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Abstract- In this investigation an effort is made to optimize the engine operating parameters like injector opening 
pressure(IOP), fuel injection timing(FIT) and compression ratio (CR) in order to obtain highest brake thermal 
efficiency(BTE), and lowest possible emissions of  oxides of nitrogen and smoke. A single cylinder four stroke engine was 
fuelled with 70% Neem oil and 30% anhydrous ethanol blend (BNeO-70). In order to obtain optimum combination of engine 
operating parameters, experiments are designed using design of experiments based on Taguchi and Grey relational approach. 
Engine operating parameters were varied at three levels. A combination of injection pressure of 240 bar, injection timing of 
27° before top dead centre and a compression ratio of 18 resulted in highest brake thermal efficiency and lowest smoke 
opacity. Results of confirmation tests are very near to the predicted values. 
 
Index terms- Neem oil - ethanol blend, Design of experiments, engine operating parameters, Grey relational analysis, 
Engine characteristics 
 
I. INTRODUCTION 
 
With the industrial growth and rapid increase in 
vehicular population, demand for energy is increasing 
at very fast rate. Internal combustion engines are 
widely used for various applications due to their 
higher efficiency and compact size. Among various 
energy sources, petroleum products are widely used 
for internal combustion application.  
Among internal combustion engines, Diesel engines 
are widely used for automotive and industrial 
applications due to their higher efficiency and 
reliability. In year 2008, world’s total petroleum 
products resources were about 1238834 million 
barrels and the demand is estimated to be 122 million 
barrels per day in 2032 [1-2].  
With estimated petroleum reserves and projected 
demand, it is predicted that the petroleum oil may 
deplete in near future. Combustion of diesel fuel 
leads to higher emission which causes global 
warming and various diseases to human beings. 
In 1910, Rudolf Diesel first used peanut oil as a fuel 
for demonstration of his newly developed 
compression ignition (CI) engine. But much attention 
was not paid towards use of straight vegetable oils in 
diesel engines is due to availability of cheap 
petroleum products. During the period of World War-
II, vegetable oils were again used as fuel in 
emergency situations when fuel availability became 
scarce.  Countries like India having very less 
petroleum reserves import petroleum products from 
oil rich countries this puts additional financial burden 
on their economy. To overcome the problem of 
depletion of petroleum oil and to reduce the 
environmental pollution, it is necessary to develop 
alternative fuels which are renewable, can be 
prepared locally and can emit low level of emittants 
to air.  
Among various alternatives, bio fuels particularly non 
edible vegetable oil based fuels can be used as fuel 

for diesel engine due to their properties closer to 
diesel and can be obtained from plant species grown 
locally to ensure energy security and these fuels are 
environment friendly due to closed carbon dioxide 
cycle. Use of neat vegetable oils for diesel engine 
application results inferior engine characteristics due 
to their higher viscosity and lower volatility. These 
properties of vegetable oils can be improved by 
various methods like trans-estrification, blending it 
with suitable solvent, preheating before injection, etc. 
Trans-esrification and preheating of vegetable oils 
requires additional logistical support and skilled work 
force. Mixing of vegetable oil with diesel negates the 
idea of complete replacement of diesel. Blending of 
vegetable oil with oxygenated solvent like ethanol 
can be done to reduce the viscosity for improvement 
of engine performance and to reduce the emissions 
like hydrocarbon and smoke opacity due to presence 
of inherent oxygen in it. These blended vegetable oil 
fuels can be used as complete replacement for diesel 
as these can be prepared at the site of application 
without any costlier logistical support and skilled 
workforce. Various fuel properties like viscosity, 
specific gravity and calorific value of vegetable oil- 
ethanol blends are not same as that of diesel which 
results in poor engine characteristics with engine 
design and operating parameters set for diesel fuel. 
Various engine parameters like combustion chamber 
shape and size, nozzle geometry, nozzle location and 
projection in combustion chamber, injection pressure, 
fuel injection timing, piston to head clearance, 
number and size of nozzle holes, etc. effects the 
combustion phenomenon and the engine 
characteristics. Among these parameters, fuel 
injection pressure, injection timing and compression 
ratio can be varied easily with minor modifications in 
engine as per the type of fuel used.  For optimizing 
any system performance with multiple inputs and 
outputs, conduction of experimental investigations by 
“variation in one-factor-at-a time” proves costly and 



International Journal of Mechanical And Production Engineering, ISSN: 2320-2092,                 Special Issue, Sep.-2016 

Optimization Of Engine Characteristics Using Neem Oil-Ethanol Blend 
 

82 

time consuming. Hence, the experiments can be 
designed by approach called design of experiments. 
Optimization techniques like Taguchi method, Grey 
relational analysis [3], Non-linear regression [4], 
Genetic algorithm [5], etc are used in industries for 
optimization of system performance. In present 
investigation a blend of 70% Neem oil and 30% 
ethanol is used for operating diesel engine. The 
Taguchi method along with Gray relational analysis 
are used for determining the suitable combination of 
fuel injection timing, injector opening pressure and 
compression ratio for obtaining  highest BTE and 
lowest smoke emission.  
 
II. TAGUCHI- GREY RELATIONAL 
APPROACH 
 
The Taguchi with grey relational approach is applied 
for optimization in following steps.  
1. Identification of system output of interest and 
selection of levels for the input factors.   
2. Selection of appropriate orthogonal array (OA). 
3. Conduction of experiments as per combinations of 
orthogonal array. 
4.  Normalization of system output values between 
zero and one and calculation of grey relational 
coefficient to express relation between actual output 
values and desired values. 
5. Calculation of overall grey relational grade using 
weightage factors. 
6. Identification of level of each input factor with 
highest grey relation grade. 
7. Calculation of system output values at optimum 
combination of input parameters and verification of 
responses with confirmatory test under similar 
condition. 
 
III. OPTIMIZATION OF ENGINE OPERATING     
PARAMETERS 
 
A. Selection of Engine Operating Parameters and 
Engine Responses: 
In present work, Injector opening pressure (IOP), fuel 
injection timing (FIT) and compression ratio (CR) are 
considered for investigations. These operating 
parameters are varied in three level and are shown in 
Table no. 1. The engine responses selected are brake 
thermal efficiency (BTE), Brake Specific Energy 
Consumption (BSEC), Smoke Opacity (SO) and 
Oxides of Nitrogen (NOx) emissions.  
Details of engine operating parameters and their 
levels is shown in Table No. 1 

TABLE1: LEVELS OF ENGINE OPERATING PARAMETERS 

 

B.  Selection of Orthogonal Array:  
An orthogonal array presents the possible 
combinations of different levels of engine operating 
parameters which are to be varied to investigate their 
effect on engine responses with minimum number of 
experimental trials.  
Selection of orthogonal array depends on total degree 
of freedom of all engine operating parameters under 
consideration. For every engine parameter the degree 
of freedom is calculated by using following relation 
Degree of freedom for each engine operating 
parameter = (L-1) [6], 
Where, L is the number of levels of each engine 
operating parameter.  
Total degree of freedom of various engine operating 
parameters can be calculated 
 N = (L-1)*P where. P = number of engine operating 
parameters 
The OA must be selected such that, the number of 
trails in the selected orthogonal array (OA) must be 
equal to the N+1[7].  
In the present investigation, the injector opening 
pressure, injection timing and compression ratio are 
varied in three levels and minimum number of trials 
to be conducted during present investigations is 7. 
Hence, L9 (33) containing 9 trials has been selected 
for conducting experimental trial. Orthogonal array 
with different combinations of engine operating 
parameters is shown in table 2.  
C.  Grey Relational Analysis of Experimental Data: 
 The experiments are conducted as per the plan of L9 
orthogonal array and the details of engine output 
responses are shown in table 3. 
From these experimental results, the normalized data 
and grey relational coefficient for every engine 
response are calculated.  
TABLE 2: DETAILS OF COMBINATIONS OF ENGINE 
OPERATING PARAMETERS AS PER OA,  L9 

 
TABLE 3: DETAILS OF ENGINE RESPONSES FOR 
DIFFERENT TRIALS 
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The normalized data for minimized responses like 
BSEC, NOx and SO corresponding to lower the better 
criteria is calculated using 

xi (k) = 
)(min)(max

)()(max
kaikai

kaikai



 

Normalised data for maximised response like brake 
thermal efficiency corresponding to higher-the-better 
is calculated by  

i(k)=  
)(min)(max

)(min)(
kaikai

kaikai



 

 Where xi (k) is the normalised value of i-th response 
for k-th trial after the grey relational generation, ai (k) 
is the value of i-th response for k-th trial, min ai (k) is 
the smallest value of ai (k), and the max ai(k) is the 
largest value of the ai (k) [8]. 
The grey relational coefficient ξi (k) for every 
response at every trial is calculated by using relation          

ξi (k) = 
max)(
maxmin





koi
 

where, ξi(k)=grey relational coefficient,  Δoi =║
)()( kxikxo  ║= difference of between ideal 

normalised value xo(k) ( i.e. 1) and xi(k)( normalised 
value of i-th response for k-th trial) [7]. Δmin and Δmax 
are the minimum and maximum values of the Δoi of 
all trials.   is a distinguishing coefficient, 0≤
≤1[8].  
Grey relational co-efficient for BTE, BSEC, NOx and 
SO at every trial are calculated and shown in table 
no.4. 
 
TABLE 4:GREY RELATIONAL COEFFICIENT FOR ENGINE OUTPUT 

RESPONSES 

 
After calculating the grey relational coefficients, by 
selecting appropriate weighting factor i  for every 
engine response (can be specified from experience 
and are given in table no. 5.), the grey relational 
grade γk for every trial is calculated by using 
following relation and values of grey relational grade 

as shown in table 6.      γk = 


n

k
iki

1
)(   

    Where, Σ i = 1 and n- number of engine 
responses and )(ki is grey relational coefficient 

TABLE 5: WEIGHTING FACTORS FOR ENGINE RESPONSES 

 
Then average grey relational grade for every level of 
engine operating parameter is calculated by averaging  
given level of engine parameter. 
Higher value of grey relational grade is considered as 
the stronger relational degree between the ideal level 
of engine operating parameter and the given level of 
operating parameter. Thus, the higher relational grade 
implies that the corresponding engine parameter 
combination is closer to the optimal [8]. 
An average grey relational grade for each engine 
parameter is shown in Fig. 1.  
From Fig. 1, it is observed that the compression ratio 
has significant effect on engine responses (as the 
slope of mean grey relational grade is observed to be 
highest for compression ratio) 
 The optimum combination of engine operating 
parameters is observed to be A3B3C3, i.e. at 240 bar, 
27° bTDC and 18 as at these levels highest mean grey 
relational grade is observed 

 
TABLE 6: GREY RELATIONAL GRADE 

 

 
Fig.1. Mean Grey relational grade at different engine operating 

parameters 
 
The grey relation grade at optimum level of process 
parameters can be calculated as:  
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)(
1




o

i
meanolmeanopt   

Where opt  is the mean S/N ratio or mean grey 
relation grade for optimum combination of engine 
parameters, mean  is the mean of the grey relation 
grade for all trials, ol  is the value of mean grey 
relation grade at optimum level of each engine 
operating parameter and o is the number of the engine 
parameters that affect the engine responses.  Table 7 
shows Comparison of grey relational grade at initial 
condn with optimum condn.  
 

TABLE 7:  COMPARISON OF GREY RELATIONAL GRADE AT 
INITIAL CONDITION WITH OPTIMUM CONDITION 

 
The values of engine responses at optimum 
combination of engine operating parameters are 
calculated by 

)(
1




o

i
TXiTOPT [7] 

Where, T is the overall mean value of the output 
response variable for the test runs conducted and Xi – 
mean of the engine response for the trials with 
optimum level of the engine operating parameter X. 
 
D.   Confirmation Test: 
To compare the engine characteristics at optimum 
combination of engine operating parameters, a 
confirmation test is conducted under similar 
condition. Table no.8 shows the comparison of 
engine responses at initial engine settings, predicted 
and experimental responses at optimized conditions. 
An improvement in engine output response at 
optimized condition of 240 bar-27 CA°bTDC and 18 
CR is observed as compared to initial conditions. 
 

TABLE 8: COMPARISON OF ENGINE RESPONSES AT INITIAL 
ENGINE SETTINGS, OPTIMIZED PREDICTED AND EXPERIMENTAL 

CONDITIONS. 

 

CONCLUSION 
 
The Taguchi approach along with Grey relational 
analysis has been used for optimizing the 
performance of diesel engine fuelled with blend of 
Neem oil and Ethanol. The CR was found to be the 
most significant parameter. Based on this study, it can 
be concluded that BTE, BSEC, and emissions of 
diesel engine depend upon CR, IOP and FIT. It is 
found that a diesel engine operating at a CR-18, IOP -
240 bar, FIT - 27°CA bTDC, achieves the optimum 
engine performance. The results are well supported 
by the findings of confirmatory test. 
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