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Abstract— Biodiesel is a fuel alternative for diesel and 

promises energy security in transportation system. Various 

studies shows that biodiesel-fuelled engines produce less 

carbon monoxide, unburned hydrocarbon, and smoke 

compared to diesel fuel but higher nitrogen oxide emissions. 

Exhaust gas recirculation (EGR) is effective to reduce 

NO_X from diesel engines because it lowers the flame 

temperature and the oxygen concentration in the combustion 

chamber. The present study explores the potential of 

artificial neural network to predict the NO_X emission of 

single cylinder four stroke C.I. engine fuelled with biodiesel 

under varying percentage of EGR. The major objective of 

this paper is to illustrate how ANN technique might play an 

important role in modeling and optimization of the NO_X 

emission of CI engine fuelled with Jatropha seed oil and 

also to understand the effect of varying percentage of EGR 

on CI engine emission. 

Key words:  Artificial Neural Network, Exhaust gas 

recirculation,    , Biodiesel           

I. INTRODUCTION 

Petroleum based fuel plays important role in field of 

transportation, industrial growth and agriculture. However 

demand is continuously increasing but there are limited 

resources for this fuel. Due to scarcity recent surge in 

petroleum prices have regenerated interest in bio-fuels. The 

development of biomass-based diesel fuel alternative is an 

attractive proposition, as it helps to improve quality of 

diesel. The fuels of bio-origin may be vegetable oils, 

alcohol, biomass, and biogas. Some of these fuels can be 

used directly in the engine, while some others needed to be 

formulated to bring the relevant properties close to 

conventional fuels [1]. To reduce pollution and to find 

alternative for this conventional diesel fuel we are exploring 

the various alternative biodiesel is one them which can be 

made from various means of plants and contain higher 

oxygen in it while using this fuel it causes reduction in 

carbon dioxide, smoke, carbon-Monoxide but increases the 

nitrogen oxides emission this emission can be minimised by 

using exhaust gas recirculation system. Exhaust gas 

recirculation (EGR) has been proved a cost effective tool for 

NO_X reduction. It has been widely used due to its 

simplicity of operation and higher efficiency as compared to 

after treatment systems used for NO_X reduction. Highly 

non linear nature of operation parameter of engine causes 

nonlinearity on dependent pollutants. Artificial intelligence 

platform has provides analytical way to deal with these type 

of non-linear problems with substantially reduced cost, time 

and complexity. The inherent adaptive strength of Artificial 

neural network based AI system have proved itself as a great 

tool for optimisation of performance and emission in field of 

internal combustion (IC) engine [2]. This study focuses on 

the use of artificial neural network technique used for 

optimisation of amount of EGR percentage for maximum 

reduction in nitrogen oxides without effecting performance 

and other emissions. 

M. K. Duraisamy et al.,(2011) has taken effort by 

exhaustive experimentation work on diesel engine coupled 

with EGR fuelled with Jatropha seed oil and found that 

reduction in NO_X emission without much effect on smoke 

opacity and performance parameters. And suggested 15% 

Egr to be economical for reduction in nitrogen oxides 

emission with good performance characteristics. Sumit Roy 

et al., (2014) done experimentation on single cylinder four 

stroke CRDI engine under varing EGR percentage. For 

validation of experimental data an ANN model was 

developed to predict various output parameters. From the 

obtained data 70% was used training the ANN model, 15 % 

for cross validation of model and remaining 15% was used 

for testing the performance of trained network of ANN 

model. The correlation coefficient of this model was found 

in the range of 0.987–0.999 and mean absolute percentage 

error in range of 1.1–4.57% with very low root mean square 

error. 

Deepak Agrawal et al., (2006) has done 

experimentation on EGR coupled engine fuelled with 

biodiesel and found that a 20% biodiesel blend with 15% 

EGR percentage is found to be optimum concentration for 

biodiesel. Which shows improvement in thermal efficiency, 

reduced the exhaust emissions and the BSEC. EGR causes 

negative impact on hydrocarbon and carbon monoxide. EGR 

increases the HC and CO emissions and increased BSFC 

and particulate emissions were observed. In summary, 

engine operation with biodiesel while employing EGR 

results in NO_X reductions without compromising engine 

performance and emissions. H.E. Saleh (2009) carried out 

experimentation on diesel engine operating with jojoba 

methyl ester. While using EGR with 5% there is slight 

reduction in NO_X emission. At higher EGR rates (25–

40%) about 25% load NO_X is reduced to nearly 50%. 

Therefore at balance condition nearly at full load EGR 

percentage can be used around 10–15%, with NO_X 

reduction around 30–35%. In summary the results shows 

that for reduction of NO_X with not much affecting CO, HC 

and fuel economy EGR should be used within range of 5–

15% at all operating conditions. 

Shivkumar et al., (2010) done experiment on 

compression ignition engine fuelled with biodiesel and 

developed ANN model for prediction of performance 

parameters. In the model 70% of the experimental data were 

used for the training set, 15% for the validation set, 

remaining 15% were employed for the test purpose. Mean 

Relative error and the regression analysis was carried out for 

the trained as well as the test data are considered to be 

within the acceptable limits. The emission of smoke and CO 

shows slightly higher values. 
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A. Nitrogen Oxides Formation: 

Nitrogen oxide is generalised term for nitrogen oxide and 

nitrogen dioxide given with a formulae of NO_X. Nitrogen 

oxide (NO) is formed inside the combustion chamber in post 

flame combustion process in the high temperature region. 

The common mechanisms for NO formation in diesel fuel 

combustion are: Thermal (Zeldovich), Prompt (Fenimore), 

and Fuel-bound nitrogen. Among them thermal and prompt 

are the dominant mechanism of NO_X formation in 

biodiesel combustion. The main source of nitrogen for NO 

formation during conventional combustion of petroleum and 

bio-fuels is molecular nitrogen [3]. The thermal mechanism 

is based on the extended Zeldovich mechanism, represented 

by Reactions (1) through (3), which involves molecular 

nitrogen and takes place during combustion or just after the 

post-flame gas region. The forward and reverse reaction rate 

constants of Reactions (1) & (3) are generally exponentially 

dependent on temperature. As a basic demonstration of this 

temperature dependency, several simplifying assumptions 

are applied to Reactions (1) & (3) to result in Equation. The 

first assumption applied to the development of Equation is 

that the nitrogen chemistry is de-coupled from the 

combustion reactions [3]. 

             (1) 

             (2) 

            (3) 

Although combustion reactions generally occur 

much faster than nitrogen chemistry, the presence of O and 

OH radicals in thermal mechanism (which are also 

important species in combustion reactions) may require the 

chemistries to be coupled for accurate NO prediction. When 

decoupling is assumed, concentrations of O, O_2, OH, H, 

and N_2 can be approximated by their equilibrium 

concentrations at equilibrium temperature [3] 

B. Exhaust Gas Recirculation: 

Exhaust Gas Recirculation is an effective method for NO_X 

control. This method known as pre-treatment method for 

reduction of NO_X. Which controls the oxygen density and 

combustion peak temperature. The exhaust gases mainly 

consist of carbon dioxide, carbon monoxide, smoke, etc. and 

the mixture has higher specific heat compared to 

atmospheric air. Re-circulated exhaust gas replaces fresh air 

entering the combustion chamber with carbon dioxide and 

water vapour present in engine exhaust. As a result of this 

air is displaced by exhaust gas which results in lower 

oxygen concentration in intake air mixture for combustion. 

The effective air-fuel ratio is lowered by reduced oxygen 

concentration. Reduced air-fuel ratio affects exhaust 

emissions substantially. Recirculated exhaust gas increases 

specific heat of intake mixture, which reduces higher flame 

temperature [4] and the flame temperature get lower so that 

the molecular reaction rate of nitrogen with oxygen 

molecules also get lowers. Thus combination of lower 

oxygen concentration in the intake air and reduced flame 

temperature reduces rate of NO_X formation reactions. The 

EGR percentage (%) is defined as the mass percent of the 

re-circulated exhaust (MEGR) in the total intake mixture 

(Mi) [5]. 

EGR (%) = 
    

  
 × 100                       (4) 

The engines coupled with EGR emit lower quantity 

of exhaust gases compared to engines which are not using 

EGR system because part of the exhaust gas is re-circulated. 

By using this we cannot totally eliminate the toxic 

substances but we can reduce their quantity up to 

considerable amount.  Engines operating at low loads can 

generally tolerate a higher EGR ratio because re-circulating 

exhaust gases contain high concentration of oxygen and low 

concentration of carbon dioxide and water vapours [4, 5]. 

However at higher loads, the oxygen in exhaust gas 

becomes lower and the inert constituents start dominating 

along with increased exhaust temperature. Thus as load 

starts increasing diesel engines tend to generate more smoke 

because of reduced oxygen. 

II. EXPERIMENTAL SETUP 

Experiments were conducted on computerised single 

cylinder for stroke diesel engine test rig with eddy current 

dynamometer. Varies fuel blends of jatropha methyl ester 

were used with exhaust gas recirculation system at different 

EGR percentages. 

As fig. 1. Shows the experimental setup. Fuel 

measurement is done by using a specially designed 

arrangement using ultrasonic sensor. The amount of fuel 

consumed is determined by software/hardware combination 

by deducting initial reading from final readings at regular 

predetermined interval. Air flow is measured by using 

anemometer placed inline of suction air. Exhaust gases from 

the engine passes through flexible hose to calorimeter. The 

calorimeter mounted on stand and supports. The exhaust gas 

enters into calorimeter through calorimeter exhaust gas inlet. 

Heat is exchanged by circulating water through a pipe in 

calorimeter. Exhaust gas is recirculated to the air suction 

with help of flexible piping and percentage of this exhaust 

gas is regulated with the help of butterfly valve. Sensors 

mounted at various positions measures temperature at that 

point. Table – 1 shows the equipment’s and their 

specification used in test rig. 

Equipment Specifications 

Engine 

Engine model: single cylinder four 

stroke air cooled diesel engine 

Engine make: comet 

Maximum output: 5 Bhp/ 3.7 kw at 

1500 rpm 

Bore: 80 mm 

Stroke: 110 mm 

Compression ratio: 16:1 

Eddy current 

dynamometer 

Water cooled eddy current 

dynamometer 

Maximum BHP: 10 at 1500 rpm 

Air flow rate 

transmitter 

Anemometer: hot wire type 

Output: 4-20 mA 

Load cell 

transmitter 

S type, range: 0-25 kg 

Output 4-20 mA 

Fuel sensor 

transmitter 

Range: 105 gm. 

Output: 4-20 mA 

Pressure sensor Measuring range: 0-250 bar 

Table 1: Experimental Set up Details 
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Fig. 1: Computerised Single Cylinder Four Stroke Diesel 

Engine Test Rig with Eddy Current Dynamometer 

 
Fig. 2: Schematic Diagram of Experimental Setup with EGR 

Fig. 2. Shows schematic arrangement of 

experimental setup with EGR. The various components are 

shown in fig. The temperature at different points is 

measured and displayed on the PC. The speed of an engine 

measured by sensor and it is displayed on PC a PNP type 

inductive proximity sensor is used to detect the speed. Load 

sensor is mounted on the dynamometer to measure the load 

on the engine. Pressure sensor along with the signal 

conditioner is used for cylinder pressure measurement. 

Angle and TDC marked by encoder. 

III. RESULTS AND DISCUSSION 

Experiments were carried out on CI engine at different EGR 

percentage taking speed nearly constant at 1500 rpm. Engine 

was fuelled with different blends of jatropha methyl ester. 

Emission and performance parameters were recorded like 

NO_X, smoke opacity, HC, BTE, BSFC and BP. And at 

various EGR percentages like 5,10,15,20 and 25 readings 

were taken to find out reduction in NO_X emission. 

Fig. 3. Shows the variation of NO_X emission with 

the loading percentage.  When EGR is applied there is 

reduction in NO_X as we increase the EGR percentage 

NO_X emission start decreasing again. The reason behind 

this reduction in NO_X with the EGR is that reduced 

oxygen concentration in intake air which causes reduced 

flame temperature. As it is clear that NO_X formation is 

largely depends on higher flame temperature thus this 

reduced oxygen concentration which results in reduces 

NO_X emission. At maximum load condition NO_X 

emission at 5% and 20% were found to be reduced by 

16.57% and 29.47% decreased respectively than that of 

without EGR. For 25% EGR no appreciable change in 

reduction of NO_X was observed.  The degree of reduction 

in NO_X is higher at higher loads. However, NO_X 

emission in case of biodiesel blends are higher than diesel 

due to higher temperature prevalent in combustion chamber. 

An important observation is that all biodiesel blends have 

lower NO_X emission as compare to diesel without 

EGR.The variation of intensity for biodiesel fuelled engine 

with and without 

 
Fig. 3: Variation of NO_X with Load 

EGR is shown in a fig. 4. When engine is operated 

with EGR higher smoke intensity was observed as compared 

to without EGR on diesel. The reason behind increase in 

smoke emission is reduction in available oxygen 

concentration in inlet air. Which results in incomplete 

combustion and increased formation of smoke. Higher 

smoke intensity of the exhaust is observed when the engine 

is operated with EGR compared to without EGR. As we can 

see from fig. 4. As load increases there is increase in smoke 

also with EGR percentage smoke increases. Smoke intensity 

increases with increasing load and increasing EGR rates. At 

maximum load, smoke emission level for 5%, 15% and 20% 

were found to be 1.4, 1.95 and 2.16 times higher, 

respectively than that of without EGR. 

Variation of exhaust gas temperature with and 

without EGR is shown in fig. 5. It can observed that with 

increase in load exhaust gas temperature also increases. In 

case of EGR operated engine exhaust gas temperature was 

found to be lower as compared to engine operated without 

EGR. At the maximum load, exhaust gas temperature level 

for 5% and 20% were found to be 8oC and 18oC decreased 

respectively than that without EGR. There is increase in 

EGT while using biodiesel the reason for this is increased 

amount of oxygen concentration in biodiesel which 

improves combustion and increases EGT. 

 
Fig. 4: Variation of Smoke Intensity with Load 
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Fig. 5: Variation of EGT with Load 

 
Fig. 6: Variation of BTE with Load 

While engine is equipped with EGR then EGT 

starts reducing as the EGR percentage increases. The reason 

behind this is that reduction in oxygen concentration which 

causes inferior combustion and lower Exhaust gas 

temperature. 

Fig. 6. Represents comparison of brake thermal 

efficiency for biodiesel fuelled engine with and without 

EGR. Thermal efficiency was found to be increased with 

EGR at all loads. The reason for increased efficiency may be 

re-burning of HCs which enters combustion chamber with 

recirculated exhaust gas. 

 
Fig. 7: Shows the Variation of BSFC for Biodiesel 

 

Engine with and without EGR. For diesel BSFC is 

lower at all loads for engine operated without EGR 

compared to engine was operated on biodiesel blends with 

and without EGR. This increase in BSFC was due to lower 

calorific value of biodiesel compared to diesel. 

A. Artificial Neural Network: 

Artificial neural network is a technique of artificial 

intelligence and this technique can be used for various non-

linear problems which are time consuming, costly and have 

large complexity. Neural network replaces various complex 

mathematical formulas, computer models and costly 

physical models by cost effective and easy models. These 

models can learn from previous example and make a proper 

relation between non-linear parameters of the complex 

problem. These models are robust, nearly accurate but 

cannot handle tasks that involve high accuracy, complex 

arithmetic and precision as in logic. ANN has its application 

in numerous fields such as engineering, neurology, 

medicine, psychology, metrology and many others [6]. 

MATLAB DESCIPTION 

Topology 

7 inputs, 1 output and 1 hidden layers with 

10 hidden neuron in each layer     (7-10-1-

1) 

Data 

Training subset: 70% randomly selected 

observation data (126 patterns) 

Validation subset: 15 % randomly 

selected observation data (27 patterns) 

Test subset: 15% randomly selected 

observation data (27 patterns) 

Activation 

Function 
tan – sigmoidal (tansig) 

Output 

function 
Linear (purelin) 

Training 

algorithm 
Levenberg-Marquardt (trainlm) 

Loss function 

criterion 
Minimum MSE 

Stopping 

criteria 

Stop network training when validation 

error starts increasing 

Table 2: Ann Model Description 

B. The ANN Architecture: 

The ANN architecture means arrangement of neurons into 

layers and connection patterns between the hidden layers, 

the choice of activation function and most pertinently the 

number of hidden neurons in the hidden layer. A multilayer 

feed-forward neural network is consists of one input layer, t 

hidden layer and one output layer. The input layer is 

interconnected with the hidden layers and similarly hidden 

layer is connected with the output layer with the help of 

synaptic weights. The network developed for this engine 

NO_X prediction is shown in Fig. 8.  Consists of 7 input 

parameters in input layer one hidden layer with 10 neurons 

and one output layer consist NO_X as output parameter. 

C. Choice of Network Parameters: 

In this feed-forward network a continuous differentiable 

Tan-sigmoid (tansig) activation function was chosen for 

hidden and linear function (purelin) for the output neurons. 



Application of ANN for Reduction of Nitrogen Oxides in C.I. Engine Coupled with EGR 

 (IJSRD/Vol. 3/Issue 02/2015/169) 

 

 All rights reserved by www.ijsrd.com 679 

 
Fig. 8:  Architecture of Network 

Activation functions serve to introduce nonlinearity 

into neural networks that makes it more powerful than linear 

transformations. The tan sigmoid transfer function has been 

commonly used as an activation function in multilayer 

perception model, because it is a differentiable, continuous 

and non-linear function. Training is done with levenberg-

marquardt (trainlm) algorithm. The Levenberg-Marquardt 

algorithm will have the fastest convergence. This advantage 

is especially noticeable if very accurate training is required. 

In many cases, trainlm is able to obtain lower mean square 

errors than any of the other algorithms tested. The tansig 

activation function is given by 

      ( )  
 

(      )  
    (5) 

D. Determination of Training and Testing Data: 

Training neural network architecture can be seen as a 

nonlinear optimization problem in which the task is to find 

out the set of parameters i.e. synaptic weights such that the 

network output is as close as to the desired output. The 

present study consisted of seven input and one output 

parameters. There were 180 values in the experimental 

dataset for 12 variables. Conferring to the studies. It was 

discovered that different ratios for training and testing data 

were used. In the present study, 70% (126 patterns) of total 

experimental data was randomly selected for training the 

neural network, 15% (27 patterns) for the network’s cross-

validation (to avoid over-fitting) and remaining 15% (27 

patterns) data has been used for testing the performance of 

the trained network. 

E. Performance Evaluation of Output Parameters: 
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Where ti is the predicted value, oi is the true value and n is 

the number of testing samples. 

F. Network Results: 

MATLAB 2014 has been used for simulating the ANN 

model and the standard training functions are defined in the 

neural network toolbox. This toolbox has been used in 

network development and training work. The network 

results good prediction of    . The results of various stages 

are shown in fig. 9. 

 
Fig. 9: Results of Trained Network 

Training: The network is trained in neural network 

toolbox.  Randomly selected data is trained for network. Out 

of available 180 patterns we have randomly selected 70% 

(126 patterns). During the training phase of the network, in 

each iteration synaptic weights are modified 

 
Fig. 10: Regression Plot of Training Phase 

For learning the pattern of data and to establish 

relation between input and out parameters. The states of the 

hidden and output layer determine the output of the network. 

The fig. 10. Shows the results for training phase.  

Regression coefficient comes 0.991 which shows the trained 

network has good prediction capabilities. 

1) Validation:  

After training phase there is validation of the data is done 

for these 15% (27 patterns) were randomly selected out of 

180 patterns. Fig. 11. Shows the validation result correlation 

coefficient for the validation comes out to be 0.99845 this 

shows good network performance. Fig. 12. Shows the 

network performance the best validation performance is at 

24.1191 at 22 epochs above this value network will get over 

trained. 

 
Fig. 11: Regression Plot of Validation Phase 
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2) Testing:  

After training and validation network to be tested for this the 

data is randomly get selected.  The data is tested for 

evaluation for performance of trained network. From the 

available data 15% (27 patterns) randomly selected for 

testing of network. The fig. 13. Shows performance of 

testing phase the correlation coefficient comes out to be 

0.9955 shows good network characteristics. 

 
Fig. 12: Network Performance 

 
Fig. 13: Regression Plot of Testing Phase 

3) Overall Performance of Network:  

Network training is done by using neural network toolbox in 

MATLAB 2014. And the results shows the good matching 

of predicted and experimental parameters. Performance 

index which shown by correlation coefficient comes out to 

be 0.99854 which ensure good performance characteristics 

of developed network. The fig. 14. Shows the overall 

network performance of the developed neural network. And 

error histogram shows the performance index of the network 

in fig. 15. The line nearer zero line shows that network has 

good performance index. 

 
Fig. 14: Regression Plot of Overall 

4)     Prediction:  

The model is developed for predicting emission of nitrogen 

oxides at different conditions. Model performance shows 

that this model is suitable for prediction of nitrogen oxides 

with very negligible error. And this also validates the 

experimental data. The fig. 16 shows the experimental and 

predicted data showing the performance of prediction 

model. 

 
Fig. 15: Error Histogram of Network 

 
Fig. 16: Graph between Experimental and Predicted 

    Emission  

IV. CONCLUSIONS 

Based on exhaustive engine testing, it can be concluded that 

both biodiesel and EGR can be used together and this will 

result in lower NO_X emission. And other emission like HC 

and CO also get reduced by using this combination. 

As biodiesel is oxygenated fuel and by using this 

there is improvement in combustion characteristics this 

results in increased NO_X but this increased NO_X can be 

effectively reduced by using Exhaust gas recirculation 

system. There is slight improvement in brake thermal 

efficiency and bsfc also slightly reduced. But using EGR 

increases smoke opacity in very small amount due to 

incomplete combustion because of reduced oxygen content 

in intake air. 

The present study shows that NO_X prediction 

model performance is very good and it predicts good output 
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results of nitrogen oxides. This model has good accuracy 

with correlation coefficient (R) ranging from 0.995 to 0.999. 

The excellent generalization capability observed of the 

developed model helps establish itself as an effective 

forecasting tool which can be employed to emulate actual 

engine operation for the desired outputs even in cases of 

engine operation outside the purview of the present study.  

The present study was thus able to establish an 

ANN architecture, which could consistently emulate actual 

engine parameters proficiently even under different modes 

of CRDI operation with EGR thereby providing a holistic 

and robust predictive platform for virtual sensing in real 

time optimization strategies for such engine operation. 

REFERENCES 

[1] M. K. Duraisamy, T. Balusamy and T. 

Senthilkumar, “Reduction of NO_X emissions in 

jatropha seed oil – fuelled CI engine” ARPN 

Journal of Engineering and Applied Sciences, PP. 

1819-6608, 2011. 

[2] Hardik B. Charola, C. D. Sankhavara and 

M.B.Charola, “Evaluate the Performance and 

Emission using EGR (Exhaust gas recirculation) in 

Compression-ignition engine fuelled with blend”, 

IOSR Journal of Mechanical and Civil 

Engineering, Volume 10, PP. 16-21, 2014 

[3] Jiafeng Sun, Jerald A. Caton and Timothy J. 

Jacobs, “Oxides of nitrogen emissions from 

biodiesel-fuelled diesel engines” Progress in 

Energy and Combustion Science, Volume 36, PP. 

677-695, 2010. 

[4] Deepak Agarwal, Shailendra Sinha and Avinash 

Kumar Agarwal, “Experimental investigation of 

control of NO_X emissions in biodiesel-fuelled 

compression ignition engine”, Renewable Energy, 

Volume 31, PP. 2356–2369, 2006. 

[5] H.E. Saleh, “Effect of exhaust gas recirculation on 

diesel engine nitrogen oxide reduction operating 

with jojoba methyl ester”, Renewable Energy 

Elsevier, Volume 34, PP. 2178–2186, 2009. 

[6] Soteris A. Kalogirou, “Artificial intelligence for the 

modelling and control of combustion processes: a 

review”, Progress in Energy and Combustion 

Science, pp.515-566, 2003.  

[7] Shivakumar, Srinivas Pai P., Shrinivasa Rao B. R; 

“Artificial Neural Network based prediction of 

performance and emission characteristics of a 

variable compression ratio CI engine using WCO 

as a biodiesel at different injection timings”, 

Journal of Applied Energy, pp. 2344–2354, 2011.  

[8] Gholamhassan Najafi, Barat Ghobadian, Talal F. 

Yusaf and Hadi Rahimi, ” “Combustion Analysis 

of a CI Engine Performance Using Waste Cooking 

Biodiesel Fuel with an Artificial Neural Network 

Aid”, American Journal of Applied Sciences, ISSN 

1546-9239, pp- 756-764, 2007.  

[9] Sumit Roy, Rahul Banerjee and Probir Kumar 

Bose, “Performance and exhaust emissions 

prediction of a CRDI assisted single cylinder diesel 

engine coupled with EGR using artificial neural 

network” Applied Energy Elsevier, Volume 119, 

PP. 330–340, 2014.  


