
INTERNATIONAL JOURNAL OF 

ENERGY AND ENVIRONMENT 
 

 
Volume 1, Issue 3, 2010  pp.411-430 
 

Journal homepage: www.IJEE.IEEFoundation.org 

 
 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2010 International Energy & Environment Foundation. All rights reserved. 

Effect of unsaturated fatty acid esters of biodiesel fuels on 
combustion, performance and emission characteristics 

of a DI diesel engine 
 
 

A. Gopinath1, Sukumar Puhan2, G. Nagarajan3 
 

1 Product Development, Ashok Leyland Technical Centre, Chennai, Tamilnadu, India. 
2 Department of Mechanical Engineering, Veltech Engineering College, Chennai, Tamilnadu, India. 

3 Internal Combustion Engineering Division, Department of Mechanical Engineering, College of 
Engineering, Anna University Chennai, Tamilnadu, India. 

 
 
Abstract 
Many studies have reported that exhaust from biodiesel fuel gives higher oxides of nitrogen or lower, 
while HC and smoke emissions are significantly lower than that of diesel fuel. Possible explanations are: 
the physical properties and fatty acid composition of biodiesel affecting the spray and the mixture 
formation with reduced heat losses. The aim of this present investigation is to study the effect of 
unsaturated fatty acid composition of biodiesel on combustion, performance and emissions 
characteristics of a diesel engine. For this experiment thirteen different biodiesel fuels with different fatty 
acid compositions were selected. The performance and emissions tests on a single cylinder DI diesel 
engine were conducted using same biodiesel fuels. The results showed that biodiesel having more 
unsaturated fatty acids emit more oxides of nitrogen and exhibit lower thermal efficiency compared to 
biodiesel having more saturated acids. No significant differences in HC and smoke emissions among the 
biodiesel fuels were noticed. Thermal efficiency and NOX emission of saturated biodiesel is 
comparatively better than other biodiesel. Combustion analysis results show that high unsaturated fatty 
acid biodiesel has longer premixed combustion and high peak pressure compared to that of high saturated 
fatty acid biodiesel. 
Copyright © 2010 International Energy and Environment Foundation - All rights reserved. 
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1. Introduction 
Biodiesel is a domestically produced renewable fuel capable of strengthening India’s energy security by 
reducing dependence on imported oil.  The use of vegetable oil as a fuel for the compression ignition 
engine is not a new idea. Rudolph Diesel used peanut oil to fuel the diesel engine during the late 1800’s. 
Petroleum based diesel fuel has been the fuel of choice for the diesel engine for many years due to 
abundant supply and low fuel   prices.   However, methyl   esters   of   animal   and vegetable oils  
(biodiesel) are again being re-evaluated for use as a fuel for diesel engines due to their cleaner burning 
tendencies, environmental benefits, and energy security reasons.Several researcher reported that high 
viscosity and low volatility of pure vegetable oil reduces fuel atomization and increases fuel spray 
penetration [1,2]. Higher spray penetration and polymerization of unsaturated fatty acids at higher 
temperatures are partly responsible for the difficulties experienced with engine deposits and thickening 
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of the lubricating oil [2]. Several approaches have been undertaken to improve the physical properties of 
vegetable oil e.g. a) addition of chemicals (additives) to improve the air-fuel mixture by decreasing the 
surface tension, b) preheating to diminish the viscosity for improving the internal formation of the 
mixture and the combustion, c) mixture with other fuels, to give a better internal formation of the air-fuel 
mixture as a consequence of a lower viscosity of the blends or to initiate better burning by easier burning 
components. These techniques are not suitable for a long run test. Later it was realized that the 
derivatives of vegetable oils in the form of alkyl esters and blends with diesel were more attractive as 
biodiesel [3]. A number of studies [4 -11] have been carried out on preparation of biodiesel from 
soybean, Canola, sunflower, rape, palm, and waste cooking oil. 
Different biodiesels derived from different sources have been tested in diesel engines for several years. 
All theses biodiesels perform differently in diesel engine in terms of performance, emissions and 
combustion. Because the physical and chemical properties of biodiesel derived from different sources are 
not same, those properties have strong relation with the fatty acid composition of biodiesel.  The 
structure of the fatty compounds can also affect other properties of biodiesel such as density, cetane 
number, heating value and low temperature properties. On the other hand, the need for standardization of 
biofuels physical and chemical properties has been widely recognized. In fact, it is widely recognized 
that only the existence of standards and norms may allow engine manufacturers to endorse the use of 
biofuels in vehicle engines and provide consumer confidence.  Currently, several European countries 
have defined their own norms. It is worth noticing that the majority of existing norms point towards 
iodine numbers below 115. The index reflects the degree of unsaturation of the oil, i.e., the number of 
bonds available for oxygenation (the higher the iodine index, the higher the number of bonds suitable for 
hydroperoxides generation). The presence of hydroperoxides increases the risk of polymerization and 
acidification and of the appearance of insoluble sediments and gums, which can lead to filter plugging 
and deposits in the fuel systems. 
Esterified soybean oil was tested in a diesel engine by Leo et al [12]  and concluded that the engine 
output was increased by 3 % with HC, CO, smoke and particulate matter showing lesser values whereas 
NOx emission was higher for biodiesel operation. Combustion parameters of soybean oil methyl ester 
namely ignition delay, peak pressure and rate of pressure rise were closer to that of diesel fuel [13]. A DI 
diesel engine running with olive oil shows same  efficiency and engine performance as that of diesel. 
And a reduction in emission of CO, CO2, NOX and SO2 by 59 %, 8.6 %, 32 % and 57 % respectively was 
noticed [14]. It was observed that advance in injection timing due to fuel compressibility could lead to a 
longer premixed burning phase and an increase in the production of NOX [15]. The advance in injection 
timming  was further investigated and concluded that a carbon –carbon double bond introduces a kink 
into, and thereby distorts the linearity of, a run carbon- carbon single bonds. It may be that this kinked 
configuration fosters intra- or inter- molecular interactions in the fuel that reduces compressibility, 
leading to earlier injection [16]. Earlier injection of biodiesel fuel due to high compressibilty leads to 
higher NOX. . Even then some biodiesel emmits lower NOX. Biodiesel from recycled corn oils containing 
approximately 75 % methyl oleate, produced significantly lower NOX than the base line diesel fuel [17]. 
The objective of this experiment is to investigate the effect of biodiesel unsaturation on engine 
combustion, performance and emissions characteristics. 
 
2. Experimental  methods  
2.1 Fuel preparation 
Good Quality (≤1% Free Fatty Acid and ≤0.5 % moisture Content) oil (5L) was taken in a glass reactor 
fitted with a stirrer, an external heater and a condenser for transesterification process.  The oil was heated 
to 50 ºC in the glass reactor and NaOH dissolved with alcohol was added. The contents were heated to 
the required temperature (60ºC). Reflux condenser condenses the evaporated alcohol back into the 
reactor.  Stirring helps to achieve uniformity of reactants, and helps the reaction go faster. Methanol, 
ethanol and butanol (20, 30, 40 vol % of oil) were taken for the study. Reaction temperature was fixed in 
the range 60 and 65oC at the boiling temperature of the alcohol. Reaction duration was fixed as 2 hrs 
under reflux condition. After two hours, the reaction was stopped and the product was allowed to settle in 
two layers. The upper layer consisted of ester and alcohol and was separated from the bottom layer 
(glycerin). The upper layer was distilled to remove and recover excess alcohol and the esters were 
washed with hot water to remove traces of glycerin and alkali. Finally the product was dried for 1 hour in 
hot air oven at 105 °C. The product was analyzed for fuel properties as per the ASTM standard test 
methods and subsequently used for engine test.  
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2.2 Engine test procedure 
Figure 1 shows the schematic diagram of the experimental setup.  The test engine used was a single 
cylinder four-stroke air-cooled diesel engine developing 4.4 kW at 1500 rpm. The specifications of the 
engine are given in Table 1. This engine was coupled to a dynamometer with control system. Time taken 
for fuel consumption was measured with the help of a digital stopwatch. Chromel alumel thermocouple 
in conjunction with a digital temperature indicator was used for measuring the exhaust gas temperature. 
An orifice meter attached with surge tank measures air consumption of an engine with the help of a U 
tube manometer.  
 

 
Figure 1. Schematic of experimental set up 

 
 

Table 1. Engine specifications 
 

Parameter Description 
Model Kirloskar TAFI 

Type Single cylinder, four stroke, direct 
injection, bowl-in-piston 

Capacity 661 cm3 
Bore & stroke 87.5 mm x 110 mm 
Compression 
ratio 17.5:1 

Speed (constant) 1500 rpm 
Rated powder 4.4 kW 
Cooling system Forced air cooling by flywheel fan 
Injection timing 23o bTDC  
Injection pressure 200 bar  
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The surge tank fixed on the inlet side of an engine maintains a constant airflow through the orifice meter. 
Exhaust emission from the engine was measured with the help of a QROTECH, QEO-402 gas analyzer. 
Smoke intensity was measured with the help of a Bosch Smoke meter. Bosch Smoke meter usually 
consists of a piston type sampling pump and a smoke level measuring unit. Two separate sampling 
probes were used to receive sample exhaust gases from the engine for measuring emission and smoke 
intensity. A 2-inch as diameter filter paper was used to collect smoke samples from the engine, through 
smoke sampling pump for measuring Bosch Smoke Number.  
 
3. Results and discussions 
3.1  Properties of biodiesel fuels  
The results of fuel tests on different biodiesel fuels are summarized in Table 2 and Table 3. A correlation 
analysis was made to find out the degree of linear association between different biodiesel properties and 
percentage of unsaturation. The pearson product moment corelation coefficient between different 
properties and percentage of unsaturation shown in Table 4. The formula used to find out the Pearson 
correlation coefficient (r) is shown in equation (1). 
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Where, X (% of unsaturation) and Y (properties) are the two variables. 
 
 

Table 2. Properties of different biodiesel fuels and blend 
 

 
 
 
 

Biodiesel 

Density 
(kg/m3)  
@   
40 °C 

Kinematic 
Viscosity 
(mm2/s) 
@ 40 °C 

Cetane  
Number 

Heating 
Value 
(MJ/kg) 

Iodine 
Value 
(g Iodine / 
100 g oil) 

Saponification 
Value 
(mg KOH /      
g oil) 

Sunflower 841 4.87 47.8 39.5 136 193 
Rubberseed 839 4.88 51 39.3 120 196 
Jatropha 836 4.91 54 39.7 105 198.8 
Cottonseed 837 4.95 52.1 39.4 113.2 202.7 
Karanjia 837 5.00 52 39.5 92 198 
JT 80:20 834 5.04 59.2 39.6 88 197.5 
JP 50:50 834 5.10 59 39.6 84 198 
Neem 832 5.16 58.7 39.8 83.2 201 
JT 50:50 835 5.21 62.2 39.9 83 214 
SFCt 50:50 834 5.27 54.6 39.9 81.5 210 
Mahua 830 5.33 61.4 40.5 80 187 
Palm 830 5.39 64 41.0 59 205 
JCt 50:50 829 5.45 58 40.2 69.2 215 
Where, JT 80:20 = Blend of 80 % of jatropha oil methyl ester and 20 % of tallow oil methyl 
ester by volume, JP 50:50 =  Blend of 50 % of jatropha oil methyl ester and 50 % of palm oil 
methyl ester by volume, JT 50:50 =  Blend of 50 % of jatropha oil methyl ester and 50 % of 
tallow oil methyl ester by volume, SFCt 50:50 = Blend of 50 % of sunflower oil methyl ester 
and 50 % of coconut oil methyl ester by volume, JCt 50:50 = Blend of 50 % of jatropha oil 
methyl ester and 50 % of coconut oil methyl ester by volume 
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Table 3. Fatty acid methyl composition of different biodiesel fuels 
 

 
Table 4. Pearson correlation coefficient (r) between biodiesel properties and percentage of unsaturation 

 

 
3.2 Analysis of combustion parameters 
In this section, the influence of biodiesel unsaturation in relation with properties on different combustion 
parameters would be discussed in a richer manner. The experimental values of all the above parameters 
at 100 % load for various biodiesel fuels are listed in Table 5 and Table 6. Using equation (1) correlation 
analysis between biodiesel properties and combustion parameters was done. The correlation coefficients 
are listed in Table 7. 
 

Table 5. Experimental results of ignition delay and premixed combustion duration at 100 % load for 
different biodiesel fuels 

 

Ignition Delay 
(CA deg) 

Premixed 
Combustion          

(CA deg) Biodiesel 

Start of 
Dynamic 
Injection 
(CA deg) From-To Duration

Maximum  
Heat 
Release Rate 
(J/ CA deg) 

Location of 
Maximum  
Heat Release 
Rate (CA deg) From-To Duration

Sunflower 343 343-356 13 69.98 368 356 - 369 13 
Rubberseed 344 344-357 13 71.00 366 357 - 367 10 
Jatropha 347 347-359 12 72.10 365 359 - 366 7 
Cottonseed 345 345-357 12 73.20 359 357 - 363 6 
Karanjia 344 344-355 11 72.28 362 355 - 363 8 
JT 80:20 342 342-353 11 71.36 365 353 - 368 15 
JP 50:50 344 344-355 11 73.27 366 355 - 367 12 
Neem 343 343-353 10 83.16 365 353 - 366 13 
JT 50:50 345 345-355 10 63.16 366 355 - 367 12 
SFCt 50:50 343 343-353 10 75.20 365 353 - 366 13 
Mahua 346 346-355 9 77.82 368 355 - 370 15 
Palm 347 347-357 10 71.12 364 357 - 368 11 
JCt 50:50 346 346-355 9 71.20 367 355 - 368 13 

Fatty acid methyl ester composition (FAME) in wt % 
Biodiesel  Lauric  Myristic Palmitic  Stearic  Oleic  Lino-

leic  
Lino-
lenic   Others 

% of 
US  

Sunflower 0.00 0.10 6.00 5.90 16.00 71.40 0.60 0.00 88.00 
Rubberseed 0.00 0.24 12.46 8.32 27.78 37.65 13.44 0.11 78.87 
Jatropha 0.00 0.10 14.90 9.50 40.50 34.70 0.30 0.00 75.50 
Cottonseed 0.00 0.80 22.90 3.10 18.50 54.20 0.50 0.00 73.20 
Karanjia 0.01 0.05 9.94 7.83 53.19 19.09 0.04 9.85 72.32 
JT 80:20 0.12 0.64 16.58 11.48 40.88 28.34 0.42 1.54 68.18 
JP 50:50 0.13 0.48 28.06 7.70 42.66 20.06 0.17 0.74 62.89 
Neem 0.83 0.47 18.20 20.10 43.70 16.40 0.30 0.00 60.40 
JT 50:50 1.22 1.72 19.94 15.44 41.64 15.62 0.66 3.76 57.92 
SFCt 50:50 20.28 10.47 9.34 4.31 19.38 32.63 0.04 3.55 52.05 
Mahua 0.00 0.00 24.20 25.80 37.20 12.80 0.00 0.00 50.00 
Palm 0.21 1.30 43.90 4.90 39.00 9.50 0.30 0.89 48.80 
JCt 50:50 20.88 10.40 13.71 7.16 26.11 18.21 0.12 3.41 44.44 
Where, % of US = % of unsaturated fatty acid esters in the respective biodiesel 

  Density @ 
40°C  

Kinematic viscosity  
@ 40°C  

Cetane 
number 

Heating 
Value  

Iodine 
Value 

Saponification 
 value 

% of US 0.933 - 0.979 - 0.796 - 0.796 0.927 - 0.496 
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Table 6. Experimental results of total combustion duration and cumulative heat release at 100 % load for 
different biodiesel fuels 

 

 
Table 7. Pearson correlation coefficient (r) between biodiesel properties and combustion parameters 

 
"X" variable "Y" variable Correlation coefficient 

Start of dynamic injection bTDC    0.360 
Ignition delay    0.948 
Maximum heat release rate – 0.180 
Premixed combustion duration – 0.440 
Peak pressure – 0.654 
Diffusion combustion duration – 0.777 
Total combustion duration – 0.969 

% of Unsaturation 

Cumulative heat release – 0.283 
Start of dynamic injection    0.405 
Ignition delay    0.912 
Maximum heat release rate – 0.332 
Premixed combustion duration – 0.440 
Peak pressure – 0.628 
Diffusion combustion duration – 0.705 
Total combustion duration – 0.909 

Density 

Cumulative heat release – 0.288 
Cetane number Ignition delay – 0.779 

Maximum heat release rate    0.083 Heating value Cumulative heat release    0.398 
Start of dynamic injection bTDC    0.323 
Ignition delay    0.899 
Maximum heat release rate – 0.147 
Premixed combustion duration – 0.357 
Peak pressure – 0.474 
Diffusion combustion duration – 0.787 
Total combustion duration – 0.916 

Iodine value 

Cumulative heat release – 0.338 
 
From Table 7, it can be observed that the fuel dynamic injection timing is positively correlated with 
percentage of unsaturation and density. That is the fuel injection timing is faster for higher density fuels. 
The fuel injection timing is mainly influenced by the fuel properties, such as its bulk modulus and 

Diffusion Combustion   
(CA deg) Biodiesel 

Peak 
Pressure 
(bar) 

Location of 
Peak 
Pressure(bar) From - To Duration 

Total Combustion 
Duration (CA deg) 

Cumulative 
Heat Release  
(J) 

Sunflower 66 373 369 - 405 36 49 1147 
Rubberseed 66 372 367 - 406 39 49 1151 
Jatropha 66 374 366 - 409 43 50 908 
Cottonseed 66 370 363 - 407 44 50 935 
Karanjia 63 371 363 - 407 44 52 1018 
JT 80:20 67 371 368 - 407 39 54 1061 
JP 50:50 68 371 367 - 410 43 55 1072 
Neem 68 375 366 - 409 43 56 1273 
JT 50:50 67 372 367 - 412 45 57 1155 
SFCt 50:50 68 370 366 - 410 44 57 1007 
Mahua 68 373 370 - 413 43 58 959 
Palm 67 375 368 - 415 47 58 1329 
JCt 50:50 68 372 368 - 415 47 60 1192 
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viscosity. The higher the bulk modulus and viscosity is, the faster the injection timing is. The bulk 
modulus of unsaturated FAME is higher than that of saturated FAME and increases with increase in 
density. But still, the injection timing of JT 80:20 is faster than that sunflower oil methyl ester, though 
the density of JT 80:20 is lower than that of sunflower oil methyl ester. The faster injection timing of     
JT 80:20 may be believed due to the higher viscosity of JT 80:20 than that of sunflower oil methyl ester. 
Eventually, it may be stated that the dynamic injection timing would be faster for more unsaturated and 
for higher density biodiesel fuels. Figure 2 illustrates the variation of start of dynamic injection with 
percentage of unsaturation. 
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Figure 2. Variation of start of dynamic injection with percentage of unsaturation 
 
The ignition delay of JCt 50:50 is shorter and of sunflower biodiesel is longer as compared to other 
biodiesel fuels. This result may direct to an idea that the ignitability order of sunflower biodiesel and    
JCt 50:50 are matched with the order of their cetane number. This may not be true since the JT 50:50 has 
a higher cetane number than the other candidates but has a longer ignition delay than palm oil methyl 
ester and JCt 50:50. In reality, the ignitability of an ester fuel depends not only upon the cetane number, 
but also upon the FAME composition, the residual glycerides, methanol and water in ester fuels. 
However in the present work only the FAMEs structure and the fuel properties would be discussed. The 
correlation analysis reveals that the ignition delay exhibits a good correlation with percentage of 
unsaturation, density, cetane number, and with iodine value. 
During the investigation on the relationship between fatty acid ester composition and ignition delay, it 
was found that the ignition delay increases with increase in unsaturation. By observing Table 3 and              
Table 5, the above statement can be justified. Biodiesel of palm has a lower percentage of unsaturation, 
but still has a longer ignition delay as compared to biodiesel of mahua. This may be due to the 
contribution of stearic acid which is relatively higher in mahua biodiesel than that of biodiesel of palm. 
In addition to unsaturation, ignition delay increases with fuel density and iodine value. The effect of 
unsaturation on ignition delay is shown in Figure 3. 
A first order differential equation can give the slope between the ignition delay and percentage of 
unsaturation. By differentiating the slope equation 0.0962x + 4.6838 (from Figure 3), the gradient 
between ignition delay can be found as 0.0962. For every single percentage increase in unsaturation may 
result in an increase of 0.0962 units (in terms of degree crank angle) in ignition delay. 
It was found complex to relate the fatty acid ester composition and properties of biodiesel with heat 
release rate very precisely. Prior to the further discussion, paying attention to the following points may 
offer a successful understanding on investigation findings. 
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• Generally, a fuel that has a longer ignition delay should have a higher value of maximum heat 
release rate as compared fuels those have a shorter ignition delay. However the value of 
maximum heat release rate not only depends on the ignition delay, but also upon the heating 
value and the mass fraction burnt for a given crank angle duration.  

• Sauter mean diameter (SMD) has shown to increase with increasing surface tension (and hence 
density) and with increasing viscosity.  

• An increases droplet size can reduce the fraction of fuel burned in the premixed combustion 
phase. 

• Density (and hence surface tension) increases with increase in unsaturation. 
 

y = 0.0962x + 4.6837
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Figure 3. Variation of ignition delay with percentage of unsaturation 
 
From the aforesaid points it may be declared that a fuel with more density may lead to an increased 
droplet size which in turn reduces the mass fraction burnt in the premixed combustion phase as compared 
to a lower density fuel. Therefore, a higher density fuel may expect to have a lower value of maximum 
heat release rate. Also, it was already found that heating value decreases with increase in unsaturation. 
Hence for given value of mass fraction burnt, the fuel with lower heating value may release lesser heat 
energy as compared to the fuel with higher heating value. From the above discussion it may be 
concluded that the value of maximum heat release rate tend to decrease with increase in unsaturation. 
From Table 7, it can be observed that the maximum heat release rate is negatively correlated with 
percentage of unsaturation, density and iodine value; however the correlation coefficients are not so 
significant. From Table 4, it can be observed that biodiesel of JT 50:50 has a lower value of maximum 
heat release rate than that of sunflower biodiesel, though the percentage of unsaturation is lower in 
JT50:50 biodiesel as compared to sunflower biodiesel. The reduction in maximum value of heat release 
rate may be due to the higher viscosity of JT 50:50. In spite of increase in unsaturation, the differences in 
maximum value of heat release rate between the various test biodiesel fuels are not so significant. Figure 
4 depicts the variation of maximum heat release rate value with percentage of unsaturation. Due to the 
poor r2 value, the gradient between maximum heat release rate value and percentage of unsaturation 
could not be proposed. 
Unlike maximum heat release rate, the peak cylinder pressure showed better correlation with biodiesel 
properties. From Table 7, a good correlation coefficient can be observed between peak pressure and fuel 
properties (percentage of unsaturation, density, and iodine value). Biodiesel of neem and JCt 50:50 have 
a higher peak pressure value (68.49 bar) as compared to other biodiesel fuels. The increase in peak 
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pressure values of neem biodiesel and JCt 50:50 biodiesel are believed to be higher value of maximum 
heat release rate and lower percentage of unsaturation respectively. On the other hand it was found 
strange while investigating the relationship between percentage of unsaturation, maximum heat release 
rate and peak pressure for karanjia biodiesel. Biodiesel of karanjia has a lower percentage of unsaturation 
and has a higher value of maximum heat release rate than those of sunflower biodiesel, but still has a 
lower value of peak pressure than that of it. Nevertheless this odd relationship could not be justified very 
precisely. But still it can be proposed that the cylinder peak pressure decreases with increase in 
percentage of unsaturation of biodiesel fuels. The variation of peak cylinder pressure with percentage of 
unsaturation is presented in Figure 5.  
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Figure 4. Variation of maximum heat release rate with percentage  of unsaturation 
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Figure 5. Variation of peak cylinder pressure with percentage of unsaturation 
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From the equation “y = – 0.0624x + 71.209” (from Figure 5), the gradient between peak cylinder 
pressure and percentage of unsaturation may be proposed as – 0.0624. For each unit increase in 
percentage of unsaturation, a decrease of 0.0624 units (bar) in peak cylinder pressure may be expected.  
From the correlation analysis it was found that the premixed combustion duration was moderately 
negatively correlated with percentage of unsaturation, density, and iodine value. The diffusion and the 
total combustion duration were highly negatively correlated with percentage of unsaturation, density, and 
iodine value (the correlation coefficients can be seen from Table 7). That is the total combustion duration 
decreases with increase in percentage of unsaturation (and hence with density, and iodine value). The 
percentage contribution of premixed and diffusion combustion in total combustion duration for different 
biodiesel fuels are listed in Table 8. 
 

Table 8. Percentage contribution of premixed and diffusion combustion in total combustion duration 
 

% Contribution Biodiesel Total Combustion Duration (CA deg) Premixed combustion Diffusion combustion 
Sunflower 49 27 73 
Rubberseed 49 20 80 
Jatropha 50 14 86 
Cottonseed 50 12 88 
Karanjia 52 15 85 
JT 80:20 54 28 72 
JP 50:50 55 22 78 
Neem 56 23 77 
JT 50:50 57 21 79 
SFCt 50:50 57 23 77 
Mahua 58 26 74 
Palm 58 19 81 
JCt 50:50 60 22 78 

 
From Table 8, it can be observed that even for a same total combustion duration, the percentage 
contribution of premixed and diffusion combustion are different for different fuels. For example, 
sunflower biodiesel and rubber seed biodiesel are having the same value (49 CA deg) of total combustion 
duration in terms of crank angle degrees. But the percentage contribution of premixed and diffusion 
combustion in total combustion duration is different for these two biodiesel fuels. The above finding can 
be explained by interpreting Figure 6 that illustrates the variation of percentage of premixed and 
diffusion combustion with start of dynamic injection.  
The interpretation on Figure 6 reveals that if the start of dynamic injection before TDC increases (i.e. 
dynamic injection timing becomes faster), the percentage of premixed combustion increases with a 
corresponding decrease in percentage of diffusion combustion. In other words, the percentage of 
diffusion combustion increases with slower dynamic injection timing. Therefore, more unsaturated 
biodiesel can have faster dynamic injection timing (due to higher density) and result in a decrease in 
diffusion combustion duration. It may therefore be concluded that the diffusion and total combustion 
duration decreases with increase in percentage of unsaturation, density and iodine value. The variation of 
total combustion duration with percentage of unsaturation is shown in Figure 7 along with fitted line 
equation. 
From the fitted line equation y = – 0.2806x + 72.202, it can be proposed that every one per cent increase 
in unsaturation may result in a decrease of 0.2806 units (CA deg) in total combustion duration. 
The cumulative heat release showed a similar trend as that of total combustion duration with percentage 
of unsaturation, density, and iodine value. From Table 6, it can be observed that the cumulative heat 
release is negatively correlated with percentage of unsaturation, density and iodine value. The total 
combustion duration decreases with increase in unsaturation and therefore, it is obvious that the 
cumulative heat release tend to decrease with increase in unsaturation. Figure 8 depicts the variation of 
cumulative heat release with percentage of unsaturation. 
Due to very poor R2 value, slope between cumulative heat release and percentage and percentage of 
unsaturation may not be proposed. 
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Figure 6. Variation of percentage of premixed and diffusion combustion with  start of dynamic injection 
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Figure 7. Variation of total combustion duration with start of dynamic injection 

 
3.3 Analysis of performance and pollutants emission parameters  
In this section, the influence of biodiesel properties on the test engine’s performance and emissions will 
be discussed in a richer manner. The following parameters are considered for the investigation. 

• Brake Specific Fuel Consumption (BSFC) 
• Brake Specific Energy Consumption (BSEC) 
• Brake Thermal Efficiency 
• Exhaust Gas Temperature (EGT) 
• Oxides of Nitrogen (NOX) 
• Carbon Monoxide (CO) 
• Hydrocarbons (HC) 
• Smoke 
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The experimental values of all the above parameters at 100 % load for various biodiesel fuels are listed in 
Table 9.  The correlation coefficient between percentage of unsaturation and performance parameters are 
listed in Table 10. 
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Figure 8. Variation of cumulative heat release with percentage of unsaturation 

 
 

Table 9. Experimental values of performance and emission parameters of test engine with various 
biodiesel fuels at 100 % load 

 

Biodiesel % of 
US 

BSFC 
(kg/kWh) 

BSEC 
(MJ/kWh) 

Brake 
Thermal 
Efficiency 
(%) 

Exhaust  
Gas Temp. 
(°C) 

NOX 
(g/kWh) 

CO 
(g/kWh) 

HC 
(g/kWh) 

Smoke 
(BSU) 

Sunflower 88.00 0.3342 13.20 27.27 365 14.378 3.618 0.389 0.8 
Rubberseed 78.87 0.3345 13.15 27.38 360 14.137 2.583 0.374 0.9 
Jatropha 75.50 0.3305 13.12 27.44 358 13.644 3.099 0.331 1.2 
Cottonseed 73.20 0.3293 12.98 27.74 355 13.317 2.582 0.345 0.9 
Karanjia 72.32 0.3276 12.94 27.82 350 13.400 2.583 0.345 1.2 
JT 80:20 68.18 0.3259 12.91 27.89 348 12.940 2.581 0.316 1.3 
JP 50:50 62.89 0.3254 12.89 27.93 343 12.675 2.065 0.288 1.3 
Neem 60.40 0.3235 12.88 27.96 342 12.593 2.064 0.345 1.4 
JT 50:50 57.92 0.3236 12.91 27.88 339 12.517 2.063 0.316 1.4 
SFCt 50:50 52.05 0.3225 12.87 27.98 338 12.342 2.579 0.287 1.5 
Mahua 50.00 0.3162 12.81 28.11 335 11.932 1.545 0.344 1.3 
Palm 48.80 0.3110 12.75 28.23 334 11.700 1.061 0.287 1.4 
JCt 50:50 44.44 0.3150 12.66 28.43 330 11.495 2.061 0.287 1.6 
 
The engine performance parameters could highly be influenced by the fuel properties such as mass based 
heating values and density. From Table 9, it can be observed that for a given operating conditions the 
engine consumes higher quantity of rubber seed oil methyl ester as compared to the other biodiesel fuels. 
That is BSFC for rubber seed oil methyl ester is more than that of other biodiesel fuels. The investigation 



International Journal of Energy and Environment (IJEE), Volume 1, Issue 3, 2010, pp.411-430 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2010 International Energy & Environment Foundation. All rights reserved. 

423

on the influence of fuel properties on engine’s performance reveals that the increase in BSFC may be 
believed due to the increase in density. Increasing density may increase BSFC because the fuel injector 
injects a constant volume, but larger mass, of the more dense fuels.  
When compared to sunflower oil methyl ester, rubber seed oil methyl ester has a lower density but 
results in a higher BSFC. The possible reason for this increase may be due to the lower mass based 
heating value of rubber seed oil methyl ester. Because, as compared to sunflower biodiesel, the lower 
mass based heating value of rubber seed biodiesel requires larger mass of fuel to maintain constant 
energy input to the engine. The effect of fatty acid ester composition on BSFC is easily understandable. 
It can be stated that BSFC increases with increase in percentage of unsaturation, since an increase in 
percentage of unsaturation will result in an increase in density and in a decrease in heating value. From 
Table 10, a strong positive correlation can be observed between BSFC and percentage of unsaturation. 
Figure 9 depicts the variation of BSFC with percentage of unsaturation. 
 

Table 10. Pearson correlation coefficient (r) between performance parameters and biodiesel properties 
 

 BSFC BSEC Brake Thermal Efficiency Exhaust Gas Temperature 

% of US 0.938 0.939 – 0.940 0.989 
Density 0.937 0.926 – 0.926 0.924 
Heating value –  0.921 –  – – 
Where, BTE = Brake Thermal Efficiency 
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Figure 9. Variation of BSFC with percentage of unsaturation 

 
From the slope equation (0.0005x + 0.2921), every one per cent increase in unsaturation may result in an 
increase of 0.0005 units (g/kWh) in BSFC. 
In order to compare the performance of a given engine that is operated with different fuels, the term 
BSEC could provide clearer picture than the term BSFC. The BSEC can be obtained by multiplying the 
heating value with BSFC. From Table 9, it can be observed that the BSEC is higher for sunflower 
biodiesel and lower for JCt 50:50 biodiesel as compared to other biodiesel fuels. It is obvious that the 
trend of BSEC should follow the same as that of BSFC. It can also be noted that the BSFC for sunflower 
biodiesel is lower than that for rubber seed biodiesel, but still the BSEC for sunflower biodiesel is higher 
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than that for rubber seed biodiesel. Similarly the engine has a higher BSFC and a lower BSEC when it is 
operated with JCt 50:50 biodiesel as compared to palm biodiesel. The possible cause for the above 
findings may be due to the lower heating value of rubber seed biodiesel as compared to sunflower 
biodiesel and lower heating value of JCt 50:50 biodiesel as compared to palm biodiesel. From the 
correlation analysis, it was found that the BSEC was highly positively correlated with density and 
percentage of unsaturation (from Table 10). It is due to the fact the BSFC increases with increase in 
percentage of unsaturation and with density. It can also be noted that the BSFC increases with decrease 
in heating value. Figure 10 depicts the variation of BSEC with percentage of unsaturation. 
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Figure 10. Variation of BSEC with percentage of unsaturation 

 
From the slope equation y = 0.011x + 12.224, the gradient between BSEC and percentage of unsaturation 
can be proposed as 0.01. Every one per cent increase in unsaturation may result in an increase of 0.011 
units (MJ/kWh) in BSEC. 
Brake thermal efficiency shown in Table 9 is higher for JCt 50:50 blend and is lower for sunflower 
biodiesel. This shows that the order of magnitude of brake thermal efficiency for the biodiesel fuels are 
matched exactly with the reverse order of BSEC.  From the correlation analysis, it was found that the 
brake thermal efficiency decreases with increase in percentage of unsaturation and density. This is due to 
the fact that the BSEC decreases with increase in percentage of unsaturation and density. The variation of 
brake thermal efficiency with percentage of unsaturation is illustrated in Figure 11. 
From the slope equation y = - 0.0236x + 29.366, a decrease of 0.0236 units (%) could be predictable for 
every one per cent increase percentage of unsaturation. 
The exhaust gas temperature shown in Table 9 is higher for sunflower biodiesel and lower for JCt 50:50 
blend. The order of magnitude of EGT matched with order of percentage of unsaturation. That is a more 
unsaturated biodiesel can produce higher value of EGT as compared to a less unsaturated one. This is 
believed due to the more afterburning stage for higher unsaturated biodiesel fuels which may increase the 
exhaust gas temperature. A high degree of positive correlation was found to be exists between exhaust 
gas temperature and percentage of unsaturation from the correlation analysis. The variation of exhaust 
gas temperature with percentage of unsaturation is shown in Figure 12. 
From the slope equation y = 0.825x + 293.15, the gradient between EGT and percentage of unsaturation 
could be predictable. In other words, every one per cent increase in unsaturation may result in an increase 
of 0.825 units (°C) in exhaust gas temperature. 
Once again a correlation was performed (using equation (1)) to allow a determination as to whether the 
measured emission values are correlated with biodiesel properties and unsaturation. The correlation 
coefficients are shown in Table 11. 
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Figure 11. Variation of brake thermal efficiency with percentage of unsaturation 
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Figure 12. Variation of exhaust gas temperature with percentage of unsaturation 

 
The effect of fatty acid ester composition on emissions is implicit in density, cetane number or in iodine 
value. NOX was found to be highly positively correlated with density, iodine value and percentage of 
unsaturation. Table 9 shows that the NOX for sunflower biodiesel is higher and for JCt 50:50 is lower 
than the other biodiesel fuels. From the investigation, it was found that the NOX concentration in the 
exhaust emissions increases with increase in biodiesel density, iodine value and percentage of 
unsaturation. This can be explained as follows. 

• Increasing density may increase NOX because the fuel injector injects a constant volume, but 
larger mass, of the more dense fuels. Since a larger mass of the fuel is burned more NOX is 
produced. 

• Another possibility is that the higher density which results in higher bulk modulus can advance 
the effective injection timing and thereby cause NOX to increase. The injection advance results in 
longer ignition delay since the fuel is injected in air at lower temperatures and pressure. 

• It could also be noted that the iodine value which is a direct measure of unsaturation is highly 
inversely correlated with cetane number. Thus, excessive ignition delay and poor combustion 
performance may also be proposed as a cause of the higher NOX. 
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It may be expected that the lean flame region (LFR) is one of the major contributing regions to nitric 
oxide (NO) formation since it is first part of the spray to burn and has the longer post-flame residence 
time. With lower cetane number fuel, the ignition delay is longer and more fuel is present in the LFR 
when combustion starts. The larger ignition delay produces a higher gas temperature upon combustion 
early in the cycle, and more NO could be formed in the LFR. It can be recalled that the cetane number 
decreases with increase in unsaturation. Hence, it may be concluded that, NOX concentration in the 
exhaust emissions increases with increase in biodiesel density, iodine value, and percentage of 
unsaturation. Figure 13 depicts the variation of NOX with percentage of unsaturation. 
 

Table 11. Pearson correlation coefficient (r) between emission parameters and biodiesel properties 
 

"X" variable "Y" variable Correlation coefficient 
NOX 0.986 
CO 0.817 
HC 0.773 % of US 

Smoke - 0.887 
NOX 0.957 
CO 0.822 
HC 0.700 Density 

Smoke - 0.844 
NOX - 0.830 
CO - 0.864 
HC - 0.659 Cetane number 

Smoke 0.739 
NOX 0.940 
CO 0.841 
HC 0.831 Iodine value 

Smoke - 0.917 
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Figure 13. Variation of NOX with percentage of unsaturation 

 
From the proposed slope equation y = 0.0666x + 8.5833, an increase of 0.0666 units (g/kWh) in NOX 
might be expected for every one percent increase in unsaturation. 
The carbon monoxide (CO) and hydrocarbon (HC) emission levels in diesel engines are small in absolute 
terms, so that they are of no real concern. But still if fairly reasonable to discuss the effect of biodiesel 
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properties and fatty acid composition on CO and HC emissions. The correlation analysis reveals that the 
CO and HC emissions are positively correlated with percentage of unsaturation. That is CO and HC 
emissions are increases with increase in unsaturation. This may be believed due to the lower oxygen 
concentration in higher unsaturated biodiesel fuels. The oxygen content decreases with increase in 
unsaturation. Carbon monoxide is believed to be formed at the borders between the LFOR and LFR 
during the early stages of spray combustion. At this stage, primary reaction can take place and the initial 
hydrocarbons may reduce to CO, H2, and H2O. As the local temperature is not enough at this stage, very 
little oxidation reactions take place. Increase in unsaturation may tend to decrease the gas temperature. 
The reduced gas temperature may not provide a positive situation for complete oxidation reaction thereby 
increase the CO concentration.  
On the other hand, it may be believed that the lean flame out region (LFOR) is one of the main 
contributors to the HC concentration in the exhaust. LFOR is the region that is nearer to the leading edge 
of the spray (downwind). In this region the mixture is too lean to ignite or support the combustion. If the 
ignition delay is larger, the droplets and vapour will be carried farther away from the centre line of the 
spray in the downward direction, resulting in a wider LFOR. If unsaturation increases, the ignition delay 
increases which result in an increased width of LFOR. Increased width of LFOR eventually increases the 
HC concentration in the exhaust. The variations of CO and HC with percentage of unsaturation are 
illustrated in Figure 14 and Figure 15. 
 

y = 0.0401x - 0.2245
(r2 = 0.667)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

40 50 60 70 80 90

% of Unsaturation

C
O

 (g
/k

W
h)

 
Figure 14. Variation of CO with percentage of unsaturation 

 
From the equation y = 0.041x – 0.2245, the probable increase in CO may proposed as 0.0401 units 
(g/kWh) for every one per cent increase in unsaturation. 
The equation y = 0.002x + 0.2001 provides the gradient between HC emission and percentage of 
unsaturation as 0.002. An increase of 0.002 units (g/kWh) may be expected for every one per cent 
increase in unsaturation. 
Smoke is emitted as a product of the incomplete combustion process, particularly at maximum loads. 
Smoke particles are formed from the fuel deposited on walls or in the spray core, especially under 
elevated loads. It was found from the investigation that the smoke intensity for biodiesel fuels decreases 
with increase in percentage of unsaturation. It is necessary to discuss the mechanism of smoke formation 
to justify the investigation findings. The smoke formation mechanism can be explained as follows. 

•  The evaporation, ignition and combustion of a fuel droplet begin at its outermost layer. 
• As the outer layer of the fuel droplet burns, heat is produced and transferred to the inner layers. 

Therefore, the availability of oxygen for reaction is lesser at the interior layers. 
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• Hydrogen molecules have greater affinity towards oxygen compared to carbon molecules. As 
such hydrogen molecules combine with oxygen molecules more quickly leaving little or no 
oxygen for carbon molecules to react. 

• The carbon molecules, therefore fail to burn within the limited time that is available for 
combustion. These unburned carbon molecules appear as smoke in the exhaust gases. 

It must be noted that the unsaturation is nothing but the deficiency of hydrogen atoms. Greater 
unsaturation represents the greater deficit of hydrogen atoms. Therefore, for a given supply of air (and 
oxygen) to the engine, if unsaturation is more, carbon molecules could find more oxygen molecules to 
react with due to the less number of hydrogen molecules. Therefore, the biodiesel with more unsaturation 
can have a higher degree of oxidation process than that of the biodiesel with less unsaturation. Hence, it 
can be stated that the smoke intensity decreases with increase in unsaturation. Figure 15 illustrates the 
variation of smoke with percentage of unsaturation. 
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Figure 15. Variation of HC with percentage of unsaturation 
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Figure 16. Variation of smoke with percentage of unsaturation 
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Where, BSU = Bosch Smoke Unit in Figure 16. The gradient between smoke and percentage of 
unsaturation can be found as – 0.0163 (from the equation y = - 0.0163 + 2.2909). It can be proposed that 
for one per cent increase in unsaturation may result in a decrease of 0.0163 units (BSU) in smoke. 
 
4. Conclusions 
An experimental investigation was conducted to evaluate and compare the Combustion, performance and 
exhaust emission levels of different biodiesel fuels in a fully instrumented, single cylinder, direct 
injection diesel engine. A series of tests were conducted using different biodiesel fuel, with the engine 
working at 1500 r.p.m. The following conclusions are drawn from the experimental study 

1. Biodiesel fuel with more unsaturated fatty acid composition has more density but less viscosity. 
2. Biodiesel with more unsaturated has lower cetane number and heating value respectively. 
3. Biodiesel with high-unsaturated fatty acid composition shows lower thermal efficiency compared 

to high saturated fatty acid composition.  
4. More unsaturated biodiesel fuels emits lower HC, CO and Smoke emissions compared to highly 

saturated biodiesel fuel as . 
5. More NOX was observed in case of high unsaturated biodiesel, The biodiesel having 50/50 

saturated and unsaturated fatty acid composition like MOME proves a better fuel in terms of 
thermal efficiency and NOX emission. The data observed as 27.91 % and    12.34 g/ kWh, which is 
a NOX neutral fuel with penalty of 1.75 % efficiency compared to diesel fuel. 

6. Maximum gas pressure and exhaust gas temperature was observed in case of high unsaturated 
biodiesel.  

7. Heat release rate and cumulative heat release rate is lower in case of high- unsaturated biodiesel 
fuel. 

8. A general conclusion is that all the tested bio-diesel fuels can be used safely and advantageously in 
the present engine. All the biodiesel fuels tested can be used in forms of blends to compromise the 
NOX emissions and thermal efficiency. 

 
References 
[1] Gerhard Vellguth (1983), “Performance of vegetable oils and their monsters as fuels for Diesel 

Engines”, SAE Paper No- 831358. 
[2] Tadashi Murayama, Young- taig Oh, Noboru Miyamoto, Takemi Chikahisa, Nobukazu Takagi and 

Koichiro Itow (1984). Low carbon Flower buildup, “Low smoke, and Efficient Diesel Operation 
with vegetable Oils by Conversion to Mono-Esters and Blending with Diesel Oil or Alcohols” 
(1984). SAE Paper No- 841161. 

[3] Last R J, kruger M Durn holzm, “Emission and performance characteristics of a four stroke, direct 
injected diesel engine fuel with blends of bio diesel and low sulfur diesel fuels” (1995), SAE Paper 
No-  850054 

[4] Larry E. Wagner, Stanley J. Clark and Mark D. Schrock,” Effects of soybean oil esters on the 
performance, lubricating oil, and water of diesel engines” (1984). SAE Paper No- 841385. 

[5] Alex Spataru and Claude Romig, “ Emissions and engine performance from blends of Soya and 
canola methyl esters with ARB#2 diesel in a DCC 6V92TA MUI engine “(1995), SAE Paper No- 
952388. 

[6] M. Ziejewski and K.R. Kaufman, “ Laboratory Endurance test of a sunflower oil blend in a diesel 
engine “(1983), JAOCS, 60 (8), 1567-1573 

[7] Frederic Staat and Paul Gateau, “ The effects of rapeseed oil methyl ester on diesel engine 
performance exhaust emissions and long- term   behavior- A summary of three years of 
experimentation” (1995), SAE Paper No- 950053. 

[8] Jose M. Desantes, Jean Arregle and Santiago Ruiz, “Characterization of the injection combustion 
process in a D. I. Diesel Engine Running with Rape oil Methyl Ester” (1999), SAE Paper No-
1999-01-1497. 

[9] Ken Friis Hansen and Michael Grouleff Jensen, “ Chemical and Biological Characteristics of 
Exhaust Emissions from a DI Diesel Engine Fuelled with Rapeseed Oil Methyl Ester 
(RME)”(1997), SAE technical paper series 971689. 

[10] Silvio C.A. de Almeida, Carlos R B, Marcos V.G.N, Leonardo dos S.R.V, Guilherme Fleury,” 
Performance of a diesel generator fuelled with palm oil. Brazil”, (2002), Fuel.  81(16): 2097-2102. 



International Journal of Energy and Environment (IJEE), Volume 1, Issue 3, 2010, pp.411-430 

ISSN 2076-2895 (Print), ISSN 2076-2909 (Online) ©2010 International Energy & Environment Foundation. All rights reserved. 

430 

[11] Yu C.W., Ameen A (2002), “A comparison of combustion characteristics of waste cooking oil 
with diesel as fuel in a direct injection diesel engine”, Journal of Automobile Engineering, Vol. 
216, No.D3. 

[12] Leo L Stavinoha and  Steve Howell, “Potential analytical methods for stability testing of Biodiesel  
and Biodiesel blends” SAE  Paper No1999-01-3528 

[13] Kyle W Scholl and Sorenson S C, “Combustion of soybean oil methyl ester in a DI diesel engine” 
SAE paper No 930934,pp 555-567 

[14] Dorado M P, Ballesteros E,Arnal J M Gomez J and Lopez F J, “ Exhaust emissions from a diesel 
engine fueled with transesterified waste olive oil” , Journal of fuel 82, 2003. pp 1311-1315 

[15] M.E. Tat, J.H. Van Gerpan, S. Soylu, M. Canakci, A. Monyem, S. Wormley. The speed of sound 
and isentropic bulk modulus of biodiesel at 21 oC from atmosphere pressure to 35 MPa, JACS 77 
(2000) 285 –289. 

[16] J. P. Szybist, S.R. Kirby, A. L. Boehman, NOX emissions of alternative diesel fuels: comparative 
analysis of biodiesel and FT diesel, Energy Fuels 19 (2005) 1484- 1492. 

[17] K. Yamane, A. Ueta, Y. Shimamoto, Influence of physical and chemical properties of biodiesel 
fuels on injection, combustion and exhaust emission characteristics in a direct injection 
compression ignition engine, Int. J. Engine Res. 2 (4) (2001) 249-261. 

 
 
 

A. Gopinath has completed master of engineering in internal combustion engineering with gold medal 
from College of Engineering, Guindy, Anna University Chennai, Chennai, Tamilnadu, India in 2008. He is
currently working as Deputy Manager- Product development in Ashok Leyland Technical Centre, Chennai,
India. 
His area of research includes biodiesel composition, properties, their optimization and utilization of 
biodiesel in diesel engines. 
E-mail address: gopinathmeice@yahoo.co.in, Mob: +91 9840175008. 

 
 
 

Sukumar Puhan has done his doctorate in internal combustion engineering discipline in the area of
biodiesel from Anna University Chennai, Tamilnadu, India in 2009. He is currently working as a Professor 
in Department of Mechanical Engineering, Veltech Engineering College, Chennai, India.  He has 
published a significant number of international articles. 
His research areas include biodiesel cultivation to its usage in diesel engines, biodiesel genetic
modification, and analysis of the effect of biodiesel composition in diesel engine’s combustion,
performance, and emission characteristics.  
E-mail address: sp_anna2006@yahoo.co.in, Mob: +91-9444489013. 

 
 
 

G. Nagarajan has done his doctorate in internal combustion engineering discipline from Anna University
Chennai, Tamilnadu, India in 2000. He is currently working as a Professor in Department of Mechanical 
Engineering, College of Engineering Guindy, Anna University, Chennai, India.  He is also the Director of
Entrance Examinations, Anna University, Chennai. He has published more than 40 international articles,
37 international conference papers, 9 national journal papers, and 21 national conference papers. He is 
currently handling 4 consultant projects and 3 testing projects. 
E-mail address: nagarajan1963@annauniv.edu, Mob:+91 9445393075. 

 
 


