .\RD_PUNC  

 

Input sentence2:  

                           

                       

              

                      

 

Tagged sentence: 

                     

                  

                              M  M   

                   

                     \V_VN 

 

Input sentence3:  

                                     

                      

                                 

                     

 

Tagged sentence: 

                        

                        

                            

                              M  M   

                                  

         \V_VN 

IV.     CONCLUSION  

 

Hidden markov model is a good way of doing POS tagging for 

Malayalam sentences. The system successfully trained and 

tested a POS tagger on a considerable sized dataset and 

demonstrated its abilities to discern context as well as classify 

POS accurately.  
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Abstract 

Recently, Underwater Wireless Sensor Networks (UWSNs) have emerged as a prominent 

research area in the networking domain due to its wide range of applications in submarine 

tracking, disaster detection, oceanographic data collection, pollution detection and underwater 

surveillance. With its unique characteristics like continuous movement of sensor nodes, 

limitations in bandwidth and high utilization of energy, efficient routing and data transfer in 

UWSNs have remained a challenging task for researchers. Almost all the protocols proposed for 

terrestrial sensor networks are inefficient and does not perform well in underwater environment. 

Recently location based opportunistic routing protocols have been observed to perform well in 

UWSN environments. But it is also observed that, these protocols suffer from performance 

degradation in UWSN networks with communication voids. The objective of this research paper 

is to discuss the working of major location based opportunistic routing protocols in UWSNs with 

communication voids and to highlight their related issues and drawbacks. We analyzed the 

Quality of Service (QoS) parameters, Packet Delivery Ratio (PDR), End-to-End delay, 

throughput and energy efficiency of two major location based opportunistic routing protocols i.e. 

Vector Based Forwarding (VBF) and Hop-by-Hop VBF (HH-VBF) in UWSNs with 

communication voids using NS-2 simulator with Aqua-Sim extension. Simulation results state 

that both VBF and HH-VBF protocols suffered from performance degradations in UWSNs with 

communication voids. In addition to this, the paper also highlights open issues for UWSN to 

assist researchers in designing efficient routing protocols for UWSNs having multiple 

communication voids. 

Keywords: Communication void; Hop-by-Hop Vector-Based Forwarding (HH-VBF);  

Opportunistic Routing; performance analysis; Quality of Service (QoS); Underwater Wireless 

Sensor Networks (UWSNs); Vector-Based Forwarding (VBF); NS-2, AQUA-Sim. 
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Introduction 

Recently, Underwater Wireless Sensor Networks (UWSNs) [1-2] have emerged as a prominent 

research area in the networking domain. The increasing interest in applying sensor networks into 

the underwater environment have found numerous applications in civilian and military fields 

such as coastline surveillance, pollution detection and underwater surveillance. In UWSNs, a 

group of sensors are placed at different depths in the ocean to gather information.  This collected 

information is then forwarded to the target devices positioned at the surface via network of 

intermediate nodes. The data is then stored, processed and passed to different applications for 

appropriate utilization. As, radio signals have many limitations due to its mediocre propagation 

through water, acoustic medium is used between the sensor nodes in UWSNs [3]. Most of the 

applications are highly sensitive and their success relies on the accuracy of the collected data. 

Many recent applications of underwater sensor network ranging from aquaculture to the oil 

industry, instrument monitoring, climate recording, natural disturbances prediction and study of 

marine culture depends heavily on the accuracy of the collected data. Thus, efficient routing and 

data transfer among the nodes is vital in UWSNs. 

Routing and data transfer from the sender to the sink stations, through the network, have 

been a tough task for researchers. Incessant movement of the nodes placed in the water due to the 

difference in the ocean environment and ocean currents is a major challenge. Limitations in 

bandwidth, frequent link interruptions, increased delay of data transfer, interference caused by 

marine mammals are some of the other elements influencing the efficiency of routing in UWSNs 

[4-5]. Due to these unique characteristics, almost all the protocols drafted for conventional 

sensor networks do not perform well in UWSNs [6]. Recently, Opportunistic Routing Protocols 

(ORPs) [7-9, 37] have found to give better performance in data transfer in UWSNs. The major 

advantage of this routing strategy is that it dynamically selects one best forwarder device from a 

group of candidate devices. This selection is based on the present scenario of the network, which 

leads to better performance of this latest category of protocols. Many ORPs have been designed 

for ad hoc, terrestrial sensor and UWSNs [10-14]. Amongst all categories in opportunistic 

routing, Location Based Opportunistic Routing Protocols (LBORPs) has found to give better 

performance. LBORPs make use of the knowledge on the present location of the devices to 

dynamically route message packets from the sender to target. Few location based ORPs have 

been efficiently used for data forwarding in UWSNs [15-21]. 

Communication holes or voids have been a major problem in most of the dynamic sensor 

networks. Often defined as the unreachability problem, the source node suffers from lack of 

adequate forwarder nodes in its transmission range.  Frequent movement of sensor nodes in 

underwater increases this problem further. Limited research has been performed to determine the 

working and performance of LBORPs in UWSNs with communication voids [22-25]. In large 

UWSNs with limited number of sensors, it is very significant to have a protocol that can handle 

communication voids efficiently. In this article, we analyze the working and performance of two 

major LBORPs in UWSNs with communication holes. Vector Based Forwarding (VBF) [19] and 

Hop-by-Hop VBF (HH-VBF) [18, 26] have been used by many applications for data transfer in 

UWSNs. VBF is a LBORP that constructs a virtual vector pipe between the sender and sink node 

for routing. Only the devices within the virtual vector are selected for forwarding the data packet. 
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Extending VBF protocol, the HH-VBF protocol makes use of different virtual pipes for each 

node and the direction of the virtual pipe changes during the entire time of transmission.  

 Objectives of this research paper are, 

 To study the functioning of major LBORPs designed for UWSNs and to determine their 

issues and drawbacks. 

 To analyze the simulation-based performance comparison of VBF and HH-VBF 

protocols in UWSNs with communication voids on parameters- PDR, Throughput, End-

to-End delay and energy efficiency.  

 And, to discuss the issues, challenges and future directions in UWSNs routing research. 

 This research article is structured as follows. Functioning of the major location based 

ORPs in UWSNs is discussed in detail in section II. The section also discusses the issues and 

drawbacks with these protocols. Section III describes the working of VBF and HH-VBF in 

comprehensive manner. Section IV presents the simulation-based analysis of VBF and HH-VBF 

protocols in UWSNs having communication voids using NS2+Aqua-Sim simulator. Section V 

enlists open issues and challenges of existing ORPs in UWSNs. The paper concludes in section 

VI with future research directions. 

 

II. Literature Survey 
 

This section examines the functioning of some of the major LBORPs proposed for 

UWSNs. One of the most accepted protocol in UWSNs is Vector-Based Forwarding (VBF) [19]. 

VBF uses the details on the present position of the sensor devices for routing the information 

packets. In VBF, within a fixed virtual pipe the information packets are forwarded between the 

source and destination devices. These information packets are then transmitted along the 

redundant paths and thereby remain stable against packet loss. The major limitation with VBF is 

that the construction of a solitary virtual pipe will decrease the performance of routing in various 

node density areas and the productivity drops with communication holes.  

Hop-by-Hop Vector-Based Forwarding (HH-VBF) [18] is a variant of the VBF protocol 

that uses virtual pipes from every intermediate device to the target device. Every device then 

dynamically make packet forwarding choices with reference to its present location in the 

network.  

Directional Flood Based Routing (DFR) [29] is a receiver-based, stateless, and LBORP in 

which each and every node is informed about the position of the destination device and one-hop 

neighbors. DFR utilizes a limited flooding method, in which every node passes its location 

details to all the other nodes and achieves more reliability in data transmission in the network. 

The flooding mechanism results in duplicate transmissions and energy loss. DFR also failed to 

address the void problem.  

One of the earliest protocols that functions with reference to the pressure information 

proposed for UWSNs was Depth-Based Routing (DBR) [30]. DBR utilizes the knowledge on the 

depth of devices placed underwater to decide whether to transmit the packets or not. When a 

packet is received, each node will forward the packet to a smaller depth than that stored in the 

packet. Otherwise, the packet is discarded. Both communication holes and node mobility are the 

major problems influencing the limited performance of DBR. 
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Geographic and opportunistic routing with Depth Adjustment-based topology control for 

communication Recovery over void regions (GEDAR) [31] is another location based anycast 

ORP that sends information packets from intermediate nodes to different target nodes.  The 

protocol uses periodic beaconing to get the position information of every node in the network. 

The protocol suffers from increased duplicate message transmissions.  

Hydraulic Pressure Based Anycast Routing (HydroCast) [32] also utilizes the knowledge 

on the depth of the deployed device to choose the candidates for routing from the nearest nodes. 

HydroCast elects a subgroup of neighboring devices with largest greedy progress to the target 

node. The performance of the protocol is not satisfactory with voids.  

Multi-Path Routing (MPR) [33] helps to solve the data concussion issue at the sink 

nodes. The data collision is prevented at the receiving packets by creating a route that consists of 

various sub-paths between the sender and the sink. Geographic Partial Network Coding (GPNC) 

[35] is another geographic, partial network coding-based protocol proposed for UWSNs. Void is 

a major concern for this protocol too.  

Focused Beam Routing (FBR) [34] was designed to minimize energy drainage during the 

routing process by controlled flooding of the packets. Although a preventive void handling 

technique was used, high delay was incurred.  

Void-Aware Pressure Routing (VAPR) [35] uses an opportunistic data forwarding 

technique coupled with information on pressure of the deployed devices. VAPR select a 

subgroup of candidate devices with the greatest progress to target. The holding time details of 

two-hop neighboring nodes helps to deal with the void areas, but imposes a high overhead on the 

system.  

In Relative Distance Based Forwarding (RDBF) [36],  the packets are send via the nodes 

that are nearest to the target node. RDBF uses a fitness value as an upper limit to supervise the 

number of transmitting devices to the sink. Moreover, the performance of RDBF also comes 

down with the presence of communication holes in the network. 

 In the next two sections, we discuss the working of the two LBORPs, VBF and HH-VBF 

used in UWSNs. VBF and HH-VBF utilize the knowledge of the location of nodes in the 

network for routing. These protocols use greedy forwarding mechanism that chooses the node 

nearer to the target as the next forwarder for every data packet. We analyze the performances of 

these two protocols in UWSNs having multiple communication voids. We have selected these 

two protocols for the analysis because they are the two popular protocols used by various 

applications in UWSNs. Further the design of these protocols is less complex and also incurs less 

overhead compared to other protocols. 

 

III. Location based Opportunistic Protocols 

 

a) Vector-Based Forwarding (VBF) 

 

 VBF [19, 38] was proposed to addresses the problem of energy limitation and efficient 

packet delivery.  VBF utilize the knowledge of the location of nodes in the network for routing. 

Each data packet in VBF contains the three position fields named as OP1, TP1 and FP1. This 

represents the coordinates of the source, the sink and the forwarder node. The RANGE field in 

the packet deals with node mobility. As soon as the information packet advances to the region 

marked by its TPI, it is flooded in that region controlled by RANGE field. The virtual routing 

vector from the source to the sink describes the transmitting path. The RADIUS field inside the 
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packet is a pre-computed value that is utilized by intermediate devices to check whether they are 

near to the vector pipe and suitable for packet transmission. In order to limit the number of 

intermediate transmitting devices and to conserve energy in the network, VBF make use of a 

self-adaptive algorithm. Upon getting a data packet, each node first computes whether it is inside 

the virtual vector, and whether it can act as a potential forwarder to the next node. Each potential 

member device awaits a limited period of time to check its desirability value in the pipe. It 

describes the closeness of the current node to the past forwarder node, and the virtual pipe 

between sender and sink. The waiting time depends on the desirability factor. If a node is more 

desirable, then it waits less time. During this time, the device pays attention to the channel to 

observe the number of devices that are transmitting the same information packet as the present 

device. When the period expires, the node will transmit its packet, if and only if the reduced 

desirability value of the other nodes is less than a pre-computed level.  

Virtual routing pipe in VBF is illustrated in figure 1. We can see that VBF has created 

three independent virtual pipes from source nodes S1, S2 and S3 to the destination D at the 

surface. In figure 1, S1, D represents the source and target node. Only the devices within the 

vector pipe are considered for forwarding a packet, thereby limiting the energy usage. 

 

 
 

Figure 1. Virtual vector pipe from sender to receiver node in VBF  

 

 

 

b) Hop-by-Hop Vector-Based Forwarding (HH-VBF) 
 

Hop-By-Hop Vector-Based Forwarding (HH-VBF) [18] is a variant of VBF that 

constructs virtual routing pipes from each hop in the network, as packets travel from the sender 

device to the receiver. This protocol creates a virtual routing pipe from each hop to the target 

device. Many studies have discussed the better working of HH-VBF in comparison with VBF. 

The pipeline radius is similar as the transmission count of the node. The protocol improves the 

direction of the transmitting pipe hop by hop, in the entire life period and in this way, all 

transmitting devices can generate a routing choice based on the present local topology details. By 

changing the direction of flooding pipeline dynamically, the performance can be enhanced. 

When a stable routing vector radius is set, the protocol shows a reduced performance in the 
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sparse network compared with VBF. However, both the protocols are exposed to interferences 

caused by marine mammals as the data forwarding happens only inside the pipe. Here the 

transmission can be interrupted when marine mammals block the pipe. There is an increased 

choice of finding a more acceptable forwarder within the hop-by-hop vector pipeline; HH-VBF 

gives better Packet Delivery Ratio (PDR). However, both the protocols does not succeed to yield 

energy fairness within the network. Also fails to effectively handle the communication hole 

problem.  

The working of HH-VBF is described in figure 2. The sender node S2 wants to transmit 

an information packet to the destination device D2. Here S2 creates a virtual pipe to the 

destination D2. Once the packet reaches the intermediate sensor node M, it creates a virtual pipe 

to the destination. Now there are more nodes (N and P) included for sending the data packet to 

the target location. HH-VBF uses this forwarding strategy till the data reaches the target location. 

HH-VBF improves the performance in the network by dynamically moving the direction of 

flooding pipe. Figure 3 illustrates the communication void problem in UWSNs. We can see that 

source node S1 and S2 are trying to forward data packets to the destination D by creating virtual 

pipes. Data from S2 reaches the destination node located at the surface, but data from source S1 

is unable to proceed due to the communication void near to the surface. Table 1 highlights the 

technical comparison of both the routing protocols.  

 
Table 1. Comparison of VBF and HH-VBF  

 
Parameter VBF HHVBF 

Metric used Node location Node Location 

Candidate Coordination Timer based Timer based 

Void Handling No No 

Routing Single Virtual Pipe from 

the sender to the 

destination 

Individual virtual pipes 

from each transmitting 

device to target device 

Advantages Simple and flexible Simple and flexible 

Limitations Duplicate messages and 

transmissions 

Performance degrades 

with communication 

holes  

Performance degrades 

with communication 

holes 
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Figure 2. Illustration of the functioning of VBF and HH-VBF  

 

 

 
 

Figure 3. Communication void problem with VBF  

 

IV. Simulation and Performance Analysis 
 

a. Simulation Parameters 
 

 Performance of VBF and HH-VBF routing protocols are analyzed using simulations in 

Aqua-Sim[39]. Aqua-Sim is extended version of NS-2 that efficiently simulates collision 

behaviors in large delay acoustic networks and also attenuation of underwater sensor networks. 

Aqua-Sim uses otcl to model the protocol parameters implemented through C++ algorithms. The 

simulator creates a 3D environment of packet transmission in the network, which shows that the 

efficiency of both protocols comes down with communication holes. Communication voids are 

created between the source and sink devices to measure QoS parameters in the overall network. 
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Table 2 highlights the Simulation Parameters used to test the performance of the protocols in 

Aqua-Sim  

 

Table 2. Simulation Parameters 

 

Parameter name Values 

Simulator name NS2.35 + Aqua-sim 

Dimension of topology 1500 x 1500 x 1500 m 

Transmission range 250 m 

Antenna-Type Omn-Directional 

Data rate 50 kbps 

Packet size 25 to 125 bytes 

Number of nodes 100 to 600 

Simulation time 300 s 

Number of Simulation runs 10 

Protocols  VBF, HH-VBF 

 
 

b. Performance Analysis 

 

The performances of VBF and HH-VBF protocols were analyzed in normal network 

scenario and in networks with communication void. Figure 4 shows the values of various 

parameters used in simulations. Four different QoS parameters were measured in the 

network. 

 

 Packet Delivery Ratio (PDR): PDR is the ratio of overall packets arrived at the 

target device to the number of transmitted packets.  

 

The following Figure 4 shows the PDR in UWSN network scenario with varying number of 

nodes for the two protocols in normal network conditions and also with communication voids. 

Table 3 highlights the data values of VBF, VBF-VOID, HH-VBF and HH-VBF void. From the 

analysis it is observed that both VBF and HH-VBF protocols give better performances in 

networks without communication voids. This proves that communication voids degrade the 

performance of even the latest LBORPs in UWSNs. 
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Figure 4. PDR vs Nodes  

 

 

Table 3: PDR 

 

No. of 

Nodes 

VBF VBF-Void HH-VBF HH-VBF-

Void 
100 0.2 0.16 0.21 0.2 

200 0.26             0.21 0.28 0.25 

300 0.46 0.35 0.46 0.42 

400 0.53 0.4 0.59 0.39 

500 0.57 0.4 0.64 0.4 

600 0.599 0.42 0.65 0.52 

 

 

 . 

 Average End to End Delay: It is the time incurred by the information packet in reaching 

the target device from the sender device. 

 

Figure 5 highlights the average delay incurred by VBF, HH-VBF protocols in transferring data 

packets across the network with varying number of devices in normal and void environments. 

Table 4 highlights the data analysis of delay observed by routing protocols with void and under 

normal operating conditions. From the data values, it is evident that the delay is less VBF and 

HH-VBF in normal environments as compared to networks with voids.  
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Figure 5. Latency/End-To-End Delay vs Nodes  

 

Table 4: Average end to end delay 

 

 
No. of 

nodes 

VBF VBF-Void HH-VBF HH-VBF-

Void 
100 1.5 1.8 1.4 1.7 

200 1.7 2 1.6 1.9 

300 1.9 2.4 1.6 2.3 

400 2 2.6 1.8 2.5 

500 2.2 2.8 2 2.7 

600 2.6 3.6 2.1 3 

 

 

 Throughput: It is the rate or amount of data that is effectively transferred from the 

sender device to the target in a given time period.  

 

Figure 6 highlights the throughput of both VBF and HH-VBF protocols in normal and void 

environments. Table 5 enlists the data values of throughput. It is observed that HH-VBF protocol 

has highest throughput as compared to other routing protocols. Both the protocol suffer from 

degradation in throughput with voids in the network. 
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Figure 6. Throughput vs packet generation rate  

 
Table 5: Throughput 

 
Packet 

generation 

rate 

VBF VBF-Void HH-VBF HH-VBF-

Void 

0.1 0.5 0.5 0.6 0.5 

0.2 1 0.9 0.8 0.8 

0.3 1.2 0.9 1.4 1 

0.4 1.3 1 1.6 1.2 

0.5 1.5 1.2 1.7 1 

0.6 1.9 1.7 2.3 1.7 

 

 

 Energy Consumption: In order to test the validity of performance of routing protocols, 

Energy consumption is regarded as significant parameter. Energy Consumption is 

regarded as how much energy is consumed by transmitting nodes and intermediary nodes 

to make sure that packet reaches the destination.  

Figure 7 elaborates the graphical analysis of energy consumption of energy nodes in different 

protocols under UWSN operating scenarios. Table 6 also highlights the data values of protocols 

and it is observed that both protocols consume more energy in void scenarios.  
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Figure 7. Normalized Energy Consumption vs No. of nodes  

 
 

Table 6: Normalized Energy Consumption 

 

 
No. of 

nodes 

VBF VBF-Void HH-VBF HH-VBF-

Void 
100 0.2 0.3 0.2 0.4 

200 0.4 0.5 0.4 0.4 

300 0.5 0.7 0.6 0.7 

400 0.5 0.7 0.6 0.8 

500 0.7 0.9 0.8 1 

600 0.9 1 1 1 

 

 

V.  Open Research Areas and Recommendations  

 

 In this section, open research problems generated by communications holes in UWSNs 

are discussed. Researchers designing routing protocols need to address the following issues to 

come up with optimal routing solutions for UWSN scenarios.  

 

 Quality of Service (QoS): Communication voids drastically degrade the QoS offered by 

the routing protocols in UWSNs. The data delivery rate is reduced with increased data 

loss due to communication holes and void nodes. Delay in data transmission increases 
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with frequent loss of data packets. 

 Reliability: Reliable data delivery is a vital factor in the success of any routing protocol. 

Void nodes are often unable to find the next forwarder node in the network and are forced 

to drop the data packet. Thus, reliability is a big concern in UWSNs with communication 

voids. 

 Scalability: In many UWSNs, the problems of communication holes occur when the 

network size is increased. With reduced number of sensor nodes in large geographical 

area, the chances are high for the occurrence of communication holes. Solutions to avoid 

communication voids with minimum number of sensor node are to be found out. 

 Mobility: Frequent mobility of sensor nodes is another reason for the communication 

voids. Good protocols should handle mobility of nodes effectively for better 

performance. 

 Energy: Loss of energy due to communication voids is another area of concern. With 

constrained battery, and inability in frequent recharges, underwater sensor nodes need to 

be protected from unwanted drainage of energy. 

 

VI. Conclusion and Future Work  

 

Underwater Sensor Networks have come out as a prominent research area in the networking 

domain with a wide range of aquatic applications. Routing in UWSNs is an area of major 

concern due to its unique features such as continuous node mobility, frequent disruption of links, 

and interference caused by other underwater acoustic systems such as marine mammals. 

Recently in UWSNs, opportunistic routing has been accepted as an efficient routing approach. 

The paper discussed the functioning of various location based opportunistic routing protocols 

proposed for UWSNs and evaluated the performance of two major protocols, VBF and HH-VBF 

using simulations in Aqua-Sim. The performances of these protocols are evaluated in normal 

network scenarios and also in networks with communication voids. We could observe that the 

performance of these protocols comes down with communication voids in the network. Insights 

from this article would enable researchers to work towards designing more effective protocols 

for underwater environments having voids. In the near future, a novel routing protocol, 

especially designed for UWSN operating scenarios would be proposed and compared with 

existing routing protocols in terms of PDR, Energy, Delay and Throughput and above all will 

give good performance in networks with communication voids and highly secure from all sorts 

of intruder and man-in-middle attack.  
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Abstract - This paper proposes an image-encryption 
algorithm based on the Rubik's cube configuration,allowing for 
multi-dimensional security keys. The input image is scrambled 
using the random configuration of a Rubik's cube. Here the aim 
is to encrypt or decrypt an image using a custom pixel 
scrambling algorithm. It uses a Rubik’s Cube as the encryption 
& decryption key, which allows for 43,252,003,274,489,856,000 
(43 quintillion) distinct key configurations. RubiCrypt makes use 
of several image processing algorithms from OpenCV for 
scanning the cube in real-time. Finally, Analysis along with 
experimental results shows that the proposed encryption scheme 
can achieve good encryption as well asconsiderable hide-ability. 
Which can resist all the elements related with statistical and 
differential attacks.

Index Terms - Encryption, Rubik’s Cube, Scrambling. 
 

1. INTRODUCTION

Privacy is one of the key factors governing a 
technological deployment. The end user privacy is always kept 
in mind by developers all over the world. Especially in areas 
such as cloud computing which holds large contents of digital 
user data, mere raw input to these systems makes the user data 
unsafe. 
Effective ways to secure data includes various encryption 
algorithms. The Rubik’s cube based image encryption is a 

tactical encryption algorithm that is used here to encrypt 
digital images and decrypt it back. The algorithm has up to 43 
quintillion configurations possible for encryption or 
decryption key and it makes this algorithms concrete as it 
rules out the possibilities of a brute force attack. Encryption is 
applied using pixel scrambling method, where 54 pixels are 
taken at a time and scrambled according to the Rubik’s Cube 

configuration, thus making the psychical existence of same 
Rubik’s cube configuration for decryption a must, hence 

ensuring security. OpenCV libraries are used for the purpose 
of scanning the cube in real time using the webcam. The 
scanned cube configuration is then used to formulate the 
encryption/decryption key required for the encryption and 
decryption. Hence a stable and secure encryption & decryption 
of digital image is achieved here which keeps up with the need 
of privacy of user through non-digital storage of 
encryption/decryption key. 

2.LITERATURE SURVEY

C. Li [1] proposed a Hierarchical Chaotic Image Encryption 
Algorithm Based on Permutation that divides the plain image 
of M*N with T possible value levels into K blocks of same 
size. This method uses position permutation only which is less 
secure.

E.Y. Xieet al. [2] proposed a Cryptanalysis of Fridrich’s 

Chaotic Image Encryption iterating chaotic position 
permutation and value substitution for some rounds, which 
received intensive attention in the field of chaos-based 
cryptography. But this encryption fails on chosen plaintext 
attack.
S. Li et al. [3] proposed a Cryptanalysis technique of 
Permutation-Only Multimedia Ciphers Against Plaintext 
Attacks. In this scheme, there are various scrambling elements 
possible like bit, pixel, compressing or transform coefficients 
of image, video, motion vectors [5] or audio frames [6]
respectively.
Q. Wang et al [4] proposed a Theoretical Design and FPGA-
Based Implementation of Higher Dimensional Digital Chaotic 
Systems. In this scheme a the higher-dimensional digital 
chaotic systems (HDDCS) in the domain of finite precision is 
used but for each operation of HDDCS is executed in the same 
fixed precision.
W. Zeng and S. Lei [5] proposed an efficient frequency 
domain selective scrambling of digital video presents a joint 
encryption and compression method in which video data are 
scrambled efficiently in the domain of frequency by
employing selective bit scrambling, block shuffling and block 
rotation of the transform coefficients and motion vectors. This 
scheme is very simple to implement, but provide considerably 
less level of security.
H. Liu, S. Cao, and S. Yan [7] proposed a method to solve the 
problem of automated assembly of shredded pieces from 
multiple photos, which has a board usage in many multimedia 
applications.Both shape and appearance information along the 
boundaries are utilized and extracted for each pieces, and then 
the candidate matchings between pieces are established based 
on these features. When blocks of an image are considered as 
the scrambling elements, recovery of the classified 
information constitute the problem of solving jigsaw puzzles.
C. Li et al [8], W.-S. Yap et al [9] and X. Ge et al [10] 
proposed Image Encryption Algorithm Based Hyper-
ChaoticSequences, chaotic map and information hiding. While 
the algorithm is developed to realize secure communication 
between two or more parties, objective of cryptanalysis is to 



procure adequate information about the secret key albeit 
without any previous knowledge about it. The security related 
with this method is lower.
Guodong Ye’s [11] proposed image-scrambling encryption 
algorithm has received extensive attention from researchers 
working on cryptography and cryptanalysis. In this scheme the 
algorithm, the binary representation of the gray-scale image is 
scrambled with a pseudorandom number sequence generated 
by iterating a digital chaotic map.
Jolfaei, X.-W. Wu et al [12] proposed a Security of 
Permutation-Only Image Encryption Schemes,in all 
permutation only image ciphers, regardless of the cipher 
structure, the correct permutation mapping is recovered 
completely by a chosen plaintext attack
JukkaLankinen,et.al [13] proposed system like SIFT (Scale-
invariant feature transform), SURF (Speeded up robust 
features) and ORB (Oriented FAST and Rotated BRIEF) that 
was tried (to scan the Rubik’s cube face-grids) was to use 
‘local feature detector and descriptor. Even though 

theoretically it is a very powerful method of object detection, 
it failed to be of application in the case of RubiCrypt.

Prime goal of RubiCrypt is to quickly and reliably locate the 
Rubik’s cube grid in the real-time video and use it as an 
encryption key for RubiCrypt encryption system. Regarding 
the Rubik’s cube face detection, there is no single best 

approach to this task and most often specific algorithms have 
to be designed for every particular instance. Despite the lack 
of a general framework, the computer vision toolkit has grown 
over the years and many feature
extraction methods have been proposed to streamline this 
process.

3. PROPOSED SCHEME 

The proposed system aims to encrypt or decrypt an image 
using a custom pixel scrambling algorithm. It uses a random 
Rubik’s Cube configuration as the encryption & decryption 

key, which allows for 43,252,003,274,489,856,000 (43 
quintillion) distinct key combinations. RubiCrypt makes use 
of several image processing algorithms from OpenCV for 
scanning the cube in real-time. 

Figure 1: overview of proposed scheme

Real-time video of the Rubik’s cube is captured using 

webcam and processed frame by frame. Each frame undergoes 
a set of image processing algorithms and hence cube face is 

detected and stored as a list of characters. This list is 
converted to a list of numbers and hence forms the 
encryption/decryption key. According to the choice of the 
user, the input image is either encrypted or decrypted using the 
numerical encryption key list.
RubiCrypt system doesn’t store the encryption key in any 

digital format other than when the program is in its runtime 
state. So, the Rubik’s cube is scanned again each time an 

encryption or decryption operation is to be performed. Hence 
ensuring purely physical existence of the encryption key and 
hence higher shielding from digital cryptanalytic attacks.

Figure 2: Scanned face of the Rubik’s Cube

Figure 3: Six faces of the Rubik’s Cube being scanned by 

the system

Each square in each face is tagged with two identifiers. The 
number representing the order in which the faces are scanned 
and the alphabet representing the colour of the square face 
being recognized. (W= White, B=Blue, R=Red, O=Orange, 
G=Green, Y=Yellow)

Figure 4: Cube configuration scanned

The above figure shows the cube configuration that was 
scanned after all the six faces of the cube is scanned. This 
consist of 54 alphabets that depict the colour of the squares 
scanned in the order shown in Figure 2.



Figure 5.: Encryption key formed from the configuration

Figure 5 shows the encryption key that was generated from 
the cube configuration that is shown in figure 4. This is 
formed by replacing all the colours with a number that ranges 
from 1 to 54 in the order: WHITE, GREEN, YELLOW, 
BLUE, RED, ORANGE. So, in the first pass all the whites are 
replaced with numbers ranging from 1-9, green with numbers 
ranging from 10-18 and so on.

Algorithm
1.Input 1: Plain or encrypted image
2.Input 2: Frames from webcam.
3.Isolate and extract contours from the frames.
4.Compare contours with template contour.
5.Sort the selected contours. 
6.Draw enclosing circle and information texts.
7.Create Encryption Key (Character).
8.Convert Encryption Key to Numerical form (Numerize()).
9.Scramble Input 1 || Unscramble Input 1 with Encryption 

Key.
10.Display input image, scrambled image and 

unscrambled image. 

3.1 IMAGE PROCESSING

Image processing is the main set of steps that has to be 
performed initially. Since the cube is scanned in real-time, 
real-time video is obtained from a webcam. Each frame from 
the webcam undergoes following steps. And the end of these 
steps, the cube configuration of a face should the frame 
contain a valid Rubik’s cube face will be obtained. 

3.1.1 FRAME CAPTURE 

Figure 6. Captured frame

In this step, a frame from the webcam is read and ready for 
applying image processingsteps. Webcam transmit the frames 
in real time, hence several frames are processed per second to 
check for any valid Rubik’s cube face. Each frame is read in 

BGR colour space, hence each pixel in the frame is 

represented by the combination of the intensities of colours 
blue, green and red. Images are read as a NumPy array which 
is a 3-dimensional array with a depth of 3 each depth 
representing the intensities of BGR

3.1.2. GRAYSCALING

Figure 7. Frame after grayscale

Grayscaling is the process by which the BGR frame is 
converted to a 2-dimensional grayscale image which stores on 
the intensities of black. Hence by applying this step, we obtain 
an image that is devoid of any colour other than black and 
white. This is an important step as this brings down the 
complexity of the image processing steps and improve 
efficiency by reducing the image size. Many of the image 
processing functions from OpenCV would only accept a 
grayscale image.

3.1.3. GAUSSIAN BLUR 

Figure 8. Frame after Gaussian Blur

Gaussian Blur or smoothing edges function is used to blur the 
image in order to remove the noise that is present in the frame. 
Gaussian Blur function accepts a kernel size that is used to 
specify the amount of blur that is required for the particular 
frame. The kernel can be represented as:

(1)



2D Gaussian can be represented as:

(2)

where is the mean (the peak) and   represents the 
standard deviation (per each of the  variables x and  y).

3.1.4. CANNY EDGE DETECTION

Figure 9. Frame after Canny Edge Detection

Canny edge detection is a method by which the edges in the 
frame are detected. It accepts a grayscale image as input and 
uses a multistage algorithm to obtain the edges. It accepts two 
thresholds which represents the upper and lower value of the 
intensity changes in the images to recognize the edges. Any 
intensity difference between the mentioned thresholds are only 
accepted if it forms part of an edge.

3.1.5. DILATION

Figure 10. Frame after Dilation

Dilation is applied to the frame so as to make the white areas 
bigger. This way smaller unwanted details that are 
inconsequential or often problematic to the remaining steps 
are removed as white areas get overlapped. In this image, all 
individual white areas that can be classified as noise is 
removed.It consists of convoluting an image with a kernel of 
any shape or size, usually a square or circle. The kernel has a 
defined anchor point, usually being the center of the kernel.

As the kernel is scanned over the image, maximal pixel value 
overlapped by Kernel is computed and image pixel is replaced 
with the maximal value in the anchor point position. As can be 
deduced, this causes the bright regions in the image to grow in 
size, hence this maximizing operation is called as the dilation.

3.1.6. EROSION

Figure 11. Frame after Erosion

This is the sister step to the dilation. Here the opposite of 
dilation is performed in the sense that the white areas are 
reduced so that the general character of the frame is retained 
for further processing. But applying dilation and then erosion, 
all the smaller details are removed and the image that contains 
only features that are required is obtained. What this does is to 
compute a local minimum over the area of the kernel. As the 
kernel is scanned over the image, the minimal pixel value 
overlapped by kernel is computed and it is used to replace the 
image pixel at the anchor point.

3.1.7. CONTOUR DETECTION

Figure 12: Frame after Contour Detection

Contours can be explained simply as a curve joining all the 
continuous points (along the boundary), having same colour or 
intensity. The contours are a useful tool for shape analysis and 
object detection and recognition. Hence each contour encloses 
a distinct portion of the image that forms a closed image. At 
this point, all the contours are detected and saved as a list 
consisting of list of coordinates for each contour.



3.1. 8.CONTOUR MATCHING   

Figure 13: Frame after Contour Matching

Contour matching is performed by matching the shapes of any 
two contours. A template image is used to generate the 
template contour, which is then compared with all the 
contours in the frame. If they match in shape, they are stored 
into a contour variable and used for further processing. 
Matching shapes function allows for varying degree of 
comparison and tolerance for shape matching.

3.1.9. CONTOUR SORTING AND.COLOR DETECTION

Figure 14: Final form of Frame

All the matched contours need to be sorted spatially in order to 
correctly identify the order in which it is to be stored in the 
configuration variable. Allowing for a tolerance in the vertical 
coordinates between the horizontal contours, they are sorted in 
left to right fashion. Hence sorting is done in row-wise manner 
of the colour squares of the cube face. Tolerance provided for 
vertical coordinates allow for two contours to be identified as 
part of same row, even if they are not in the same horizontal 
line by a small margin. This helps with skewing of the cube 
face in real-time cube face detection.
Colour detection is carried out using a HSV copy of the 
image. Once a contour is detected and matched and sorted, 
they are enclosed with an enclosing circle. This circle is then 
superimposed on the HSV image, and the centre of the circle 
is identified. HSV values for the centre is obtained, and HUE 
value is checked to determine the colour of the circle.

Enclosing circle is then printed onto the output image with the 
same colour as the detected colour. And square face is tagged 
with the order number and colour alphabet. This effectively 

concludes the initial set of image processing steps in 
RubiCrypt.

3.2 IMAGE ENCRYPTION
RubiCrypt image encryption system employs a pixel 
scrambling mechanism backed by row column permutation of 
a set number of pixels. Scrambling is divided into two 
sections, first being the row permutation of each set of 54 
pixel taken row-wise and then secondly column permutation 
of each set of 54 pixels taken in column-wise manner. 
Scrambling algorithm uses the Encrypt Key derived from the 
Rubik’s cube for the purpose of determining the scrambling 
algorithm.

3.2.1 ENCRYPTION
Fifty-six pixels of the image is taken into an encryption buffer 
for input image. Following the successful loading of pixels, 
the index of each input pixel is matched with that of the   
EncryptKey to obtain the destination index in the output image 
buffer. Then the intensity value from the input image is moved 
to the selected index in the output image buffer. On 
completion of all the 56 pixels in the output buffer, it is moved 
to the output image to form the Encrypted Image.

Figure.15: Encryption Scrambling Scheme
After row and column permutations of all set of 56 pixels in 
the input image, we obtain the entire encrypted image.

Figure 16: Input Image



Figure 17: Encrypted Output Image

3.2.2 DECRYPTION
Decryption can be carried out as a simple reversal of the 
encryption steps albeit with the same EncryptKey that was 
used to encrypted the image. Fifty-six pixels of the image is 
taken into a decryption buffer as the input image. Following 
the successful loading of pixels, index values of the input 
buffer for each pixel is found in the EncryptKey and 
corresponding index of the EncryptKey is used as the 
destination index in the output buffer. Then the intensity value 
from the input image is moved to the selected index in the 
output image buffer. On completion of all the 56 pixels in the 
output buffer, it is moved to the output image to form the 
Decrypted Image.

Figure 18: Decryption Unscrambling Scheme

After row and column permutations of all set of 56 pixels in 
the input image, we obtain the entire decrypted image.

Figure 19: Encrypted Input Image

Figure 20: Decrypted Output Image

4.  EXPERIMENTAL RESULTS

RubiCrypt system was tested on large number of input images 
of various dimensions and varying Rubik’s cube configuration 

keying. Experimentally it was found to be robust enough for 
the intended purpose of the system, which is to store the 
encryption key as a physical entity with appreciable level of 
easily introducible entropy for a pixel scrambling

encryption system. Not only did RubiCrypt achieve this, it 
could provide appreciable level of encryption and decryption 
with relatively low complexity steps, which is a very favorable
characteristic for the scaling factor of the system. It was found 
that the very algorithm used for RubiCrypt could be replaced 
with an even higher complexity one should the need arise. 

Present row-column permutation scheme could be scaled up to 
make it an even harder (higher complexity) permutation 
scheme by introducing steps like circular row shift and 
circular column shift between every row or column 
permutation. This could break the localization of permutations 
to a grid of 56x56 pixels.

4.1 ENCRYPTION RESULTS

During the process of encryption, it was found that the output 
encrypted image had appreciable level of scrambling, well 
enough to not give away the actual content or meaning of the 
image. Encryption produced a scrambled grayscale variant of 
the input image for the purpose of reducing processing load. 
For a slight change in the Rubik’s cube configuration, it was 

noted to have a higher visual variation between the two 
encrypted images for the same image. It was also noted that 
more scrambled the cube configuration was, better the 
randomness of consecutive rows or columns for the same 
input image.



Figure 21: Encryption using Rubik’s Cube Configuration

4.2 DECRYPTION RESULTS

Figure 21: Decrypted using configuration similar to actual 
configuration.

Strength of the encryption depends on how difficult it to 
retrieve the original image from the encrypted image i.e. how 
difficult it is to decrypt the encrypted image. Since RubiCrypt 
uses the same key for both encryption and decryption, the 
necessary entropy should be brought about by the change in 
the Rubik’s Cube configuration that is used for formulating
the encrypt/decrypt key.

Here it was observed that even for just a few turns (even one 
or two) of any face of the Rubik’s cube, the decrypted image 
was way too scrambled to derive any meaning or context from 
it. Hence it proves that the encrypt/decrypt key used here has a 
high enough entropy to resist decryption using a similar 
Rubik’s cube configuration. This is quite evident from how a 
Rubik’s cube work. Even for a single turn of one face of the 

Rubik’s cube, all the faces except the one that is directly 

opposite to the rotated face has got a change in their 
configuration. So, it is very appreciable level of randomness 
brought about by a single turn of one face. Now as the number 
of turns increases, it becomes practically impossible to retrieve 
the original image with a wrong Rubik’s cube configuration. 

Hence security is enforced during the decryption process.

Figure 22: Decrypted using the actual configuration

5.  CONCLUSION

Security in modern world is paramount and attack 
complexities on encryption systems are ever increasing. There 
is need for constant evolution in digital security space. 
RubiCrypt is a new encryption system that opens up wide 
varieties of avenues in the encryption technologies. According 
to the choice of the user, the input image is either encrypted or 
decrypted using the numerical encryption key list.

Greater key entropy for even a slight change in cube 
configuration. Easy scanning of cube configuration using 
simple webcam, hence highly user-friendly. Physical storage 
of encryption keys is more secure and hence heavily promoted 
in this project. Fast encryption and decryption capabilities of 
the system makes it suitable for real-time encryption and 
transmission applications.Not only can it achieve high hide-
abilityand good encryption, it can also resist various kinds of 
statistical, exhaustive and differential attacks. Hence 
RubiCrypt forms part of an encryption field that caters to very 
specific niche of security.
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ABSTRACT 

 
Extensive research on vortex induced vibration of cylinders has revealed that inline vibration has significant impact 

on the shedding pattern and also on the amplitude of cross flow vibrations. Interaction between the responses in 

inline and cross flow directions is still not fully understood. The paper presents a simplified method for 

understanding the interaction between these two responses using two dimensional computational fluid dynamics 

(CFD) simulations. This paper addresses two cases where in the cylinder is modeled with a single degree of 

freedom (SDOF) in CF direction and two degrees of freedom (TDOF) in both CF and IL directions. The trends of 

variation of hydrodynamic and structural parameters have been analyzed to understand the effect of the second 

degree of freedom on cylinder response and hydrodynamic force coefficients. The shedding pattern has also been 

analyzed in the study. A 17 % increase in the value of CL has been observed in the TDOF case. The results show 

that the cylinder with SDOF is more prone to lock in vibration. This phenomenon may be related to the shifting of 

shedding pattern from 2S to 2P when the inline motion is arrested. 
 

NOMENCLATURE 
 

Symbol Definition (unit) 

D Diameter of the cylinder (m) 

V Current velocity (m/s) 

m* Mass ratio  

𝑓v Frequency of vortex shedding 

(hz) 

St Strouhal number 

𝑓n Natural frequency of cylinder in 

water (hz) 

𝑓nCF Natural frequency of cylinder in 

CF direction (hz) 

𝑓nIL Natural frequency of cylinder in 

IL direction (hz) 

𝑓CF Frequency of oscillation of 

cylinder in CF direction (hz) 

𝑓IL Frequency of oscillation of 

cylinder in IL direction (hz) 

𝑓oscCL
 Frequency of oscillation of Lift 

coefficient (hz) 

𝑓oscCD
 Frequency of oscillation of Drag 

coefficient (hz) 

𝜂b Ratio of CF and IL direction 

natural frequencies 

 

 

1. INTRODUCTION 

 
Vortex induced vibration (VIV) of marine risers has ever 

been an extensively researched topic. But most of the 

studies have concentrated on understanding the wake 

characteristics and estimating hydrodynamic loading and 

response of either stationary cylinder or cylinder with 

SDOF [1]. Few results have been reported for study of 

hydrodynamic response of cylinder with TDOF in both in-

line (IL) and cross-flow (CF) directions. ILvibration has 

significant impact on the shedding pattern and also on the 

amplitude of CF vibrations [2]. The first of its kind 

discussions were reported in the case of flow around 

cylinder with TDOF [3]. They established the effect of 

reduced velocity (Ur) on the effect of forced and free 2dof 

response [3]. The effect of IL response on CF response 

depends on the ratio of natural frequencies in both 

directions ( 𝜂b =
𝑓nCF

𝑓nIL
). During lock in, if the natural 

frequency in the IL direction is twice that in the CF 

direction, resonance occurs in both directions leading to 

premature failure of the riser [4]. Also it has been observed 

that IL response amplitude is a function of Ur and stability 

parameter, where as the CF response amplitude is a 
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function of Ur and flow velocity [5]. Wake 

characteristics, hydrodynamic force coefficients and 

response vary significantly when both IL and CF 

vibrations occur simultaneously. Hence there is a need for 

prediction of response that hold good for the combined IL 

and CF vibration. 

 

2. PROBLEM DESCRIPTION 

 

In the present paper a riser model with outer diameter 

0.076 m has been numerically analyzed using two 

dimensional (2D) computational fluid dynamics 

(CFD).Specifications of the riser and the flow condition 

in listed in Table 1. The incoming flow velocity is fixed 

as 0.5 m/s to maintain the flow regime uniform at Re = 

3.8 x 104 which corresponds to the ocean condition 

encountered by a real marine riser used for petroleum 

extraction in offshore industries [6]. In this paper an 

effort has been made to study the effect of IL vibration on 

the amplitude of CF vibration and also on the wake 

characteristics. 

Table 1 Riser model specifications and flow 

characteristics 

Properties Values Units 

Diameter (D) 0.076 m 

Aspect ratio ( L/D) 13.12 - 

Flow velocity (V) 0.5 m/s 

Reynolds Number of 

flow (Re) 

3.8 x 104 - 

Mass ratio (m*) 0.66 - 

 
2.1. MATHEMATICAL MODEL 

 

The riser has been modeled as a 2D cylinder with TDOF 

in the CF and IL directions. The equations of motion for 

the riser can be represented as 

 

𝑚�̈� + 𝑐�̇� + 𝑘𝑌 = 𝐹L(𝑡) (1) 

 

𝑚�̈� + 𝑐�̇� + 𝑘𝑋 = 𝐹D(𝑡) (2) 

 
where Y is the displacement in CF direction and X is the 

displacement in the IL direction. The excitation forces are 

lift force, 𝐹L(𝑡) and drag force 𝐹D(𝑡). The excitation 

forces are periodic in nature due the alternate shedding of 

vortices, which causes the riser to oscillate in CF as well 

as IL directions. The riser is observed to oscillate with 

frequency equal to frequency of vortex shedding ( 𝑓v) in 

the CF direction and at double the frequency in the IL 

direction during lock in. Lock in can be defined as the 

resonance condition during which the vortex shedding 

frequency lock on to the natural frequency of the riser in 

the cross flow direction. A simple representation of the 

mathematical model of riser with TDOF is represented in 

Figure. 1.  

 

The riser is modeled with zero structural damping in the 

CF and IL directions. kx and ky  are stiffness coefficients in 

the IL and CF directions respectively. In the present study 

kx= ky. For such a specific case the natural frequencies in 

both directions will be same and hence 𝜂b = 1. 
 

 

 
Figure 1 Representation of mathematical model of riser 

with TDOF. 

 

2.2. FLUID DOMAIN  
 

Figure 2 (a) shows the computational domain for the CFD 

simulation of VIV of an elastically mounted cylinder with 

TDOF. The origin of the Cartesian coordinate system is 

located at the center of the cylinder. The length of the 

domain is 40D with the cylinder located at 10D away from 

the inlet boundary. The cross flow width of the domain in 

20D with the center of the cylinder at the middle. Detailed 

views of the mesh around the cylinder along with the 

computational domain after meshing have been shown in 

Figure 2 (c) and (b) respectively. There are 307 nodes 

around the circumference of the cylinder and the minimum 

element size near the rigid wall boundary has been 

computed from boundary layer theory to be 0.0001D [7]. 

The non-dimensional element size represented as y+, next 

to the cylinder surface is found to be less than unity. For 

cylinder wall a no slip boundary condition has been 

applied assuming the surface to be smooth. Inlet boundary 

has been treated has velocity-inlet with inflow velocity, V 

= 0.5 m/s.  Outlet boundary has been treated as pressure 

outlet, the gradients of fluid velocity are set to zero and the 

pressure with zero reference pressure. On the two 

transverse boundaries symmetry boundary condition has 

been applied. Grid independency study has been carried 

out for the present grid in the previous work done by the 

authors [8]. 

 
 (a)  
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(b) 

 

 
(c) 

Figure 2 (a) Computational domain (b) computational 

mesh (c) mesh around the cylinder 

 

2.3. FLOW MODEL 

 

Numerically this problem has been treated as a case of 

two way fluid structure interactions (2way FSI). 

Modeling and meshing has been performed in ANSYS 

ICEM CFD and solving using ANSYS FLUENT. Flow 

around the cylinder is modeled using the transient, 

incompressible Navier-Stokes equation based RANS 

solver with k – ω SST as the turbulence model. RANS 

solver does the virtual averaging of velocities over an 

interval of time and hence for a specific interval the 

velocity vector appears to be constant in a RANS solver. 

In the present work an optimized fine grid is used to 

compensate for this drawback of the solver enabling it to 

capture the physics of Von-Karman Street eddies. 

 

The governing equations are discretized using finite 

difference method. Non iterative time advancement 

(NITA) scheme with fractional time stepping method 

(FSM) has been chosen for pressure-velocity coupling of 

the grid. A least squares cell (LSC) based scheme has 

been used for gradient in spatial discretization and a 

second order upwind scheme as convective scheme. 

 

2.4. STRUCTURAL MODEL 

 
An elastically mounted cylinder can be mathematically 

represented by Eq. (1) and (2). These equations of motion 

are solved using a six degrees of freedom solver (6DOF), 

an integral part of the main solver by defining the 

cylinder as an object with TDOF in transverse direction. 

A user defined function (UDF) compiled in C 

programming language has been hooked to the cylinder 

dynamic boundary conditions. The governing equations for 

the motion of the center of gravity of the cylinder in the CF 

and IL directions are solved in the inertial coordinate 

system. Velocity in the CF and IL directions are obtained 

by performing integration on Eq. (3) and (4) 

 

�̈� =
1

𝑚
∑ 𝐹L (3) 

�̈� =
1

𝑚
∑ 𝐹D (4) 

 

where �̈� and �̈�, are accelerations in the IL and CF direction 

respectively, m is the mass of the cylinder and F, resultant 

fluid force acting on the cylinder in the respective 

direction. Position of the center of gravity of the cylinder 

(CG) is updated after solving the equations of motion of a 

spring mass system represented by Eq. (1) and (2). Mass of 

the cylinder is given in the UDF as  

 

𝑚 = 𝑚b + 𝑚a (5) 

𝑚a = (1 + CA)𝑚𝑏 (6) 

where ma is the added mass and mb is the mass of the 

cylinder. Added mass coefficient CA for the aspect ratio of 

the present model is found to be equal to 0.7 [9]. 

 

Analysis has been performed assigning the cylinder TDOF 

with kx = ky so that the natural frequencies of the cylinder 

in both directions remain equal. The results are compared 

with the case when the cylinder has only SDOF in the CF 

direction. Amplitudes of CF response are compared with 

existing results [8] and also the shedding patterns in both 

cases are analyzed.   

 

3. RESULTS AND DISCUSSIONS 

 

From the numerical analysis of cylinder with TDOF it has 

been observed that the hydrodynamic force coefficient in 

the CF direction, CL shows an increase of 17.4% than that 

for SDOF case. This result is comparable with the findings 

of previous research in the field which shows an increase 

in the lift coefficient value by permitting an extra degree of 

freedom [10]. RMS value of CD is almost constant for both 

cases with a very small decrease of 4% with TDOF case. 

CL oscillates about zero with almost equal frequencies for 

both the cases. But the frequency of oscillation of CD is 

lesser by 7.2% for TDOF case. The values of important 

hydrodynamic and structural parameters of both cases are 

shown in Table 2. 
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Table 2 Hydrodynamic and structural parameter off 

cylinder with SDOF and TDOF 

Parameters SDOF TDOF 

(𝜂b = 1) 

CL 0.57 0.69 

CD 1.49 1.43 

𝑓𝑜𝑠𝑐 CL
(𝑓𝑣) 1.16 1.14 

𝑓𝑜𝑠𝑐 𝐶D
 2.5 2.32 

𝑓CF 1.26 1.15 

𝑓IL - 3.28 

St 0.18 0.17 

Y/D 1.06 1.2 

X/D - 0.17 

 

The non dimensional amplitude in the CF direction 

obtained with TDOF is 11.3% more than that with SDOF. 

X/D is approximately 0.2.Time histories of major 

parameters obtained from the SDOF analysis are shown 

in Figure 3 (a) – (c) and that for TDOF in Figure 4(a) – 

(c).  Frequency of oscillation of the cylinder in the CF 

direction obtained from SDOF case is found to be more 

closer to the theoretical value of vortex shedding 

frequency obtained from the normal value of St = 0.2 

(𝑓v = 1.3). For TDOF case the frequency of oscillation 

deviates from the vortex shedding frequency. 

For TDOF case the frequency of oscillation of CL and the 

oscillation frequency of cylinder in the CF direction 

remains same. In SDOF case CL oscillation frequency 

remains same as that in the TDOF case, but the cylinder 

vibration frequency in the CF shifts towards the natural 

frequency of cylinder in CF direction. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Figure 3  Pressure contours and Time histories of various 

hydrodynamic and structural parameters (a) Vortex 

shedding pattern behind cylinder with SDOF showing 2P 

mode (b) CL of cylinder with SDOF (c) CD of cylinder 

with SDOF (d) Motion history of cylinder with SDOF. 

 

In the present analysis the natural frequency in both 

directions are specifically fixed to be equal to the 

theoretical value of vortex shedding frequency. Hence the 

phenomenon can be looked upon as the lock in of vortex 

shedding frequency on to the natural frequency of the 

cylinder. It can be concluded that a cylinder with SDOF is 

more prone to lock in vibration compared to that with 

TDOF. 

 

 
(a) 
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(b) 

 
(c) 

 
(d) 

Figure 4 Pressure contours and time histories of various 

hydrodynamic and structural parameters (a) Vortex 

shedding pattern behind cylinder with TDOF showing 2S 

mode (b) CL of cylinder with TDOF (c) CD of cylinder with 

TDOF (d) Motion history of cylinder with TDOF. 

This observation can be related to the shifting of the 

vortex shedding pattern from 2S to 2P mode when motion 

in IL direction is arrested. The shedding patterns for 

SDOF and TDOF cases are shown in Figure 3(a) and 4(a) 

respectively. St obtained also is with the range of normal 

value for cylinders during lock in. Even though the values 

of CD for both cases are almost same, the oscillating 

frequency varies significantly.  
 

 

The trajectory of oscillation of cylinder in TDOF case is 

represented in Figure. 5. A clear eight figure trajectory is 

observed which is typical for VIV of cylinders [10]. Also 

it has been observed that the motion the IL direction lags 

behind that in CF direction by a phase angle 30°. The 

represented trajectory in Figure 5 corresponds to 30° 

phase lag [11].  

 

 
Figure 5 Trajectory of the cylinder with TDOF oscillating 

under VIV 

 

4.  CONCLUSIONS 

 

Permitting an additional degree of freedom seems to have 

significant effect on the magnitude of lift coefficient but 

the frequency of oscillation of CL remains constant for both 

the cases. CD is independent of the degree of freedom of 

the cylinder but the frequency of oscillation varies 

significantly. 

Oscillation amplitude of the cylinder in the CF direction is 

more in TDOF case which can be related to the increase in 

CL. 

It has been clearly observed that with SDOF the cylinder is 

more prone to lock in vibration since the vortex shedding 

frequency locks on to the natural frequency of the cylinder 

in the CF direction. But with TDOF no such shifting of 

frequency is observed. Shedding pattern shifts from 2S 

during TDOF motion to 2P when motion in IL direction is 

arrested. 

An eight figure trajectory typical for VIV is obtained from 

the 2D simulation. Hence the efficacy of 2D CFD as a tool 

to predict response of cylinder with TDOF under VIV is 

accomplished. The observations made above are definitely 

strong inputs in the design and deployment of marine 

risers. 
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Abstract— Vortex induced vibration of cylindrical structures 

is an extensively researched topic. Most of the studies are 
concentrated on the response of the cylinder in the cross flow 
(CF) direction. In realistic ocean environment, structures like 
drilling and marine risers are free to vibrate both in CF and in 
line (IL) directions. It has also been observed that the IL 
vibrations have significant influence on the CF response. 
Interaction between the responses in inline and cross flow 
directions is still not fully understood. The paper presents a 
simplified numerical method for understanding the interaction 
between these two responses using two dimensional 
computational fluid dynamics (CFD) simulations. This paper 
analyzes two cases, where in the cylinder is modeled with two 
different values of ratio of natural frequency of the cylinder in 
the IL direction to that in the CF direction. The trends of 
variation of hydrodynamic and structural parameters have been 
analyzed to understand the effect of directional natural 
frequency ratio on cylinder response and hydrodynamic force 
coefficients. The shedding pattern has also been analyzed in the 
study. An 18% increase in the value of lift coefficient and a 38 % 
increase in drag coefficient have been observed in when the 
frequency ratio is increased from 1 to 2. The results show that the 
cylinder with frequency ratio 2 is more prone to lock in vibration. 
This phenomenon may be related to the shifting of shedding 
pattern from 2S to P + S mode when the frequency ratio is 2. 

Keywords—Vortex induced vibration, hydroelastic response, 
inline vibration, crossflow vibration, CFD. 

 

I. INTRODUCTION 

Vortex induced vibration (VIV) of marine risers has ever been 

an extensively researched topic. But most of the studies have 

concentrated on understanding the wake characteristics and 

estimating hydrodynamic loading and response of either 

stationary cylinder or cylinder with SDOF [1]. Few results 

have been reported for study of hydrodynamic response of 

cylinder with TDOF in both in-line (IL) and cross-flow (CF) 

directions. IL vibration has significant impact on the shedding 

pattern and also on the amplitude of CF vibrations [2]. The 

first of its kind discussions were reported in the case of flow 

around cylinder with TDOF [3]. They established the effect of 

reduced velocity (Ur) on forced and free TDOF cylinder 

response [3]. The effect of IL response on CF response 

depends on the ratio of natural frequencies in both directions 

During lock in, if the natural frequency in the IL direction is 

twice that in the CF direction, resonance occurs in both 

directions leading to premature failure of the riser [4]. This 

aspect of VIV needs a detailed study to understand the 

influence of natural frequency ratio on the shedding pattern 

and hydrodynamic force coefficients. Also it has been 

observed that IL response amplitude is a function of Ur and 

stability parameter, where as CF response amplitude is a 

function of Ur and flow velocity [5]. Wake characteristics, 

hydrodynamic force coefficients and response vary 

significantly with frequency ratio. 

II. PROBLEM DESCRIPTION 

 In the present paper a riser model with outer diameter 

0.076 m has been numerically analyzed using two dimensional 

(2D) computational fluid dynamics (CFD). Specifications of 

the riser and the flow conditions are listed in Table 1. The 

incoming flow velocity is fixed as 0.5 m/s to maintain the flow 

regime uniform at Re = 3.8 x 10
4
 which corresponds to the 

ocean condition encountered by a real marine riser used for 

petroleum extraction in offshore industries [6]. In this paper an 

effort has been made to study the influence of ratio of natural 

frequencies in the IL and CF directions on the wake dynamics. 

TABLE I.  Riser model specifications and flow characteristics 

Properties Values Units 

Diameter (D) 0.076 m 

Aspect ratio ( L/D) 13.12 - 

Flow velocity (V) 0.5 m/s 

Reynolds Number of 

flow (Re) 

3.8 x 10
4 

- 

Mass ratio (m*) 0.66 - 

A.  Mathematical Model 
 The riser has been modeled as a 2D cylinder with 

TDOF in the CF and IL directions. The equations of motion 

for the riser can be represented as 

 (1) 

 

 (2) 

 

whereX is the displacement in IL direction and Y is the 

displacement in the CF direction. The excitation forces are lift 

force,  and drag force represented as 
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(3) 

 
(4) 

is the coefficient of lift and  is the coefficient of drag. 

 

The periodic excitation forces caused by the alternate 

shedding of vortices, makes the riser oscillate in CF as well as 

IL directions. The riser is observed to oscillate with frequency 

equal to frequency of vortex shedding ( ) in the CF direction 

and at double the frequency in the IL direction during lock in 

[9].  Lock in can be defined as the resonance condition during 

which the vortex shedding frequency locks on to the natural 

frequency of the riser in the cross flow direction [11]. A 

simple representation of the mathematical model of riser with 

TDOF is represented in Fig. 1[12]. 

The structural damping is assumed to be zero for the riser 

model in both CF and IL directions. kx and kyare stiffness 

coefficients in the IL and CF directions respectively. In the 

present study kxand  ky are varied in the user defined function 

(UDF) hooked to the cylinder dynamic boundary to achieve 

various frequency ratio conditions. 

 
Figure 1 Representation of mathematical model of riser with TDOF. 

 

B. Flow Model 
 Fig. 2 (a) shows the computational domain for the 

present analysis. The length of the domain is 40D with the 

cylinder located at 10D away from the inlet boundary. The 

cross flow width of the domain in 20D with the center of the 

cylinder at the middle. Detailed views of the mesh around the 

cylinder along with the computational domain after meshing 

have been shown in Fig. 2 (c) and (b) respectively. There are 

307 nodes around the circumference of the cylinder and the 

minimum element size near the rigid wall boundary has been 

computed from boundary layer theory to be 0.0001D [7]. The 

non-dimensional element size represented as y+, next to the 

cylinder surface is found to be less than unity. For cylinder 

wall a no slip boundary condition has been applied assuming 

the surface to be smooth. Inlet boundary has been treated as 

velocity-inlet with inflow velocity, V = 0.5 m/s.  Outlet 

boundary has been treated as pressure outlet. The gradients of 

fluid velocity are set to zero and the pressure with zero 

reference pressure. On the two transverse boundaries 

symmetry boundary condition has been applied. Grid 

independency study has been carried out for the present grid in 

the previous work done by the authors [8]. 

Numerically the analysis has been treated as a case of two way 

fluid structure interactions (2way FSI). Modeling and meshing 

has been performed in ANSYS ICEM CFD and flow analysis 

using ANSYS FLUENT. Flow around the cylinder is modeled 

using the transient, incompressible Navier-Stokes equation 

based RANS solver with k – ω SST as the turbulence model. 
RANS solver for transient analysis can be explained as 

follows 

 
(5) 

 
(6) 

The governing equations are discretised using finite difference 

method. Optimization of computing time is ensured by using 

non iterative time advancement (NITA) scheme with 

fractional time stepping method (FSM) for pressure velocity 

coupling. This enables the solver to reduce computational 

effort and time considerably. 

 
Fig. 2 (a) Computational domain 

 

 
 

Fig. 2 (b) computational mesh 
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Fig. 2 (c) mesh around the cylinder 

C. Structural Model 
 The equations of motion are solved using a six 

degrees of freedom solver (6DOF) which is an integral part of 

the main solver by defining the cylinder as an object with 

TDOF in the IL and CF directions. A user defined function 

(UDF) compiled in C programming language has been hooked 

to the cylinder dynamic boundary conditions. In case I where 

 , stiffness coefficient in both CF and IL directions are 

taken to be equal to 338 N/m which corresponds to reduced 

velocity  . For case II,  is obtained by giving 

values kx = 1355 N/m and ky = 338 N/m in the UDF. From 

previous analysis it has been observed at  , [8]. 

This corresponds to matching of vortex shedding frequency 

and natural frequency of cylinder otherwise called lock in 

phenomenon .  The governing equations for the motion of the 

center of gravity of the cylinder in the CF and IL directions 

are solved in the inertial coordinate system. Velocity in the CF 

and IL directions are obtained by performing integration on 

Eq. (7) and (8) 

 
(7) 

 
(8) 

 

where   and , are accelerations in the IL and CF direction 

respectively, m is the sum of the mass of the cylinder and its 

added mass, F, resultant fluid force acting on the cylinder in 

the respective direction. Position of the centre of gravity of the 

cylinder (CG) is updated after solving the equations of motion 

of a spring mass system represented by Eq. (1) and (2).  

III. RESULTS AND DISCUSSIONS 

From the TDOF analysis it is observed that the 
characteristics of hydrodynamic force vary significantly with 
natural frequency ratio. With , CL oscillates uniformly 
about zero value and the maximum is observed as 0.69. But 

with , CL shows non uniform and irregular oscillation. 
Maximum amplitude of CL varies in the positive and negative 
direction with an average of 0.85. A beating pattern is 
observed in the time history of CL for the later case. CD shows 
a commendable increase when . CDrms value increases 
from 1.43 to 2.19 when frequency ratio is varied from 1 to 2. 
Magnitudes of hydrodynamic parameters are significantly 
influenced by the natural frequency of the structure. In both 
cases the stiffness coefficient and hence the natural frequency 
remains uniform in the CF direction. It is observed that CL 
value for both the cases are in comparable range. But the 
natural frequency of oscillation in the IL direction has been 
doubled in the second case than in the first case. The value of 
drag coefficient has also significantly increased which may be 
considered as the flow response to the increase in natural 
frequency.  Important hydrodynamic and structural parameters 
are given in TABLE II. Results of oscillation amplitude 
obtained with frequency ratio 1 are verified using results from 
previous numerical studies [10]. 

Oscillation frequency of CL is found to deviate from 
theoretical value of vortex shedding frequency , 

estimated from St = 0.2 when . With ,  has 

almost tripled to 3.56. Frequency of oscillation of drag 
coefficient slightly decreases to 2.11 from 2.32 with  
Frequency of CF oscillation remains same for both cases even 
if the force variation shows different pattern. With , IL 
oscillation frequency of cylinder is thrice that of CF oscillation 
frequency. With , IL oscillation frequency of cylinder 
is twice that of CF oscillation frequency which is more 
realistic with the condition . The oscillation frequency 
in both CF and IL direction in this case is closer to the natural 
frequency in the respective directions compared to  
case.  

TABLE II Hydrodynamic and structural parameter of cylinder  

 

Parameters   
CL 0.69 0.85 

CD 1.43 2.19 

 1.14 3.56 

 2.32 2.11 

 1.15 1.13 

 3.28 2.24 

St 0.17 0.17 

Y/D 1.2 0.45 

X/D 0.17` 0.47 

When , the non dimensional amplitude Y/D is 1.2 
and X/D is 0.17. With , the oscillation in CF direction 
is observed to be non uniform and irregular. IL oscillations 
show a more uniform pattern. The most significant 
observation is that the cylinder oscillates both in IL and CF 
direction with almost same amplitude of oscillation unlike the 
oscillations during . Time histories of force coefficients 
and non dimensional oscillation amplitudes are represented in 
Fig. 2. 



Influence of frequency ratio on the hydroelastic response of a cylinder with two degrees of freedom under vortex induced 

vibration 

 

Vidya Chandran et al. ISBN: 978-81-938463-2-2  198 

 

 

(a) 

 

(b) 

 

 

(c) 

 

(d) 

 

(e) 

 

Fig. 3  Pressure contours and Time histories of various hydrodynamic 

and structural parameters (a) CL of cylinder with TDOF at  (b) 

CL of cylinder with TDOF at  (c) CD of cylinder with TDOF at 

 (d) CD of cylinder with TDOF at  (e)motion historyof 

cylinder with TDOF at  (f) motion history of cylinder with 

TDOF at  

(a) 

 
(b) 
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Fig.4.TDOF  Analysis 

 

4Vortex shedding pattern behind cylinder (a)  showing 2S 

mode (b)  showing P + S mode 

The structural behaviour of the cylinder during the two cases 

can be related to the vortex shedding pattern in its wake. The 

shedding pattern in shown in Fig 4.  For during which 

a uniform variation of force coefficients and oscillation 

amplitude are observed the shedding pattern shows a 2S mode. 

That is alternate vortices are shed during one oscillation. In 

this case the lift coefficient varies uniformly and the IL 

response is insignificant compared to CF response. For 

the shedding pattern is no more 2S mode, but a 

combination of a pair (P) and single (S) vorticesie P+S mode 

of shedding.  This phenomenon contributes to the increased 

drag forces on the cylinder. The specified structural 

parameters facilitate uniform response in both directions when 

the cylinder is subjected to P + S mode of shedding.  

IV. CONCLUSIONS 

Significant observation from the TDOF simulations for the 

two cases is that the variation of hydrodynamic force 

coefficients and non dimensional response amplitudes with 

respect to time are observed to be uniform and regular for the 

case . But for all the time histories shows 

irregular variation. CL and CD values increases for the second 

case compared to the first with CL showing 18.8 % increase 

and CD showing 34.7 % increase. Frequency of oscillation of 

the lift force is significantly affected by the value of . 

Frequency of oscillation of the cylinder in CF direction 

remains unaffected by , but that  in the IL direction reduces 

and shifts to a value closer the natural frequency of cylinder in 

IL direction. Cylinder is more prone to lock in vibration in 

both directions when , since the oscillation frequency is 

very close to the natural frequency of the cylinder in the 

respective directions. A P+S mode of shedding is also 

observed at which indicates possibility of lock in 

vibration rather than the 2S mode observed at . 
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There is a quoting in the Holy bible by St Mark, stating that the stones which the builders 

rejected became the cornerstone of the building, that was the Lord’s doing and it’s amazing 

in our eyes .The one who is oppressed, the rejected stone, due to the policies and systems that 

are developed on the needs of the elite will become the corner stone of the world. All are 

God’s creation and people should realize that even the most marginalized bear the image of 

God. Everybody has the right to live the life in its fullness. This paper compares the Afro 

American oppression in Toni Morrison’s The Bluest Eye and Indian dalit oppression in 

Arundhati Roy’s The God of small things. Both the novels use the themes of racism and 

oppression to underscore the effects of post-slavery. Oppression of the downtrodden is seen 

in every corner of the world. The literature of Afro American is similar to dalit literature as 

both are records of the tragedy of their respective histories .The different setting and era in 

each novel suggest that the oppression and inequality had changed very little even after years 

later. Dalit literature and African American literature makes the readers understand their 

respective society and gives the answers of the fundamental questions of life and dignity. The 

paper also focuses on the oppression of many women who consider them as marginalized. 

Because of their gender, women are not valued and not respected in the society all over the 

world. This tragedy is examined through the works of Toni Morrison’s The Bluest Eye and 

Arundhati Roy’s The God of Small Things. Given that the two societies are different in terms 

of place and time, it is understandable that there should be certain limitations and differences 

in their literatures. On the other hand, there are similarities too. This paper is the study of 

similarities in Toni Morrison’s The Bluest Eye and Arundhati Roy’s The God of Small 

Things.  

 

INTRODUCTION  
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Arundhati Roy born on 18th February 1931 is a Nobel Prize and Pulitzer Prize winner. Her 

novels are known for their epic themes, vivid dialogue and richly detailed black characters. 

Her novels reflect the experience of the black community. The Bluest Eye is a novel which 

focuses on the experience of black women, the existence of the black women’s desperate bid 

for survival in a white man’s world. For Toni Morrison, the black artist has a responsibility to 

the black community, a quality of hunger and disturbance that never ends. Her novels bear 

witness to the reality of the black community and the reality of the blacks who survived under 

different circumstances. Morrison’s novel is the true voice of the blacks in its original power. 

Morrison leads her readers to an understanding of racism. Even after the abolition of slavery, 

the whites have still continued to treat black women under subjection in the matter of the 

concept of beauty arising self hatred among the black women. The characters of both Alice 

Walker and Morrison show that they don’t exist and always compared them to the whites.  

 

The Bluest Eye deals mainly with the predominant idea of beauty of whites upon the blacks. 

This novel shows the reader that the concept of beauty is socially constructed.  

 

“Here is the house. It is green and white. It has a red door. It is very 

pretty.”(Morrison 18) 

 

Mother, Father, Dick and Jane live in a pretty green house. The green symbolises that there is 

life and soul in the house. The red door symbolises the mystery in the story. White 

symbolises innocence and virginity. In the prologue the author focuses on Jane who wishes to 

play. Jane sees a cat, but the cat did not play with her. Jane’s mother laughs but does not play 

with her. Her father smiles, but does not play with her. At last a friend comes to play along 

with Jane. The prologue is repeated word for word, a second time without punctuation. The 

paragraph is repeated a third time without punctuation and spaces between the words, which 

transforms the narrative into a rambling and disorienting block of text. The shift from 

oriented text to the rambling text makes the reader feel that the situation of isolation among 

the black girl is getting intense and torturous. 

 

“Our house is old, cold and green. At night a kerosene lamp lights one large 

room. The others are braced in darkness peopled by roaches and mice.( 

Morrison 26) 

 

A nine year old Claudia serves Morrison as the narrator of the story who is confused but 

sensitive witness to Pecola’s tragedy. The central story is about eleven years old Pecola who 

is raped by her father and bears his child. The baby dies as it was premature and Pecola sinks 

into madness, with a notion that she has been granted her wish to have blue eyes and believes 

that now she is the most beautiful in the eyes of White Americans. 
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When we compare the novels The Bluest Eye by Toni Morrison and The God of Small Things 

by Arundhati Roy, both blacks and dalits have remained outside their culture 

excommunicated and exile. Afro Americans were brought directly from Africa to America to 

become slaves. Forced into slavery all that was left to the black man was his African soul. 

The blacks were vastly different from the white races. The black Americans are very 

concerned about the land of his origins. As the years went by legislatures abolished slavery 

and thereby the black gained freedom. But the inferiority was witnessed in every field they 

interacted. 

 

The dalit in India is in similar situation. They were excluded from the society. They have 

been stripped of their dignity and denied basic human rights. They were considered 

untouchables implying that anybody touching them would be polluted. They were denied 

access to roads, temples, schools, etc to avoid pollution of other castes. Arundhati Roy’s The 

God of Small Things is one such remarkable work which shows the sufferings and sorrows of 

the Dalits in a unique style. Booker Prize winner and activist-author Arundhati Roy is usually 

praised for her efforts in trying to represent the marginalised in her writing. All over the 

world every society has two categories of people, the higher level and the lower level. The 

people belonging to the higher level are at the top and they govern and exploit the people 

belonging to the lower level. Even though many political and economical changes have 

happened all over the world , the mindset of the people has not changed across the different 

cultures as well as the social discrimination against them even continue today .If the Dalit is 

the subjective of India‘s boycotted society, the African American is the self of Black 

America. One is abandoned and degraded by the White society and the other by Savarna 

society. One is brought and sold from their own home land and the other was called 

untouchable by birth.  The women who belong to these outcastes are treated as marginalized. 

In both Dalit and Afro American society girls have a debased self image. Marginalised 

women discover themselves in both race and gender descrimination.The aim of this paper is 

to analyze the suppressed people’s state in Arundhati Roy’s The God of Small Things and 

Toni Morrison’s The Bluest Eye. In both novels, the women struggle to survive in the world 

they live in because of their womanhood. A cross cultural study of both dalit and the black 

shows the cruel enslavement of both these two groups. The cruel oppression based on caste 

and race is responsible for the deprivation of the lives of the blacks and dalits. 

 

When we look into Toni Morrison’s The Bluest Eye, the blacks have to suffer a lot for their 

identity. 

 

“We know she is offering us something precious and that our pride must be 

arrested by refusing to accept.”(Morrison 25) 
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The black characters in the novel consider themselves as inferior when they interact with 

whites. The story centres on the lives of two black families, the Mac Teers and the 

Breedloves. The story is based on the children Claudia, Freeda and Pecola, their happy and 

painful experiences in growing up. The girls often had a loving conversation about how cute 

Shirley Temple was. Shirley Temple had golden curls, pink cheeks and blue eyes .Everyone 

loved her. Pecola had black skin. She was so poor and ugly. 

 

“The Breedloves did not live in a storefront because they were having 

temporary difficulty adjusting to the cutbacks at the plant. They lived there 

because they were poor and black, and they stayed there because they 

believed they were ugly.”(Morrison 53) 

 

The blacks believed that their poverty was traditional and stultifying, it was not unique. But 

their ugliness they believed that was unique. No one can convince them that they were not 

relentlessly and aggressively ugly .In her eleven years , no one had ever noticed Pecola . Each 

night Pecola prayed for blue eyes. 

 

“Frieda brought her four graham crackers on a saucer and some milk in a 

blue and white Sherley Temple cup. She was long time with the milk, and 

gazed fondly at the Silhouette of Shirley Temple’s dimpled face.”(Morrison 

35) 

 

The whole novel explores the psychological and sociological changes in the protagonist, 

Pecola. Claudia was younger than both Frieda and Pecola She had not yet arrived at the 

turning point in the development of psyche which would allow loving white dolls. During 

Christmas all exchanged gifts of big, special, blue eyed baby dolls.  

 

“I was physically revolted by and secretly frightened of those round moronic 

eyes, the pancake face and orange worm’s hair.” (Morrison 36) 

 

Pecola is the character who wants herself to look like the whites and wishes for the blue eyes. 

She believes that the symbol of white beauty is the blue eyes. She was having a wrong notion 

that only blue eyes would make her beautiful and believed that only blue eyes will help her in 

gaining her self-respect. As her eyes can never be altered into blue eyes in reality, her quest 

for blue eyes ends in madness. She cannot even look at a white girl as she believes that 

whiteness is the only standard of beauty and satisfies her envy by destroying white dolls. 

 

“I fingered the face wondering at the single stroke eyebrows picked at the 

pearly teeth stuck like two piano keys between red bowline lips.  Traced the 

turned –up nose, poked the glarcy blue eyeballs, and twisted the yellow hair. I 
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could not love it. But I could examine it to see what it was that all the world 

said was lovable.”(Morrison 37) 

 

“I destroyed white baby dolls.”(Morrison 38) 

 

The truly horrifying thing was the transference of the same impulses to little white girls. 

Black females possess hatred towards white women because of the set beauty concept by the 

society. The staring looks of the whites towards the blacks make them feel that they are ugly 

and unworthy. 

 

“I saw a pair of fascinated eyes in a dough- white face.” (Morrison 46) 

 

Toni Morrison shows that not all African Americans mindset are dominated by an oppressive 

culture. Some are very bold enough to survive in the midst of these oppressions. For example, 

the characters Claudia, the nine year old who is the narrator of the story is against the notion 

of the white standards of beauty. An independent and strong-minded nine-year-old, Claudia is 

a fighter and rebels against adults’ tyranny over children and against the black community’s 

idealization of white beauty standards. She has not yet learned the self-hatred that plagues her 

peers. She consciously deconstructs the ideology of the dominant society and understands the 

fact that a doll is a consumer item and tries to constrict Pecola by her destruction of white 

dolls. 

 

“Younger than both Frieda and Pecola , I had not yet arrived at the turning 

point in the development of my psyche which would allow me to love 

her.”(Morrison 35) 

 

In the novel Toni Morrison challenges the white standards of beauty and demonstrates that 

the concept of beauty is socially constructed. 

 

“Cholly, whose ugliness (the result of despair, dissipation and violence direct 

toward petty things and weak people) was behaviour, the rest of the family – 

Mrs.Breedlove, Sammy Breedlove and Pecola Breedlove wore their ugliness, 

put it on, so to speak, although it did not belong to them.” (Morrison 54) 

 

The Breedlove family are blacks who can never be like whites.  Even though human beings 

look different, the soul is same. This realisation can bring some changes in the beauty 

concept. The whites looked at the blacks and wondered why they are so ugly. They observed 

them carefully to find the source of this ugliness which the blacks considered as staring. The 

realisation was that the ugliness came from conviction. They began to believe that some 

mysterious all knowing master had given each one a choke of ugliness to wear and they had 
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each accepted it without question. In the novel we can see that ugliness is something which 

can never be altered or changed, it is inherited from a powerful master. 

 

“You are ugly people. And they took ugliness in their hands, threw it as a 

mantle over them, and went about the world with it.” (Morrison 55) 

 

The novel helps the readers to understand that the standard of beauty is created by oneself .If 

the blacks value their blackness; they can subvert the ideology put forward by the white 

society. The background of the novel is racism, sexism and classicism which signifies the 

traumatic condition under which African Americans lived in White America. The restrictions 

upon the blacks affected their lives especially the women. They were always marginalised. 

The reason for the backwardness black people is because of the self hatred persuaded by 

white domination. Many of them considered themselves as inferior to the white women 

which ended in self hatred. They trust in their own unworthiness which is interpreted into 

ugliness. They considered themselves as unworthy for the society.  

 

Throughout the novel, there are many incidents which show the feeling of separation and 

pain faced by Pecola Breedlove because of being black.  

 

“If those eyes of her’s were different, that is to say, beautiful, she herself 

would be different. Her teeth were good and at least her nose was not big and 

flat like some of those was thought so cute.”(Morrison 62) 

 

The novel shows several incidents which depicts the kind of world into which Pecola has 

been born. Pecola’s mother, who works as a house keeper in a white family, loves her 

employer’s children, ignoring her own daughter. No one expresses pity on her. Pecola is 

hurted not only because of her race but also because of her gender. Each night without fail 

she prayed for blue eyes. She has seen the hatred in the eyes of all white people. So she 

believed that the distaste must be for her blackness.  

 

“A picture of little Mary Jane, for whom the candy is named. Smiling white 

face, blonde hair in gentle disarray, blue eyes looking at her out of a world of 

clean comfort. The eyes are petulant and mischievous”. (Morrison 66) 

 

For the three girls to eat the candy was to eat Mary Jane. Throughout the novel, the author 

describes the mentally agonizing thoughts of these girls battling with the cultural standards of 

beauty that have been impaired upon them. 

 

When we read the novels The God of Small Things by Arundhati Roy and The Bluest Eye by 

Toni Morrison, a lot of similarities in the mental thoughts of the characters can be observed. 



 

JANE THERESA                                                7P a g e  

 

Just like racism which is a prominent factor in dividing people in Western history, the caste 

system, a deep-rooted factor which is a shame for Indian culture, affects the socio-economic 

and socio-cultural systems of Indian society. Untouchables are the most exploited and 

unwanted ones.  Some scholars believe that the Aryans, a fair-skinned race which invaded 

India had controlled and subjugated the dark-skinned aborigines placing them at the lower 

strata of society. Both the Dalits and the African Americans are distinctive groups that 

occupy a similar position in their respective societies- the bottom of the socio-economic 

hierarchy. In the famous essay, Can the Subaltern speak? By Gayathri Spivak, the writer 

suggests that the subaltern cannot have a history of his or her own and cannot have a voice if 

the subaltern is a female. She cannot be heard at all because she exists in absolute silence. 

 

“The subaltern as female is even more deeply in shadow.”(Spivak 28) 

 

 In The God of Small Things, small things referred in the title are the subaltern people who 

are considered as small worthless creatures by most of the upper caste people. In reality these 

small people are the big ones who can bring a change to the whole system created by the 

society. These are the voice that should be given their voice, the voice that should be heard 

against the unreasonable hate, revenge and violence. The characters in the novel have their 

unfulfilled desires and are punished and silenced by the system in various ways. The women 

in The God of Small things are mostly confronted with marital and family problems. Estha 

and Rahel’s mother Ammu married Babu; however Babu turns out to be an alcoholic and 

even urges her to sleep with his boss, Mr.Hollick. After this incident Ammu leaves him and 

returns with the twins Estha and Rahel. Although a divorced daughter is a disgrace to a 

traditional Indian society, a divorcee son is not. Chacko, Ammu’s brother, is also a divorced 

but he returned to take charge of the family pickle business. The patriarchal privilege 

disproportionately over the other in the lives of the brother and sister. Ammu then falls into a 

love affair with Velutha, an untouchable.  

 

“Ammu travelled upwards through a dream in which a cheerful man with one 

arm held her close by the light of an oil lamp. He had no other arm with which 

to fight the shadows that flickered around him on the floor.” (Roy, 215)  

 

Ammu defies patriarchal domination, class and caste prejudice in public and pays with her 

life. Roy’s protagonists suffer from lack of parental love, disturbed infancy, broken homes. 

They are dissatisfied with their existence. They often choose to go out of the mainstream of 

life. This alienation generally manifests in immoral ties and activities. Alienation from their 

selves leads to a frantic search for their identity in the milieu through self-discovery and self-

identification.  She is banished from home and society because of this secret relation and she 

dies in another place because of this abandonment. Her relationship with Velutha is 
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considered to be a sin, as it is extra-marital and a crime as it is between the members of two 

different classes in the caste system. 

 

“If he held her, he couldn’t kiss her. If he kissed her, he couldn’t see her. If he 

saw her, he couldn’t feel her.” (Roy, 215) 

 

A related inferiority complex is evident in the interactions between untouchables and 

touchable in Ayemenem. Vellya Paapen is an example of an Untouchable so grateful to the 

touchable class. He is willing to kill his son, Velutha, when he discovers that Velutha has 

broken the most important rule of class segregation that there be no inter-caste sexual 

relations. A love-affair between Ammu and Velutha results in his brutal beating by a group of 

policemen. The beating takes place in front of the twins. This results in his death. 

 

“If they hurt Velutha more than they intended to, it was only because any 

kinship, any connection between themselves and him, any implication that if 

nothing else, at least biologically he was a fellow creature had been served 

long ago. They had no instrument to calibrate how much punishment he could 

take. No means of gauging how much or how permanently they had damaged 

him.” (Roy, 309) 

 

In part, this reflects how many untouchables have internalized caste segregation. Nearly all of 

the relationships in the novel are somehow coloured by cultural and class tension. Roy’s 

women characters in the novel are exploited. They are torn between their individuality and 

social obligations. Ammu sacrifices her life in her quest for identity. Estha is described as 

occupying very little space in the world. Ammu dies alone and sad, beaten by the world. 

Shadows gathered like bats in the steep hollows near her collarbone. Rahel never quite fits in, 

especially in such rigid confines as boarding schools. Velutha is the smallest of the small, as 

Ammu points out, calling her Ammukutty, ‘Little Ammu’, though she was so much less little 

than he was.  

 

“If he touched her, he couldn’t talk to her, if he loved her he couldn’t leave, if 

he spoke he couldn’t listen, if he fought he couldn’t win.” (Roy ,330) 

 

Ammu, on the other hand, defies the notion of the male-oriented society. She emerges as a 

rebel, voicing her suppressed voice. The capitalist society always treated women figures as 

commodity. They have no right over their body. Before marriage, they are under parental 

guidance and after marriage, under husband’s care. That’s why; we see that Ammu is denied 

of her college education whereas Chacko goes to Oxford.  Even Ammu has no right in her 

father’s property. Mammachi, Baby Kochamma all accepted the female role-model imposed 

on them by the society – docile, submissive, ungrudging, stoic resignation. In the novel, 
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Velutha becomes the central and essential character and a sort of divinity in the eyes of the 

twins. Velutha is the children’s only father figure and a true friend. Mammachi, Baby 

Kochamma, the policemen, in their realms of power, see to it that Ammu, Velutha, Rahel and 

Estha who hold no power in the social hierarchies remain vulnerable and overruled. Ammu, 

Velutha and the Twins, who get together for mutual love and warmth and not for any material 

gains are crudely acted upon and destroyed. The children who are the small things in the 

novel go against the rule and make Velutha their God, The God of Small Things. 

  

The caste and gender hierarchies in India are equally relevant to the race and class as seen in 

The Bluest Eye. In both the novels, the children become victims of the communal response of 

the oppressed. By employing child narrators, both Morrison and Arundhati Roy explore how 

children negotiate different binaries between the beauty concepts, between male and female 

privileges, between higher and lower economic classes’ and between upper and lower caste. 

The painful stories of Ammu and Pecola shows the authors concern for the silences that 

illustrates self destruction. 
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Abstract: Inthis work we study some basic morphological operators on the lattice of fuzzy hypergraph 
of a crisp hypergraph. Basic morphological operators defined in this paper can be used as an effective 
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1. Introduction: Mathematical morphology is a set theoretic based approach. Originally, it is developed 
for binary images by Georges Matheron and Jean Serra. It was extended to gray-level images in the late 
1970’s.This technique is used to extract characteristic features of the images.  Considering digital objects 
carrying structural information, mathematical morphology has been developed on graphs[1],[2],[7], 
simplicial complexes[8], and hypergraphs[3],[4],[9],[13], [17]. 
 
Graph theoretic methods have found tremendous applications in image processing. Vincent [1] proposed 
morphological operators on a graph. Cousty, Najman and Serra[2] defined morphological operators on 
various lattices formed by the graph. Rosenfeld [12] proposed that gray scale images may be represented 
as fuzzy graphs. Considering the complex aspect of an image, Bloch and Bretto[3] have proposed a 
hypergraph model to represent an image. The theory of hypergraphs have now become an active area of 
research in the field of analysis of images. Bloch and Bretto [13] introduced mathematical morphology 
on hypergraphs by forming various lattices on hypergraphs. Bino, Unnikrishnan, Kannan and 
Ramkumar [4] developed morphological operators on hypergraphs by defining a vertex-hyperedge 
correspondence. 
 
In this paper, we introduce basic morphological operators acting on the complete lattice of fuzzy 
hypergraphs that may be termed as dilation and erosion. Following this introduction, section 2 presents 
some basic definitions and concepts. Section 3 involves the formation of complete lattice structure. In 
section 4 we have defined the morphological operators. Finally, section 5 deals with the conclusion.   
 
2. Preliminaries: 

2.1 Morphological Operators and Complete Lattice: Complete lattice theory is accepted as an 
appropriate theoretical framework for Mathematical morphology [14]. Thus we can define 
morphological operators for any type of image data, as long as complete lattice structure can be 
introduced on the pixel intensity range. A complete lattice is a partially ordered set such that for any 
family of elements, we can always find a supremum and an infimum. 
Let  be any operator on lattice (L, ≤), then  is 
(a) increasing if X  ≤ Y implies (X) ≤ (Y) 
(b) extensive if  X ≤ (X) for every X  L 
(c) anti-extensive if  (X) ≤ X for every X  L 
Given two lattices L1 and L2, an operator : L1→L2 is called a dilation when it preserves the supremum: 
that is, for every X  L1, (V1X) = V2{ (x)│x X}, where V1 is the supremum in L1 and V2 the supremum in 
L2. Similarly, an operator which preserves the infimum is called an erosion. Two operators ε: L1→L2and 
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: L2→L1 form an adjunction (ε, ) when for any x in L2 and any y in L1, we have (x) ≤1 y  x ≤2 ε(y), 
where ≤1 and ≤2 denote the order relations on L1 and  L2 respectively. If the pair (ε, ) is an adjunction, 
then ε is an erosion and  is a dilation. If L1, L2, L3 are three lattices and if  : L1→L2, 

1
: L2→L3, ε: L2→L1 

and ε
1
: L3→L2 are four operators such that (ε, ) and (ε

1
, 

1
) are adjunctions, then their composition (ε₀ε

1
, 

₀
1
) is also adjunction. 

 
2.2 Hypergraphs and Fuzzy Hypergraphs:Hypergraph theory was introduced in 1960’s as a 
generalization of graph theory. A (crisp) hypergraph on a set X is a pair H = (X, E) where X is a finite set 
and E is a finite family of nonempty sets of X which satisfy the condition: Every member of X is 
contained in some member of E. X is called the vertex set and E is called the hyperedge set of H. Before 
defining a fuzzy hypergraph let us recall some definitions of fuzzy sets. 
A fuzzy set A in a universe of discourse U is characterized by a membership function μA which takes the 
values in the unit interval [0, 1]:  

 that is, μA: U→ [0, 1]. 
The value μA(u), u represents the grade of membership of u in A and is a point in [0, 1] 
Let A and B be two fuzzy sets on a set X. We say that A is contained in B or A is a subset of B, if A(x) ≤ 
B(x) for every x .The standard union of A and B is a fuzzy set, A B:X→[0, 1], given by (A B)(x) = 
max{A(x),B(x)} for every x  X. Similarly the intersection of A and B is a fuzzy set, A B: X→ [0, 1], given 
by (A B)(x) = min {A(x), B(x)}. Let A be a fuzzy set on X, then complement of A, denoted by A

c 
is a fuzzy 

set, A
c
: X→ [0, 1], given by A

c
(x) = 1-A(x). The support of a fuzzy set A is the set of all those elements in 

the universal set that have a non-zero membership grade. It is denoted by supp A. 
Now, we are in a position to define a fuzzy hypergraph. Let X be a finite set and  be a fuzzy subset of X. 
Let Ԑ be a collection of fuzzy subsets of X such that for each Ԑ and x X, . Also X 
= . Then H= (X,E, Ԑ) is called a fuzzy hypergraph on the fuzzy set .The fuzzy hypergraph 

H=(X,E, Ԑ) is also called a fuzzy hypergraph on X= supp .The fuzzy set defines a condition for 
membership in the edge set. For instance, suppose that e E, such that e is composed of the vertices x1, 
x2, x3,……,xk. Then the membership grade μ Ԑ of e will satisfy μ(e) (x1)ʌ (x2)ʌ……. (xk)[15]. 
 
3. Formation of Complete Lattice:In this section we shall define a partial ordering on fuzzy 
hypergraph that will lead to the formation of a complete lattice. The fuzzy morphological operators will 
be defined on this lattice. Consider the hypergraph H= (X,E). Let Ҥ be the set of all fuzzy hypergraphs 
H= (X,E, i ,Ԑi) defined on H= (X,E).Let 0 be a fuzzy hypergraph in Ҥ with all vertices and edges of 
membership degree 0 and 1 be a fuzzy hypergraph in Ҥ with all vertices and edges of membership 
degree 1.  
 
Definition3.1: Let H1=(X,E, 1,Ԑ1) and H2=(X,E, 2,Ԑ2) Ҥ. The relation  onҤ is defined as follows: 
H1 H2 if and only if 1 2 and Ԑ1 2 

 
Result 3.2:   (Ҥ, ) is a poset. 
Proof:Clearly this relation is reflexive 

If H1 H2 and H2 H1, then H1=H2. Therefore, the relation is anti-symmetric. 
             If H1 H2 and H2 H3, then evidently Ԑ1 Ԑ2 and 1 2. AlsoԐ2 Ԑ3 and 2 3.  
             From this we get,Ԑ1 Ԑ3 and 1 3. Thus, H1 H3. That is, the relation is  
             transitive. Hence, (Ҥ, ) is a poset. 
 
Definition 3.3: Let H1=(X,E, 1,Ԑ1) and H2=(X,E, 2 ,Ԑ2) Ҥ. We define union ( ) and intersection ( ) of 
H1 and H2 as 
   H1  H2 =(X,E, 1 2,Ԑ1 Ԑ2) 
   H1  H2 = (X,E, 1 2,Ԑ1 Ԑ2) 
The above definition can be generalized to any finite number of fuzzy hypergraphs. 
 
Result 3.4: Suppose H = {Hi}iεI (I being an index set) be a family of elements of Ҥ.  
Then Sup H = i and Inf H= Hi 
Proof: Let Hi = (X,E, i, Ԑi) 
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           Therefore, Hi = (X, E, i, Ԑi) 
           By definition, Hi Hi for every i=1, 2, 3… k  
           Now let Hi  Y for every i=1, 2, 3… k, where Y=(X, E, Y,ԐY) 
           Then i Y and Ԑi ԐY for every i I 
            By the property of fuzzy sets, 

i Y and Ԑi ԐY 

This implies, Hi Y 
            Since Y is an arbitrary fuzzy hypergraph, the above inclusion is true for all such  
            fuzzy hypergraphs Y 
            Thus Sup H= Hi 
    In a similar manner, it can be shown that Inf H = Hi 

 

Definition 3.5: The complement of a fuzzy hypergraph H= (X, E, ,Ԑ) is defined as  
H

c 
= (X

c
, E

c
, 

c
, Ԑc

) 
 
Remark 3.6: From results 3.2 and 3.4, it is evident that the set of all fuzzy hypergraphs Ҥ of a 
hypergraph H=(X, E) forms a complete lattice. But the complement of a fuzzy hypergraph need not be a 
fuzzy hypergraph. Hence, Ҥ is not a Boolean algebra. Thus, we have now laid a foundation on which 
fuzzy operators could be defined. 
 
4. Fuzzy Hypergraph Morphology:In this section, we define fuzzy operations on the fuzzy vertex set 
and fuzzy hyperedge set of a fuzzy hypergraph H= (X,E, ,Ԑ) defined on the (crisp) hypergraph H= (X, E). 
We investigate such operators and we study their properties. Then, based on these operators, we 
propose dilations and erosions acting on the lattice. Recall that dilation is extensive, increasing and 
distributes over supremum whereas erosion is anti-extensive, increasing and distributes over infimum. 
 
Definition 4.1: We define two fuzzy sets on X and two fuzzy sets on E as follows: 

1. The fuzzy set  : X →[0,1] is defined by  (x) = (v(ei)),i ei E} for every x X 

2. The fuzzy set : E →[0,1] is defined by (ei)= { │ei E , } 

3. The fuzzy set : E →[0,1] is defined by (ei) = {  

4. The fuzzy set : X→[0,1] is defined by (x) = { (v(ei)),i ei E} for every x  

 
Using these fuzzy sets, we define two fuzzy hypergraphs are follows: 
Definition 4.2: Define :Ҥ→Ҥ and : Ҥ→Ҥ by  
   (H)= (X, E, ); X= supp  

   (H) = (X, E, ; X= supp  

The fuzzy sets and fuzzy hypergraphs defined in the above definitions satisfy several properties of 
dilations and erosions which make them the fuzzy analogues of dilations and erosion of (crisp) 
hypergraph. 
 
Remark 4.3: From the very definitions stated in 4.1 and 4.2, it is evident that 
(a)  and (H) are fuzzy hypergraphs belonging to Ҥ 
(b) and  

(c)  and  

(d) ) and (H)  H for every H Ҥ (The proof of which follows from (b) and (c) of this remark) 
Hence, we can say that ,  and  are extensive and ,  and  are anti- extensive, which is one of the 

properties satisfied by the operators dilation and erosion respectively. 
 
Theorem 4.4: Let H1=(X,E, 1,Ԑ1) and H2 =(X,E, 2,Ԑ2) be two fuzzy hypergraphs in Ҥ. Then, 
(a) H1  H2 implies (H1) (H2) 
(b) H1  H2 implies (H1) (H2) 
Proof: (a) Let H1 H2. Then clearly, 1 2 and Ԑ1 Ԑ2 for every x v(ei) 

Now, 1 2 imply 1(v(ei)) ≤ 2(v(ei)) for every x v(ei) 
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     By the property of fuzzy sets, { 1(v(ei))} ≤ { 2(v(ei))} 

     Therefore, (x) ≤ (x) for every x  v(ei) 

     Thus  

                 Next, 1 2 implies 1(ei) ≤ 2(ei) for every ei E 
     By the property of fuzzy sets, 1(ei) ≤ 2(ei) for every ei E 

     Therefore, max { 1(ei)} ≤ max { 2(ei)} for every ei E 

      i.e.; (ei) ≤ (ei). 

                 Thus we get,   

                 Hence, we have shown that     and   . This together imply  

(H1) (H2). 
(b) The proof of this part can be obtained in a similar way by replacing V by ʌ 
and max by min in the proof of part (a). 
Thus we have shown that , , ,  and  are all increasing, which is yet another property possessed 

by morphological operators: dilation and erosion. 
 
Theorem 4.5:Let H1=(X,E, 1,Ԑ1) and H2 =(X,E, 2,Ԑ2) be two fuzzy hypergraphs in Ҥ. Then, 
(a) (H1 H2) = (H1 (H2) 
(b) (H1 H2) = (H1) (H2) 
Proof:Clearly, H1 H2 = (X,E, 1 2, Ԑ1 Ԑ2) and, H1 H2 = (X,E, 1 2, Ԑ1 Ԑ2) 
       (a) (x) = { 1 2(v(ei))} 

     = [max{ 1(v(ei)), 2(v(ei)) }] 

     =max ( 1(v(ei)), 2(v(ei))} 

     = max { (x), (x)}   for every x  v(ei), i I 

     = (x) (x)    for every x  v(ei), i I 

     = (x)    for every x  v(ei), i I 

Thus,  = …………………………………………… (1) 

 Now, consider, (ei) = max { (ei)}   for every ei E, x  v(ei), i I 

          = max { (max ( (ei), (ei)))} 

          = max max { (ei), (ei)} 

          = max {max ( (ei)), max ( (ei))} 

          =max { (ei), (ei)}          for every ei E, x  v(ei), i I 

          = (ei)           for every ei E, x  v(ei), i I 

Thus,  =  ………………………………………… (2) 

 From (1) and (2), (H1 H2) = (H1 (H2) 
      (b) The proof of this part can be obtained in a similar way by replacing V by ʌ 
  and max by min in the proof of part (a). 
From the above theorem it is evident that the fuzzy operations that we defined distributes over 
supremum and infimum.  
 
Remark 4.6:  By the limelight of the above theorems, we can call , ,  and  to be the dilation of  

fuzzy vertex set, dilation of fuzzy hyperedge set, erosion of fuzzy vertex set and erosion of fuzzy 
hyperedge set respectively.  
Also, we can call (H)= (X,E, , ) ; X= supp δμ  as the dilation of the fuzzy hypergraph  

H =(X,E, ,Ԑ) and  (H)= (X, E,  ; X= supp  as the erosion of the fuzzy hypergraph H =(X, 

E, ,Ԑ). 
Now to justify our claims, let us show that ( , ) is an adjunction of fuzzy vertex set, ( , ) is an 

adjunction of fuzzy hyperedge set and ( ,  is an adjunction of the fuzzy hypergrph. 
 
Theorem 4.7:   Let H1=(X, E, , ) and H2=(X, E, , ) be two fuzzy hypergraphs such that 
 H1, H2 Ҥ. Then )  H2 if and only if H1 (H2) 
Proof: The theorem can be proved in two parts. In part (1) we will show that  if      and only   if 

 and in part (2) we will prove that  if and only if . 
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Proof of part (1): Consider a fixed x  X 
 Let  

 Then, ≤  

 { )} ≤   )         for every x  v(ei), i I 

  ≤   )          for every x  v(ei), i I 

 ) ≤ (v(ei))   for every x  v(ei), i I 

   ≤   (x)   for every x  v(ei), i I 

 

This completes the proof of part (1) 
Proof of part (2): For a fixed e  E, 
 Let  

 Then,  ≤  (e) 

  max { (e)} ≤  (e) 

  (e) ≤  (e)  for every x  v(e) 

  (e) ≤  (e) 

  (e)  min {  (e)} 

  (e) ≤  (e)    

This is true for every e  E. 
Therefore,  if and only if    

This completes proof of part (2) 
 
Remark 4.8: The above theorem shows that ( , ),  ( , ) and ( ,  are adjunctions which in turn 

strongly assets our claim that these operators are fuzzy analogues of the morphological operators: 
dilation and erosion. 
 
5.Conclusion:The proposed approach in this paper has been established by constructing a fuzzy 
hypergraph- based learning framework. We introduced a lattice structure using all the fuzzy hypergraph 
on a (crisp) hypergraph. We defined a set of fuzzy operations and studied their algebraic properties. It 
has been shown that these operators satisfies all the properties of the morphological operators: dilation 
and erosion. Since image analysis is a field that involves uncertainty and ambiguity, our approach has 
adverse application in this stream.   
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5TH GKDC – GO KART DESIGN CHALLENGE 

TEAM RAPIDEZ RACING 

SCMS SCHOOL OF ENGINEERING & TECHNOLOGY 

Go Kart Design Challenge is a contest formulated to enhance the approach of 

students practicing Engineering and Diploma courses. This event is 

fundamentally all about designing and fabricating a Go Kart at very low 

expenditure. We expect the teams to manufacture Go Karts yielding optimum 

performance. The teams participating in this contest have to go through two 

rounds, Pre-Final Round (PFR) and Final Round (FR). 

Faculty Advisor: Koshy P Joseph, Assistant Professor, Department of Automobile 

Engineering 

Team Members:  

 

 

 

 

 

 

 

 

Replaced by Vishnu C V due to bike accident 

Replaced by Calvin James due to non-availability 

on the above dates 

 

S. No. Name Year 

1  
FIROZ MUHAMMED 

CAPTAIN 
3 

2  SANJAY VENUGOPAL 3 

3  AFIN K JOSE 3 

4  SHAROOK Z 3 

5  JAYACHANDRAN V S 3 

6  MANIL ELDHOSE 3 

7  MOHAMMED SHAHINSHA 2 

8  SANTHANU S NAIR 2 

9  AMBADY ANIL 2 

10  JAYAKRISHNAN B 2 

11  ATHUL ASHOK 2 

12  STEVIN SHAJI 2 

13  UDAY SHANKAR 1 

14  JACKSON JACOB 1 

15  MUBAS P. E 3 

16  FRANKLIN STEPHEN 3 

17  ABHIJITH A.B 3 

18  JOEL SEBASTIAN 3 

19  DEVAKRISHNA C PREMJI 2 

20  ALAN ANTO 2 

21  RAMKUMAR K 4 

22  TELBIN THOMAS 4 

23  NANDAKISHOR A J 3 

24  HAFIZ M.I 3 

25  VYSAK K KRISHNAN 3 



 

Workshop: 

A workshop was arranged for participants of GKDC at various locations, Team 

Rapidez Racing attended the workshop at Mumbai from July 22nd to 24th, 2017 

at FR CONCEICAO RODRIGUES COLLEGE OF ENGINEERING, Mumbai. 

Rapidez Racing was represented by (i.) Uday Shankar (ii.) Jackson Jacob (iii.) 

Sanjay Venugopal (iv.) Vysak Krishnan (v.) Nandakishor A J at the workshop. 

 

Pre – Final Round: 

The PFR (Pre Final Round) of 5th GKDC was conducted on Aug 12th and 13th, 

2017. 

Venue: Greater Noida Institute of Business Management (GNIBM) 

Plot-11/1, Knowledge Park III, Greater Noida, Uttar Pradesh 201310. 

Rapidez racing was represented by (i.) Firoz Muhammed (ii.) Sanjay Venugopal 

(iii.) Mubas P.E (iv.) Ambady Anil (v.) Santhanu S Nair. 

The result was published on Aug 15th 2017. Team Rapidez racing had scored 293 

/ 700 points. 

Team Rapidez racing is one of the 84 teams selected for the final round to be 

held at Coimbatore from Feb 10th to 13th 2018 at Kari Motor Speedway, 

Coimbatore. 

 

5th Go kart Design Challenge 

 

The 5th Go Kart Design Challenge was hosted at the Kari Motor Speedway, 

Chettipalayam, Coimbatore from 12th Feb 2018 to 16th Feb 2018. A total of 44 

teams from different parts of India participated.  

 

They were accompanied by Mr Koshy P Joseph, Assistant Professor and Mr 

Haridas V K, Foreman. 

The team finished in the top 5 in the various dynamic and static events. 

Team Rapidez Racing, Kart No 13, Team ID: 20170247 secured 5th place in the 

endurance and fuel economy run. A total of 26 karts were eligible for the 

endurance run but only 13 completed the 12 laps. 

 

Kart No 135 finished in the 3rd position overall in the 5th GKDC. This is the first 

time in the history of this event that a team from Kerala has finished the 

competition in this position. 
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Koshy P Joseph 

Faculty Advisor 

Team Rapidez Racing 
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ABSTRACT: Road networking is one of the vital indicator of development of any country. Presently scarcity of good sub 

grade soil is one of the major problem for improving road network. At the same time, handling and disposal of waste is 

one of the main problems of industrialization. Jarofix which is a waste material from zinc industry is one with limited 

utilization nowadays. So, the present study is an investigation on the effect of lime and Jarofix when mixed with soil, by 

conducting unsoaked CBR tests. Initially the CBR values were evaluated by adding 10, 20, 30, 40 and 50% of Jarofix 

mixed with soil and the values were found to be decreasing as the percentage of Jarofix increases. The long-term effects 

of the same mixes were studied after 7, 14, 28, 56 and 90 days and CBR values found to be increasing with age. For 

further improvement, the tests were done with the addition of 2.5, 5, 7.5, 10 and 12.5 percentage of lime for the same 

soil-Jarofix combinations. The CBR values were improving with percentage of lime and age, and the optimum 

percentage of lime was found to be 7.5%.which showed an increse of more than100% in CBR.  

 
Keywords:Jarofix; Waste utilization; Ground improvement 

1. Introduction  

India has a road network of more than 33 lakhs km which 

is the second largest road connecting system in a country 

in the world. Most of the passenger traffic are carried by 

the roads. Roads are one of the strongest measures of 

economic activity and the development of any nation. 

The quality of pavement depends on the strength of its 

sub-grade. The main function of the subgrade is to 

provide adequate support to the pavement and for this the 

subgrade should possess sufficient stability under adverse 

climate and loading condition. The properties of the 

subgrade soil are important in deciding the thickness 

requirement of pavements. If the natural soil is very soft 

and weak it needs some improvement for use as sub-

grade(Chakraborty et al. 2014). Generally, ground 

improvement techniques are recommended in this 

situation. Improvement of soil could be achieved by soil 

modification or stabilization, or both. Soil modification is 

the additions of a modifier like cement, lime, fly ash, 

cement kiln dust, bagasse ash, rice husk etc., to soil. 

(Beena et al. 2013). Also, scientists all over the world are 

searching for alternate materials for the conventional 

materials in various areas of construction for reducing the 

cost for improvement. 

Industrialization and urbanization have good and bad 

impacts. On the negative side, there is great concern 

about the various pollution due to it. All over world, huge 

quantities of hazardous wastes are generated during 

different industrial processes. Improper management of 

solid wastes causes adverse effects on the ecology which 

may lead to cause possible outbreak of diseases and 

epidemics, which is a threat to human community 

everywhere. Now dumping the wastes over the useful 

land has been the main option available for the disposal. 

This has created non-utilization of large area of land and 

causes other environmental problems also. In India, 

approximately 960 million tonnes of solid waste is being 

generated annually as by-products during industrial, 

mining, municipal, agricultural and other processes. Of 

which 4.5 million tones are considered as hazardous in 

nature. (Rathore   et al. 2014). 

The utilization of these industrial wastes in any of the 

civil engineering field is one of the best solutions to 

dispose the waste (Muntoharet al. 2013). Jaroste is one of 

such solid wastes from zinc industries. It is acidic in 

nature. Due to the presence of toxic substances like zinc, 

lead, cadmium, copper and other metallic and non-

metallic oxides, it is susceptible to leaching and which 

may cause adverse or chronic effects on environment and 

human health (Rathore et al. 2014). Hence all over the 

world its disposal has become a major environmental 

concern in all zinc industries. When Jarosite is mixed 

with lime and cement, the resulting stable material is 

called Jarofix (Sinha et al. 2015). So, the best way to 

solve the disposal problem of Jarosite like other wastes is 

to decrease the quantity for disposal by bulk utilization in 

various civil engineering fields.  

Lime a is safe and economic stabilization agent. Lime, 

(CaO or CaOH2) is a burned byproduct of lime stone 

(CaCO3), is one of the oldest developed construction 

material. When solid waste added to soil found to be 

ineffective and if it can be effectively used along with 

lime for soil improvement, it will also be beneficial to 

handle the problems of waste disposal. (Dash, and 

Hussain. 2012). Research is  going in and around the 

world for the utilization of various wastes for ground 

improvement. 

Raj et al. (2014) have studied the variation of Atterberg’s 

limits and swelling characteristics of bentonite Jarofix 

mixtures and it shows a decreasing trend when the 

percentage of  Jarofix increases. Sinha et al. (2013) have 

evaluated the geotechnical characteristics of Jarosite and 

its utilization for road construction. Sinha et al. (2013) 
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have studied the different properties like grain size 

distribution, Atterberg limits, Proctor compaction tests, 

UCC tests, CBR tests, consolidation tests and direst shear 

tests on Jarofix, bottom ash, local soil-Jarofix bottom ash 

mixes and Jarofix soil mixes. Joysha and Syam (2016) 

have conducted laboratory tests on black cotton soil in 

combination with Jarofix. Results reveals that in when 

Jarofix is added to soil the Atterberg limits were found to 

be varying. Free swelling of black cotton soil decreases to 

0% when 50% of Jarofix is added and the maximum dry 

density decreases with increase in percentage of Jarofix.  

10% Jarofix is found to be optimum. Both soaked and 

Unsoaked CBR obtained maximum value when 10% 

Jarofix added to the soil. Rachel and Ramya (2017) have 

studied the effect of Jarofix on Cochin marine clay. They 

found that the maximum dry density of cochin marine 

clay decreases whereas the optimum moister content and 

CBR values increases as the percentage of Jarofix 

increases. 

So, in this study the effect of Jarofix when added to the 

soil and the optimum lime required to be added to soil- 

Jarofix mixture, to obtain maximum strength were 

studied. 

2. Materials  

2.1 Soil 

Soil sample used in this study is laterite soil, which are 

most commonly observed soil type in Kerala and which 

is reddish in color due to the presence of iron.  Laterite is 

rich in iron and aluminum. The soil sample used in this 

study was taken from a   depth of 2m from ground level 

at a site nearly 5 km from the Aluva, Ernakulam district, 

Kerala by machine excavation after clearing 1m top soil. 

Samples were air dried and the lumps were broken by 

pulverizing between the fingers and thumb and it was 

stored in a large tank. The grain size analysis reveals that 

the soil consists of 11% gravel, 85.4% sand and 3.6% silt 

and clay fraction. As per the IS classification the soil can 

be named as SW.  

2.2 Jarofix 

Jarosite is the major byproduct at Binani Zinc Ltd, 

Binanipuram., Kochi, Kerala which is a major zinc 

manufacturing company in Kerala. Jarosite is a toxic 

material and its utilization is restricted due to Kerala 

Pollution Control Board regulations. Jarosite is converted 

into Jarofix by adding cement and lime at source itself, so 

as to keep the matrial inert in the dumping yards, which is 

dumbed over a large area inside the company.  

Jarofix which is used in the study is collected from there 

and is brought to laboratory in polythene bags. The 

physical appearance of the material is fine powder, light 

brown in appearance and the lumps were broken by 

pulverizing between the fingers. After air drying and 

pulverizing the Jarofix samples were transferred to plastic 

bags and stored in air tight containers at room 

temperature. The grain size analysis shows that the 

material consists of mainly fine particles and the silt and 

fine fraction comes to be 96.38% and remaining 3.62% is 

sandy fraction. As per IS classification the material 

belong to MH. The Geotechnical properties of soil and 

Jarofix were determined as per IS standards and are as 

shown in the Table 1. The chemical characteristics of 

Jarofix is shown in Table 2. 

 

Table 1 Geotechnical properties of Soil and Jarofix 

Properties Soil Jarofix 

Specific gravity 2.52 2.31 

% of Gravel (>4.75 mm) 11 0 

% of Sand (4.75mm - 0.075 

mm) 
85.4 3.62 

% of Silt and clay (< 0.075 

mm) 
3.6 96.38 

IS classification SW MH 

Liquid Limit (%)                                        47 61 

Plastic Limit (%) 27 44 

Plasticity Index (%) 20 17 

Shrinkage Limit (%) 21 32 

Optimum Moisture Content 

(%) 
18.5 48.3 

Maximum Dry Density 

(kN/m3) 
17 11.6 

UCC (kN/m2) 272.1 63.8 

Unsoaked CBR 23.5 12.6 

Soaked CBR 11.51 4.97 

Angle of internal friction 12 1 

Cohesion (kN/m2) 27.7 32.1 

 

Table 2 Chemical characteristics of Jarofix* 

 (*As supplied by Binani Zinc Ltd, Binanipuram.,Kochi, 

Kerala) 

Chemical components Range (%) 

SO3 19-31 

CaO 4-18 

SiO2 3-12 

Al2O3 <12 

Fe2O3 18-36 

Na2O <4 

Cadmium <0.08 

Lead <5.5 

Zinc <3.5 

 

2.3 Lime 

Lime is a calcium-containing inorganic material in which 

carbonates, oxides and hydroxides predominate. Lime 

was obtained in the form of shells from local shops. The 

sample was sprinkled with water and let to rest for a day, 

after which powered form of lime was obtained and it 

was sieved through 425 microns before the tests are 

conducted. To reduce the carbonation effect due to 

humidity, the lime was kept in an airtight plastic 

container.  
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3. Experimental Studies 

All the samples used in this study were air dried because 

oven dry may cause the variation of properties. The 

purpose of this work is the utilization of Jarofix for soil 

modification along with lime and thereby reducing the 

problems created due to dumping of Jarofix in zinc 

manufacturing industries. The load carrying capacity of 

pavements mainly depends on the strength of subgrades. 

One of the main test for finding the strength of subgrade 

is CBR test. So, for checking the suitability of Jarofix as 

subgrade material the unsoaked CBR tests were 

conducted on parent soil samples and the soil mixed with 

10, 20, 30, 40 and 50% of Jarofix and the results were 

analyzed. All the materials used were weighted properly 

as per the required mix and mixed in a tray fully on dry 

weight basis for all the tests. All the samples were 

prepared at their respective optimum moister content 

obtained from compaction test. Also, the CBR tests of 

these mixes were conducted after 7 days, 14 days, 28 

days, 56 days and 90 days without losing its mixing water 

content. Then for studying the effect of lime on the soil 

Jarofix mixture and to find the optimum percentage of 

lime in each soil Jarofix mixture, the CBR tests were 

done with varying percentage of lime. The different 

percentage of lime added were 2.5, 5, 7.5, 10 and 12.5. 

Also, the tests were done after 7 days, 14 days, 28 days, 

56 days and 90 days of mixing. The samples kept in air 

tight plastic bags and containers and care have been taken 

not to lose moister content for the durability test. In this 

paper S, J, L stands for soil, Jarofix and lime respectively. 

  

4. Effect of Jarofix on Unsoaked CBR Values 

 

Subgrade of a pavement should be strong enough to give 

adequate support to the pavement and for supporting and 

distributing the wheel loads. The design and behavior of a 

flexible pavement depends mainly on the stability of the 

subgrade soil. CBR test is one of the common tests for 

evaluating the strength of stabilized soils. CBR value is 

the ratio of force per unit area required to penetrate the 

sample with a standard piston to that required for a 

corresponding penetration in a standard material. A 

cylindrical mould having internal diameter 150 mm and 

height 175 mm is used for preparing the mould. The total 

weight of the samples taken was corresponding to 

achieve maximum dry density from proctor compaction 

test. It is mixed with water content corresponds to 

optimum moister content. It was tested on CBR testing 

machine having 50kN capacity and load is applied at the 

rate of 1.25 mm/minute and the loads were noted for 

different penetration.     

 The load corresponds to 2.5 mm and 5 mm penetrations 

were found from graph.  The CBR value is normally 

expressed as percentage comparing with standard 

material. Generally, the CBR value at 2.5mm will be 

greater than that at 5 mm and in such case the former 

shall be taken as CBR for design purpose. If CBR for 5 

mm exceeds that for 2.5 mm the tests should be repeated 

and if get the identical results, the CBR value correspond 

to 5 mm penetration should be taken for design. The CBR 

tests were conducted on parent soil and soil mixed with 

10, 20, 30, 40 and 50 percentage of Jarofix. The load 

penetration curves were plotted as shown in the Fig.1. 

The value for the soil was 23.65% and the value 

decreases to 15.1% when   50% Jarofix mixed with the 

soil. The value for the Jarofix is 12.6%. The reduction in 

CBR value may be due to the addition of Jarofix with a 

lower CBR value than the parent soil. The variation is as 

shown in the Fig. 2. 

 
 

Fig.1Load deflection curves Jarofix 

 

 

Fig. 2 Variation of CBR values with Jarofix 

To study the variation of CBR values with age, the same 

soil Jarofix combinations mixed at respective OMC water 

content preserved in sealed air tight containers without 

losing the moister content for different days. Then the 

samples were compacted in the CBR mould after 7days, 

14 days, 28 days, 56 days and 90 days and tested. 

 

Fig. 3 Variation of CBR values with age 
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For every combination of soil and Jarofix the CBR values 

increases with age as shown in Fig. 3. But the soil shows 

the same strength in all the days which indicates that 

there happens the development of strength when Jarofix 

present in the soil. The strength gain may be due to 

pozolonic reaction, cation exchange and strength gaining 

compounds formed with in the soil Jarofix mixture in 

presence of water due to the chemical components 

present in the Jarofix. But the results reveal there is only 

marginal increase in CBR value when Jarofix alone 

mixed with the soil. So, to further increase the CBR 

values each combination mentioned is mixed again with 

2.5.5,7.5,10 and 12.5 percentage of lime on dry weight 

basis and the CBR values were found. The Fig. 4, Fig. 5 

and Fig. 6 shows the variation of the CBR values for the 

S, J and 10J+90S respectively. Similar variations were 

obtained for 20J+80S, 30J+70S, 40J+60S and 50J+50S 

also. 

 

 

Fig 4. Variation ofCBR value of S with different percentage of 

lime for different days. 

 

Fig.5Variation of CBR value of J with different 

percentage of lime for different days 

 

Fig.6Variation of CBR value of 10J+90S with different 

percentage of lime for different days 

The CBR values of all combinations varies with increase 

in percentage of lime. In general as the percentage of 

lime increases the CBR values of samples increases up to 

maximum value and then decreases. Though the 

maximum CBR value is observed for 10% percentage of 

lime for J, 20J+80S and 40J+60S, there is only marginal 

improvement from 7.5% lime content, which is the 

optimum percentage  for all other combinations.  Hence 

the optimum percentage lime can be taken as 7.5%.The 

maximum percentage of increase in CBR value for S is 

127 compared to the value without addition of lime. The 

same for J is 111 %, 10J+90S is 168 %, 20J+80S is 178 

%, 30J+70S is 146 %, 40J+60S is 139 % and 

combination of 50J+50S is 134 %. 

The increase in CBR value of the soil Jarofix mixture 

along with lime   may be attributed to the 

physicochemical phenomena namely the cation exchange 

that takes place between the lime and the negatively 

charged clay particles together with the flocculation–

agglomeration mechanism. These take place rapidly and 

produce immediate improvements in soil properties 

including uncured strength. In addition, pozzolanic 

reactions may occur later between the calcium ions and 

the silica and alumina of the clay minerals. This results in 

the formation of cementitious products such as calcium–

silicate–hydrates (C–S–H), calcium–aluminate–hydrates 

(C–A–H) and calcium–aluminum–silicate–hydrates (C–

A–S–H) that are also responsible for the strength 

increase.(Amadi  and Okeiyi 2017) 

The variations in CBR values also can be represented 

with age for different percentage of lime. The Fig. 7, Fig. 

8 and Fig. 9 shows the variation of S, J and 10J+90S on 7 

days, 14 days, 28 days, 56 days and 90 days. Similar 

variations were obtained for 20J+80S, 30J+70S, 40J+60S 

and 50J+50S. For all combinations the CBR values 

increases with age in presence of lime when tested 

without losing moister content.  
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Fig.7 Variation of CBR values of S with age 

 

Fig.8 Variation of CBR values of J with age 

 

Fig.9 Variation of CBR values of 10J+90S with age 

 

5. Conclusions 

 
The CBR value of subgrade is one of the main design 

parameter of flexible pavement. The thickness of the 

different layers of the pavement depends mainly on this 

value. In this study the suitability of Jarofix as subgrade 

material, which is the waste material from zinc industy 

has been investigated. The following conclusions were 

obtained: 

 The CBR values were found to be decreasing 

when the percentage of Jarofix to the virgin soil 

increases. 

  The CBR values of the same soil Jarofix 

mixtures were found to be increasing when 

tested after 7 days, 14 days, 28 days, 56 days 

and 90 days tested without losing its water 

content at the time of mixing. But the increase 

was not considerable.   

  To further improve the CBR values, 2.5, 5, 7.5, 

10 and 12.5 percentage of lime were added to 

the soil, Jarofix and soil Jarofix mixtures. From 

the results it was found that as the percentage of 

lime increases the CBR values of the samples 

increases up to maximum value and then 

decreases. Considering the cost aspect The 

optimum percentage of lime  can be taken aas 

7.5% 

 Also for all percentage of lime the CBR values 

were found to be increases with age when tested 

without losing its  moister content at the time of 

mixing.  

More studies are needed to understand the complete 

behavior of the soil Jarofix mix along with lime for 

soaked CBR conditions also and the studies are 

continuing to explore more application of these materials. 
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Abstract—Real time video processing found its range of 
applications from defence to consumer electronics for 
surveillance, video conferencing etc. With the advent of 
FPGAs, flexible Real-Time Video Processing System (RTVPS) 
which can meet hard real-time constraints are easily realised 
with short development time. A hardware software co-design 
for an FPGA based real time video processing system to 
convert video in standard PAL 576i format to standard video 
of VGA / SVGA format with little utilisation of resources is 
realised and evaluated. Switching between multiple video 
streams, character/ text overlaying, skin colour detection is 
also incorporated. The system is also adaptable for rugged 
applications.  VHDL codes for the architecture were 
synthesized using ALTERA Quartus II and targeted for 
ALTERA STRATIX I FPGA. The evaluated results show that 
the resource utilization is low for this design. Since system is 
also flexible, latest applications can be incorporated in future. 

Keywords—FPGA, hardware software co-design, PAL, 
RTVPS, VGA/SVGA, VHDL 

I. INTRODUCTION  
Nowadays digital information has become an inevitable 

part of our everyday lives in the form of digital audio, digital 
images, and more recently, digital video. Real-time digital 
video has found its applications in various fields like video 
conferencing, surveillance, medical imaging, remote vehicle 
guidance systems etc. Real time video processing system is 
very essential even in the field of defence for surveillance, 
various displays etc. Then along with functionality, the 
system must be rugged enough to operate in all 
environmental conditions. Special attention should be then 
given in hardware design to meet the requirements. 

The concept of “real-time image processing” is defined 
as the “digital processing of an image which occurs 
seemingly immediately; without a user-perceivable 
calculation delay” [1]. Whether the Real-time video 
processing system does video filter or decode, encode, image 
transform or image compression and decompression or any 
video processing methods, it is mainly to complete the video 
signal acquisition, processing, storage and display, and the 
delay from the input time to output time must be small 
enough to meet the acceptable time value. Accuracy of the 

calculation depends not only on the results, but also on the 
time the output occurred [2]. 

In real time processing, specifications are very strict and 
are better met when implemented in hardware [3-5]. Features 
like potential of creating parallel processing architectures, 
embedded hardware multipliers, increased number of 
memory blocks, extremely high memory bandwidth enable 
video applications with FPGAs to outperform conventional 
DSPs [6]. They provide precise execution times helping to 
meet hard real-time deadlines. FPGAs can be configured to 
interface with various external devices. Since they are 
reprogrammable devices, they are flexible in the sense that 
they can be reconfigured to form a completely different 
circuit [1]. In RTVPS, a set of operations are repetitively 
performed on every image frame in a video stream. These 
operations are usually computationally intensive and, 
depending on the video resolution, can also be very data 
transfer dominated. These operations must be performed 
accurately and under real-time constraints as the results 
greatly affect the accuracy of application. Essential logic 
resources required in RTVPS operation are currently 
available optimized and embedded in modern FPGAs [8]. 

A Video Processing system with VGA interface is 
designed in [13]. Using the DSP + FPGA + SCM + ASIC 
architecture, it completes the acquisition of the video signal 
and display. Difficulty with this design is that its hardware 
dependency is more and use of special purpose chip would 
bring many problems such as design complexity, high cost 
and bulkiness. While in proposed design, FPGA is 
configured to perform all those functionalities achieved by 
different controllers in the previous design. In [2], a 
reasonable hardware and software division for the realization 
of the functions based on research of existing digital image 
processing algorithms is done. On this basis, an FPGA-based 
image processing system structure is developed, and 
respectively designs the structure of image acquisition and 
storage, image processing, real-time display and other 
functional modules. Difficulty with the design is that the 
whole preprocessing part is achieved by the custom 
hardware.  

HDL is best suited for easy development of RTVPS 
where hardware platform of interest is FPGA. FPGAs allow 



fully application specific custom circuits to be designed by 
using hardware description language (HDL). For C, rapid 
development of algorithm is difficult. Usually the data-types 
used for variable declarations in C are not appropriate for 
real-time use. In many situations, floating-point data-types 
must be changed to appropriate integer data-types [1]. An 
efficient approach to design electronic devices is the high-
level synthesis of behavior description captured at RTL level 
using HDL like VHDL. This technique finds great utilization  
in this era of Internet of Things [9-10] and fog computing 
[11-12] and highly dynamic ad hoc networks [13-14]. 

FPGA based system developed using HDL has more 
flexibility. ALTERA STRATIX I FPGA is used because the 
internal of FPGA has abundant triggers and I/O pins; the 
shortest design cycle, the lowest risk device; low power 
dissipation; compatible with CMOS or TTL level [16]. 
Industrial grade FPGA of this family is chosen to use so as to 
make the system adaptable for rugged applications. In the 
aspect of high-speed data acquisition, FPGA has 
incomparable advantages to single-chip microcomputer and 
DSP: the high clock frequency, small internal delay; internal 
logic all finished by hardware, high speed and efficiency; 
Flexible form, integrated peripheral control and interface 
circuit.  

This paper is organized as follows: Section 2 defines the 
overview of the system. Section 3 explains the hardware 
software co-design implemented in the system. The 
experimental results and analysis of the design is presented 
in section 4, while concluding remarks and future work are 
given in section 5. 

II. SYSTEM OVERVIEW 
This paper is based on the work done to develop an 

efficient method for converting video in standard PAL 576i 
format to standard video of VGA / SVGA format, in real 
time and is implemented in FPGA with little utilisation of 
resources, with VHDL used as the method of design entry 
for the entire system. The system has higher bandwidth to 
process video, enabling to switch fast between multiple video 
inputs and to buffer the real time video output that is to be 
displayed. Character/text overlaying and several other 
applications also have incorporated on the video. Block 
overview of the system developed is shown in Fig 1. 
Performance of a developed system greatly depends upon 
deciding which part of an application to be implemented in 
hardware or software. With increasing functions to be 
implemented in an embedded system always a 
hardware/software co-design is essential [17]. 

III. SYSTEM HARDWARE SOFTWARE CO-DESIGN  
Four modules present in a video processing system are 

video capture module, video control module, function 
expansion module and video display module.  

A. Video Capture Module 

Video Capture Module Hardware Diagram is shown in 
Figure 2. CCD camera (PAL) is used as the input video 
source. It captures video images, and then transmit back PAL 
format of the analog video signal for A / D conversion. PAL 
is 625 lines, 50 fields per second, 2:1 interlaced monochrome 
standard used in television broadcasting standard. At a time, 

up to 6 video inputs can be given to the system between 
which video switching is possible 

 

Fig. 1. System block overview 

ADV7181 chip, a low power high speed multi-function 
digital video decoder chip is used in the system to complete 
the analog video signal to digital signal conversion. Along 
with decoding, video filtering should be done as part of 
image pre-processing. In the design of RTVPS proposed in 
[18], a chain of filters is incorporated along with other 
modules. The main problems in real-time video filtering are 
synchronization, memory usage and delay. They are directly 
related to cost of the filter [19]. With single ADV7181 chip it 
is possible to complete the video decoding along with all 
sorts of filtering; real-time video picture quality enhancement 
and its reliable control are possible 

 

 

Fig. 2. Video capture module hardware diagram 

B. Video Control Module and Video Memory 

Real-time system needs to make a continuous and timely 
response to the environment which can be effectively 
achieved using FPGA and faster video memories. FPGA 
processes the received signal of YCbCr (4:2:2) format from 
the capture module. FPGA that used in the system is Stratix 
EP1S20 uses 1.5V power supply, 780-Pin FBGA package; 
the system uses an active crystal with 50MHz system 
working frequency. This module is always associated with a 
video memory. VGA display image data volume is usually 
huge, and with the built-in RAM blocks of FPGA, it is 
difficult to meet such a large amount of data, so there needs 
external RAM to store the data [20]. There are many choices 
for the external memory of FPGA, such as ROM, SRAM, 
SDRAM, FLASH etc. Developing efficient memory 
architecture would greatly improve memory accesses on 
FPGA and use of FPGA in RTVPS [17]. 

In this design two SSRAMs are used as video memories. 
SSRAM act as a buffer between the video capture and VGA 
display module that is, two systems with different speed. 
Synchronous pipelined burst SRAM (SSRAM) is SRAM 



with burst read/write capability in linear or interleaved burst 
order. They are equipped with the advanced (NoBL) No Bus 
Latency logic required to enable consecutive Read/Write 
operations with data being transferred on every clock cycle. 
This dramatically improves the throughput of data in systems 
that require frequent Write/Read transitions. 

C. Video Display Module 

This module is to real-timely convert the digital image 
the FPGA captured, into analog video data and output to the 
display with VGA interface. VGA (Video Graphics Array) is 
a video transmission standard that follows progressive 
scanning and has the advantages of high resolution, fast 
display speed and rich colour used in computer monitors 
[22].  

 
D. Function Expansion Module 

Different design modules that are designed, developed 
and implemented in FPGA, using VHDL to achieve system 
functionality are included in this module. This module is 
flexible. We can add, modify or adapt any features of the 
system in this module. 

1) Configuration of Video Decoder: The ADC, 
ADV7181B requires a single 27 MHz clock which is 
provided from FPGA. ADV7181B should be configured 
accordingly the design demands. FPGA configure the 
decoder on the bus, using I2C protocol; 2-wire serial 
interface. Two signals, serial data (SDA) and serial clock 
(SCLK), carry information between the ADV7181B which 
act as a standard slave and the system I2C master controller 
FPGA. ADV7181B has 249 sub addresses to enable access 
to its internal registers, of which design need only 16 
register configurations, the remaining registers are default 
values after the system reset. .  

2) Colour Space Conversion: The Y-C component form 
is produced by phase- or frequency- modulating colour 
subcarrier(s) with the colour difference components, and 
then adding them together depending on which process is 
used. The Y signal represents brightness and the C signal 
represents colour. The colour-difference signals contain R 
(Red) minus the Y signal and B (Blue) minus the Y signal. 
YCbCr digital video according to BT.656 uses 4:2:2 
sampling: Chroma samples are coincident (cosited) with 
alternate luma samples such as Cb, Y, Cr, Y, Cb, Y, Cr, etc. 
It specifies sampling of luma at 13.5 MHz and sampling of 
Cb and Cr colour difference components at 6.75 MHz. This 
interface is referred to as 4:2:2, since luma is sampled at 
four times 3.375 MHz, and each of the CB and CR 
components at twice 3.375 MHz – that is, the colour 
difference signals are horizontally sub sampled by a factor 
of 2:1 with respect to luma [7].  

To transfer a television image to a computer monitor, we 
need to convert the image from the YCbCr colour space to 
the RGB colour space [23], [13]. Therefore, YCbCr data 
format from the decoder is converted into RGB format to 
display it in the computer monitor or LCD panel using the 
following conversion equation. 

 

3) Video Memory Buffering: The system uses 2 pieces of 
1M x 24Bit SSRAM chip as the video memories to do ping 
pong buffering, where each memory need to perform only 
one memory operation per time slot; read and write 
operations can take place simultaneously in physically 
separate memory devices. The main benefit of a ping-pong 
buffer is that using conventional memory devices, it allows 
the design of buffers operating twice as fastwhich is the key 
of RTVPS [24]. The converted RGB data frame 
corresponding to the PAL interlaced format is written to 
memory1. For interlaced scanning, one frame is divided into 
two fields; odd field and even field. 720 active samples are 
present in each line in a frame. All the odd lines are 
allocated in the alternate 720 memory locations starting 
from base address, leaving space for the even field. For 
write operation, clock used is ADC output llc with which 
each line of PAL Video is sampled according to ITU-
R_BT.656. While writing in memory1, reading is happening 
from memory2 in VGA progressive format. RGB data is 
read from continuous 640 memory locations by video 
display module starting from base address where the PAL 
data frames are stored. Memory architecture of the system is 
shown in Fig. 3. Once a frame has written to the memory, 
read and write operation is switched between the memories. 
Neither of the memory is doing same operation; while one 
frame is reading, next frame is writing simultaneously. It 
acts as interface between two different speed systems 
without delay 

4)VGA Display Controller: FPGA reads out a line data 
from video memory of its party at first, sends them to the 
corresponding pixels on the monitor and then displays the 
next line. The next frame of image data will be displayed 
until all of above lines have been shown completely. In one 
second, the number of image frame demonstrated by a VGA 
monitor is the display refreshing rates. In a high enough 
refreshing rate, the human eyes will feel that the image is 
continuous, rather than be shown one line and line [21]. 

5) VGA/SVGA Display: VGA is the Video transmission 
standard defined in a range of resolution. Standard VGA 
resolution is 640x480, Super VGA resolution 800x600, 
Extended VGA resolution 1024 x 768 and so on. System is 
designed so as to display video either in 640x480 or 
800x600. In both cases, pixel clock signal, Hsync, Vsync and 
blanking periods vary. To display in SVGA resolution any of 
the two simple methods could be used; Pixel duplication or 
nearest neighbor algorithm. For duplication, after each9pixel 
interval, RGB value of previous pixel is duplicated. 
Formally, to find a value for an output pixel  located at (i, j), 
the nearest-neighbor method picks the value of the nearest 
input pixel to ((i+0.5) win/wout, (j+0.5) hin/hout). The 
calculation performed by the scaler is equivalent to the 
following integer calculation: O(i, j) = F((2 × win × i + 
win)/(2 × wout), (2 × hin × j + hin)/(2 × hout)). The 
calculation performed by the scaler is equivalent to the 
following integer calculation: O(i, j) = F((2 × win × i + 
win)/(2 × wout), (2 × hin × j + hin)/(2 × hout)).The width 
and height of the input image are denoted as win and hin 
respectively. The width and height of the output image are 
denoted as wout and hout. F is the function which returns an 
intensity value for a given point on the input image and O is 
the function which returns an intensity value on the output 
image [25]. 

R = 1.164(Y −16) + 1.596(Cr −128) 
G = 1.164(Y −16) − 0.813(Cr −128) − 0.391(Cb −128)      (1) 
B = 1.164(Y −16) + 2.018(Cb −128)    



 

Fig. 3. Memory Architecure of the System 

6) Skin Colour Detection: Real-time skin colour 
detection is one of the important research areas for 
automated video surveillance system. Skin colour detection 
in YCbCr colour space is chosen over RGB colour space. 
RGB model is not ideal since the red, green and blue colour 
components are highly correlated. Skin colour region is 
more effectively extracted in YCbCr colour space because 
Cb and Cr have some distinct colour range for skin region 
[26]. Thus algorithm works quite well. The skin colour 
detection condition for YCbCr colour space is given below 
[27]. 

 
The skin colour detection is performed on the video using 

YCbCr method and corresponding flag value is set to 1 or 0 
based on skin pixel or non-skin pixel. Video output of the 
system employing skin colour detection. 

Fig. 4. A real time video output obtained by the system 

IV. IMPLEMENTATION RESULTS 
The VHDL codes are synthesized using ALTERA 

Quartus II design software and targeted for Altera Stratix 
1S20 FPGA. The software includes HDL and schematic 
design entry, compilation and logic synthesis, power analysis 
and advanced timing analysis, Signal Tap II logic analyser, 
and device configuration. After successful compilation 
programming file is downloaded to FPGA via a special 
circuitry and the associated software called as USB-Blaster 
which provides a Universal Serial Bus (USB) link to the host 
computer and JTAG UART interface to the board. The 
thermal power analysis results are presented in figure 5 and 
the resource utilization summary is presented in Table 1.The 
ALTERA Powerplay Power Analysis tools allow estimating 
device thermal power consumption. As design grow larger 
and process technology continues to shrink, power becomes 
an increasingly important design consideration. Thermal 
power is the power that dissipates as heat from the FPGA. 
The result of the Powerplay Power Analyzer is only an 
estimation of power. Summary of the analyzer by assuming 
default toggle rate of 12.5% for input signals is shown 
below. Total thermal power dissipation is estimated as 
510.93mW. The static power is the thermal power dissipated 
on chip, independent of user clocks. Dynamic power is the 
additional power consumption of the device due to signal 
activity or toggling. 

 

 
Fig. 5. Powerplay power analyser summary 

 
 

Y > 60 
85 < Cb < 135                  (2) 
135 < Cr < 180  



TABLE I.  RESOURCE UTILIZATION SUMMARY 

 

V. CONCLUSION 
A novel real-time video processing system based on 

FPGA is developed for the efficient conversion of PAL to 
VGA, useful for rugged application with high bandwidth 
and little resource utilization. It can switch between multiple 
video input channels. Video output obtained is in real time 
and can display in VGA or SVGA format with 
character/text overlay. Entire functionalities and 
applications are developed using VHDL codes synthesized 
using ALTERA Quartus II design software and targeted for 
Altera Stratix 1S20 FPGA. The estimated FPGA resource 
requirements are reported. The design is flexible and is 
possible to broaden or add many applications in this design. 

REFERENCES 
 

[1] Nasser Kehtarnavaz, Mark Noel Gamadia, Real-time Image and 
Video Processing: From Research to Reality, first edition., Synthesis 

Lectures On Image, Video & Multimedia Processing, 2006.  
[2] Zhao Wenge,He Huiming, “FPGA-based Video Image Processing 

System Research,” in IEEE, 978-1-4244-5540-9/10, 2010. 
[3] X. Guo, X. Wei and Y. Liu, "An FPGA implementation of multi-

channel video processing and 4K real-time display system," 2017 

10th International Congress on Image and Signal Processing, 

BioMedical Engineering and Informatics (CISP-BMEI), Shanghai, 
2017, pp. 1-6. 

[4] K. Seyid, A. Richaud, R. Capoccia and Y. Leblebici, "FPGA-Based 
Hardware Implementation of Real-Time Optical Flow Calculation," 
in IEEE Transactions on Circuits and Systems for Video Technology, 
vol. 28, no. 1, pp. 206-216, Jan. 2018. 

[5] A. Draper, J. R. Beveridge, A. P. W. Bohm, C. Ross, and M. 
Chawathe, “Accelerated image processing on FPGAs,” inIEEE 

Transactions on Image Processing, vol. 12, Dec 2003, pp. 1543 – 
1551.  

[6] W. J. MacLean, “An evaluation of the suitability of FPGAs for 
embedded vision systems,” in IEEE Computer Society Conference on 

Computer Vision and Pattern Recognition, vol. 2, Jun 2005, pp.131– 
131.  

[7] Charles Poynton, ATechnical Introduction to Digital Video, John 
Wiley & Sons, 1996  

[8] N. Lawal and M. O’Nils, “Embedded FPGA memory requirements 
for real-time video processing applications,” in IEEE Conference 

23rd The Nordic Microelectronics event, vol. 1, Nov 2005, pp. 206 – 
209. 

[9] Philip, V., Suman, V. K., Menon, V. G., & Dhanya, K. A. “A Review 
on latest Internet of Things based Healthcare Applications”, 
International Journal of Computer Science and Information Security, 
15(1), 248–254, 2017. 

[10] Deshkar, S., Thanseeh, R. A., & Menon, V. G. “A Review on IoT 
based m-Health Systems for Diabetes”, International Journal of 

Computer Science and Telecommunications, 8(1), 13–18, 2017. 
[11] Menon V G, Moving From Vehicular Cloud Computing to Vehicular 

Fog Computing: Issues and Challenges International Journal on 
Computer Science and Engineering, vol. 9, no. 2, pp. 14-18, 2017. 

[12] Menon V G and J Prathap, “Vehicular Fog Computing: Challenges 
Applications and Future Directions, Fog Computing: Breakthroughs 
in Research and Practice, pp. 220-229, 2018. 

[13] Menon V G, Jogi Priya P M, Joe Prathap P M, “Analyzing the 
behavior and performance of greedy perimeter stateless routing 
protocol in highly dynamic mobile ad hoc networks”, Life Science 

Journal  10(2): pp 1601-1605, 2013.  
[14] Menon V G, Joe Prathap P M and Vijay A, “Eliminating Redundant 

Relaying of Data Packets for Efficient Opportunistic Routing in 
Dynamic Wireless Ad Hoc Networks”,Asian Journal of Information 
Technology,vol. 12, no.17, 2016. 

[15] ZhengJing, GanJie,Chen Li-chao, “The Design of PAL Integrative 
Camera Based on FPGA”, in IEEE, 2010,978-1-4244-7874-3. 

[16] “Stratix Device Family Data Sheet”, Stratix Device Handbook, 
Volume 1, September 2004, Altera Corporation. 

[17] Najeem Lawal, “Memory Synthesis for Real-Time Video Processing 
System on FPGA”, ARTES Research Planning Course2005.  

[18] Babu T Chacko, Siddharth Shelly, “Real-Time Video Filtering and 
Overlay Character Generation on FPGA”, in International 

Conference on Recent Trends in Information, Telecommunication and 

Computing, 2010 IEEE  
[19] V. Fischer, R. Lukac, and K. Martin, “Cost-effective video filtering 

solution for real-time vision systems,” The European Association for  
[20]  DeYi Shi, XiEn Ye, “Design of VGA display System Based on 

CPLD and SRAM”, in Third International Conference on Intelligent 

System Design and Engineering Applications, 2013 IEEE.  
[21] Wang Ziting, Guo Haili, Sun Yan, “Design of VGA Image Controller 

Based on SOPC Technology”,in International Conference on New 

Trends in Information and Service Science, 2009 IEEE. 
[22] Wang Aihua, Liu Dong, Wang Zhen, “The Design of VGA Data 

Communication Based On FPGA”, IEEE, 2011, 978-1- 61284-704-7. 
[23] “Broadcast Video Infrastructure Implementation Using FPGAs”, 

white paper, Altera Corporation, ver. 1.2, March 2007.  
[24] Youngmi Joo, Nick McKeown “Doubling Memory Bandwidth for 

Network Buffers”, Department of Electrical Engineering, Stanford 
University, Stanford, CA 94305-9030. 

[25] Video and Image Processing Suite User Guide,Altera Corporation, 
November 2009. 

[26] Sanjay Kr. Singh, D. S. Chauhan, Mayank Vatsa, Richa Singh, “A 
Robust Skin Color Based Face Detection Algorithm”, Tamkang 

Journal of Science and Engineering, Vol. 6, No. 4, pp. 227-234 
(2003). 

[27] Megha Sharma, Seema Verma, A S Mandal, “Block Based Skin 
Color Detection for Automated Video Surveillance System”, 
International Journal of Scientific & Engineering Research, Volume 
3, Issue 11, November-2012 



Proceedings of the SMART–2018, IEEE Conference ID: 44078   
2018 International Conference on System Modeling & Advancement in Research Trends, 23rd–24th November, 2018  

College of Computing Sciences & Information Technology, Teerthanker Mahaveer University, Moradabad, India

Copyright © IEEE–2018 978-1-5386-6369-1 73

Abstract—Internet of Things (IoT) is a network of 
ubiquitous devices that are capable of computation and 
communication over the Internet. These ‘things’ or devices 
continuously generate data over the internet and often 
communicate their data with a central server. Data circulated 
in this network can be either a control signal or a time 
dependent signal. The fusion center transforms the collective 
data from spatially distributed sensing nodes into useful 
information known as the analytic. This research paper 
examines the computation of linear and non-linear data 
analytic in a distributed IoT network. IoT sensors are required 
to save battery and bandwidth. Further, the constraints 
in the computation and communication functionalities are 
highlighted, and also directions towards solving gaps in the 
present IoT standards are enlisted. 
Keywords: Analytics, Big Data, Communication, Distributed, 
IoT, Internet of Signals, Sensors

I. Introduction
The Internet of Things is envisioned to be a key 

technology driver in the future [1-8]. The IoT framework 
is laid on the foundations of the Internet, which is a global 
network of computers. Mobile devices have revolutionized 
the way we interact with data. In future these devices can 
sense and report real-time data to Internet servers, which 
provide useful analytics/information. IoT standards are 
evolving to address some of the challenges in health-care, 
transport, citizen services, environmental pollution, power 
distribution and lighting, infrastructure management. These 
developments lead to enable the global vision of smart 
cities, and towards easier and reliable technology that are 
accessible to all [9]. It would certainly improve the quality 
of human life and generate positive movements in world’s 
economy.

The wide coverage of topics ensembles the ideas from 
varied engineering streams to address some of the current 
challenges of climate change and pollution. IoT paradigm 
is laid on the three primary functionalities of sensing, 
management and feedback. The network consists of millions 
of everyday `things’ (for e.g. devices) that are equipped 
with sensing, computation and communication capabilities. 

Each functionality is performed through the protocol stack 
with the assistance of the central node. Sensors are involved 
in the sensing of physical layer signals and storing it for 
future computation and communication. This is one of the 
most researched areas in recent times. Sensing, collection 
and storage of this big data [10-12] is a challenging task and 
involves concerns in security also. Most common sensing 
data (or signals) include temperature, pressure, humidity, 
energy, load, proximity and activity. 

Sensed data can be used to derive signals which can be 
broadly classified as:

 • Real-Time Signals/Data: Sensor nodes report the 
observed signal to the central server

 • Data used for Commanding: Sensor nodes 
transmit commands/instructions to the peer nodes.

Our focus here is on the former where the server 
(fusion node) requires to derive a function over the reported 
data. Figure 1 elaborates the concept of Smart City with 
automated homes enabled via Internet of Things (IoT). The 
smart homes adjust lights, connect and manage electronic 
gadgets, monitor preservation of food. The central server in 
the data center (cloud) is connected via the home Internet 
service provider.

The second functionality of management refers to the 
control of sensors, monitoring of sensors, network state 
(whether ON/OFF), and actuation of various network 
elements. Feedback is a necessary functionality of IoT, as 
it enables the update of the network assigned jobs, recovery 
of failed nodes and adaptation of various network related 
algorithms. The protocol stack of the IoT network enables 
efficient end-to-end reliable communication between 
any nodes. The various levels of the stack can be broadly 
diversified as:

 • Control
 • Communication
 • Networking
 • Sensing
 • Actuation

Distributed Big Data Analytics in the  
Internet of Signals

Vijay Anavangot1, Varun G. Menon2 and Anand Nayyar3

1Department of Electrical Engineering, Indian Institute of Technology (IIT), Bombay, India 
2Department of Computer Science Engineering, SCMS School of Engineering & Technology, Ernakulam, India 

3Graduate School, Duy Tan University, Da Nang, Vietnam
E-mail: 1vijay.salaram@gmail.com, 2varunmenon@scmsgroup.org,  

3anandnayyar@duytan.edu.vn



2018 International Conference on System Modeling & Advancement in Research Trends, 23rd–24th November, 2018  
College of Computing Sciences & Information Technology, Teerthanker Mahaveer University, Moradabad, India

74 Copyright © IEEE–2018 978-1-5386-6369-1

 
Fig. 1: A Smart City with Automated Homes

In the present IoT standards, the signal processing 
domain is less emphasized. The only mention of DSP 
occurs in the aspects of sampling and quantization at the 
sensor. The mention of the signal processing here refers 
to the approximation or compression perspective. Broadly 
data and signal analytics can be categorized as:

 • Linear
 • Non-Linear

Linear analytics are functions over the data that satisfy 
the superposition principle. Most common linear data 
includes addition, average, XOR, median etc. The idea of 
linearity over data can be elucidated using the example of 
two distributed temperature sensors as show in Figure 2. In 
figure 2, temperature sensing nodes S1 and S2 monitor the 
real time temperature data at two geographically separated 
locations. The central server F, needs to determine the 
average temperature in the region. Here the average 
temperature is the sum of the individual average data’s.

The linear analytic computation will at most consists 
of a few additions in the respective representation domains 
[13]. In large networks, linear analytics can be performed 
over the intermediate compute nodes. This dramatically 
reduces the computation overhead at the fusion node. 
By performing linear network coding the computation 
complexity can be reduced to a linear scaling factor [14]. In 
a majority of linear computation over networks, only scalar 
data is required to be considered.

A non-linear function does not satisfy the superposition 
principle. Some examples include functions such as the 
min, max and the histogram. The non-linear nature of 
the computation is challenging, since it requires a chunk 
of vector data to be transmitted over the finite bandwidth 
channel. The example of a nonlinear data is that of a Holter 
monitor which is used to obtain a 24 hr Electrocardiogram. 
Real-time ECG measurements consume large amounts of 
storage of data collected from electrodes placed at multiple 
locations. For through analysis by doctor, the ECG data has 
to be converted to suitable histogram. Reporting this data 
over long distances costs channel bandwidth and delay if 
direct transmission is employed. Thus, in practice a good 
representation of the signal needs to be applied.

Fig. 2: Two Temperature Sensing Nodes, S1 and S2 Monitor the Real 
Time Temperature Data at Two Geographically Separated Locations

II. Distributed System Description
A distributed system is one that consists of independent 

peripheral nodes located at spatially separated regions. 
The network nodes are non-cooperative in nature and are 
capable of performing real-time storage and computation. 
The sensing capability in each node along with its memory 
enables them to record the observed data. Each of the 
recorded data is to be conveyed to the fusion node by using 
efficient data (or signal) representation schemes.

Some of the well-known schemes in source coding 
such as Huffman coding, Run length coding, Lempel-Ziv 
coding. Alternatively, in the case of signals commonly 
used representations include the Fourier and the Wavelet 
basis. The choice of the coefficients to be transmitted 
is decided by the analytic that is to be computed. For 
instance the computation of the average temperature at 
separate sensors is possible if individual sensors report their 
respective observed averages [13]. In terms of the Fourier 
representation this corresponds to the DC (zero frequency) 
coefficient.

A. How Big is the Data?
Consider a city having a million plus population. 

Around 10% (patients) of the population suffer from 
heart related diseases. The city health department initiates 
a scheme to collect and analyse the ECG data that has to 
be reported to the heart specialists in the locality. Each 
diagnosed patient is provided with a “smart” Holter 
monitor that has 7 electrodes. The device picks up the bio-
signal at the rate one sample per minute. If the raw signal 
representation takes 1Kb/sample, by the end of each day, 
the central server needs to deal with 120 GB. The complete 
scenario is presented in figure 3.

This type of situation is true in all major applications 
of IoT. Internet of connected vehicles [15] and vehicular 
fog networks [16-17] is yet another application where the 
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collection, analysis and storage of very large amount of data 
is required. Most of the modern applications thus have to 
manage enormous data. Mining of required data from this 
big data is a big challenge.
B. Communication in Internet of Things

The simplest communication in IoT occurs between the 
devices or the ‘things’. These smart devices communicate 
over different types of network such as Wi-Fi, Bluetooth, 
ZigBee or Internet. These devices are manufactured by 
different vendors and use a common communication 
protocol to send and receive their messages over the 
network. 

Figure 4 shows the communication between two devices 
connected via a wireless network. This communication 
model is mainly used in home automation systems that 
usually involve low data transfer rate.

Fig. 3: Scenario of Big Data

Fig. 4: Device to Device Communication

The next bigger communication happens with device 
to cloud model [18] in which the devices are connected 
directly to an Internet cloud service to exchange data and 
control the traffic. With this type of communication users 
can obtain remote access to their devices via a smart phone 
or a Web Interface. The Samsung Smart TV uses this 
technology to transmit the user viewing information to 
Samsung for analysis and for helping with other advanced 
features such as interactive voice recognition. Figure 5 
shows the big picture of Internet of Things Network. Here 
data from devices such as sensors, CCTV camera’s, reaches 
a central cloud server after passing through the Internet. 
With millions of laptops and smart phones connected to the 
internet, any user can obtain this data for analysis and other 
purposes. 

C. Protocol Stack Description
In IoT the protocol stack consists of control, 

communication, networking, sensing and actuation. In the 

control layer, commanding data is generated (or decoded). 
It includes actions such as turning ON/OFF the sensors, 
enabling sleep mode or information corresponding to 
sampling rate/quantization. The communication layer 
handles inter node communication through the physical 
channel (with channel noise). It covers schemes involving 
power control rate adaptation, channel coding and error 
correction. Energy harvesting schemes and models are 
developed at the sensors, since they have to stay alive for 
several months. The common harvesting sources for sensors 
include solar power, piezo-electric (body networks), bio-
electric and wind power. Recent developments in IOT 
physical layer communication design involve inclusion of 
these energy harvesting models for optimizing the power 
utilization and maximizing the data rate. Physical layer 
security is an emerging area, which overcomes many 
drawbacks of the network layer security [19]. Privacy and 
security aspects of the IoT network needs to be relooked 
from the physical security perspective since it offers better 
reliability and optimized power utilization.

 
Fig. 5: Internet of Things Network

Fig. 6: Various Layers of the Protocol Stack its Functionalities

III. Big Data Analytics
Big data analytics [22] deals with the measurement of 

data that has come from distributed sensor nodes spread 
geographically. The linear data analytics can be represented 
as linear function computed over the data.

Өlinear= A D,
Where A is the coefficient matrix and D is the data 

representation matrix. For the average temperature between 
two temperature nodes the coefficient matrix is [½,½] 
and the data matrix is a 2 x 1 matrix consisting of the DC 
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coefficients of the Fourier representation. We can also 
see that in the case of more than two sensors the analytic 
computation can be performed by the intermediate nodes. 
Node T1 sends its coefficient to T2, where it fuses its own 
temperature. Then a similar fusion is performed at T3 and 
finally updated at F.

 
Fig. 7: A Non-Meshed Sensor Placement, with Intermediate Nodes 

Performing Fusion Computation. Here each Node  
Computes a Linear Function of the Present Data  

at the Current Node and the Incoming Flow

Non-linear fusion computation is less dealt with in 
the upcoming IoT standards. The fusion node here needs 
to derive a non-linear function of the data. The use cases 
of such analytics are in the context of determination of the 
spiking of the ECG recorded data. The peak determination 
in ECG signal includes the functions like maximum and 
the gradient. Traditional signal processing approaches 
like the cost minimization using least squares can be 
performed based on some statistical data assumptions. The 
unconstrained minimum mean square cost is represented as:

Where  corresponds to the estimate of the analytic and 
 is the true analytic (in most cases this is a constant). The 

representation of the analytic demands some compression to 
be applied, i.e. the estimated parameter is transmitted using 
a few coefficients through the communication channel.

IV. Challenges and Future Research Directions
This section discusses the challenges and issues 

existing in analytics of big data collected from IoT devices 
and also presents future research directions for researchers. 
A. Security and Privacy

The most important issue faced by researchers 
worldwide is in the security of methods used in data 
collection and storage [20-21]. As the amount of data is 
huge, essential care should be taken to protect the data from 
misuse. Selection of appropriate data collection methods is 
very important. Trusted data collection centres play a vital 
role in ensuring the security of data. Security and privacy of 
the devices involved in data transfer is a highly researched 
area. Further intense research has been carried out to secure 
the data that is being transferred from the source to the 

destination device via the intermediate devices. A large 
number of open research problems still exist in IoT security. 
B. Storage of Data

With enormous amount of data generated every 
second, one of the major challenges is in proper storage. 
With the amount of data increasing day by day, scalability 
of storage systems is another major concern. Huge data 
centres dedicated for storage often leads to high cost in the 
deployment of the IoT system. Many researches have been 
directed at improving the storage capabilities of the IoT 
devices.
C. Efficient Transfer of Data

Efficient and timely transfer of data from the devices to 
the storage and analysis centre is another important research 
challenge. Very few works have been done in this research 
direction. Reliable delivery of data and Quality of Service 
plays a vital role in the success of the IoT system.

D. Mining of Required Data
Analysis of data and mining is a major task in IoT 

systems. With enormous amount of data accumulating 
every second it is a big challenge to classify the required 
and obsolete. Extracting the required information from 
this huge amount of data is a humongous task. Numerous 
researches are being carried out in this direction.

E. Visualization
Visualization is often a challenging task with enormous 

amount of data. Complexity reduction is another important 
research area with many opportunities. With type and size 
of data varying continuously from various devices and 
sources, it is often difficult to structure the collected data 
into a uniform schema.

V. Conclusion & Future Scope
In this article we introduced the subject of the distributed 

data analytics in the IoT network. We have seen extensive 
applications of Signal Processing in future IoT standards 
and in the emerging Smart Cities. The linear analytic models 
are well studied in the present literature, while non-linear 
analytics which are emerging in many IoT use cases, needs 
an emphasis. The physical layer communication protocols 
using energy harvesting methods are finding interest in 
many core researches in this area. The development of IoT 
network is dependent on the collaboration extended from 
various disciplines of Engineering. A realistic approach is 
one that unites with the existing Internet and other legacy 
technologies. We finally presented the open research 
problems in analytics of big data collected from IoT devices. 
This would definitely provide directions for research in this 
area in future.

In the near future, we present a novel architecture 
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cum working prototype of medical based device, which 
not manages big data efficiently but also highly secure and 
provides efficient data transfer from remote location to the 
centralized server. 
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Vibration of slender cylinders caused by the shedding of vortices at the wake, otherwise 

known as vortex induced vibrations (VIV) is an important topic of research since the 

phenomenon can reduce the fatigue life of marine risers which are subjected to complex 

flow conditions in ocean environment. The paper compares the accuracy with which 

hydrodynamic forces are predicted by different solvers using the commercial solver 

ANSYS FLUENT 17. Influence of three dimensional effects of flow on the predicted 

values are also studied by comparing 3D and 2D analyses. It has been observed that 2D 

analysis predicts the force coefficients with reasonable accuracy for lower Reynolds 

numbers (Re).  

1. Introduction 

With the ever-rising demand for petroleum products, development of offshore 

oilfields has been growing fast over the past century. The drilling facilities are 

designed in such a way that it enables a prolonged offshore operation for a large 

period of time starting from a few months to several decades. Numerous studies 

are carried out in the field for proper design of the slender marine risers in ocean. 

If the bluff structure is not mounted rigidly and the frequency of vortex shedding 

matches the resonance frequency of the structure, the structure begins to resonate, 
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vibrating with harmonic oscillations of large amplitude. This phenomenon is 

known as Lock –in. During lock-in, vortex shedding frequency shifts to the natural 

frequency of the structure leading to large amplitude vibrations. 

The vortex shedding occurs at a discrete frequency and is a function of the 

Reynolds number, defined by eq. (1) 

Re  VD /  (1) 

The dimensionless frequency of the vortex shedding, the shedding Strouhal 

number, St =fv D/V, is approximately equal to 0.21 when the Reynolds number 

is greater than 1,000. When vortices are shed from the cylinder, uneven pressure 

distribution develops between the upper and lower surfaces of the cylinder, 

generating an oscillatory hydrodynamic loading (lift) on the cylinder.  This 

unsteady force given by eq. (2) can induce significant vibrations on a structure, 

especially if the "resonance" condition is met.  

L L

1
F  C A

2
 (2) 

CL is the coefficient of lift. The cylinder also experiences a  net force along the 

flow direction and is called the drag force and is given by the eq. (3). 

2

D D

1
F  C AV

2
 (3) 

Where CD is the drag coefficient. 

Cunff et al., (2002) conducted an extensive research in this domain at the 

Institute françaisdu pétrole. Several models were proposed to predict the fatigue 

life of pipes. The methods range from simple modal calculations to fully coupled 

analysis of the fluid-structure interaction and resolution of the Navier-Stokes 

equations. Singh and Mittal (2005) studied flow past a circular cylinder for Re= 

100 to 107 numerically by solving the unsteady incompressible two dimensional 

Navier-Stokes equations. Ladjedel and Adjlout (2011) performed numerical 

studies using the code ANSYS FLUENT solving the Reynolds Averaged 

Navier-Stokes (RANS) equations. The k-  and k-  SST models were tested. 

Modelling of Riser and Fluid Domain 

The riser model is created using ANSYS ICEM CFD 17. The geometric 

specification of the fluid domain with respect to the diameter of the riser is taken 

as follows. 

Diameter of riser (D) 0.025 m 

Length of riser (L) 0.5 m 

Distance from inlet to riser 9 D 

Distance from riser to outlet 27 D 

Lateral distance from cylinder to both sides 7 D 
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Solver  Time Period (sec) Frequency (Hz) 

k-  9.5 0.105 

k-  SST 8.3 0.120 

LES 11.8 0.085 
 

Solver  Strouhals Number 

k-  0.06 

k-  SST 0.075 

LES 0.053 

But from literature, it is clear that the Strouhal Number corresponding to the 

above flow condition is found out to be 0.2. The variation in Strouhal Number 

may be due to computational constraints for the solution to converge or due to 

lack of fineness in the 3D mesh taken for the analysis. 

To overcome the difficult of demand for high computational cost in 3D 

analysis an alternate method using 2D mesh has been tested. 

Alternate 2D Modelling and Analysis 

The size of the domain considered was same as that in the 3D analysis. Instead 

of structured mesh, in 2D we have used unstructured mesh. Boundary conditions 

and solver setting using are same as that of the previous case. 

It has been observed from the time histories of the coefficients that this 2D 

mesh predicts CD and CL values fairly accurately. CD = 1.15 which is slightly 

above the theoretical value and CL is 0.55 which is also close to theoretical 

value.  

 

 

Figure 6. (a) – Time history of CD and CL(2D analysis) 

1.500

1.000

0.500

0.000

0.500

1.000

0.000 10.000 20.000 30.000 40.000 50.000 60.000 70.000

Cd Cl



Vinod P., Sunil Jacob, Sheeja Janaradhanan and Ratish Menon (Eds.) 275

c

f

s

a

f

V

w

e

s

t

d

d

c

t

2D nume

comparatively

for the same

second of flow

a shorter time

Compari

following obs

In both c

Von Karmen 

will give an a

elements in th

shedding vort

the mesh is c

domain. But 

distance from

The pres

Fig

2D analy

corresponding

Time P

2.83

When 2D

to the theoreti

erical analysi

y less compu

 Reynolds n

w for 2D sim

e compared to

ing the pres

servations are

case, shedding

Vortex stree

accurate pred

he wake regi

tices. In the p

capable of ca

in 3D mesh 

m the cylinder.

ssure contour 

gure 6. (b) – P

ysis also pred

g value of stro

eriod 

3 

D simulation 

ical value. 

s predicts the

utational time

number of 10

mulation whic

o 3D. 

sure contour

e made. 

g of alternate

et. I can be al

diction and w

on of the cyl

pressure plot 

apturing the v

the vortices 

. 

for the 2D sim

Pressure contou

dicts the frequ

ouhal number

Frequ

0.35

is carried ou

e force coeffic

 and cost. It 

000, the solu

h enables us 

r plots of 2D

e vortices is o

lso concluded

will show a go

linder are also

of 2D analys

vortices until 

gets dissipat

mulation is 

urs at the top se

uency of vort

r is obtained a

uency 

53 

ut, the value o

cients much a

has been als

tion converg

to predict the

D and 3D s

obtained whic

d that the num

ood converge

o fine enough

sis it has bee

they get adv

ted after trav

ection (2D anal

tex shedding 

as 0.22 

Strouha

0

of shrouhals n

accurately usi

o observed th

ged at about 

e coefficients

simulations t

ch shows a cle

merical analy

ence only if t

h to capture t

en observed th

vected from t

velling a certa

lysis) 

accurately. T

als Number 

0.22 

number is clo

ing 

hat 

30 

s in 

the 

ear 

ysis 

the 

the 

hat 

the 

ain 

 

The 

ose 



276 Advance in Technology, Engineering and Compuring – A Multinational Colloquium

Conclusion 

In this work, three different solvers K- , K-  and LES are used to predict the 
hydrodynamic forces due to vortex shedding and the results obtained are 
compared. It has been observed that prediction of hydrodynamic force 
coefficients using 3D numerical analysis requires a very large computational 
cost. Hence the efficacy of 2D analysis has been tested. It has been observed the 
results from 2D analysis can be used without much error for predicting the 
response of the 3D cylinder using structural solver. 

The tested Reynolds number of Re = 1000 is already in the turbulent flow 
regime, hence it can be concluded that 2D analysis can be used as an alternative 
for 3D to predict force coefficients and especially vortex shedding frequency at 
moderate values of Reynolds numbers.  

One of the difficulties in accepting 2D instead of 3D analysis it fact that 
beyond Re = 300 shedding of vortices is parallel but oblique which makes the 
flow three dimensional. 2D analysis can be the best option when the flow 
considered is uniform in the span wise direction (i.e. in the Z direction). This 
saves much effort and time. When analysing sheared flow 3D analysis must be 
done in the region of oblique vortex shedding. 
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Abstract—Design and Manufacturing of a power generator 

module based on the principle of harnessing the power of 

vortices shed behind a bluff body has been introduced in the 

paper. Hydro vortex power generator (HVPG) can be looked 

upon as a revolutionary source of clean energy especially for 

the state of Kerala. An ettempt has been made to convert the 

power of relatively slow currents of rivers and streams into 

electricity by installing HVPG  in their course. HVPG works 

on the principle of vortex induced vibration of bluff bodies.  

Numerical study has been performed to find the characteristics 

of flow past a horizontal cylinder, which is the main 

component of HVPG, at various Reynolds numbers. Based on 

the results of numerical analysis an initial model of HVPG has 

been designed. Modeling was done in commercial software 

CREO , and based on the model an optimized phase I working 

model of HVPG has been manufactured. HVPG Phase I has 

been tested succesfully in the currents of Ezhattumugham, a 

remote area in Kerala. This evolving technology of clean 

energy generation can be counted upon as the future power for 

our state, especially for powering tribal and remote areas, 

which is abundant with rivers and streams flowing at 

comparitively steady pace.  

 

IndexTerms— VIV, Clean Energy, Power generation, bluff 

bodies 

I. INTRODUCTION 

As the source of fossil fuel are depleting at a faster pace, 

energy scientists all over the world are in keen search of new 

technologies that can provide renewable and clean energy. 

Hydroelectric power generation is of course a clean source of 

energy but considering the capital investment and the effects 

of dams on natural ecosystem the need for a much cleaner 

energy becomes more important. The paper discusses the 

design, manufacture and testing of Hydro Vortex Power 

Generator (HVPG), which can be viewed as one such cleaner 

source of electricity. Principle behind the working of HVPG is 

vortex shedding behind bluff bodies in fluid flow. 

Phenomenon of vortex shedding behind bluff bodies has been 

an extensively researched topic [1][2]. The power of vortex 

has been ever since considered as destructive and researchers 

had been in search of methods to suppress vortex shedding 

[3]. Vortex power was proved useful to mankind by Prof. 

Bernitsas of Michigan University, who first converted vortex 

power into electricity [4]. HVPG works on the principle of 

vortex induced vibration of bluff bodies subjected to fluid 

current. The power of vortices shed behind these bluff bodies 

are converted into vibration energy and then into electricity. 

HVPG can be made useful as a single standing power unit, 

which can light up remote and tribal areas of Kerala, and also 

as multiunit module which can supply power to the grid. 

The paper discusses the design, construction and optimization 

of a single power generating module harnessing power from 

vortices. An attempt is made to optimize the design based on 

the influencing parameters such as aspect ratio ( L/D), mass 

ratio (m*), spring constant (k), damping coefficient (c). 

II. PHENOMENON OF VORTEX SHEDDING 

In certain Reynolds number range, a periodic flow motion will 

develop in the wake as a result of boundary layer vortices 

being shed alternatively from either side of the cylinder.  This 

regular pattern of vortices in the wake is called a Von - Karman 

Vortex Street as shown in Fig. 1.  It creates an oscillating flow 

at a discrete frequency that is correlated to the Reynolds 

number of the flow. 

III. CONCEPT OF HVPG 

HVPG works on the principle of vortex induced vibration 

(VIV). If a bluff body is not mounted rigidly and the frequency 

of vortex shedding matches the natural frequency of the 

structure, the structure begins to resonate, vibrating with 

harmonic oscillations of large amplitude. This phenomenon is 

known as ―lock –in‖. During lock-in, vortex shedding 
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frequency shifts to the natural frequency of the structure 

leading to large amplitude vibrations. 

The vortex shedding occurs at a discrete frequency and is a 

function of the Reynolds number (Re), defined by Eq. (1) 

Re =  ρVD/μ (1) 

The dimensionless frequency of the vortex shedding, the 

shedding Strouhal number (St),St =fv D/V, is approximately 

equal to 0.2 when the Reynolds number is greater than 1,000. 

When vortices are shed from the cylinder, uneven pressure 

distribution develops around the upper and lower surfaces of 

the cylinder, generating an oscillatory hydrodynamic loading 

(lift) on the cylinder. This unsteady force given by Eq. (2) can 

induce significant cross flow vibrations on a structure, 

especially if the "resonance" condition is met.  

CL is the coefficient of lift. The cylinder also experiences a net 

force along the flow direction and is called the drag force and 

is given by the Eq. (3). 

 

 
Fig.1 -Shedding of alternate vortices behind a cylinder. ( Von -  

Karman Vortex Street). 

 

FL =  CL

1

2
ρAV2 (2) 

CL is the coefficient of lift. The cylinder also experiences a net 

force along the flow direction and is called the drag force and 

is given by the Eq. (3). 

FD =  CD

1

2
ρAV2 

(3) 

 

Where CD is the drag coefficient. 

 

 

The oscillating lift force acting on the cylinder makes the 

cylinder oscillate in the cross flow (CF) direction at the 

frequency of vortex shedding. For the making of HVPG, the 

cylinder has been mounted elastically. When the natural 

frequency of spring mass system matches with the vortex 

shedding frequency, the cylinder oscillates with large 

amplitudes. The linear motion of the spring mass system 

consisting of the cylinder and the supporting structures can be 

converted into rotary motion to drive a generator. 

IV. MATHEMATICAL MODELING 

A single power module of HVPG has been modeled as a spring 

mass system undergoing instability induced vibration. The 

instability is caused by the shedding of vortices behind the 

cylinder when the flow encounters a bluff body. Equation of 

motion for the system can be written as  

my + cy + ky = F(t) (4) 

Where F(t) is the time varying force acting on the cylinder due 

the flow instability. For relatively small oscillation amplitudes 

F(t) may be approximated as  

F t = Fsin(ωv t + φ) (5) 

Where ωv  is the circular frequency of vortex shedding and φ 

the phase difference between the force and cylinder 

displacement. F is the maximum value of hydrodynamic lift 

force acting on the cylinder and is given by Eq. (2). m is the 

mass of the oscillating system, c the damping coefficient and k 

coefficient of stiffness of the spring mass system. 

The amplitude of oscillation of the system depends on the mass 

ratio of the oscillating cylinder (m*) given as  

m∗ =
m

mfd

 (6) 

 

mfd  is the mass of fluid displaced by the oscillating mass. As 

the value of m* increases,maximum amplitude of oscillation 

(Ymax) also increases. Ymax can be calculated from the empirical 

relation between non dimensional amplitude                                           

(Ay =
Ymax

D
  ) and Reynolds number put forward by Narendran 

et. al [5] given as  

Ay = −0.4435  log
α

Re
 − 1.5 (7) 

 Where α is defined as 

α =  m∗ + CA ζ (8) 

CA , is the added mass coefficient and ζ , damping ratio. 

Maximum amplitude of oscillation occurs when shedding 

frequency locks on to the natural frequency of the oscillating 

system (f). This condition is known as lock – in . 

Amplitude of oscillation of a spring mass system can also be 
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Obtained from Eq. (9) 

𝑌 =
𝐹𝐿

𝑘
 

1

  1 − 𝜂2 2 +  2𝜉𝜂 2
  (9) 

Where 𝜂 is the frequency ratio given as 

𝜂 =
𝑓

𝑓𝑣
 (10) 

During lock – in 𝜂 = 1 and Eq. (9) reduces to 

𝑌𝑚𝑎𝑥 =
𝐹𝐿

2𝑘𝜉
 (11) 

For the value of maximum amplitude obtained from Eq. (7) 

optimum coefficient of stiffness corresponding to the lock – in 

regime (resonance) can be obtained.  

Design parameters of a single module HVPG has been 

obtained based on the above described model. 

V. DESIGN OF HVPG 

The very first model of HVPG has been designed for 

installation in the irrigation canal running through Palissery 

village of Ernakulam. Velocity of flow in the canal has been 

monitored and the maximum velocity was obtained as 0.7 m/s. 

This velocity has been taken as the design flow velocity for the 

HVPG model. The module consists of a hollow cylinder made 

of PVC with provision to add weight as requirement. This has 

been done to facilitate testing the influence of mass ratio of 

cylinder on maximum amplitude of vibration. Design 

parameters of the module are given in Table 1. 

 

 

 

Table 1 – Design parameter of HVPG module 

Diameter of the cylinder (D) 0.063 m 

Aspect ratio of the cylinder ( L/D) 10.31 

Design velocity (V) 0.7 m/s 

Reynolds Number of flow (Re) 4.4 x 10
4 

Mass ratio (m*) 1.45 

Damping ratio (ξ) 0.001 

 

Considering the added mass effects, effective mass of the 

oscillating system has been obtained as 5. 1 kg. Added mass 

coefficient (CA) for the current aspect ratio is 0.7[6]. Non 

dimensional amplitude has been calculated from Eq. (7) and is 

found to be 1.5. Hence the maximum possible amplitude of 

oscillation in the current flow regime is 1.5 times the diameter 

of the cylinder, Ymax= 9.45 cm. 

For attained the maximum amplitude of oscillation, system 

must be designed to have natural frequency equal to the vortex 

shedding frequency during operation. The spring which has 

been used to elastically mount the cylinder has been designed 

for stiffness value to satisfy the lock – in condition. Design 

value of stiffness for lock –in has been calculated form Eq. (11) 

and found to be equal to 630 N/m. 

For calculating the spring stiffness, maximum lift force has 

been estimated using Eq. (2). Coefficient of Lift ( CL) varies 

with Reynolds number and has been obtained from two 

dimensional numerical simulation of flow past a circular  

cylinder using commercial software Ansys Fluent – 15.  

VI. NUMERICAL ESTIMATION OF CL 

The geometry has been blocked and a structured mesh was 

generated for hydrodynamic analysis. A grid independency 

test has been performed at Re = 1000 for  the selected domain. 

Results are given in table 2. Values of coefficient of lift are 

nearly equal for the 4
th

 , 5
th

 and 6
th

 meshes, but drag 

coefficient and Strohaul number (St) varies significantly. In 

the subcritical range of Reynolds number St for circular 

cylinder is 0.2. Mesh No.5 has been selected for the analyis of 

flow at Re = 4.4 x 10
4
. Values of CD and CL obtained agrees 

with results of numerical simulation carried out by Rao 

et.al.[7]. Drag co-efficient is slightly higher than that obtained 

in experiments, since 2D simulations have been carried out.  

Detailed view of the mesh 5 is given in Fig. 2 (a) and (b).The 

minimum element size of the structured O-grid mesh has been 

calculated considering the boundary layer thickness. Mesh 5 

has a minimum element size of 0.0001 near the cylinder wall. 

 

 

 

Table 2 – Results of grid independency study at Re = 1000 

 

Sl No. No. of 

Elements 

CD CL St. 

1 41932 0.9 0.83 0.094 

2 62720 1.47 1.19 0.128 

3 68200 1.46 1.15 0.132 

4 86340 1.40 1.13 0.148 

5 128546 1.24 1.12 0.18 

6 163424 1.22 1.116 0.19 
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Figure 2 (a) – Structured O-grid mesh (mesh 5) used for 

numerical simulation of flow past cylinder at Re = 4.4 x 10
4
. 

Figure 2 (b) – Near wall structured O-grid mesh (mesh 5) used 

for numerical simulation of flow past cylinder at Re = 4.4 x 

10
4
. 

Flow analysis at Re = 4.4 x 10
4
 , which also falls in the 

subcritical range with Re 1000 has been performed with the 

following boundary conditions. 

Inlet – Velocity inlet (specified velocity) 

Outlet – Pressure outlet. 

Side walls – Symmetry boundary condition. 

Cylinder wall – No slip. 

To account for the increased turbulence, k-ω-SST turbulence 

model has been used. Contours of pressure distribution in the 

domain and the time history of CL are given in Fig. 3 and 4. 

From the plot of pressure distribution shedding of alternate 

vortices is evident at current Re. The cylinder is expected to 

oscillate at the frequency of vortex shedding which is same as 

that of the frequency of oscillation of lift force or lift 

coefficient.  

Coefficient of lift value has been obtained as 0.6 from the 

simulation. The obtained value of CL has been used for the 

estimation of lift force acting on the cylinder. Maximum value 

of lift force has been obtained as 6.02 N from Eq. 2.  

 

 

Fig . 3 – Contours of pressure in the flow field of fluid flow 

past a circular cylinder at Re = 4.4 x 10
4
 

 
Fig . 4 – Time history of coefficient of lift for fluid flow past a 

circular cylinder at Re = 4.4 x 10
4
 

 

VII. ESTIMATION OF POWER GENERATED 

Energy possessed by a spring mass system undergoing 

oscillation can be represented as the sum of its kinetic and 

potential energies as given by Eq. (12). 

 

𝐸 =  
1

2
𝑚𝑉𝑦

2 +
1

2
𝑘𝑌2 

 

(12) 

When the position of the mass corresponds to maximum 

amplitude, the entire kinetic energy of the system will be 

converted into potential energy and Eq. (12) reduces to 
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𝐸 =  
1

2
𝑘𝑌𝑀𝑎𝑥

2 

 

(13) 

At zero amplitude position of the mass the entire potential 

energy is converted into kinetic energy. Since the total energy 

of the system is conserved energy balance can be written as Eq. 

(14). 

 

𝐸 =  
1

2
𝑘𝑌𝑀𝑎𝑥

2 =
1

2
𝑚𝑉𝑀𝑎𝑥

2 

 

(14) 

Hence the maximum possible velocity with which the system 

oscillates can be expressed as 

 

𝑉𝑀𝑎𝑥 =  
𝑘

𝑚
𝑌𝑀𝑎𝑥  

 

(15) 

Power associated with the oscillatory motion can be expressed 

as 

 

𝑃𝑀𝑎𝑥 = 𝐹𝐿𝑉𝑀𝑎𝑥 =  
1

2
𝜌𝐴𝑉2𝑉𝑀𝑎𝑥  

 

(15) 

Maximum velocity has been calculated as 1.056 m/s and the 

maximum power 6.357 W. Assuming the overall efficiency of 

the transmission and generating system as 80%, 4.96 W of 

electrical power can be generated from a single HVPG module 

of this design. It can be roughly estimated that 4 units of 

HVPG working in parallel can produce enough power to light a 

20 W bulb. 

VIII. CONSTRUCTION AND TESTING OF HVPG 

Details of the HPVG constructed based on the mathematical 

model is given in Table 3. Model design using commercial 

software CREO is represented in Fig. 5. Working Model of 

HVPG constructed in the automobile lab of SCMS School of 

Engineering and Technology, Karukutty is given in Fig .7. 

The module has been tested in the irrigation canal running 

through palissery village to successfully generate electrical 

power. 

Table 3. Specifications of HVPG module. 

Cylinder Specification  

Material  PVC 

Length 650 mm 

Diameter 63 mm 

Fixture Elastically 

mounted 

Spring Specification  

Stiffness coefficient, k 637 N/m 

Coil Diameter 1.97 mm 

Mean Diameter 33.06 mm 

Outer Diameter 37 mm 

No. of  turns 5 

Material SS316 

Free length 8.41 cm 

No. of Springs 2 

 

Fig.5 – CAD model of HVPG module created in CREO 

Field testing of HVPG module conducted in the palissery 

irrigation canal has shown an average travel length of  8.5 cm 

with a fluctuating current speed having maximum 0.7 m/s 

velocity. From the test result the mechanical efficiency of the 

HVPG module has been estimated to be 44.7 %.  A snap shot 

from the field test conducted in the canal is shown in figure 6. 

 

 
Fig. 6 – Field test of HVPG conducted in the irrigation canal. 



Kerala Technological Congress (KETCON-2018 Human Computer Interface) 

 

6 

 

 
Fig 7. Hydro vortex power generator module. 

IX. CONCLUSION. 

This paper proposes a new technology for harnessing 

consistent power throughout the year from natural current of 

streams, rivers and oceans. The authors find the application of 

this simple device most fruitful in serving for electrification of 

remote and tribal, areas where supply from grid is difficult but 

is abundant with water bodies.  

Mechanical efficiency of the module can be improved by 

optimization of the design which is in progress. Roughness of 

the surface of cylinder has a significant effect on the strength 

and frequency of vortex shedding. Further research needs to be 

carried out for optimization of the design parameters.  
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This paper presents animals colonization with post modernism as a form of western mindset 

through the novel ‘The Hungry Tide’ by Amitav Ghosh. The focus is laid on the 

anthropocentric attitude of human being manifested through the killing of animals without 

mercy. It also studies the killing of local villagers by wild animals tracing the conflict it 

creates between human life and wild life. Environmental ethics is defined as the moral 

relationship between humans and the natural environment. Ecocentric reality and 

anthropocentric reality are the two kinds of environmental ethics. Anthropocentricism in 

environmental philosophy concedes only an instrumental value to nature and non-human 

beings. They believed that nature should be used; governed and renewed wisely. 

Environmental philosophy faces a lot of conflict due to the different notions in terms of 

ethical perceptions. This paper can be read out as the conflict between the wildlife and 

human life as both are negatively impacting each other. The present paper investigates the 

connection between the modernity of the European world, being manifested in their treatment 

of nature in India during the colonial period and its aftermath in the context of Indian 

wildlife in Sunderban region. The setting of the novel is so enchanting that the readers get an 

experience of the Sunderbans and the threats that both the wild animals and the poor 

villagers face to survive. 

 

INTRODUCTION  

 

Environmental ethics is defined as the moral relationship between humans and the natural 

environment. Ecocentric reality and anthropocentric reality are the two kinds of 
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environmental ethics. Ecocentric reality is the very fact that man is nature. What you do to 

nature is the same that you do to yourself. The fact is that there is no separation between man, 

animals and nature. Anthropocentricism and Ecocentrism are the two paradigms of 

environmental ethics. Anthropocentricism in environmental philosophy concedes only an 

instrumental value to nature and non-human beings. They believed that nature should be 

used; governed and renewed wisely. Environmental philosophy faces a lot of conflict due to 

the different notions in terms of ethical perceptions. Traditional and religious vision places 

humans as the central force of the world. Anthropocentricism as against ecocentrism is 

human domination over nature. Some people believe that they were given dominion over 

nature’s plants and animals to serve their needs. Anthropocentrism states that humans are the 

sole bearers of intrinsic value and all other living beings are there to sustain human’s 

existence. Often the values of anthropocentricism and ecocentricism overlap. A balance of 

anthropocentric and ecocentric values would create a long term, human utilized biologically 

diverse and healthy ecosystem that includes human as natural components. Anthropocentrism 

is human’s greed over need. Looting of nature’s wealth without thinking of its abutting end is 

happening throughout history. Without nature, human beings never exist and without human 

beings literature never exist. So literature and nature is interrelated .This paper presents 

animals colonization with post modernism as a form of western mindset through the novel 

‘The Hungry Tide ‘by Amitav Ghosh. ‘The Hungry Tide’ is the sixth novel by Amitav Ghosh. 

The focus is laid on the anthropocentric attitude of human being manifested through the 

killing of animals without mercy. It also studies the killing of local villagers by wild animals 

tracing the conflict it creates between human life and wild life. 

 

“Isn’t that a horror too that we can feel the suffering of an animal, but not of 

human beings” (Ghosh, 249) 

 

Sense of place is a unique quality which stands out in every work of Amitav Ghosh. ‘The 

Hungry Tide’ is set in the myths and history of the Sundarban. Sunderban is a vast forest in 

the coastal region of the Bay of Bengal. For settlers here,life is extremely hazardous. It is a 

unique forest which is considered as one of the natural wonders of the world. It is world’s 

largest coastal mangrove forest. The Sunderban, the world’s largest delta formed by three 

great rivers, the Ganga, the Brahmaputra and the Meghana, spreads over India and 

Bangladesh. The deadly forest is called Sunderban meaning ‘the beautiful forest’ named after 

the sundari tree (heriteria minar) a species of the mangrove. With its tough and thick foliage 

the mangrove forests are extremely hostile towards humans who are killed in dozens .The 

Indian portion of the Sunderban encompasses an area of 9,600sq km, comprising 102 islands 

– of these 54 islands have human settlements. 
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“People lived here once, but they were driven away by tempests and tides, 

tigers and crocodiles”. (Ghosh 43) 

 

The rest areas are thick mangrove forests – home to the Royal Bengal Tigers, crocodiles and 

some of the world’s deadliest snakes. They accommodate a National park, a tiger reserve and 

three wildlife Sancturies. The Rivers and creeks that crisscross the delta are infested with 

crocodiles and snakes. The Orcaella, a fresh water dolphin is earth’s rarest creature. The 

novel is a river journey in search of this creature. In this exotic land, marine biologist Piya 

Roy, fisherman Fokir and translator Kanai meet. As they travel into the deep mangroves they 

experience a territory risk. It is the arrival of Piyali Roy, of Indian parentage but stubbornly 

American, and Kanai Dutt, a sophisticated Delhi businessman, that sets in motion a fateful 

tragedy. Kanai has come to visit his widowed aunt and to review some writings left behind by 

her husband, a political radical who died mysteriously in the aftermath of a local uprising. He 

meets Piya on the train from Calcutta and learns she has come to the Sundarban in search of a 

rare species of river dolphin. When she hires Fokir, an illiterate, yet proud local fisherman to 

guide her through the mazelike backwaters, Kanai becomes her translator. From this moment, 

the tide begins to turn. The novel is a fight between western assumptions and Indian reality. 

Landscape in which the sea , the river , the land , humans and animals all co-exist sometimes 

in harmony but often in competition. This river delta, consisting of innumerable islands 

which appear and disappear according to the whims of tides and seasons. Here there are no 

borders to divide fresh water from salt, river from sea, even land from water. 

 

“The tides reach as far as two hundred miles inland and everyday thousands 

of acres of forest disappear underwater, only to remerge hours later. The 

currents are so powerful as to reshape the islands almost daily.”(Ghosh, 5) 

 

For years many novelists have pitied on the poor philosophy of modern materialised people. 

The time has come for the decision to be made at last with the community of ecocritics and 

environmental writers to pay attention to the many examples of positive healthy attitude 

towards natural world .The survival of humanity is altogether at the mercy of ecosystem. 

 

“Every year, dozens of people perish in the embrace of that dense foliage, 

killed by tigers, snakes and crocodiles” (Ghosh 2) 

 

Most philosophers have agreed that humans are the most intelligent of all beings. The 

anthropocentric perspective fabricates wildlife in colonial India; Amitav Ghosh brilliantly 

dissipates human-centrism in the novel ‘The HungryTide’. This paper can be read out as the 

conflict between the wildlife and human life as both are negatively impacting each other. The 

present paper investigates the connection between the modernity of the European world, 
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being manifested in their treatment of nature in India during the colonial period and its 

aftermath in the context of Indian wildlife in Sunderban region. This study of ‘The Hungry 

Tide’ is a critique of modernity which liberalises the humans to act freely and individually as 

the colonials are trying to establish their supremacy over the animals. Yet the achievement of 

‘The Hungry Tide’ is in its exploration of a far darker and more unknowable jungle, the 

human heart. It is a novel that asks at every turn: what danger resides there, and what 

delusion? What man can take the true measure of another? 

 

“Yet to the world at large this archipelago is known as the Sunderbans, which 

means the beautiful forest.” (Ghosh 7) 

 

The Indian villages notably at the fringes of the jungles were highly dependent on the 

resources provided by the forest for their livelihood. Although the animals harmed people, it 

was less accounted for because it was tolerable. 

 

“Bon bibi granted me enough honey to fill the two bottles” (Ghosh 24) 

 

Bon bibi is considered as the goddess of the forest. The people who lived in the Sunderban 

were highly dependent on the resources provided by the forest. Even though there were 

predators, people were never driven away from this place. The settlers of the Sundarban 

believe that anyone who dares venture into the vast watery labyrinth without a pure heart will 

never return. 

 

“And everywhere you looked there were predators-tigers, crocodiles, sharks, 

leopards”. (Ghosh 44) 

 

The tigers are deeply engaged in human killings. The man-eating animals have become the 

reason of complete danger in the Sunderban villages. There is a reign of terror in the 

Sunderban area that anyone coming from the outside should feel that he had stepped right 

into a world of stark realities and the rule of the tooth and claw. 

 

“Every year, dozens of people perish in the embrace of that dense foliage, 

killed by tigers, snakes and crocodiles.” (Ghosh 7) 

 

In the chapter The Glory of Bon Bibi, Kusum, a girl from the nearby island of Satjelia tells 

the fatal story of her father who died while foraging for firewood in a place that was off-

limits to villagers. He didn’t have a permit at the time, so Kusum’s mother never received 

compensation.  
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“Bon Bibi. The day my father died I saw it all, it happened in front of me and I 

called her again and again (Ghosh 89) 

The poor villager’s belief was that the Goddess Bon Bibi hears their prayers. There was 

money in the house and food as well, because her father had come back just the day before 

from a long and successful fishing trip. Most of the families depend on fishing. Kusum’s 

father had gone to the forest to fetch firewood when the mishap happened. Even though the 

place was a reserve, it was common for people of their village to forage for firewood.  

 

“He rowed across the river. He was pushing the boat up the bank when she 

saw it not the whole animal but enough of its flashing black and gold coat to 

know it was there.”(Ghosh 90) 

 

The animal was hiding between the trees that lined the shore. It had watched the boat as it 

came across the river. Kusum’s loud scream called her mother and other villager’s up to the 

embankment. But her father could not hear the scream. The animal was stalking her father. 

The villagers tried to get the attention of her father by making loud noises as they could, but 

it made no difference. The animal knew that the people on the bank were powerless against 

these gusts. Intent on its prey it went racing along the shore. 

 

“The great cats of the tide country were like ghosts, never revealing their 

presence except through marks, sounds and smells.”(Ghosh 91) 

 

Kusum cried to Bon Bibi to save her father. 

 

“Help, O Mother of mercy, O Bon Bibi, save my father.”(Ghosh 91) 

 

Kusum shut her eyes but she heard everything. She heard the sound of his bones cracking as 

the animal swiped a paw across his neck, she heard the rustle of the mangrove as the animal 

dragged the corpse into the forest. Every villager had some terrorful stories about their loved 

once being brutally killed by these man eaters. The question that comes to the mind of the 

readers is whether the villagers should kill these man eaters who come to their settlements 

and kill their beloved ones or should they remain as a silent observer in fear of the Forest 

department officials fearing the arrests and fines. The poor are always the sufferers. No one 

cares about their life and understands that they keep their life at risk only to survive. They 

have to eat, their families have to eat. People willingly endure such suffering. The prospect of 

horrible death does not deter them. So day in and day out, the poor villagers in the Sunderban 

risk their life to get an income so they can provide for their families. The risk to life is so high 

because of the threat from man-eaters. Due to poverty, the residents of the Sunderban have to 
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keep their life at risk. They enter the reserve without any permit. There will be arrests and 

fines if the Forest department is informed. 

 

Post colonialism and ecocriticism are seen in the novel. There is an ever-ending struggle 

between the tigers and the people. The western ideology is placing humans as the patrons of 

all living creatures. The people who lived in the Sunderban want to kill the tigers because 

every day one or the other is becoming the prey of the man eaters. The innocent poor people 

suffer a lot for a living. Anthropocentric arguments include those relating to the moral status 

of an action, such as killing a lion. There is bound to be public preserve to remove every tiger 

that has killed people. Anthropocentricists are human centred as they relate to human 

morality although the actions may have repercussions on animals. The people who lived in 

Sunderban were feast to the predators. So many were killed. 

 

“No day seemed to pass without news of someone being killed by a tiger, a 

snake or a crocodile” (Ghosh 68) 

 

Consequently the man eaters destroyed many families. The western characters in the novel 

want to save the tigers regardless of how many people were killed by them. The native people 

want to kill the tigers because of how many of their fellows were killed. The native people 

tried different ways to prevent the man-eaters to stop killing the people but everything went 

in vain. Based on interviewing local people it was found that the main reasons for tiger-

killing by people were attacks on humans and cattle. 

 

“That’s the most horrifying thing I have ever seen, a tiger set on fire” 

 

The local people say that when a tiger comes to a human settlement, it’s because it wants to 

die.  There was bound to be trouble once the news of the killing reached the Forest 

department. In the novel it states that there these killing of animals had led to riots, shootings 

and large scale arrests.  

 

“There will be arrests, fines...” (Ghosh 244) 

 

Accidental deaths are mostly in defence. A tigress with cubs is typically high-string. As are 

all big cats during a hard earned meal. A surprised tiger is rarely a pleased tiger, just ask a 

grass cutter who has chanced upon a sleeping beauty. There is also a room for mistaken 

identity like someone bending down or on their haunches many look like a prey animal. 

Environmentalists say unless it is a desperate tigress encumbed by cubs, a big cat rarely eats a 

human being. It kills accidently. Anyway the consumption of a human kill alone is not 

enough proof that a tiger is a man eater. But on some occasion, a tiger may deliberately seek 
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out human prey, often by stalking, given an opportunity; such a tiger consumes every human 

kill and drags the corpse away to secure the remains. While most accidental attacks are meant 

to be non-lethal – a swipe of the paw frequently deliberate attacks are men at to kill and 

usually involves precisions canine punctures or injuries in the neck. The inability to take 

down wild prey due to age or injury is the usual reason for human kill. But healthy tigers in 

their prime are also known to turn on human beings. According to NTCA’s, such an aberrant 

tiger must be caught and sent to the nearest recognised zoo and not released in the wild. 

Conservation is about saving the species. Letting man-eaters continue in the wild will surely 

lead to more attacks turning local poor people against the Forest Department. The forest 

guards are also insecure as they must patrol on foot to secure the reserve. The plantation 

workers also suffer from these kinds of attacks. There are some people who claim that 

predators can develop a taste for human flesh after trying it once which may explain why one 

individual animal is sometimes responsible for several human attacks. Since human blood has 

more salt than animal blood once wild animals get the taste of salty blood, they do not like 

other animals like deer. With increasing human encroachment into their reserves, tigers often 

compete for resources with nearby villages, leading to conflicts. It is not the greediness of the 

people which made them enter into the reserve area of the species and cause threat to their 

life; it is only for a livelihood. Besides this there are honey collectors locally called as moulis 

who enter the forest legally and illegally every year, when the mangroves flower and attract 

bees. Woodcutters also enter the forest in violation of the rule. It is mostly fisherman who 

gets killed by the tigers followed by honey collectors, woodcutters and forest staffs. The 

novel evokes an empathetic feeling on marginalised communities that depends on natural 

resources for their livelihood and survival. 

 

“It happens every week that people are killed by tigers. These killings are 

never reported and the reason is just that these people are poor to matter” 

(Ghosh 249) 

 

At a philosophical level, it engages with the complexities that lie with the human-animal and 

human-nature relationships. Post colonial anthropocentricism can be observed if we look at 

the situation comparing tigers to nature itself. Theother side is tiger’s pathetic situation of 

fighting back against the inhabitants who have become greedy and westernized. 

Imperialism’s profit over people, greed over need, and love over nature remain even after the 

westerners have left the country. Many people depend on fish for their main source of living. 

It is the poor who depend most on their ecosystems. 

 

“Did you think he was some kind of grass roots ecologists? He is not- he is a 

fisherman – he kills animals for a living.”(Ghosh 245) 
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Around 7,500 sq km of the Sunderban falling in Indian Territory is open for fishing, leaving 

just 2,100 sq km of the core area unavailable. However villagers do not restrict themselves to 

the permitted zones. In the novel it says that the fisherman have adopted unsustainable 

fishing practices in pursuit of profit. 

 

“The nets are so fine that they catch the eggs of all the other fish as well” 

(Ghosh 111) 

 

Thousands of villagers enter the forest to catch fish, crabs and collect honey every year. A 

majority do not have permit issued by the forest department. When these illegal entrants are 

killed by crocodiles and tigers, the families rarely inform the authorities out of fear. The 

forest is a rich biodiversity of various species of insects, birds, snakes and animals.  

 

“Mosquitoes were the least of the creatures this net was intended to exclude; 

its absence; would have been an invitation for snakes and scorpions” (Ghosh 

73) 

 

The western characters in the novel want to save the tigers without considering how many 

people were attacked or even killed by them. Once Piya Roy witnessed a tiger attack on the 

villagers. The people were very arrogant that they wanted to somehow kill the tiger to keep 

themselves safe.  

 

“The man’s spear point was stained with blood. She snatched it from the 

man’s hand and placed her foot on it, breaking it into two” (Ghosh 237) 

 

The studies show the nature of tigers that do not turn to human flesh usually. But the author’s 

lines say that the tigers are deeply engaged in human killings. Man animal conflicts are an 

age old problem in the sunderbans.There have been several instances of locals getting killed 

or mauled by tiger even if they remain within the permitted zones. Complications occur when 

the bodies are not found.The tiger was not new to their village. It had killed many people and 

had long been preying on their livestock. Healthy animals were known to attack human 

beings. In the 1980’s, a German naturalist suggested that the tigers preference for human 

flesh was somehow connected with the shortage of fresh water in the sunderbans.In the novel 

the author is mentioning that 4218 people were killed by the Bengal tigers in six years period 

between 1860 and 1866. During 1990’s over a hundred people were killed by tigers each 

year.  
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“If you include the Bangladesh side, the figure is probably twice that .If you 

put the figures together , it means that a human being is killed by a tiger every 

other day in the Sunderbans – at the very least”(Ghosh 200) 

 

“The great cats of the tide country were like ghosts...to behold one was to be 

as good as dead” (Ghosh 90) 

 

There have also been instances of tigers and crocodiles entering the villages though they are 

not known to attack them and the animals are also not killed either. Many families were 

broken because of the brutal death of the family members who depend the forest for a living. 

“She heard the sound of his bones cracking as the animal swiped a paw across his neck... She 

heard the rustle of the mangrove as the animal dragged the corpse into the forest” (Ghosh 90) 

However, crocodile attacks are common in rivers near the villages where they often come to 

lay eggs. The crocodiles have digestive juices that are so strong that it can even digest a steel 

rail. 

 

“Crocodiles can move faster on mud than a man run on grass...It won’t kill 

you on land, it will drag you into the water where you are still breathing , 

nobody finds the remains of people who are killed by crocodiles.”(Ghosh 276) 

 

Like all Ghosh’s novel, ‘The Hungry Tide’ contains a wide array of characters and setting 

that intersect throughout the novel. The novel starts when Kannai Dutt a translator reaches 

the Sundarban to visit her aunt to read a writing written by his deceased uncle. He meets Piya 

Roy, an American scientist of Indian descent who came to Sunderban to do research in a 

special breed of dolphins. She joins Fokir, a local fisherman, to tour the area. Kanai is jealous 

of Piya’s growing closeness with Fokir, and he insists on coming along to serve as a 

translator as well. The expedition was full of terror as they faced the breath going incidents.  

To come back alive from the mangroves was a miracle that would rarely happen as they faced 

weird encounters. 

 

“Fokir was standing braced against his boat’s hood, pointing down river, 

Kumir! a crocodile..”(Ghosh 217) 

 

They knew that it was very difficult for them to come back safe. Mashima and many villagers 

warned them of the terrorful encounters they will surely face with all the deadliest beasts. The 

expedition is going well at first, but soon they court disaster. Fokir and Piya split off from the 

group in a smaller boat through some of the hidden canals of the jungle. The rest came to 

know that a major storm is bearing down on the site. Although they wait as long as they can 

for Piya and Fokir to return, but Kanai and his crew are eventually forced to make the 
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difficult decision to go back without them, leaving them in the storm. The storm was too 

powerful that they took refuge in the Mangrove forest. During the storm, Fokir does his best 

to shield them both, but eventually he is killed by flying debris. Piya survives against the 

odds, and manages to return the boat to Lusibari and notify Fokir’s family of his fate and 

heroism. She leaves the Sundarbans to stay with family in Calcutta, but returns a month later 

having raised money to support Fokir’s family. She also establishes a research foundation to 

study the Irrawaddy dolphin, which she names after Fokir in honor of all his help in her 

research. The setting of the novel is so enchanting that the readers get an experience of the 

Sunderbans and the threats that both the wild animals and the poor villagers face to survive. 
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4TH GO KART DESIGN CHALLENGE (4TH GKDC) 

Go Kart Design Challenge is a contest formulated to enhance the approach of 

students practicing Engineering and Diploma courses. This event is 

fundamentally all about designing and fabricating a Go Kart at very low 

expenditure. We expect the teams to manufacture Go Karts yielding optimum 

performance. The teams participating in this contest have to go through two 

rounds, Pre-Final Round (PFR) and Final Round (FR). 

The 4th Go Kart Design Challenge was hosted at the Kari Motor Speedway, 

Chettipalayam Coimbatore from 14th Jan 2017 to 17th Jan 2017. A total of 45 

teams from different parts of India participated. Team Rapidez Racing the Go 

Kart Design team of Department of Automobile Engineering, SCMS School of 

Engineering and Technology is the first and only team from Kerala to clear the 

Pre – Final Round and reach the endurance round (Final round). 

The team comprised of 18 students – eight 5th semester and ten 7th semester 

students. They were accompanied by Mr Koshy P Joseph, Mr Sujay K both 

Assistant Professors and Mr Haridas V K, Foreman. The go kart was transported 

by road from SSET to our place of stay in Coimbatore – Hotel HariPriya, #95, 

Geetha Hall Rd, Opp. Railway Station, Gopalapuram, Coimbatore, Tamil Nadu 

641018. 3 students accompanied the kart to the hotel which was transported by 

Mahindra Bolero Caamper. The kart and the entire team reached Coimbatore on 

13th Jan 2017. Our accommodation, food and transport was handled by Furious 

travels under their standard package (20-member x Rs 4299 per member). 

 

The team and the kart reported to the track on 14th Jan 2017 AT 9:00 A.M. 



 

Day 1: The first day began with the Pit Allocation and onsite registration after 

which the Kart were to be prepared for Disassembly event. Once the disassembly 

event was completed it was the technical inspection round. After this round the 

teams were asked to present their business plans. 

Day 2: The day began with the technical inspection round. A few points for 

rectification was identified by the judges. The team was given two hours two 

correct it after which we were awarded with the “TI OK” sticker. After the TI the 

turning radius of the kart was tested. This was followed by a discussion with the 

judges on the following: 

1. Design Evaluation 

2. CAE 

3. Aesthetics 

4. Innovation 

5. Cost 

After the design evaluation round the acceleration and brake test began. During 

this evaluation a small brake pressure loss was detected. The problem was 

rectified the next day. 

Day 3: The day began with the final brake test after which we received the “BT 

OK” sticker. This allowed participation in the Autocross and Skidpad event. 



Day 4: The last and final day began with 

the pre endurance run after which the 

karts were divided into batches based on 

their performance in the acceleration 

test. The endurance or fuel economy 

round is the final round. In this round 

the karts are drained of their fuel 

completely and given only 1.5 litres of 

petrol and must complete 12 laps of the 

Kari Motor Speedway in order to 

complete the endurance and fuel 

economy. After completion of the 

endurance the fuel will be drained 

completely and the fuel level measured 

to determine the fuel economy. Team 

Rapidez Racing, Kart No 135, Team ID: 

20160369 secured 5th place in the 

endurance and fuel economy run. A 

total of 23 karts were eligible for 

endurance but only 10 completed the 12 

laps.  

Kart No 135 finished in the 10th position 

overall in the 4th GKDC. 

 

 

 

 

 

 

 

Prepared By 

Koshy P Joseph 

Faculty Advisor 

Team Rapidez Racing 



 
 
 
 

 Chapter One 

Study on Seasonal Variation of Salinity 

Intrusion in the Shallow Aquifers of Kochi 

Corporation 

Sanju Sreedharana and Dr. Renu Pawels  

 
Department of Civil Engineering , School of Engineering, CUSAT 
Kochi, Kerala, India. asanjus@scmsgroup.org 

Fresh water is one of the precious and depleting resources of the world. The 

study area Kochi, is the heart of Kerala commonly known as “God’s own 

country” by its rich natural beauty. Kerala is blessed with an average annual 

rainfall of 3107mm, which was a good nourishment to the ground water sources. 

Urbanization changed the land use pattern, reduced the natural wetland and 

increased the water demand. The chances of ground water recharge was blocked 

by hard impermeable surfaces and increased runoff, flushed the fresh rainwater 

into sea. Being a coastal city with increase in water abstraction and reduction in 

recharge, shallow aquifer of Kochi also affected by salinity intrusion. The present 

study to evaluate the level of salinity intrusion in the Kochi Corporation area in 

terms of Total Dissolved Solids (TDS) levels of open well water samples in 

various climatic conditions. 35 well water samples were collected within the 

corporation boundary in four different seasons between July 2014 and April 

2015. Based on the gradient maps of TDS plotted by Geographic Information 

System (GIS) for the area, a severe effect of salinity intrusion is seen in Kalvathy 

area and level salinity found to increase about 5 times in summer season 

compared to rainy season. 

1.1   INTRODUCTION 

With two thirds of the earth's surface covered by water and the human body 

consisting of 75 percent of it, it is evidently clear that water is one of the prime 

elements responsible for life on earth [3]. But 97% of the planet’s water are found 

in seas. Only 3% of the Earth’s water is fresh water and a major percentage of 
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that water is in ice caps and groundwater. Coastal zones contain some of the 

most densely populated areas in the world as they generally present the best 

conditions for productivity [11].  In coastal areas, fresh groundwater from inland 

sources mixes naturally with saline groundwater beneath the ocean floor to some 

extent. When the mixing of saltwater with freshwater beneath the surface occurs 

in an area that was previously fresh, the process is referred to as salinity 

intrusion. [1, 4] 

The fresh groundwater flows from inland areas towards the coast where 

elevation and water levels are lower. Because saltwater has a higher content of 

dissolved salts and minerals, it is denser than freshwater, causing it to have 

higher hydraulic head than freshwater. The saltwater and freshwater meet in the 

interface where mixing occurs through dispersion and diffusion.[2] Normally the 

inland extent of the saltwater wedge is limited because fresh groundwater levels, 

or the height of the freshwater column, increases as land elevation gets higher. 

The first physical formulations of saltwater intrusion were made by W. Badon-

Ghijben (1888, 1889) and A. Herzberg (1901), thus called the Ghyben–Herzberg 

relation. Thickness of fresh water zone below sea level, Z = 40 h represents 

Ghyben–Herzberg relation. The terms of relation is represented in Fig. 1.1. [9, 10] 

Fig. 1.1 Ghyben–Herzberg relation of saltwater intrusion [1, 10] 

Fig. 1.2 Upconing by extensive pumping [10] 
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The severity of salinity intrusion increases with decrease of ground water 
recharge and increase of water demand especially during summer season. [8] 
Fig. 1.2 represents the effect of higher abstracting of water as higher pumping 
rate on increase in threat of salinity intrusion, known by the name Upconing. 
Salinization of coastal aquifers is a function of the reduction of groundwater 
recharge and results in a reduction of fresh groundwater resources. [10] 

1.2   LOCATION OF STUDY AREA 

The study area is Kochi Corporation, situated in Ernakulam District, Kerala state, 
India. It spans over 94.88km2, with an estimated population of 5, 96,473 (2001 
Census). The population growth rate in Kochi has declined dramatically over the 
past three decades, due to the high literacy rate and various family planning 
programmes. [5 - 7] Kochi region is a fast growing urban agglomeration on the 
coast of Arabian Sea in India. Fig 1.3 gives the exact location and division map of 
Kochi Corporation. 

Fig. 1..3 Location & Divisional Map of Kochi Corporation 

1.3   EXPERIMENTAL INVESTIGATIOS 

Extend of the study area lies between 9°53’–10°03’N and 76°13’–76°20’E. Kochi 

corporation area is divided into 74 wards, out of which samples from 35 wards 
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are collected. Ward 29 & 30 are restricted area by Navy and other omitted wards 

are in the city center with maximum commercial establishments. Actual 

availability of usable water is much less than estimated, due to deterioration of 

water resources.  Well density of in other wards are at a rate of about 200/km2. It 

would mean that there is almost enough number of wells to cater to the water 

needs of residences. Yet, the water supply is woefully inadequate across the 

length and breadth of area. This is because the water is contaminated with 

excessive biological pollutants, chemical pollutants, presence of salinity etc. 

1.3.1   Chemical Analysis of Samples 

Salinity is the total concentration of all dissolved salts in water. While salinity 

can be measured by a complete chemical analysis, this method is difficult and 

time consuming. More often, salinity is not measured directly, but is instead 

derived from the conductivity measurement and its conversion to Total 

Dissolved Solids (TDS) based on standard based calibration. 

1.3.2   Application of Q-GIS for TDS Mapping 

The gradient mapping of TDS in the selected area was done in 5 steps:  

 Divisional Map of Kochi Corporation was Geo-referenced based on known 

Junctions in the area using Q-GIS.  

 The boundary of the area was isolated (Shape File).  

 Sampling stations were identified in the geo-referenced boundary based on 

Latitude and Longitude of each station.  

 Each stations were assigned with corresponding TDS values of different 

seasons in stages. 

 Gradation in Mapping was done by linear interpolation of the assigned data 

based on the specific sampling location. 

 The Final chart was interpolated and trimmed against shape file to get the 

TDS Gradation map Kochi Corporation. 

1.4   RESULTS AND DISCUSSIONS 

Climatic conditions of Kerala can be divided into 4 seasons—Winter, Summer, 

South-West Monsoon and North-East Monsoon. Winter season in Kerala starts 

from the later part of November lasting till the middle of February. Hot sunny 

day time and cool night time is the specialty of this season. Starting from March, 

temperature starts climbing and this marks the beginning of summer in Kerala. 

Summer season continues till the end of May or the beginning of June and is 

concluded with the outset of monsoons.  Southwest monsoon is the main rainy 

season in Kerala. Almost 85% of the rains received in Kerala is contributed by the 

monsoons. The southwest monsoon in Kerala lasts till the end of September. 

North East Monsoon is in the months of October and November  Heavy 

afternoon rains accompanied by thunder and lightening is the main characteristic 
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of the season. Days are warm and humid but there is not much variation in 

temperature.  Open well water samples taken from 35 wards of Kochi 

Corporation were analyzed for Total Dissolved Solids (TDS). Table 1.1 gives the 

TDS values of water samples during 4 different seasons of Kerala. Values clearly 

show an increase during winter and summer period, when the daytime 

temperature is high to have higher water demand and lowest range of 

precipitation to recharge the ground water. Lower TDS values during monsoon 

period clearly shows the restriction to salinity intrusion due to lower water 

demand and fresh water recharge to ground water table. 

Table 1.1 TDS values of well water samples taken at different seasons 

WARD 

NO 
     WARD NAME 

TDS (mg/L) 

July 2014 October 2014 January 2015 April 2015 

1 FORTKOCHI 840 428 465 878 

1 VYPIN 357 321 378 378 

2 KALVATHY 917 840 4846 4560 

3 ERAVELI 428 538 649 653 

5 MATANCHERY 428 392 523 560 

6 KOCHANGADI 465 286 541 392 

7 CHERALAYI 575 501 501 664 

8 PANAYAPPILLY 650 575 233 575 

9 CHAKAMADAM 364 687 432 428 

10 KARUVELIPPADY 428 392 582 575 

11 THOPUMPADY 353 286 446 332 

15 EDAKOCHI NORTH 328 279 314 286 

16 EDAKOCHI SOUTH 233 216 342 374 

17 PERUMPADAP 296 240 356 364 

18 KONAM 332 251 261 346 

20 NAMBYAPURAM 279 286 465 425 

25 CHULLICKAL 275 286 782 770 

26 NAZRATH 465 428 392 538 

27 FORTKOCHI VELI 392 612 465 446 

28 AMARAVATHI 538 465 501 519 

31 VADUTHALA 410 360 382 403 

37 EDAPPALY 282 251 279 261 

42 VENNALA 293 279 279 289 

49 VYTLA 202 202 209 212 

50 CHAMBAKKARA 314 328 339 332 

51 POONITHURA 328 328 340 335 

52 VYTILA JANATHA 279 279 314 328 

57 KADAVANTHRA 435 417 293 479 

58 KONTHURUTHY 317 300 356 356 

59 THEVARA 389 265 268 268 

60 PERUMANOOR 300 275 293 279 

61 RAVIPURAM 353 321 417 483 

68 AYYAPANKAVU 205 216 407 223 

67 ERNAKULAM NORTH 202 385 251 275 

69 THRIKKANARVATTAM 378 332 382 468 

70 KALOOR NORTH 385 353 356 428 

73 PACHALAM 472 367 346 457 
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1.4.1   TDS Mapping of Kochi Corporation Area using Q-GIS 

Kochi Corporation map was Geo-referanced using the Q- GIS software taking 
known Latitude and longitude of 4 Station in the area. Based on the Geo-
referenced Map of Kochi Corporation, Boundary of the area and relative 
locations of sampling stations were marked. Fig. 1.5 and Fig 1.6 represent the 
boundary of Kochi Corporation and the sampling location. Figures were plotted 
to their relative location based on latitude and longitude. Extend of the plot lies 
between 9.88°–10.06°N and 76.22°–76.34°E, at a grid of 0.02° x 0.02°. 

 
Fig.1.4 Kochi Corporation Boundary        Fig.1.5 Locations of Sampling Stations 

Sampling Stations were assigned with TDS values as attribute and mapping was 
done by linear interpolation. Extraction of interpolated map was done based on 
Boundary shape file to get the salinity gradient of ground water. Mapping was 
separately for different season. Fig. 1.6, Fig. 1.7, Fig.1.8 and Fig.1.9 represents the 
salinity levels of ground water during different seasons of year 2014-2015.  
Colour variations in different figures clearly shows the variation in salinity level 
at different seasons. Summer and winter season shows higher TDS levels 
compared to Monsoon period. A slight reduction in TDS levels at summer 
compared to winter due to the availability of Summer shower during March – 
May 2015. Fortkochi & Kalvathy area of Kochi Corporation Shows maximum 
level of Salinity Intrusion compared to other regions. These places are nearer to 
shore line and Clayey strata of Kochi region may be the reason for slow 
spreading of salinity into the interior regions of the area. Lower levels of salinity 
intrusion may be the effect of clayey soil strata even with the presence of larger 
number of tidal canals in Kochi. Heavy rainfall available during Monsoon 
season, effectively prevents intrusion of saline water to shallow aquifers of 
Kochi. 
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Fig.1.6 Salinity levels during July 2014    Fig.1.7 Salinity level during October 2014         

 

Fig.1.8 Salinity levels during January 2015    Fig.1.9 Salinity level during April 2015 
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1.5   CONCLUSIONS 

Kalvathy – Fort Kochi regions shows extreme increase, whereas other regions 

shows slight increase in salinity levels during non-monsoon period. Monsoon 

period in Kerala, effectively prevents the influence of salinity intrusion. Along with 

lower ground water recharge, the higher levels water demand activate the chances 

of Salinity intrusion. The clayey strata of Kochi region effectively prevents higher 

levels of salinity intrusion into the inland regions of Kochi, despite of the presence 

of large number tidal canals in the area. 
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The Microbial Desalination Cell (MDC) is an upcoming technology which 

integrates with the Microbial Fuel Cell (MFC) process. MDC provides electro 

dialysis for wastewater treatment, desalination and production of renewable 

energy. MDC possess considerable attention for desalination and wastewater 

treatment, due to free energy requirements and environmentally friendly 

technologies. This study is done by using coconut water as substrate and 

oxidizing agents are potassium permanganate and potassium dichromate. 

1.1   INTRODUCTION 

Although water is an abundant natural resource on the earth, 97% of it is 

seawater that cannot be directly used for drinking. A major limitation in the 

current desalination processes (membrane or thermal) is the high energy 

demand. In the past decade microbial fuel cells (MFCs) have emerged as a 

promising technology for simultaneous wastewater treatment and bioelectricity 

generation. MFCs modified to desalinate saltwater are known as microbial 

desalination cells (MDCs). MDCs are of great interest because this technology 

may address both wastewater treatment and water desalination in a single 

device through taking advantage of the energy content in wastewater. [2] 

1.1.1   Objective 

The present study aims at comparing desalination potential of MDC using 

potassium permanganate and potassium dichromate solution as oxidizing agent 

in the cathode chamber. Coconut water is used as substrate with addition of cow 

dung as the seed. The MDC effectiveness in varying of quantity of seeding and 

concentration of oxidizing agent  improving the capacity of desalination from 

base model of a MDC is the main objective.  
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1.2   PRINCIPLE  

Microbial desalination cells (MDCs) are derived from microbial fuel cells (MFCs). 

By installing an additional chamber between the anode and the cathode, an MFC 

is converted to an MDC with a function of desalination. While ionic imbalances 

are detrimental to the general operation of MFCs, the movement of ions across 

membranes during current generation provides a method for altering water 

chemistry in a manner that can be useful for achieving water desalination.[1] 

The concept of the MDC was first introduced in2009 by Cao et al. in a small-

scale (3 mL salt water capacity) and later scaled up by Jacobson et al. to create a 

large-scale MDC (~1 L salt water capacity). Bacteria growing on an electrode in 

the anode chamber oxidize organic substrates and result in the transfer of 

electrons, which intrigues the movement of cations from the middle chamber to 

the cathode chamber, and the migration of anions from the middle chamber to 

the anode chamber, while at the same time generating an electric current. [3] 

 

 

 

 

 

 

 

 

 

 

Fig. 1.1: Microbial Desalination Cell  

1.3    MATERIALS AND METHODOLOGY 

1.3.1   Materials 

Substrate: Coconut water seeded with cow dung  

Catholyte: Potassium permanganate and potassium dichromate diluted in 

distilled water was filled in the cathode chamber. 

Electrodes: Aluminium electrodes were used. A LED light will be soldered onto 

wires connecting the electrodes to detect current generation. Graphene or carbon 

cloths are generally used as electrodes but due to their non-availability a low cost 

material like aluminium was chosen. 

CEM, AEM: Membranes were preconditioned by immersion in a 0.5MNaCl 

solution overnight and rinsing in distilled water. 

1.3.2    MDC Configuration 

Three chambers of dimensions 5cm x 5cm x 5cm were screwed and sealed 

together with proton and anion exchange membranes in between. One as anode 
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chamber, one as cathode chamber and one chamber for salt solution were used. 

Anode Exchange Membrane next to the anode chamber and Cathode Exchange 

Membrane next to the cathode chamber were placed on either side of the salt 

solution chamber in between two washer sheets. 

1.3.3   Operation of microbial Desalination cell 

The study was carried out in stages in a batch reactor method with 4 days long 

experimentation for each cycle. Certain cycles were reduced to 3 days due to 

lowering of potential on the third day. Voltage, current and conductivity were 

measured at one hour intervals. Voltage and current measured using a 

multimetre and conductivity in water quality analyzer. Initial COD of the sample 

during the beginning of the study and final COD values after 4 days from each 

setup was found using standard procedure. 

1.3.4   Stage 1: Effect of change in F/M ratios in anodic chamber with 

KMnO₄ as the oxidizing agent 

. The coconut water was diluted to 12.5% using distilled water. Anode chamber 

was filled with diluted coconut water with was seeded with varying F/M ratio of 

60:0, 60:2, 60:4 and 60:6 which is maintained under anaerobic condition. The salt 

water was prepared using NaCl at a concentration of 3000mg/l. Potassium 

permanganate of concentration 500mg/l is used as the oxidizing agent.  

1.3.5   Stage 2: Effect of concentration of KMnO₄ as the oxidizing agent 

. The coconut water was diluted to 12.5% using distilled water. Anode chamber 

was filled with diluted coconut water with F/M ratio of 60:6 which is maintained 

under anaerobic condition. The salt water was prepared using NaCl at a 

concentration of 3000mg/l. Potassium permanganate of concentrations 0mg/l, 

200mg/l, 400mg/l, and 600mg/l is used as the oxidizing agent.  

 

1.3.6   Stage 3: Effect of change in F/M ratios in anodic chamber with 

K₂Cr₂O₇ as the oxidizing agent 

. The coconut water was diluted to 12.5% using distilled water. Anode chamber 

was filled with diluted coconut water with was seeded with varying F/M ratio of 

60:0, 60:2, 60:4 and 60:6 which is maintained under anaerobic condition. The salt 

water was prepared using NaCl at a concentration of 3000mg/l. Potassium 

dichromate of concentration 500mg/l is used as the oxidizing agent.  
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1.3.7   Stage 4: Effect of concentration of K₂Cr₂O₇ as the oxidizing agent 

Each setup has different concentration of Potassium dichromate. The coconut 

water was diluted to 12.5% using distilled water. Anode chamber was filled with 

diluted coconut water with F/M ratio of 60:6 which is maintained under 

anaerobic condition. The salt water was prepared using NaCl at a concentration 

of 3000mg/l. Potassium dichromate of concentrations 0mg/l, 200mg/l, 400mg/l, 

and 600mg/l is used as the oxidizing agent. 

1.4   RESULTS AND DISCUSSIONS 

1.4.1   Varying F/M Ratios in Anodic Chamber with KMnO₄ the Oxidizing 

Agent 

 
 

 
 

 

 
Fig 1.4 Percentage reductions in COD Vs F/M ratio graph  

 

The maximum daily average power was obtained as 0.188 mW and electric 

conductivity as 5.340mS when F/M ratio was 60:6. Similarly maximum COD 

Fig. 1.2 Graph showing power 

versus time for different F/M 

ratios  
 

Fig. 1.3 Graph showing electric 

conductivity versus time for 

different F/M ratios  
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reduction for a period of 4days was 28.8% when F/M ratio was 60:6. Thus the 

optimized F/M ratio for maximum power and COD reduction was 60:6 when 

oxidizing agent is potassium permanganate. 

1.4.2   Varying Concentration of KMnO₄ as the Oxidizing Agent 

 

  
 

 
 
 
 
 
 

 
 

Fig. 1.7 Percentage reductions in COD Vs KMnO4 concentration graph 

 

The maximum daily average power was obtained as 0.054 mW and electric 

conductivity as 6.923mS when potassium permanganate concentration was 600 

mg/l. Similarly maximum COD reduction for a period of 4days was 20.5%. Thus 

Fig. 1.5 Graph showing power 

versus time for different Conc of 

KMnO4 
 

Fig. 1.6 Graph showing electric 

conductivity versus time for 

different Conc of KMnO4 
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the optimized potassium permanganate concentration for maximum power and 

COD reduction was 600 mg/l. 

1.4.3   Varying F/M Ratios in Anodic Chamber with K₂Cr₂O₇ as the Oxidizing 

Agent 

  
 

 

 
 
 

 

Fig. 1.10 Graph showing Percentage reductions in COD Vs F/M ratio 

 

The maximum daily average power was obtained as 0.01 mW and electric 

conductivity as 6.339mS when F/M ratio was 60:2. Similarly maximum COD 

reduction for a period of 4days was 25.1% and 25.3% when F/M ratios are 60:2 and 60:4 

respectively. Thus the optimized F/M ratio for maximum power and COD 

reduction was 60:2 when oxidizing agent is potassium dichromate. 

 

FFig. 1.8 Graph showing power 
versus time for different F/M 
ratios 

FFig. 1.9 Graph showing electric 
conductivity versus time for 
different F/M ratios 
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1.4.4   Varying Concentration of K₂Cr₂O₇ as the Oxidizing Agent 

 

  

 

 
 

 
 

 
 

Fig 1.13 Percentage reductions in COD Vs K2Cr2O7 concentration graph 

 

The maximum daily average power was obtained as 0.017 mW and electric 

conductivity as 5.823mS when potassium dichromate concentration was 400 

mg/l. Similarly maximum COD reduction for a period of 4days was 44.8% when 

potassium dichromate concentration was 400 mg/l. Thus the optimized 

potassium dichromate concentration for maximum power and COD reduction 

was 400 mg/l. 

 

 

Fig. 1.11 Graph showing power 

versus time for different 

concentrations of K2Cr2O7 
 

Fig. 1.12 Graph showing electric 

conductivity versus time for 

different concentrations of 

K2Cr2O7 
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1.5   CONCLUSIONS 

The study was to optimize the F/M ratio in the anodic chamber when the 

oxidizing agents were potassium permanganate as well as potassium 

dichromate. From the results obtained, 60:6 F/M ratio gave the optimum output 

when potassium permanganate was the oxidizing agent and 60:2 F/M ratio gave 

the optimum output when potassium dichromate was the oxidizing agent. The 

second objective was to optimize the concentration of the potassium 

permanganate and the concentration of the potassium dichromate. From the 

results obtained, 600mg/l concentration gave the optimum output when 

potassium permanganate and 400mg/l for potassium dichromate. Similarly 

electric conductivity also gave better result when potassium permanganate as the 

oxidizing agent.  

 

From the study, it was concluded that potassium permanganate is the better 

oxidizing agent than potassium dichromate giving more output power. This 

might be because microbial activity will be in such a rate to release so much of 

hydrogen ions to increase the output proportionately. 
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Solar energy has the greatest potential of all the sources of renewable energy. 

Solar distillation is the process of conversion of condensation. In areas where 

solar radiation is abundant, such a distillation process can be employed, that has 

the impure brackish or saline water into potable drinking water. It is a procedure 

wherein brackish or saline water is fed into the system and more volatile solvents 

leave the effluent leaving the salty solute behind. The structure that houses this 

process is called a solar still and they work on the basic principle of evaporation 

and capability to replace fossil fuels by using solar energy for the purification of 

brackish or saline water making the entire process environmental friendly. The 

productivity of a solar still is influenced by its environmental, design and 

operational parameters which has immense significance during its operation. 

The main objective of this study is to optimize the productivity of the still by 

considering various parameters during its operation. These parameters include 

determination of optimum water depth in the still, increasing the still 

productivity by use of heat storage and phase change materials and other low 

cost and energy efficient methods.  

1  INTRODUCTION 
 

The growing need for energy and fast run out of non-renewable energy sources 

has placed an ever growing demand on renewable energy sources for various 

applications. Energy and water are those which are essential for mankind and 

have a great influence on the socioeconomic development of a nation. Of all the 

renewable energy sources, solar energy offers a promising solution to secure 

power and potable water for future generation. Use of renewable solar energy 

can help reduce significantly the dependence on non-renewable energy sources 

that are scarce. 

     Along with energy, availability of pure drinking water is one of the major 

concerns today. About 70% of the earth’s surface is covered with water and 

about 97% of water on earth is saline, leaving only 3% as fresh water in the form 

of ice, ground water, lakes and rivers. Only 1 % of world’s fresh water resources 

are available for direct human use which is renewed by rain and snowfall and is 
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therefore available on a sustainable basis [1]. Globally, problems due to lack of 

freshwater is increasing at an alarming rate. Many processes which are available 

for the purification of water include reverse osmosis, vapor compression 

distillation, electrolysis which is highly energy intensive and expensive. Solar 

distillation is one of the techniques for water purification wherein solar energy is 

used for the conversion of saline or brackish water into potable water. Thus solar 

desalination systems have low operating costs and maintenance cost as 

compared to other desalination techniques[3]. The process of solar distillation is 

carried out in devices known as solar stills, which work on the basic principle of 

evaporation and condensation. Solar stills are capable of removing many 

impurities ranging from various salts to microorganisms and yield distilled 

water. Solar stills are broadly classified into two categories, namely active solar 

still and passive solar still. Passive solar stills are those which are simple in 

construction, operation and smaller in size. Passive solar stills rely solely on the 

available solar energy to purify water and hence are less costly and energy 

intensive. Whereas active solar stills are similar in construction to that of passive 

solar stills and they are equipped with additional collectors or condensers to 

enhance the still productivity. Active stills are much more efficient and costlier 

than passive stills and the productivity of such stills are also higher as compared 

to that of passive stills. Passive solar still and active solar still is shown in figure 

1.1 and 1.2 respectively[2]. 

 

 

Fig 2.1 Passive solar still 
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Fig 2.2 Active solar still 

1.1 Operation of solar still 

The operation of a conventional solar still is similar to that of natural 

hydrologic cycle, which includes two main processes namely evaporation and 

condensation.  The brackish water is fed into the still basin which is coated 

with a black paint. The transparent glass cover provided on top of the still 

passes the incident solar radiation which is absorbed by blackened basin 

plate. The glass cover so provided also helps in retaining the heat inside the 

still chamber .Consequently, the basin water gets heated up and starts 

evaporating and forms water vapor. Water vapor rises up towards the cooler 

inner side of the glass cover, where they condense to form a thin film of pure 

water and the salt and microbes present in the brackish water are left behind.  

Under the effect of gravity, the condensed water moves down towards the 

bottom along the cover surface into the condensate channel, from where it is 

fetched by a tube into a collection container [2]. 

 

2 METHODOLOGY 

2.1 Design of solar still 

A solar still is designed and constructed in order to obtain maximum still 

productivity under various operating conditions of the still. The entire body of 

solar still is constructed from stainless steel and is designed to have a base area of 

60cmx60cm. The total height of the still is kept as 50cm and height of the shorter 

side is kept at 15cm. The stainless steel sheet used for construction has a 

thickness of 1.5 mm.  A transparent glass cover is provided on top of the still at a 

sloping angle of 30o and the thickness of the glass cover is 3 mm . The bottom of 
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the still is coated with black paint so as absorb the maximum possible incoming 

solar radiation which in turn can accelerate the rate of heating of water inside the 

still. An inlet hole for feeding in the brackish water into the still is provided at its 

rear end. Also an outlet pipe for draining out the remaining water flushing out 

the salts left behind is provided at one of the bottom corner of the still. An 18 mm 

diameter hole is drilled on one of the side walls near the top end of the still basin 

so to enable the temperature measurement of the water inside the still. A channel 

made of PVC is provided such that the condensed water slipping on the glass 

surface moves downward and falls into this channel under the effect of gravity. 

The water so collected is drawn out into a plastic container using a tube. The 

solar still is supported on a thermocole at the base having a thickness of 15 cm 

[4].Detailed dimension of the still basin is given below in table 2.1 

 

Table 2.1 Dimension of still basin 

 

 

The designed solar still is shown in figure 2.1. And 2.2 

 

 
Fig 2.1Solar still (Front view) 

 

 

Length L, of the still basin 60 cm 

Breadth B, of the still basin 60 cm 

Total height H, of the still basin 50cm 

Height h, at the shorter side of the still basin 15 cm 

Slope of the glass pane 30o 
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Fig 2.2 Solar still (rear view) 

2.2 Determination of optimum water depth 

 

The water depth in the still basin is a design parameter of paramount importance 

and has a significant effect on the output productivity of the solar still. Water depth 

in the still is an important parameter determining the evaporation rate, basin water 

temperature and hence the still productivity. The experiment to determine the 

optimum depth was carried out in the month of November and December. By 

varying the depth of brackish water from 4cm to 10 cm, the still was operated to 

evaluate the production efficiency of the still. The concentration of brackish water 

fed into the still is kept as 5 g/l on all days. 

 

2.3 Determination of still productivity 

 

2.3.1Experimental set up 1: Using sodium sulfate as phase change material 

The production efficiency of still is determined by varying the concentration of 

sodium sulfate solution added to the still every day. The depth of water in the still 

is kept at the optimum depth of 5cm determined previously on all days during the 

operation of the still. The concentration of brackish water fed into the still is 5 g/l 

on all days. The measurement of ambient temperature and that of the brackish 

water inside the still are also made at regular intervals. The temperature 

measurements are made at an interval of 2 hours starting from 9 a.m. until 

morning and terminated at 5 p.m. in the evening. The total dissolved solids ( TDS) 

of the inlet feed is measured before the commencement of operation of the still and 

that of the output distillate water obtained is measured next day morning. The 

experimental setup is a 24 hour distillation process wherein the output 

productivity of the still could be determined after a period of 24 hours. The 
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experiment was conducted during the month of mid-January and February. 

 

2.3.2 Experimental set up 2: 

 

In this experimental setup, the maximum productivity of a solar still that could 

be obtained from a single setup using sodium sulfate as phase change material 

on a continuous basis was evaluated. The concentration of sodium sulfate 

solution was kept at a constant value of 8 g/l continuously for 6 days. 

3 RESULTS AND DISCUSSIONS 

3.1 Optimum depth 

 

Table 3.1 Observation 1 

Determination of optimum depth 

Sl.No Date Day Concentration of 

brackish water( 

g/l) 

Depth of 

water 

in still ( 

cm) 

 

Volume of 

inlet 

feed(l) 

1 25/11/2016 Friday 5 10 36 

2 26/11/2016 Saturday 5 8 28.8 

3 8/12/2016 Thursday 5 6 21.6 

4 9/12/2016 Friday 5 4 14.4 

5 10/12/2016 Saturday 5 5 18 

6 12/12/2016 Monday 5 7 25.2 

7 13/12/2016 Tuesday 5 9 32.4 
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Table 3.2 Variation of distilled water obtained with depth 

Sl.No Depth of 

water in 

still(cm) 

Volume of 

distilled water 

obtained(ml) 

Productivity 

(l/m2)of 

still basin 

1 4 150 0.42 

2 5 360 1.00 

3 6 286 0.80 

4 7 260 0.72 

5 8 230 0.64 

6 9 190 0.53 

7 10 220 0.61 

 

 

Figure 3.1 shows the variation of productivity of solar still with depth. 

 

 
Fig.3.1 Variation of distilled water obtained with depth 

 

 From figure 31 it can be concluded that water productivity varies inversely with 

 water depth. The maximum productivity from the still was obtained when the 

depth of water in the still was 5 cm. When the water depth in the still was 

increased above 5 cm, the water volume increased and hence the volumetric 

heat capacity is more and this increase in volumetric heat capacity will reduce 

the basin water temperature. Thus a reduction in output distillate was observed. 
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Also when the water depth was reduced below 5cm, there was a reduction in 

the output distillate obtained. At a minimum water depth, the heat capacity of 

water mass is low, resulting in higher water temperature. Hence the 

evaporation rate is higher, which in turn enhances the still productivity. 

Climatic and meteorological factors also have a significant effect on the still 

productivity. 

3.2 Still productivity 

Table 3.3 Observation 2 

 

Sl.No Depth of 

water in 

still(cm) 

Concentratio

n of 

sodium 

sulfate 

solution(g/

l) 

Weight of 

sodium 

sulfate(g) 

Concentrati

on of 

brackish 

water(g/l

) 

Volume of 

inlet 

feed(l) 

 

1 5 1 18 5 18 

2 5 2 36 5 18 

3 5 3 54 5 18 

4 5 3 54 5 18 

5 5 0.5 9 5 18 

6 5 4 72 5 18 

7 5 5 90 5 18 

8 5 0 0 5 18 

9 5 10 180 5 18 

10 5 8 144 5 18 

11 5 12 216 5 18 
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Table3.4 Variation of output distillate obtained with the concentration of sodium 

sulfate solution 

 

Concentration 

of sodium 

sulfate 

solution(g/

l) 

Volume of 

distilled 

water 

obtained 

(ml) 

Productivity 

(l/m2) of 

still basin 

0.5 200 0.56 

1 170 0.47 

2 230 0.64 

3 210 0.58 

4 294 0.82 

5 330 0.92 

8 360 1.00 

10 320 0.89 

11 340 0.94 

   

 
 

Fig 3.2 variation of output distillate with concentration of sodium sulfate 

solution 
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From the figure 3.2 it is observed that maximum still productivity is 1litre per meter 

square of still basin, obtained at 8g/l concentration of sodium sulfate solution. At 

very low concentration of sodium sulfate solution in the still, there is no significant 

increase in the still productivity, which implies the heat storage capacity of sodium 

sulfate at low concentrations is insignificant. When the concentration was increased 

further beyond 8g/l, a decrease in productivity was observed. This is because at a 

higher concentration, salinity of sodium sulfate adds further the concentration of the 

inlet brackish water in the still; also the heat storing capacity of sodium sulfate is not 

utilized fully which in turn resulted in reduced productivity of the still.  

 

Table 3.5 TDS of output distillate obtained at various concentration of sodium 

sulfate solution 

 

Concentration 

of sodium 

sulfate 

solution(g/

l) 

TDS of 

inlet 

feed 

(ppm) 

TDS of 

output 

distillat

e 

(ppm) 

0.5 5715.20 173.44 

1 5351.04 122.88 

2 5665.92 102.40 

3 5702.40 494.70 

4 5376.00 417.28 

5 5446.40 148.48 

8 5587.20 344.96 

10 5907.20 260.48 

11 7590.40 284.80 

  

From the results obtained it is observed that the TDS of output distillate obtained 

after solar distillation is reduced to an acceptable level of less than 500ppm from 

5000ppm, the TDS of brackish water fed into the still. According to the drinking 

water standards, acceptable limit of TDS in drinking water is 500ppm and 

permissible limit is 1000 ppm. From table 3.5, it is clear that TDS of output 

distillate obtained in all cases is within the limit and hence the water is potable. 
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Table 5.6 cumulative volume of distilled water obtained 

 Volume of 

distilled 

water 

obtained

(ml) 

Cumulative 

volume 

obtained (l) 

Product

ivity 

(l/m2) 

of 

still 

basin 

Day 1 200 0.20 0.61 

Day 2  350 0.55 1.53 

Day 3 380 0.93 2.58 

Day 4 280 1.21 3.36 

Day 5 200 1.41 3.92 

Day 6 210 1.61 4.47 

 

 

Fig 3.3 Variation of output distillate obtained with days 

From the observations, it was analyzed that distillate output obtained from the 

solar still increased from day 1 to day 3 under the same operating parameters of 

the still, but with a varying climatic and meteorological factors from day to day. 

The total output distillate obtained after day 3 is 0.93 ml. After day 3, the output 

distillate obtained shows a declining trend, with a very negligible variation in the 

output obtained on day 5 and day 6; meteorological and climatic factors being 

different on all the days. The decrease in the output distillate obtained after day 3 

is due to the increase in concentration of brackish water retained inside the still, 

with the number of days. Thus maximum productivity of the still after 3 days of 

operation is 2.58 l/m2 area of the still basin. 
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Fig 3.4 Cumulative volume of output distillate obtained with days 

 

From figure it is observed that, cumulative volume of output distillate 

obtained after 3 days is 0.93 litres and that obtained after 6 days is 1.6 litres. 

The maximum still productivity after 6 days of operation is 4.47 l/m2 area of 

the still basin. 
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Due to the growing depletion of fossil fuels, there is a global interest in 

developing sustainable and environmental friendly forms of energy. Microbial 

fuel cells (MFC) have the potential to convert biomass directly into electricity. 

The purpose of this research project was to potentialy replace the hazardous 

potassium ferricyanide using potassium permanganate and potassium 

dichromate as the oxidizing agent in microbial fuel cell. This study also focuses 

on factors affecting the performance of microbial fuel cell such as F/M ratio in 

the anodic chamber and concentration of the oxidzing agent. 

Keywords: Microbial fuel cell; cow dung; power; COD removal; potassium 

permanganate; potassium dichromate 

1.1   INTRODUCTION 

Electricity can be produced from readily biodegradable organic matter; this can 

also degrade organic matter which will further reduce the water pollution. 

Microbial fuel cell also known as biological fuel cell is a device generating 

electricity from readily biodegradable organic matter by degradation of organic 

matter.  

MFCs have the advantage of producing electricity with reduced amounts of 

sludge production, cost effective operation and ability to operate under ambient 

environmental conditions. MFCs do not require any energy input for aeration. 

The potential of MFCs is enormous since this new technology has important 

operational and functional advantages over the current technologies used for 

generating energy from organic matter [1] 

1.1.1   Principle 

The basic MFC design consists of an anode, a cathode, a proton exchange 

membrane (PEM) and an electrical circuit, as shown in Fig. 1.1. In an MFC, 

bacterial community present in the anode compartment uses organic substrates 

as fuels to produce electrons and protons through biological processes. Bacteria 

transfer these electrons to anode from where electrons reach the cathode through 
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an external electrical circuit, thus producing electric current, which is measured 

by a voltmeter or ammeter connected to the device. The protons generated are 

diffused through the PEM to the cathode and subsequently combine with the 

electrons and oxygen to form water. The anode compartment is typically 

maintained under anaerobic conditions as oxygen inhibits electricity generation 

whereas the cathode is exposed to oxygen. The power output depends on proton 

transfer from anode to cathode [2].  

 

Fig. 1.1: Microbial Fuel Cell [2] 

 

1.2    OBJECTIVE 

 

The most commonly used oxidizing agent in cathodic chamber of microbial fuel 
cell is potassium ferricyanide. Potassium ferricyanide is a poisonous chemical 
and it is very difficult to handle the chemical. Therefore the aim of this research 
project is to modify or potentially replace potassium ferrocyanide using other 
oxidizing agent such as potassium permanganate and potassium dichromate. 
Optimize factors affecting the oxidizing potential of oxidizing agent such as 
concentration of oxidizing agent. Also to optimize the F/M ratio in the anodic 
chamber using cow dung as the seed for which maximum power density and 
COD removal is obtained. 

1.3   MATERIALS AND METHODOLOGY 

The materials used for the study and the methods followed for optimizing 
various parameters are discussed in this section. 

1.3.1   Sample collection and seeding 

The substrate used in this study was coconut water which was freshly collected 
from the college canteen. Seeded substrate was added to the anodic chamber. 
Cow dung was used for seeding the sample. Seeding was prepared by adding 1 g 
cowdung and 0.1g yeast in 200 ml fresh coconut water. The seeding thus 
prepared was kept under anaerobic condition for 1 day and is then added to 1 L 
fresh coconut water which was then used to fill the chambers. 
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1.3.2   MFC Configuration 

The basic setup was a double chambered cell which consists of two chambers, an 

anodic and a cathodic chamber of dimensions 5 cm x 5 cm x 5 cm each of 

capacity 125 ml. Both chambers had an opening of 3 cm diameter on one side 

which was screwed and sealed together with a proton exchange membrane in 

between for the transfer of protons from anodic chamber to cathodic chamber. 

Aluminium sheet size 5cm × 5cm was used for the anode and cathode. Both the 

anodic and cathodic compartments were tightly sealed, and no addition or 

removal of solution from the system occurred throughout the full operation. 

1.3.3   Cation exchange membrane 

It has high permselectivity with low permeability, wide range of chemicals and 

temperature stability and exceptional mechanical strength. As name suggests, it 

only allows the movement of protons through it. However, it is not available in 

India. It’s been bought from Membrane International,USA. 

1.3.4   Operation of microbial fuel cell 

All the following different stages were performed in batch mode operation of 

double chambered MFC. Voltage and current readings were taken each day and 

average values of each day computed. Voltage and current values were 

measured from the external circuit using a digital multimeter. To calculate the 

treatment efficiency, COD values are computed before the seeded sample is 

added into the chamber and after the test duration of 4 days. COD was 

determined using open reflux method. 

1.3.5   Stage 1: Effect of change in F/M ratios in anodic chamber with 
potassium permanganate as the oxidizing agent 

The first stage of MFC operation was to optimize the F/M ratio of seeding used 

for anaerobic degradation. The seed was prepared by adding cow dung into 

fresh coconut water which was kept anaerobic condition for 1 day. Potassium 

permanganate of concentration 2000mg/l was used as the oxidizing agent. The 

experimental setup for studying the effect of change in F/M ratio consisted of 4 

different double chambered microbial fuel cells with varying F/M ratio of 60:0, 

60:2, 60:4 and 60:6 which is maintained under anaerobic condition and graphs 

plotted to obtain the maximum F/M ratio at which optimum power generation 

takes place.  

1.3.6   Stage 2:  Effect of concentration of potassium permanganate as the 
oxidizing agent  

The second stage of MFC operation was to optimize the concentration of the 

potassium permanganate used in the cathode chamber. Anode chamber was 
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filled with coconut seeded water with cow dung having optimized F/M ratio 

which is maintained under anaerobic condition. The concentration of oxidizing 

agent in each setup was varied as 0mg/l, 1000mg/l, 2000mg/l, and 3000mg/l to 

study its effect on power output and COD reduction. Graphs plotted to obtain 

the maximum concentration at which optimum power generation takes place.  

1.3.7   Stage 3: Effect of change in F/M ratios in anodic chamber with 
potassium dichromate as the oxidizing agent 

The third stage of MFC operation was to optimize the F/M ratio of seeding used 

for anaerobic degradation where potassium dichromate was the oxidizing agent 

used throughout the study. The seed was prepared by adding cow dung into 

fresh coconut water which was kept anaerobic condition for 1 day. Potassium 

dichromate of concentration 2000mg/l is used as the oxidizing agent. The 

experimental setup for studying the effect of change in F/M ratio consisted of 4 

different double chambered MFCs with varying F/M ratio of 60:0, 60:2, 60:4 and 

60:6 which is maintained under anaerobic condition and graphs plotted to obtain 

the maximum F/M ratio at which optimum power generation takes place.  

1.3.8   Stage 4: Effect of concentration of potassium dichromate as the 
oxidizing agent  

The fourth stage of MFC operation was to optimize the concentration of the 

potassium dichromate used in the cathode chamber. Anode chamber was filled 

with seeded coconut water with cow dung having optimized F/M ratio in stage 

3 which is maintained under anaerobic condition and the oxidizing agent used in 

the cathode chamber was potassium dichromate. The concentration of oxidizing 

agent in each setup was varied as 0mg/l, 1000mg/l, 2000mg/l, and 3000mg/l to 

study its effect on power output and COD reduction. Graphs plotted to obtain 

the maximum concentration at which optimum power generation takes place.  

1.4   RESULTS AND DISCUSSIONS 

The results obtained from 4 different stages carried out in this study and 
discussions & conclusions made from these results are as follows. 

1.4.1    Varying F/M Ratios in Anodic Chamber with Potassium 
Permanganate as the Oxidizing Agent 

The experimental setup for studying the effect of change in F/M ratio in anodic 

chamber consisted of four different double chambered MFCs having four 

different F/M ratios when potassium permanganate was the oxidizing agent. 

Fig. 1.2 and Fig. 1.3 show output power and COD reduction of various F/M 

ratios. 
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Fig. 1.2 Graph showing power versus time for different F/M ratios using 

potassium permanganate as the oxidizing agent 

 
Fig 1.3 Percentage reductions in COD Vs F/M ratio graph using potassium 

permanganate as the oxidizing agent 

 

The maximum daily average power was obtained as 0.105 mW when F/M ratio 

was 60:4. Similarly maximum COD reduction for a period of 4days was 47.8% 

both when F/M ratios are 60:4 and 60:2. Thus the optimized F/M ratio for 

maximum power and COD reduction was 60:4 when oxidizing agent is 

potassium permanganate. 

1.4.2   Varying Concentration of Potassium Permanganate as the Oxidizing 
Agent 

The optimum F/M ratio in anodic chamber was found to be 60:4 for which 

maximum output was obtained along with optimum COD reduction. Therefore 

the second stage was carried out by taking the same F/M ratio for all the cells 

with variation of concentration of the potassium permanganate in cathodic 

chamber in each cell. The concentration of oxidizing agent in each setup was 

varied to study its effect on power output and COD reduction. Fig. 1.4 and Fig. 

1.5 show output power and COD reduction of various F/M ratios. 
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Fig. 1.4 Graph showing power versus time for different concentrations of 

potassium permanganate 

 

Fig. 1.5 Percentage reductions in COD Vs potassium permanganate 

concentration graph 

 

The maximum daily average power was obtained as 0.259 mW when potassium 

permanganate concentration was 3000 mg/l. Similarly maximum COD reduction 

for a period of 4days was 46.8% when potassium permanganate concentration 

was 3000 mg/l. Thus the optimized potassium permanganate concentration for 

maximum power and COD reduction was 3000 mg/l.  

1.4.3    Varying F/M Ratios in Anodic Chamber with Potassium Dichromate 
as the Oxidizing Agent 

The experimental setup for studying the effect of change in F/M ratio in anodic 

chamber consisted of four different double chambered microbial fuel cells with 

different F/M ratio when potassium dichromate was the oxidizing agent. F/M 

ratio in anodic chamber in each setup was varied to study its effect on power 

output and COD reduction. Fig. 1.6 and Fig. 1.7 show output power and COD 

reduction of various F/M ratios. 
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Fig. 1.6 Graph showing power versus time for different F/M ratios using 

potassium dichromate as the oxidizing agent 

 

Fig. 1.7 Percentage reductions in COD Vs F/M ratio graph using potassium 

dichromate as the oxidizing agent 

 

The maximum daily average power was obtained as 0.017 mW when F/M ratio 

was 60:2. Similarly maximum COD reduction for a period of 4days was 55.8% 

when F/M ratios are 60:2. Thus the optimized F/M ratio for maximum power 

and COD reduction was 60:2 when oxidizing agent is potassium dichromate. 

1.4.4   Varying Concentration of Potassium Dichromate as the Oxidizing 
Agent 

The optimum F/M ratio in anodic chamber was found to be 60:2 for which 

maximum output was obtained along with optimum COD reduction. Therefore 

the fourth stage was carried out by taking the same F/M ratio for all the cells 

with variation of concentration of the potassium dichromate in cathodic chamber 

in each cell. The concentration of potassium dichromate in each setup was varied 

to study its effect on power output and COD reduction. Fig 3.7 and Fig 3.8 shows 

output power and COD reduction of various F/M ratios. 
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Fig. 3.7 Graph showing power versus time for different concentrations of 

potassium dichromate 

 

Fig 3.8 Percentage reductions in COD Vs potassium dichromate concentration 

graph 

 

The maximum daily average power was obtained as 0.020 mW when potassium 

dichromate concentration was 3000 mg/l. Similarly maximum COD reduction 

for a period of 4days was 41.3% when potassium dichromate concentration was 

3000 mg/l. Thus the optimized potassium dichromate concentration for 

maximum power and COD reduction was 3000 mg/l. 

1.5   CONCLUSIONS 

The first objective was to optimize the F/M ratio in the anodic chamber when the 

oxidizing agents were potassium permanganate as well as potassium 

dichromate. From the results obtained, 60:4 F/M ratio gave the optimum output 

when potassium permanganate was the oxidizing agent and 60:2 F/M ratio gave 

the optimum output when potassium dichromate was the oxidizing agent. As 

increase in the volume of seed added in anodic chamber, there will more 

microbes present for the anaerobic degradation of substrate which increases the 
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electrons and protons produced in the chamber which increases the power 

density and COD removal. The reduction in power density and COD removal 

after 60:4 and 60:2 with KMnO4 and K2Cr2O7 as oxidizing agents respectively 

might be because with further increase in volume of seed  increases microbes 

which would result in faster rate of acidogenesis producing more and more H+ 

ions which retards methanogenesis as bacteria cannot survive in highly acidic 

condition. 
The second objective was to optimize the concentration of the potassium 
permanganate and the concentration of the potassium dichromate. From the 
results obtained, 3000mg/l concentration gave the optimum output both for 
potassium permanganate and potassium dichromate. With the increase in 
concentration, the voltage and current values increased. The increase in output 
with increase in concentration might be due to the fact that more oxygen was 
available in the cathodic chamber to oxidize hydrogen ions which allowed the 
migration of H+ more readily resulting in a complete circuit which produces 
maximum output.  

From the study, it was concluded that potassium permanganate is the better 

oxidizing agent than potassium dichromate giving more output power. This 

might be because of greater reduction potential of permanganate (MnO4
-) with 

higher oxidation state of +7 than dichromate (Cr2O7
2-) with lesser oxidation state 

of +6. The permanganate and dichromate have electrode potential value of 

+1.52V and +1.33V respectively. 

References 

1. F.J. Hernández-Fernández, A. Pérez de los Ríos, M.J. Salar-García, V.M. Ortiz-

Martínez, L.J. Lozano-Blanco, C. Godínez, F. Tomás-Alonso and J. Quesada-Medina 

(2015) Recent progress and perspectives in microbial fuel cells for bioenergy 

generation and wastewater treatment, Fuel Processing Technology 138 (2015) 284–

297. 

2. Padma Sengodon and Dirk. B. Hays (2012) Microbial Fuel Cells Department of Soil 

and Crop Sciences, Texas A&M University, College Station, Texas – 77843. 



 
 
 
 

Chapter One 

Jarofix as partial replacement of fine 

aggregate in concrete 

Santhosh.Ga, and Beena K.S. 

 
Department of Civil Engineering, School of Engineering, CUSAT, Kochi, Kerala, India. 
asanthoshg@scmsgroup.org 

As a construction material, concrete is the largest production of all other 
materials. Aggregates are the important constituents in concrete. Due to high 
demand of concrete in construction industry, huge amount of natural materials 
are required and it leads to shortage of these materials. At the same time the 
accumulation of industrial waste faces serious problems of handling and 
disposal all over the world.  The effective utilization of these industrial wastes is 
the focus of present study. If the waste materials are found suitable in replacing 
the components of concrete, it can reduce the cost of construction as well as 
provide a safe method of disposal. In the present study, an industrial waste by-
product from zinc manufacturing, namely  Jarofix, is used in effectively replacing 
fine aggregate in concrete. The strength characteristics of concrete such as 
compressive strength, split tensile strength and flexural strength were studied  
with 10%, 20%, 30%, 40% and 50% of Jarofix replacing fine aggregate. The study 
reveals that when 10% of fine aggregate is replaced with jarofix, the strength of 
concrete is improved.    

1.1   INTRODUCTION 

Concrete is important and the most widely used construction material in the 
world. Due to increasing industrialization and urbanization, the construction 
activities increased in many fold and huge amounts of natural resources are 
utilized to make concrete. The choice of aggregate is important, and their quality 
plays a great role in strength of concrete. We generally prefer the fresh sources 
for construction materials like cement, coarse aggregate, fine aggregate etc. The 
fine aggregate fills the pores of concrete and make it denser to take high 
compressive force. The worldwide consumption of sand as fine aggregate in 
concrete production is very high. So, there is large demand for alternative 
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materials for fine aggregates in construction industry.  
 
Though the industrialization improves the living standards of the people 
surrounding, in many cases, there is a great concern about the pollution due to it.  
All over the world, huge quantities of hazardous wastes are generated during 
different industrial processes. Presently in India, about 960 million tonnes of 
solid waste is being generated annually as by-products during industrial, 
mining, municipal, agricultural and other processes. Of this 4.5 million tones are 
hazardous in nature and faces serious problems of handling and disposal [6]. The 
productive use of these solid waste materials is the best way to reduce the 
problems associated with their disposal. 
 
 To promote environmental sustainability of the concrete industry by reducing 
the usage of natural raw materials, the utilization  of industrial wastes  can be 
considered as an alternative. One such industrial waste is that from zinc 
industries which are releasing large quantity of jarosite as solid residues. Jarosite 
is a by-product of hydro-metallurgical process, used for production of zinc and 
lead. It is acidic in nature.  The presence of toxic substances like zinc, lead, 
cadmium, copper and other metallic and non-metallic oxides which are 
susceptible to leaching makes jarosite in hazardous category.  Thus, its world-
wide disposal has become a major environmental concern. When Jarosite is 
mixed with lime and cement, the resulting stable material is called Jarofix [10]. At 
present, the accumulated Indian Jarofix is about 15 million tons while the annual 
production is about 5 million tons [9]. This study focuses on whether this 
industrial waste can use in construction industry by replacing the natural raw 
material, and simultaneously can  assist the problem of storage and handiling of 
this waste. 

1.2    LITERATURE REVIEW 

 Gautam et al. [3] used waste glass as partial replacement of fine aggregates.  It 
was observed that when fine aggregates were replaced by waste glass, 
compressive strength was found to increase and the optimum replacement level 
of waste glass as fine aggregate is 10%.Seeni et al.  [8], used waste material from 
China clay industry as a replacement for fine aggregate.M30 concrete was 
prepared for different percentages of replacement (0 to 50%).Test results on M30 
concrete with different percentages of waste material after 28 days curing 
showed that, the compressive strength, split tensile strength and the flexural 
strength were found to increase till 30% replacement of fine aggregates with 
China clay industrial waste and beyond which strength reduced. Ramesh et al. 
[7] conducted a study on use of furnace slag and welding slag as replacement for 
sand in concrete and the study concluded that 5% welding slag and 10% furnace 
slag is very effective for practical purposes. Adaway andWang [1] conducted a 
study on recycled glass as a partial replacement for fine aggregates in structural 
concrete and demonstrates that concrete containing up to 30% glass fine 
aggregates exhibits higher compressive strength than traditional concrete. 
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Dahiru and Usman [2] showed that polymer waste materials had inverse 
relationship with workability and compressive strength of concrete. 
Mavroulidoum and Liya [5] did experiments on concrete using copper slag as 
fine aggregate replacement partially. It was found that compressive strength 
corresponding to 30% replacement was optimum beyond which it decreased. 
Kothai and Malathy [4] used steel slag as a partial replacement material for fine 
aggregates and the results recommended the partial replacement of fine 
aggregate with steel slag. Vrunda et al. [11] used blast furnace slag in different 
proportions to replace fine aggregates in concrete. The optimum percentage of 
replacement to obtain maximum value of compressive strength was found to be 
25% and beyond which compressive strength decreased.  

1.3   METHODOLOGY 

For studying the effect of jarofix when replacing fine aggregate in concrete, the   
M20 mix has been prepared as per IS 456- 2000 and replaces the fine aggregate 
with 10%, 20%, 30%, 40% and 50% jarofix. The concrete cubes 
(150mmX150mmX150mm), concrete cylinders (150mmdiameterX300mm height) 
and concrete beams (100mmX100mmX500mm) were casted by giving proper 
compaction for control mixes without jarofix and other mixes with jarofix  for 
testing compressive strength, split tensile strength and flexural strength of 
concrete respectively. After 24 hours the moulds were removed and the 
specimens were cured in fresh water.  The tests were conducted after different 
days of curing. The strength values reported were the average of three samples 
tested in each case.  

1.4   MATERIALS USED 

1.4.1   Cement 

Ordinary Portland cement of 43 grade was used for making concrete and it was 

obtained from a single source, same batch, fresh and without having any lumps.  

The physical properties of the cement used were found out as per IS standards 

and are as shown in the table 1.1 

Table 1.1 Physical properties of cement 

Physical properties Values IS Code 

Standard consistency 31% IS 4031 (part 4) 1988 

Specific gravity 3.1 IS:4031-Part 11-1988 

Initial Setting time 59 minutes IS:4031-Part 5-1988 

Final Setting time 380 minutes IS:4031-Part 5-1988 

Fineness 7% IS:4031-Part 1-1996 



4   Jarofix as partial replacement of fine aggregate in concrete 

 

1.4.2            Fine aggregate 

The fine aggregate used was manufactured sand which was locally available and 

the properties were determined as per IS standards and are described in table 1.2 

Table 1.2 Properties of fine aggregate 

Physical properties Values IS Code 

Bulk density(g/cm3) 1.714 IS : 2386 ( Part III ) - 1963 

Specific gravity 2.78 IS : 2386 ( Part III ) - 1963 

Effective size(mm) 0.14 IS:2386-Part 1-1963 

Uniformity coefficient 8.57 IS:2386-Part 1-1963 

Coefficient of curvature 0.86 IS:2386-Part 1-1963 

Fineness Modulus 3.83 IS:2386-Part 1-1963 

1.4.3      Coarse aggregate 

Crushed granite of maximum size 20mm of locally available is used as coarse 

aggregate and was free from fine particles and organic matter and the properties 

were determined as per standard procedures and are as shown in the table 1.3 

Table 1.3 Properties of coarse aggregate 

Physical properties Values IS Code 

Bulk density(g/cm3) 1.42 IS : 2386 ( Part III ) - 1963 

Specific gravity 2.67 IS : 2386 ( Part III ) - 1963 

Effective size(mm) 12.5 IS:2386-(Part 1)-1963 

Uniformity coefficient 1.58 IS:2386-Part 1-1963 

Coefficient of curvature 0.98 IS:2386-Part 1-1963 

Aggregate crushing value 33.77 IS : 2386 ( Part IV ) - 1963 

1.4.4   Jarofix 

The jarofix used was collected from Binani Zinc Ltd, Binanipuram., Kochi, Kerala 

and is brought to laboratory in polythene bags. The Engineering properties of 

Jarofix was determined as per IS standards and are as shown in the Table 1.4. 

The chemical characteristics of Jarofix are as in Table 1.5 

Table 1.4 Geotechnical properties of Jarofix 

Physical properties Values IS Code 

Specific gravity 2.51 IS 2720 Part III(Section1)-1980 

Liquid Limit (%)   61 IS 2720(part 5 1985 and part VI 

1972)  

Plastic Limit(%) 44 do 

Plasticity Index(%) 17 do 

Shrinkage Limit(%) 32 do 

Optimum Moisture Content(%) 48.3 IS 2720 (part VII 1980) 

Maximum Dry Density (kN/m3) 11.6 do 
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Table 1.5 Chemical characteristic of jarofix 

Chemical components Range (%) 

SO3 19-31 

CaO 4-18 

SiO2 3-12 

Al2O3 <12 

Fe2O3 18-36 

Na2O <4 

Cadmium <0.08 

Lead <5.5 

Zinc <3.5 

1.5   RESULTS AND DISCUSSIONS 

1.5.1   Compressive strength 

For studying the variation of compressive strength of   concrete when the fine 
aggregate is replaced with jarofix,  the cubes and cylinders were tested in the 
compression testing machine after 7 days, 14 days, 28 days, 56 days and 90 days.  

The compressive strength has calculated by dividing the mean compressive load 
taken by three specimens by its cross-sectional area. The variation compressive 
strength of concrete cubes and cylinders with different percentage of jarofix is as 
shown in the figure 1.1 and figure 1.2 

 

 
Fig.1.1 Variation of compressive strength of concrete cubes with different percentage of jarofix in 

different days 

From the investigation, it was found that the compressive strength of concrete 
cubes when the fine aggregate replaces with 10% Jarofix is 21.64N/mm2, 25.02 
N/mm2, 28.83 N/mm2, 34.62 N/mm2 and 35.19 N/mm2 at 7 days, 14 days, 28 
days, 56 days and 90 days while the values were 20.76 N/mm2, 24.22 N/mm2, 
28.74 N/mm2, 32.73 N/mm2 and 33.23 N/mm2 when no jarofix is added. The 
compressive strength of concrete cubes when the fine aggregate replaces with 
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10% jarofix was greater than control mix and beyond that the values were found 
to be decreasing. The same trend was observed for the compressive strength of 
cylinders also. The compressive strength of concrete cubes and cylinders get 
5.89% and  4.65% than control mix when 10% jarofix replaces the fine aggregate 
after 90 days of curing. 

 
Fig.1.2 Variation of compressive strength of concrete cylinders with different percentage of jarofix in 

different days 

1.5.2   Split tensile strength 

Concrete cylinder specimen after curing placed horizontally between the loading 
surfaces of Compression Testing Machine. The compression load is applied 
diametrically and uniformly along the length of cylinder until the failure of the 
cylinder along the vertical diameter. Concrete cylinders split into two halves 
along this vertical plane and the split tensile strength is calculated and the 
variation is as shown in the figure 1.3 

Fig.1.3 Variation of split tensile strength of concrete  with different percentage of jarofix in 

different days. 
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 From the investigation, it was found that the split tensile strength of concrete 
cylinders when the fine aggregate replaces with 10% Jarofix is 2.10 N/mm2, 2.15 
N/mm2, 2.20 N/mm2, 2.35 N/mm2 and 2.41 N/mm2 at 7 days, 14 days, 28 days, 
56 days and 90 days while the values were 1.68 N/mm2, 2.06 N/mm2, 2.04 
N/mm2, 2.24 N/mm2 and 2.30 N/mm2 when no jarofix is added. After 10 % of 
replacement the strength of cylinders were found to be decreasing. The 
percentage of increase of split tensile strength of cylinders is 4.93 than control 
mix after 90 days of curing. 

1.5.3   Flexural strength 

Standard beam of 10x10x50 cm is made; the specimen is placed on supports in 
such a manner that the load is applied to the upper most surface as cast in the 
mould along two lines 13.3cm apart. Align the axis of the specimen and the axis 
of loading device. Apply load without shock continuously until the specimen 
fails and the flexural strength is calculated from the ultimate load the variation of 
flexural strength at 28 days and 56 days are as shown in the figure 1.4 

 

Fig.1.4 Variation of flexural strength of concrete  with different percentage of jarofix in 28 days and 56 

days. 

 

The flexural strength at 28 days and 56 days also showed the same trend as in the 
case of compressive strength and split tensile strength. When the fine aggregate 
replaces with 10% jarofix the flexural strength of concrete is maximum than 
control mix and after that the values decrease and the percentage of increase is 
18.86 after 56 days of curing. 

1.6   CONCLUSIONS 

Disposal of the industrial waste created due to industrialization has a major issue 
nowadays. Utilization of these waste in construction industries will be an 
effective solution for this.Replacement of fine aggregate with jarofix , the waste 
product from zinc industries , improved the strength characteristics of concrete. 
The compressive strength of concrete cubes, cylinders, split tensile strength and 
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flexural strength of concrete have obtained more values than control mix when 
fine aggregate replaces with 10% of jarofix and then decreases. So jarofix can be 
effectively be used as fine aggregate replacement in concrete. The optimum 
replacement level of jarofix as fine aggregate is 10%. So, this is an effective 
method for the utilization of jarofix the waste material from zinc industries.  
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ABSTRACT: Industrialization and infrastructural development, has created huge scarcity of construction materials and increased 

accumulation of industrial wastes all over the world. The production of large quantity of waste materials faces handling and 

disposal problems. Jarosite, a waste material produced during extraction of zinc ore is converted to Jarofix, more stabilized and 

inert form, by the addition of hydrated lime and Portland cement. In the present condition, about 15 million tons of Indian Jarofix 

is accumulated, with an annual production of 5 million tons. Presently, with a little utilization, Jarofix is dumping on productive 

land and has become crucial environmental hazard. The present study is an investigation into the effect of Jarofix on geotechnical 

properties of red earth. This investigation includes the study on the variation of properties of the soil such as Atterberg’s limits, 

compaction characteristics , compressive strength and CBR values when the Jarofix is mixed with the soil. The major findings of 

the present study is that, even though there is a  reduction in strength characteristics of the soil with the addition of jarofix, the  

properties are improving with age. 
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1 Introduction 

In recent years due to the rapid development of 

infrastructures along with scarcity of useful land and 

building materials, engineers all over the world 

compelled to improve the properties of soil and to find 

alternate materials for construction. Generally ground 

improvement techniques are recommended when the 

soil is weak. Improvement of soil could be achieved by 

soil modification or stabilization, or both. Soil 

modification is the additions of a modifier like cement, 

lime, fly ash, cement kiln dust, bagasse ash, rice husk 

etc., to soil. [Beena et al.(2013)] 

Also a great concern is there about various pollution 

because of the drastic industrialization and 

urbanization. All over world, huge quantities of 

hazardous wastes are generated during different 

industrial processes. Presently in India, about 960 

million tonnes of solid waste is being generated 

annually as by-products during industrial, mining, 

municipal, agricultural and other processes. Of this 4.5 

million tones are hazardous in nature and all over the 

world these faces serious problems of handling and 

disposal [Nitisha   et al.(2014)]. Now dumping over the 

land has been the main option available for the 

disposal. This has created non utilization of large area 

of land and other environmental problems. So the 

utilization of these waste materials for ground 

modification is big option in finding solution to this 

problem. Also various studies are being carried out all 

over the world to discover new materials which would 

be more cost effective   compared to usual materials 

using in the field especially using wastes. One among 

the wastes is from zinc industries which are releasing 

immense quantity of jarosite as solid residues. 

Approximately 0.25 million tonnes per annum is 

released in India. Jarosite is a by-product of hydro-

metallurgical process, used for production of zinc and 

lead. Jarosite is a waste material produced during 

extraction of zinc ore concentrate by hydrometallurgy 

operation. It is acidic in nature. Due to the presence of 

toxic substances like zinc, lead, cadmium, copper and 

other metallic and non-metallic oxides and are 

susceptible to leaching and also which may cause 

adverse or chronic effects on environment or on human 

health, is universally considered as hazardous waste.  

Because of this jarosite falls under hazardous waste 

category as per the prevailing Hazardous Waste 

(Management, Handling and Trans-boundary 

Movement) Rules, 2008.[Nitisha Rathore et al.(2014)] 

.Thus, its world-wide disposal has become a major 

environmental concern. So the best way to solve the 

disposal problem of Jarosite is to decrease the quantity 

for disposal by bulk utilization for infrastructure 

development. When Jarosite is mixed with lime and 

cement, the resulting stable material is called Jarofix. 

[Sinha et al. (2015)]  At present, the accumulated 

Indian Jarofix is about 15 million tons while the annual 

production is about 5 million tons [Sinha et al.(2012)] 
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Presently, the  utilization of dumped Jarofix is much 

more crucial and concern in India due to large amounts 

of Jarofix produced without  having any application. 

The material is occupying costly agricultural land and 

has become environmental hazard. Only a few 

literatures are available regarding the utility of Jarofix 

material for different civil engineering applications. 

2   Literature review.  

Anu Raj et al. (2014) have studied the variation of 

Atterberg’s limits and swelling characteristics of 

bentonite Jarofix mixtures and it shows a decreasing 

trend when the percentage of  Jarofix increases. Sinha 

et al. (2012) have studied the possibilities of utilization 

of Jarofix for embankment and sub grade layers and 

was concluded that Jarofix have the potential for the 

construction of road embankment while the Jarofix soil 

mixture may be used for construction of embankment 

and subgrade layer of road pavement. Sinha et al. 

(2013) have evaluated the geotechnical characteristics 

of Jarosite and its utilization for road construction. 

3 Experimental work 

3.1 Materials  

3.1.1  Soil 

Soil sample used in this study is laterite soil, which are 

most commonly observed soil type in Kerala. Laterite 

soil sample used in the study was taken from a site 

nearly 5 km from the Aluva, Ernakulam district, Kerala 

by machine excavation after clearing of 1m top soil.  

3.1.2   Jarofix 

Jarofix is collected from Binani Zinc Ltd, 

Binanipuram., Kochi, Kerala and is brought to 

laboratory in polythene bags. The Geotechnical 

properties of soil and Jarofix were determined as per IS 

standards and are as shown in the Table 1. The 

chemical characteristics of Jarofix are as in Table 2. 

Table 1 Geotechnical properties of Soil and Jarofix  

 

 

Table 2 Chemical characteristics of Jarofix* 

 (*As supplied by Binani Zinc Ltd, Binanipuram., Kochi, 

Kerala) 

4 Experimental studies 

For studying the changes in the properties of the soil 

when mixed with Jarofix various experiments such as 

Consistency limits, Proctor Compaction tests, 

Unconfined Compressive Strength tests and CBR tests 

were conducted on parent soil samples and the soil 

mixed with 10,20,30,40 and 50% of Jarofix .  The soil 

and Jarofix were weighted and mixed fully on dry 

weight basis for all experiments. Then the samples for 

the strength tests were prepared at OMC and maximum 

dry density. All the experiments were conducted as per 

I.S. specifications. 

4.1 Results and discussions 

4.1.1 Effect of Jarofix on consistency Limits 

Consistency limits are related to so many engineering 

properties of soil and are used to understand the stress 

history and properties of soil to be used in construction. 

The limits are depending on the amount and type of 

clay in a soil and give an assessment of cohesion of the 

soil. The variation of Atterberg’s limits with the 

addition of Jarofix is as shown in the Figure 1.    

 

Fig. 1 Variation of Atterberg’s limits with Jarofix 

From the experimental results liquid limit is found to 

increases from 47% to 53%, plastic limit increases 

from 27% to 41% while the plasticity index decrease 

from 20% to 12% as the percentage of Jarofix 
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increases. Also the shrinkage limit increases from 21% 

to 35%. High water holding capacity of Jarofix and 

cation exchange happens in the soil Jarofix mixture 

may be the reason for this. 

4.1.2 Effect of Jarofix on compaction 

characteristics 

 The different  soil and Jarofix mixes were compacted 

in the metal moulds of 100 mm diameter in three layers 

(25 blows on each layer ) using a compactor with a 

hammer of 2.6 kg dropping from 310 mm height. The 

compaction curves obtained for the samples are as 

shown in the Figure 2. 

 

Fig. 2 Compaction curves for different soil Jarofix mixes 

Maximum dry density and OMC were found from the 

compaction curves and are varying with the addition of 

Jarofix. They are presented in the Figure 3 and Figure 

4. 

 

Fig. 3 Variation of maximum dry density 

 

Fig. 4 Variation of OMC 

When the percentage of Jarofix increases to 50%, 

maximum dry density was found to decrease from 17.0 

kN/m
3
 to 14.4 kN/m

3
 while OMC is found to increase 

from 18.5% to 34%. The change in maximum dry 

density may be due to the lower value of the same for 

Jarofix and the increase in OMC may be due to 

addition of more fine particle to the soil and higher 

water holding capacity of Jarofix   

4.1.3 Effect of Jarofix on UCC 

The samples for the test were prepared by initial dry 

mixing of soil and corresponding quantity of Jarofix 

content and the specimen for the testing were prepared 

by adding water content at OMC. The sample size is 

3.8cm diameter and 7.6cm height. The stress strain 

graphs were plotted for the different samples tested and 

the UCC values were obtained from the graph. 

Variation of UCC values with different percentage of 

increasing Jarofix is as shown in Figure 5. From the 

results it is clear that, as the percentage of Jarofix 

increases unconfined compressive strength decreases. 

Its value is 272.1kN/m
2
 is for parent soil and is 

decreases to 154.7kN/m
2
 as the percentage of Jarofix 

increases to 50%. UCC value of Jarofix is less than the 

parent soil and this may be the reason for the reduction 

in the value when more percentage of Jarofix is added 

to the soil. 

 

Fig. 5 Variation of UCC values  

In order to study the long term effect of Jarofix mixed 

soil, UCC  samples were prepared with different 

proportions of  Jarofix as mentioned earlier   and they 

are sealed with in air tight plastic bags for preserving 

water content  for different days. 

 

Fig. 6 Variation of UCC values with age 

The samples prepared were tested after 7 days, 14 days, 

28 days, 56 days and 90 days. From the results 
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(Figure6) it is observed that for all Jarofix mixed 

samples the UCC value increase with age. The strength 

gain may be due to pozolonic reaction, cation exchange 

and strength gaining compounds formed with in the 

soil Jarofix mixture in presence of water due to the 

chemical components present in the Jarofix. 

4.1.4 Effect of Jarofix on CBR values 

The samples for unsoaked CBR were prepared at OMC 

obtained from compaction test. CBR value for the soil 

was 23.65% and the value decreases to 15.1% when   

50% Jarofix mixed with the soil. This may be due to 

the addition of Jarofix with a lower CBR value than the 

parent soil. The variation is as shown in the Figure 7. 

 

Fig. 7 Variation of CBR values  

Similar to study the variation of UCC values with age, 

soil is mixed with different proportions of Jarofix at 

OMC water content and preserved it in sealed air tight 

containers. Then the samples were compacted in the 

CBR mould after 7days, 14 days, 28 days, 56 days and 

90 days. 

  

Fig. 8 Variation of CBR values with age 

A similar trend obtained for UCC has observed here 

also. For each percentage CBR values increases with 

number of days. The reason may be the same as 

mentioned in the increase in UCC value.  The 

variations are as shown in the Figure 8. 

5 Conclusions 

1. The consistency limits, which are significant index 

property of soil, are found to be increasing, where as 

the Plasticity index, which is a measure of plastic 

nature and softness of soil is decreasing when different 

percentages of Jarofix are added.  

2. While evaluating compaction characteristics, the 

maximum dry density decreases and the optimum 

moisture content increases when the percentage of 

Jarofix added to the parent soil increases. 

3. UCC value which is one of the easiest method to 

find the strength of the soils, shows a decreasing trend 

when the percentage of Jarofix increases, where as for 

every soil Jarofix mixture the UCC values increases 

with age. 

4. One of the major design factors of flexible 

pavement, CBR values also observed to be decreasing 

as the percentage of Jarofix to the virgin soil increases 

whereas the strength increases when the samples were 

sealed for different days. 

More studies are needed to understand the complete 

behavior of the soil Jarofix mix and the studies are 

continuing to explore the application of these materials 

in road and sub grade improvement. 
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