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ABSTRACTThis study intends to predict the influence of injection
pressure and injection timing on performance, emission

and combustion characteristics of a diesel engine fuelled with
waste cooking palm oil based biodiesel using the artificial
neural

network (ANN) model. To acquire data for training and testing in
the proposed ANN, experiments were carried out in a singlecylinder,
four stroke direct injection diesel engine at a constant speed of
1500 rpm and at full load (100%) condition. From

the experimental results, it was observed that waste cooking
palm oil methyl ester provided better engine performance and

improved emission and combustion characteristics at injection
pressure of 280 bar and timing of 25.5o bTDC. An ANN model

was developed using the data acquired from the experiments.
Training of ANN was performed based on back propagation

learning algorithm. Multilayer perceptron (MLP) network was used
for non-linear mapping of the input and output

parameters. Among the various networks tested the network with
two hidden layers and 11 neurons gave better correlation

coefficient for the prediction of engine performance, emission
and combustion characteristics. The ANN model was validated

with the test data which was not used for training and was found
to be very well correlated.

KEY WORDS : Artificial neural network, Waste cooking oil,
Biodiesel, Fuel injection pressure, Fuel injection timing

1. INTRODUCTION

Biodiesel is considered to be a promising alternative fuelfor
the current petroleum based fossil fuels among the

various sources. Biodiesel has many advantages like low

emissions, biodegradability, non-toxicity and better
lubricity

compared to diesel (Anand et al., 2010; Lapuerta et al.,2007;
Mittelbach and Tritthart, 1998; Jindal et al., 2009;

Balat and Balat, 2008). But biodiesel involves higher

production cost compared to diesel due to the high cost
ofvegetable oil which comprises nearly 78% of the produc-

tion cost (Bautistaet al., 2009; Demirbas and Balat, 2006).Many
researchers have produced biodiesel from waste

cooking oil as it is cheap and avoids the cost of wasteproduct
disposal treatment (Cvengros and Cvengrosova,

2004; Dorado et al., 2004). However, a major disadvantage

of biodiesel obtained by transesterification limiting thegrowth
of its use is its higher viscosity and density when

compared to diesel. This can lead to poor atomization and

mixture formation with air which results in slowercombustion,
lower thermal efficiency and higher emissions

(Narayana Reddy and Ramesh, 2006; Demirbas, 2006).

The present design and operating parameters of the engine

are standardized for diesel fuel only. In order to utilize
the

higher blends of biodiesel on diesel engine, work studies

on areas of engine modification is required to meet
thecomparable performance emission and combustioncharacteristics
with diesel (Jindal et al., 2009). Among the

various engine design parameters such as compression

ratio, injection rate and air swirl level, Fuel
injectionpressure and fuel injection timing decide the overall

efficiency of the diesel engine (Jindal et al., 2009; Vicente
et

al., 2006). Therefore modifications of the engine parameters

are essential to optimize the overall efficiency of the
enginedue to the difference in chemical composition and combus-

tion characteristics between diesel and biodiesel.

The study of the performance, emission and
combustioncharacteristics of diesel engine at different
operating

conditions fueled with biodiesel through experimentation isboth
time consuming and expensive, which can be overcomeby modeling. ANN
modeling technique can be applied to

determine the required output parameters when enough

experimental data is provided. ANN modeling uses the non

linear computer algorithm which can model the behaviourof
complicated non linear process (Ghobadian et al., 2009;

Prieto et al., 2001; Hosoz and Ertunc, 2006; Manohar et

al., 2006). An ANN approach can contain multiple inputvariables
to predict the multiple output variables. ANN has

shown the ability to learn the system that can be modeledwithout
earlier knowledge on relationship between the

process variables. Further ANN can handle large and

complex systems with interrelated parameters (Wu et
al.,*Corresponding author. e-mail: [email protected]
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2006; Arcakliolu et al., 2004). ANN based engine model

offers the automatically developed engine characteristics

over time and provides an optimized engine control systemwith
minimum effort (Hafner et al., 2002).

Owing to the capability of ANN in the non linear

problems, they have been used in analysing and predicting

the performance and exhaust emission of diesel engines(Massie,
2001; Mohd Sami Ashhab, 2008). Arcakliolu

and Veil (2005) studied the applicability of ANN to predict

the performance and emission from a diesel engine. Enginespeed,
injection pressure and throttle position were taken as

input parameters while engine torque, power and specific

fuel consumption were considered as output parameters.

The result revealed that there was a proper correlationbetween
the experimental and predicated values. Krijnsen

et al. (1999) investigated the application of ANN as a toolto
predict the engine NOx emission behaviour withoutusing expensive
NOx analyzer and computer models. Clark

et al. (2002) examined ANN model to predict the NOx

emission for sixteen different chassis test schedule usingthree
different methods with speed and torque as input

variable. It was predicted that NOx emission was within

5% error. Traver Michel et al. (1999) determined the

application of ANN to determine the gaseous emission ofNavistor
T444 DI diesel engine using cylinder pressure as

an input variable. It was concluded that NOx and CO2responded
very well. Yuanwang et al. (2002) studied the

application of a back propagation algorithm based ANN to

analyze the exhaust emission such as UHC, CO, PM andNOx. Cetane
number was selected as input variable. A

good correlation between the predicted and measured value

was observed.Ramadhas et al. (2006) investigated the ANN model
to

predict the cetane number of any biodiesel. Multilayer feed

forward radial base, generalized regression and recurrentnetwork
were used to predict the cetane number based on

its fatty acid composition. It was concluded that the

prediction of cetane number of biodiesel was comparable

to that of actual cetane number of biodiesel. However, thereis a
lack of research in the area of ANN application on

biodiesel fueled DI diesel engine characteristics at
different

operating conditions. Only few publications are availableon
modeling of performance and emission characteristics

using biodiesel without engine modification. Besides, ANN

modeling for the prediction of combustion characteristics of

diesel engine at different operating conditions is found tobe
scarce. Hence an attempt has been made to develop

ANN modeling for the prediction of performance, emission

and combustion characteristics of DI diesel engine fueledwith
biodiesel in relation to various injection pressure and

injection timings.

2. MATERIALS AND METHODS

2.1. Engine Setup and Measurements

The experimental investigation was conducted on a single

cylinder four stroke DI naturally aspirated diesel engine

under 100% load at a constant speed of 1500 rpm. The

general specification of the test engine are shown in Table1.
The schematic view of the experimental setup is shown

in Figure 1. The test engine used was directly coupled with

a KIRLOSKAR made three phase alternator (model AG-10) for making
power measurements. The output of the

alternator was connected to a resistive lighting load. The

fuel flow rate was measured using a duly calibrated

standard burette (100 mL volume and 1 mL division) and adigital
stopwatch. Two separate fuel tanks were employed

for supplying fuel to the test engine. Orifice plate was
used

to measure the flow rate of air by creating a pressure dropwhich
varied with the flow rate. An inclined manometer

Table 1. Engine specifications.

Engine parameter Specification

Engine make TV1- KIRLOSKAR

Rated brake power 5.2 kW

Speed 1500 rpm

Number of cylinder 1

Method of cooling Water cooled

Bore x Stroke 87.5 mm110 mm

Type of ignition CI

Compression ratio 17.5:1

Fuel injection Solid/direct injection

Fuel injection system

Pump in line nozzle

injection system

Injection opening pressure 220 bar

Injection timing 23o bTDC

Nozzle hole diameter andnumber

0.3 mm and 3

Fuel spray angle 120o

Piston bowl Hemispherical

Figure 1. Schematic diagram of experimental setup.
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was utilized to measure the pressure drop. A damping tank

was provided in the setup to minimize air pulsation. The

Bosch type fuel injection pump with the model no of9410031021
and Bosch type fuel injectors with model no

of 9430031258E were employed to inject the fuel into the

engine combustion chamber.

The concentration of CO, CO2, HC, NO, and O2 presentin the
exhaust gas was measured using an AVL DIGAS 444

five gas analyzer. The concentrations of CO, CO2, and O2were
expressed as percentage volume while those of HCand NO were
expressed in ppm. AVL 437 smoke meter

was used to measure smoke in terms of percentage opacity.

A KISTLER make quartz (piezo-electric) transducer inconjunction
with a KISTLER charge amplifier was employed

to determine the cylinder gas pressure. The TDC marker

(KISTLER with model no of model 5015A1000) was usedto provide
the square wave output exactly when the piston

was at TDC. Data acquisition system was utilized to record

the cylinder gas pressure with the average of 20 cycles of

data and a resolution of 0.5oCA. Cooling of the engine
wasachieved by circulating water through the jackets of the

engine block and the cylinder head. K-type thermocoupleswere
employed to assess the exhaust gas, cooling water

inlet and outlet temperatures.

In the present investigation, biodiesel derived from

waste cooking palm oil was used as the test fuel.
Biodieselpreparation through transesterification process has
been

reported in the previous study (Kannan et al., 2011). The

physical and chemical properties of biodiesel weredetermined as
per ASTM standard test methods and were

compared with WCO is given in Table 2. The injection

timing of the engine was kept as 23

o

bTDC (as set by themanufacturer) initially and the fuel was
altered to biodiesel.

By keeping injection timing of 23o bTDC, the injection

pressure was differed from 220 bar to 300 bar in the
interval

of 20 bar. The performance, emissions and combustion

characteristics of diesel engine were recorded at 100% load

with a constant speed of 1500 rpm. Similar procedure wasrepeated
for biodiesel with different injection timings of

25.5o and 28o bTDC. The percentage uncertainties of

measured and calculated parameters were determinedusing the
root-sum-square method (Mani and Nagarajan,

2009; Ernest and Dhanesh, 2007) and are given in Table 3.

3. ARTIFICIAL NEURAL NETWORK DESIGN

An artificial neural network (ANN) is a mathematical
orcomputational model on the basis of functional aspects of

biological neural network. ANN technique has the ability to

change its network structure depending upon the informationthat
flows through the network during the training phase.

Further, ANN technique is a non linear statistical data

modeling tool and is used to model complex relationship

between input and output data. The ANN is composed ofone input
layer and an output layer with one or more hidden

layers (Haykin, 1994). Each layer consists of neurons that

are the processing element of ANN. Each neuron in everylayer is
duly connected to other neurons in the subsequent

layers which are referred to as feed forward multilayer

perceptron (MLP) networks. ANN network is trained byrandomly
selecting the number of hidden layers and

number of neurons in it as there is no thumb rule to

determine the number of neurons in a hidden layer and the

number of hidden layers (Caglar, 2009). Hence, the numberof
hidden layers and number of neurons in it were selected

on the basis of trial and error methods. Further, the numberof
neurons and hidden layers were either increased ordecreased so that
correlation coefficient (R) reached nearer

Table 2.Fuel properties of waste cooking oil and biodiesel.

Property WCO Biodiesel Limits ASTM standard

Density (kg/m3

) at 27o

C 918.4 866.0 860-900 ASTM D1298

Kinematic viscosity (cSt) at 40oC 45.34 4.027 1.90-6.00 ASTM
D445

Cloud point (oC) 24 13 ASTM D2500

Cold filter plugging point (oC) 9 8 Summer max 0 Winter130 ASTM
D93

Fire point (oC) 345 190 - ASTM D93

Calorific value (MJ/kg) 35.82 38.034 - ASTM D240

Iodine value (gI2/100 g) 92.5 57.3 120 ASTM D5554

Acid value (mg KOH/g) 2.896 0.38 0.80 ASTM D 664

Saponification value (mg KOH/g oil) 195.48 182.78 - ASTM
D5558

Copper strip corrosion-3 hr, 100oC 1(a) 1(a) Class 3 ASTM
D130

Sulphur content (%)by wt 0 0 0.05 ASTM D5453

Cetane index 30 66 47 ASTM D 976
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to unity. The number of neurons and hidden layers for

which the R value is closer to unity was selected as the

optimum network. Among the various kinds of ANNarchitecture, a
back propagation multilayer feed forward

network is the most extensively used one for prediction in

engineering applications (Fndk et al., 2010). There are

various types of activation functions such as step
activationfunction, threshold function, sigmoid function and

hyperbolic tangent function. Among these, the sigmoid

function is the most commonly used as the transferfunction
(Sozen et al., 2004).

Back propagation training algorithm is the most widely

used one for ANN modeling. Faster algorithm such as
quasi-Newton, scaled conjugate gradient (SCG) and Levenberg-

Marquart (LM) use standard numerical optimization

techniques that eliminate the slow response on the practical

problems compared to gradient descent and gradientdescent with
momentum algorithm. LM method uses the

second order derivatives of the cost function which resultin
better convergence behaviour whereas the ordinarygradient descent
focus only on the first order derivatives.

Further LM method is an approximation of the Newtonsmethod
(Marquardt, 1963). In this study, back propagation

learning algorithm was applied for training the ANN

model. Figure 2 shows the architecture of the ANN model.

Various training function such as Trainlm, Traingdx,Trainscg
were tried to obtain the best ANN model. A

Logistic sigmoid was employed as transfer function for thehidden
layer. In order to acquire the best prediction, anANN with
different architectures was trained and evaluated

using experimental data. Neural network tool box available

in MATLAB 7.3 was used for the ANN modeling.

4. RESULTS AND DISCUSSION

4.1. Performance Characteristics

The data of ANN model was obtained from the previousexperimental
study on DI diesel engine fuelled with

biodiesel (Kannan and Anand, 2012). The comparison of

performance, emission and combustion characteristics ofdiesel
engine using biodiesel under different injection

pressure and timing at 100% load condition are given in

Table 3. Percentage uncertainties of various instruments.

Instrument Measuring range Accuracy Percentage uncertainties

AVL DiGAS 444 five gas analyzer

Carbon monoxide (CO) 0-10% vol< 0.6% vol: 0.03% vol

> 0.6% vol: 5%0.3

Carbon dioxide (CO2) 0-20% vol< 10% vol: 0.5% vol

> 10% vol: 5% vol0.2

Hydrocarbon (HC) 0-20000 ppm vol< 200 ppm vol: 10 ppm vol

> 200 ppm vol: 5%0.2

Oxygen (O2) 0-22% vol< 2% vol: 0.1% vol

2% vol: 5% vol0.3

Nitric oxide (NO) 0-5000 ppm vol< 500 ppm vol: 50 ppm vol

500 ppm vol: 10%0.2

AVL 437 smoke meter

Smoke opacity 0-100% 1% 1

Exhaust gas temperature 0-1250oC 1oC 0.2

Burette for fuel measurement - 1cc 1

Digital stop watch - 0.2 sec 0.2

Manometer - 1mm 2

Pressure transducer 0-100 bar 0.01 bar 0.1

TDC marker - 1o 0.2

Engine characteristics absolute uncertainties

Brake power - 0.071 kW 1.37

Total fuel consumption - 0.016 kg/h 1.04

Brake specific fuel consumption - 0.005 kg/kWh 1.72

Brake specific energy consumption - 0.22 kJ/kW h 1.72

Brake thermal efficiency - 0.48% 0.05
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Table 4. For all injection timing, the BSFC and BSEC of

biodiesel fueled engine decreased with increasing
injectionpressure up to 280 bar. This was due to increasing
injection

pressure that caused the proper atomization which led to

complete combustion. Higher injection pressure of 300 bar

at all injection timing showed higher BSFC and BSEC dueto
delayed injection and adverse effect on fuel distribution

in air. The minimum BSFC of 0.3 kg/kW h and BSEC of

12.8 MJ/kW h was observed at the injection pressure of280 bar
and timing of 25.5o bTDC. It can be seen that the

engine delivers the maximum BTE of 30.5% at the

injection pressure of 280 bar and timing of 25.5o bTDC

which is 12.04% higher than that of 23o bTDC and 8.5%

higher than that of 28o bTDC. The significant improvement

in performance characteristics of biodiesel fuelled dieselengine
is mainly due to better combustion because of proper

atomization done by increasing injection pressure. Further,

earlier start of combustion through advance injection

timing reduces the effect of slow vaporization and
higherviscosity of biodiesel that leads to poor mixing of fuel
with

air (Jindal et al., 2009).

4.2. Emission Characteristics

Reduction in CO and significant improvement in CO2emission was
observed with increasing injection pressurefor biodiesel. Minimum
CO emission of 0.11% by vol. was

observed at the injection pressure of 280 bar and timing of

25.5

o

bTDC, which is 0.04% by vol. and 0.05% by vol.lower when
compared with that of CO emission at 23 o

bTDC and 28o bTDC respectively. Maximum CO2emission of 4.1% by
vol. was observed at the sameoperating condition which is 1.8% by
vol. and 0.2% by vol.

higher than that of CO2 emission at 23o bTDC and 28o

bTDC respectively. This is due to the lower carbon contentof
biodiesel and also better combustion caused by the

improved atomization, better mixing process at higher

injection pressure of 280 bar and compensation of the slow

vaporizing nature of biodiesel at advancing injectiontiming of
25.5o bTDC when compared to other injection

pressure and timings that resulted in lower CO and slightly

higher CO2 emission.UHC emission of biodiesel decreased with
increasing

injection pressure from 220 bar to 280 bar. Lowest UHC

emission of 9 ppm was observed at 280 bar and 25.5o

Figure 2. Multilayer neural network for predicting engine

parameters.

Table 4. Experimental results of biodiesel under different
injection pressure and timing.

IP(bar)

IT(obTDC)

BSFC(kg/kW h)

BSEC(MJ/kW h )

BTE(%)

CO(% vol)

CO2(% vol)

UHC(ppm)

NO(ppm)

Smoke(%)

ID(oCA)

CD(oCA)

PP(bar)

220 23.0 0.41 15.57 23.12 0.17 2.10 17 445 45.6 10.98 42.10
70.50

220 25.5 0.36 13.98 24.87 0.12 3.80 13 456 41.3 10.98 42.80
71.02

220 28.0 0.47 17.80 20.23 0.16 4.10 13 465 38.4 15.21 43.10
67.14

240 23.0 0.38 14.56 24.72 0.22 2.10 18 450 44.1 10.40 41.68
70.03240 25.5 0.33 12.98 26.47 0.22 3.70 14 492 40.5 10.43 41.81
71.25

240 28.0 0.43 16.49 21.83 0.16 4.00 14 458 37.3 15.09 43.03
67.25

260 23.0 0.38 14.29 25.19 0.19 2.10 13 466 43.1 10.51 41.20
71.10

260 25.5 0.33 12.91 26.94 0.20 3.90 12 507 41.0 10.41 41.28
72.12

260 28.0 0.42 16.14 27.12 0.11 4.20 12 490 39.3 14.96 42.18
68.25

280 23.0 0.34 13.38 27.22 0.15 2.30 11 526 36.5 10.24 41.33
71.20

280 25.5 0.33 12.88 30.50 0.11 4.10 9 521 34.9 10.23 41.66
74.38

280 28.0 0.38 14.21 28.09 0.20 4.00 12 550 38.2 13.29 42.13
71.30

300 23.0 0.42 15.85 22.72 0.21 2.20 15 426 44.8 11.18 41.76
69.17

300 25.5 0.37 14.55 24.47 0.14 3.80 11 437 42.3 11.15 41.92
70.11

300 28.0 0.48 18.15 19.83 0.11 4.10 11 446 31.0 13.63 43.46
65.48
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bTDC, which is 2 ppm and 3 ppm lower than that of UHC

emission at 23o bTDC and 28o bTDC respectively. The

reduction in UHC emission of biodiesel is mainly due tothe
higher oxygen content and cetane number (Kannan and

Anand, 2011). Further, the increasing of injection pressure

and advancing injection timing improved the spray

characteristics which led to better combustion.The NO emission
level increased with increasing

injection pressure and timing; this was because of faster

combustion and higher cylinder gas temperature thatoccurred as a
result of peak pressure at earlier crank angles

(Demirbas and Balat, 2006). Maximum NO emission is

540 ppm at 280 bar and 25.5o bTDC, whereas at 23o bTDCand 28o
bTDC, it was found to be 526 ppm and 521 ppm

respectively. The lowest smoke opacity of 34.9% was

obtained with 280 bar biodiesel operation at the injectiontiming
of 25.5o bTDC compared to other injection timings

and pressures. Reduction in smoke level of biodiesel is due

to its oxygen content and small particle diameter ofinjected
fuel with high injection pressure. Further, better

oxidation of soot particles during the expansion stroke due

to advancing of the injection timing resulted in longer

duration and higher temperatures (Cenk et al., 2010).

4.3. Combustion Characteristics

Ignition delay is the period between the start of fuelinjection
and the start of combustion. Change in slope of

the pressure crank angle diagram, and the heat-release

analysis of the pressure crank angle data were used tocalculate
the ignition delay (Heywood, 1988). Amongst all

the tested injection pressures and timings, minimum

ignition delay period of 10.23 oCA was observed at 280
barbiodiesel operation with 25.5o bTDC injection timing. The

reduction in ignition delay period of biodiesel was mainly

due to the higher cetane number of biodiesel. From Table
4,reduction in ignition delay was observed with the

increasing injection pressure from 220 to 280 bar at all

injection timings due to better atomization and propermixing of
fuel with air (Cvengros and Cvengrosova, 2004).

Slight increase in the ignition delay period was also

observed on further advancing the fuel injection timing at

very high injection pressure of 300 bar due to the low
gastemperature environment and adverse effect in fuel

distribution in air.

Crank angle corresponding to 5% and 95% mass burntwas considered
as the combustion duration. Among all the

injection pressure and timings, the minimum combustion

duration of 34.5 oCA was observed with 280 bar and 25.5o

bTDC. The reason was the increase in injection pressure

and advancement in the injection timing compensated the

slow vaporization of biodiesel by proper mixing of fuel andair
that resulted in better combustion. Further, faster

burring rate in the uncontrolled phase of combustion due to

proper mixing of fuel and air and shorter controlledcombustion
as a result of lower rate at which the mixture

became available for burning that resulted in reduction in

the combustion duration.

Maximum cylinder gas peak pressure of 74.38 bar was

observed at 280 bar and 25.5o

bTDC. This was mainly dueto the shorter ignition delay period of
biodiesel. Further, the

combustion started earlier due to the advancement in fuel

injection timing and smaller droplets of fuel being injectedat
high injection pressure and the higher oxygen content of

biodiesel that led to better combustion.

4.4. Modeling of Engine Characteristics using ANN

In this study, the ANN model was applied to estimate the

brake specific fuel consumption (BSFC), brake specificenergy
consumption (BSEC), brake thermal efficiency

(BTE), carbon monoxide (CO), carbon dioxide (CO2),

unburnt hydrocarbon (UHC), nitric oxide (NO), smoke,

ignition delay (ID), combustion duration (CD) and peakpressure
(PP) under varying injection pressure and

injection timings. The data of ANN model was obtained

from the experimental study on DI diesel engine fueledwith
biodiesel at different operating conditions. In the

model, data obtained from the 15 experimental trials of

engine using biodiesel were assigned as the training set.Input
and output variables were normalized in the range

from 0.1 to 0.9 using simple normalization methods and

the values are given in Table 5. In order to determine themost
appropriate ANN model, different number of hidden

layers with neurons in it were trained and tested for 10,000

epochs. A network with two hidden layer and 11 neurons init was
found to be the optimum ANN model for dieselengine parameters and
it is given in Table 6. The

Table 5.Range of parameter in the experimental runs and

normalization values.

Input parameters Range Normalization valuesMinimum Maximum
Minimum Maximum

Injection pressure(bar)

220 300 0.1 0.9

Injection timing(obTDC)

23 28 0.1 0.9

Output parameters

BSFC (kg/kW h) 0.3269 0.4773 0.1 0.9

BSEC (MJ/kW h) 12.1882 18.1543 0.1 0.9

BTE (%) 19.83 30.5 0.1 0.9

CO (% vol) 0.07 0.22 0.1 0.9

CO2 (% vol) 2.1 4.4 0.1 0.9

UHC (ppm) 9 18 0.1 0.9

NO (ppm) 426 551 0.1 0.9

Smoke (%) 31 45.6 0.1 0.9

ID (oCA) 10.2132 15.2135 0.1 0.9

CD (oCA) 41.64 44.67 0.1 0.9

PP (oCA) 70.09 74.38 0.1 0.9
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performance of the ANN in training is presented in Figure 3.

The goal for the training was taken as 10-5 which indicatedthe
satisfactory response. From Table 6, the correlation

coefficient (R) of 0.9997 can be observed between outputs

and targets with 11 neurons in the hidden layers. Noincrease of
correlation coefficient was noted above 11

neurons. Hence, the network with two hidden layer

consisting of 11 neurons is considered as the suitable ANN

model for diesel engine variables. In order to validate theANN
model, 3 experimental trials were conducted

separately and the data obtained from these trials were

used. The selected model is tested the validation trials.Figures
4~6 show the comparison of the actual and

predicted BSFC, BSEC, BTE, CO, CO2, UHC, NO, smoke,

ID, CD and PP of DI diesel engine. It can be seen that theactual
and predicted values are very close to each other.

The correlation coefficient (R) values are 0.9969, 0.9954

and 0.9969 for engine BSFC, BSEC and BTE, while thevalues are
0.9959, 0.9979, 0.9969, 0.9934 and 0.9944 for

emission characteristics like CO, CO2, UHC, NO and

smoke respectively. The combustion characteristics of ID,CD and
PP show the correlation coefficient of 0.9964,

0.9959 and 0.9929 respectively. From the weights of

hidden layer and output layer the mathematical equations

are developed for the prediction of output parameters andare
given below.


BSFC=11.0813F1-1.0106F2-52.7296F3-1.4604F4-89.7878F5+0.98623F6+35.8387F7+41.1546F8-

1.6002F9+42.3817F10-0.38609F11+14.1947 (1)

BSEC=10.6104F1-0.9137F2+1234.3271F3-

1.3875F4+1225.0735F5+0.80116F6+10.7007F7+38.773F

8+0.71071F9+39.7354F10-0.35922F11-1272.6373 (2)

BTE=-8.2754F1+0.61488F2-4136.2373F3+0.91641F4-

4169.8884F5-0.29365F6+26.1244F7-90.0595F8-6.09F9-

90.5302F10+0.35758F11+4231.8739 (3)

CO=-2.544F1-1.6279F2-5968.5114F 3+0.67751F4-5348.436


F5-0.81562F6-630.0946F7-8.0433F8-7.952F9-8.107F10-4.5322F11+5991.1913
(4)

CO2=1.9709F1+0.93444F2+3181.7842F 3-0.52582F4+2928.4191F
5+0.3689F6+258.5402F7+19.9277F8+

4.2087F9+19.9629F10+2.3872F11-3208.4245 (5)

UHC=-4.6841F1-2.4056F2-9113.1651F 3+1.2073F4-

8382.649F 5-0.84121F6-746.4465F7-56.3038F8-

11.9319F9-56.1552F10-6.7165F11+9190.6822 (6)

NO=-5.0554F1+4.6067F2+12824.1056F3+0.092886 F4

+12.011.2131 F5-0.15586F6+838.0973F7+15.798F8+

19.5733F9+14.4605F10+8.8229F11-12871.1099 (7)

smoke=0.1991F1-1.413F2-334.5216 F3-1.6307F4-


254.1259F5+0.77662F6-82.2087F7+29.8173F8-2.1091F9+30.2736F10-1.161F11+309.4393
(8)

ID=5.1428F1+0.022806F2+3312.8484
F3-0.70951F4+3226.8787F5+0.44975F6+91.9919F7-10.1328F8+

4.8657F9-9.4669F10+0.74009F11-3308.0508 (9)

CD=-4.0663F1-1.9155F2-7205.7851F3+1.3899F4-

6727.457F5-0.50011F6-491.2116F7+1.0884 F8-

Table 6.Details of various training algorithm for the ANN
model.

Activation function Training function Number of hidden layers
Neurons in hidden layer Correlation coefficient R

Sig/sig/sig/sig/lin Trainlm 4 15 0.9971

Sig/tan/sig/lin Traingdx 3 14 0.9986

Sig/sig/sig/tan/lin Trainlm 4 13 0.9988

Sig/tan/lin Trainscg 2 12 0.9991

Sig/sig/lin Trainlm 2 11 0.9997

Sig/sig/lin Trainlm 2 14 0.9991

Sig/sig/lin Traingdx 2 11 0.9989

Sig/sig/lin Trainscg 2 11 0.9990

Figure 3. Performance of the ANN Model in training.
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8.5508F9+1.4471F10-5.2849F11+7220.7722 (10)

PP=-3.7706F1+1.2683F2-4791.1689F 3+0.22384 F4-

5127.1729F 5+0.12251F6+326.3167F7-23.9673F8-

8.8638 F9-23.6745F10+2.7704F11+4819.9178 (11)

In these equations, Fi = (i=1, 2, 3.11) can be calculated

using the following equation

Figure 4. Comparison of ANN trained values and measured values
(a) BSFC (b) BSFC vs. IP (c) BSEC(d) BSEC vs. IP (e)BTE (f) BTE vs.
IP (g) CO (h) CO vs. IP.

Figure 5. Comparison of ANN trained values and measured values
(a) CO2 (b) CO2 vs. IP (c) UHC (d) UHC vs. IP (e) NO(f) NO vs. IP
(g) smoke (h) smoke vs. IP.
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Figure 6. Comparison of ANN trained values and measured values
(a) ID (b) ID vs. IP (c) CD (d) CD vs. IP (e) PP (f) PP

vs. IP.

Figure 7. Comparison of ANN tested values and measured values
(a) BSFC (b) BSFC vs. IP (c) BSEC (d) BSEC vs. IP (e)BTE (f) BTE
vs. IP (g) CO (h) CO vs. IP.
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(12)

Ei is the weight between the input layer and hidden layer

and is given in Table 7. Coefficients in equation are theweights
which lie between hidden and output layer. The

performance, emission and combustion characteristics of

the diesel engine fueled with biodiesel were calculated

using these equations. The general equation in Table 7 was

mainly depending upon the input parameters of the ANNsuch as
injection pressure (IP) and injection timing (IT).

The ANN was tested using 3 experimental trials and is

presented in Figures 7~9. The correlation coefficient (R)values
for the performance characteristics such as BSFC,

BSEC and BTE were found to be 0.9984, 0.9994 and 0.9994

respectively. It can be seen that the emission characteristicsof
CO and CO2 showed the correlation coefficient of 0.9984

and 0.9979 whereas remaining emission characteristics like

UHC, NO and smoke exhibited similar R value of 0.9994.The
correlation coefficient with combustion characteristics

of ID, CD and PP showed R value of 0.9989, 0.9959 and

0.9934 respectively. Hence, it can be observed that the ANNmodel
can be used as an effective method for modeling and

for the prediction of performance, emission and combustion

characteristics for DI diesel engine.

4.5. Evaluation of Results

The network was trained successfully and then the test data

was used to evaluate the selected network. Using resultsobtained
from the network, a comparison was carried out

using statistical methods. The performance of the network

was evaluated using mean percentage error. Mean

Fi1

1 eEi

+---------------=

Table 7.Weight between the input layer and hidden layers.

Ei = K1IP+K2IT+K3

i K1 K2 K3

1 111.3604 56.8697 -153.1703

2 -189.7357 238.4972 52.0905

3 -1.5573 80.4242 -12.9017

4 21.8679 -7.1342 -10.055

5 1.4444 -32.5749 8.0604

6 166.1209 41.1955 -120.2487

7 -103.3704 -238.8202 124.0824

8 10.0442 -19.347 11.9987

9 -2.0129 9.0304 -3.0904

10 -10.0367 19.2801 -11.9648

11 15.844 11.7785 -7.1076

Figure 8. Comparison of ANN tested values and measured values
(a) CO2 (b) CO2 vs. IP (c) UHC (d) UHC vs. IP (e) NO(f) NO vs. IP
(g) smoke (h) smoke vs. IP.
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percentage error which is the mean ratio between the error

and the experimental values is given as follows

Mean percentage error (13) where N is the

number of data, ti is the actual or experimental value and oiis
the ANN predicted value. It indicates how large the erroris related
to the correct value and it is expressed in

percentage values (Traver Michel et al., 1999). The mean

percentage errors of the output parameters of optimum

network for training and testing data are shown in Table 8.

Mean percentage errors were smaller than 3% and 4% for

training and test data respectively. Hence, the results

obtained from optimum ANN model may easily beconsidered to be
within the acceptable limits. Lower value

of mean percentage error shows that there is a better

correlation between trained or tested values and
measuredvalues.

5. CONCLUSION

Based on the ANN modeling on DI diesel engine fueled

using biodiesel under 100% load at different
operatingconditions, the following conclusions are drawn:

Experimental investigation showed that the injection

pressure of 280 bar and injection timing of 25.5

o

bTDCwas found to be the optimum condition for engine with

biodiesel, based on the reduction in BSFC of 3.7% and

13.9%, BSEC of 3.8% and 10.2% compared to 280 barwith 23o bTDC
and 28o bTDC respectively. Moreover,

the improvement in brake thermal efficiency of 12.1%

and 8.5% was also observed. Biodiesel resulted in the reduction
of CO, HC and smoke

emission by 0.04% vol. and 0.05% vol. 2 ppm and 3 ppm,

and 1.6% and 3.3% at optimized conditions compared to

280 bar with 23o bTDC and 28o bTDC respectively.

Significant improvement in CO2 emission by 1.8% vol.

and 0.2% vol. and NO emission by 14 ppm and 19 ppm

1

N----

ti oi

ti-----------100

i 1=

N

=

Table 8. Statistical value of predictions.

Outputparameters

Mean percentageerror (training)

Mean percentageerror (test)

BSFC 0.1270 0.4368

BSEC 0.271064 0.07815

BTE 0.370084 0.009709

CO 2.219429 0.57923

CO2 0.533148 0.542288

UHC 0.157131 0.19367

NO 0.124679 0.39869

Smoke 0.192964 0.12118

ID 0.295667 0.06106

CD 0.03003 0.097232

PP 0.15269 0.00806

Figure 9. Comparison of ANN tested values and measured values
(a) ID (b) ID vs. IP (c) CD (d) CD vs. IP (e) PP (f) PP vs.

IP.
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was also observed.

Among the various injection pressure and timing, 280 bar

with 25.5o bTDC exhibited higher cylinder gas pressure,shorter
ignition delay with slightly longer combustion.

Multilayer feed forward network with back propagation

training algorithm was used to predict the performance,

emission and combustion characteristics of diesel engineat
various injection pressure and timing.

The predicted R values were found to be very close to

unity for BSFC, BSEC, BTE, CO, CO2, UHC, NO,

smoke, ID, CD and PP and revealed that there was good

correlation between the predicted and measured data. Mean
percentage errors for training and test data were

found to be within 3% and 4% respectively and showed

better correlation between training or test data with

measured values.Hence, the application of ANN can be used as
an

effective tool for predicting the performance, emission and

combustion characteristics of DI diesel engine under

various operating conditions in preference to complex andtime
consuming experimental investigation. The future

work of this present study mainly relies on the developing

ANN model to predict the biodiesel fuelled diesel
enginecharacteristics by varying engine speeds along with

different injection pressures and timings.
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