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Abstract—In order to overcome the scarcity of hydrocarbon and its depletion, bio-diesel is used as a substitute for diesel or with its blend. In this paper 
an effort is made to develop a zero dimensional single zone thermodynamic model for compression ignition (CI) engine cycle simulation. Single Wiebe 
function is used to fit the experimental Mass Fraction Burned (MFB) profile to model heat released due to combustion. Heat transfer and variable specific 

heats are also considered. The authors of this paper have used a model to compute the performance of the CI engine powered by diesel, palm oil methyl 
ester (POME) and it blends with diesel. The affect of compression ratio and relative air-fuel ratio on the engine performance is analyzed. The predicted 
performance parameters like cumulative heat release for diesel and brake thermal efficiency with diesel, POME and various blends at 17.5:1 compres-

sion ratio are validated by comparing them with experimental results. 

 
Index Terms— thermodynamic modeling, simulation, biodiesel, diesel engine. 
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1 INTRODUCTION                                                          

NERGY is prominent requirement of present society. In-
ternal combustion engines have been the prime movers 
for generating power for various applications for more 

than a century [1].The increasing demand, depletion and price 
of the petroleum prompted extensive research worldwide on 
alternative energy sources for internal combustion engines. 
Use of straight vegetable oils in compression ignition engine 
for long term deteriorates the engine performance and is 
mainly because of higher viscosity [2-6]. The best way to use 
vegetable oils as fuel in compression ignition engines is to 
convert it into biodiesel [7].Biodiesels such as rape seed, soy-
bean, sunflower and Jatropha, etc. are popular substitutes for 
diesel [8]. In the present energy scenario efforts are being fo-
cused on use of bio diesel in compression ignition engine, but 
there are many issues related to performance and emission [8]. 
The optimum operating parameters can be determined using 
experimental techniques but experimental procedure will be 
time consuming and expensive [9]. Computer simulation [10] 
serves as a tool for a better understanding of the variables in-
volved and also helps in optimizing the engine design for a 
particular application thereby reducing cost and time. The 
simulation approach allows examining the effects of various 
parameters and reduces the need for complex experimental 
analysis of the engine [11]. A validated simulation model 
could be a very useful tool to study engines running with new 
type of fuels.   

The theoretical models used in the case of internal combus-
tion engines can be classified into two main groups viz., ther-
modynamic models and fluid dynamic models. Thermody-
namic models are mainly based on the first law of thermody-

namics and are used to analyze the performance characteris-
tics of engines.  The pressure, temperature and other required 
properties are evaluated with respect to crank angle or with 
respect to time. On the other hand fluid dynamics models are 
also applied for the simulation of combustion process. These 
governing equations in these models are partial differential 
equations which deal with spatial distribution of the gas veloc-
ity, temperature and composition within the engine cylinder. 
The solutions for those equations are tedious. Large computer 
memory and more computational time is needed to solve the 
partial differential equations. A zero-dimensional single-zone 
model as compared with multi-zone models is much simpler, 
quicker and easier to run. [12, 13] and it is capable of predict-
ing engine performance and fuel economy accurately with a 
high computational efficiency [14]. Hence a zero-dimensional 
single-zone model is developed based on first law of thermo-
dynamics and programmed in MATLAB to predict the engine 
performance for varying blend, compression ratio and relative 
air-fuel ratio. 

2 DESCRIPTION OF MATHEMATICAL MODELING 

2.1 List of symbols  

r  =   compression ratio. 

 L = length of connecting rod (mm). 

 B = bore diameter (mm). 

 dispV
= displacement volume (m3). 

 = angular displacement in degrees with respect to bottom 
dead center (BDC). 

s = crank angle at the start of combustion. 
 = specific heat ratio. 

P = pressure (bar). 

E 
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V = volume (m3). 

cm
= number of moles of carbon in one mole of fuel. 

hm
= number of moles of hydrogen in one mole of fuel. 

om
= number of moles of oxygen in one mole of fuel. 

m = mass of the charge (kg). 

ch
= coefficient of heat transfer due to convection 

(W/m2.K). 

A = interior surface area of cylinder (m2). 

T = instantaneous gas temperature (Kelvin). 

wT
= cylinder wall temperature (Kelvin). 

R = universal gas constant (kJ/kmole.kelvin). 

mC
 = piston mean speed (m/s). 

U = internal energy. 

H = enthalpy. 

PC = specific heat at constant pressure (kJ/kg.kelvin). 

VC
= specific heat at constant volume (kJ/kg.kelvin). 

n = wiebe’s shape factor. 

 = combustion duration in crank angle (degrees). 

rQ = heat released per cycle (kJ).  

d

dQr = rate of heat released during combustion (kJ/°CA). 

d

dQh = rate of heat transfer (kJ/°CA). 

d

dw
= rate of work done. 

d

du
= rate of change of internal energy. 

d

dV
= incremental change in cylinder volume (m3/°CA). 

d

dT
= rate of temperature change (Kelvin /°CA). 

2.2 Energy balance equation  

According to the first law of thermodynamics, the energy bal-
ance equation for the closed cycle is 

  

 d

dw

d

dQ

d

du
m r                   (1) 

 
The heat term (rate of heat release) can be split into the heat 
released due to combustion of the fuel and the heat transfer 
that occurs to the cylinder walls or from the cylinder walls to 
gases. The equation (1) can be written as 
 

 

  

 d

dw

d

dQ

d

dQ

d

du
m hr            (2)  

Replacing the work transfer by 
d

dV
p

 

 or by the ideal gas law 

d

dV
mRTPV    , rate of heat transfer by )( wc TTAh    

and the internal energy can be related to specific heat through 

the relationship 

   d

dT
C

d
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V

 
Upon simplification we get equation (2) as 
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Solving above equation by Range-kutta fourth order algo-
rithm, the temperature at various crank angles during com-
bustion can be calculated.  
 

2.3 Cylinder volume at any crank angle  

The slider crank angle formula is used to find the cylinder 
volume at any crank angle [10]  
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2.4 Compression and Expansion strokes 

The compression stroke starts from the moment the inlet valve 
closes (IVC) to the moment the fuel injection starts. The expan-
sion stroke starts from the moment combustion ends to the 
moment the exhaust valve opens (EVO).During these 
processes the temperature and pressure at each step are calcu-
lated using ideal gas equation and an isentropic process [15]. 
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Equations 5 and 6 are used to calculate the pressure and tem-

perature at each cylinder volume. The and  are specific 

heat at constant pressure and specific heat at constant volume 

of the charge are calculated based on charge composition and 

temperature using polynomial equation. 
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Where is the number of moles of any gases CO (carbon 

monoxide), CO2 (carbon dioxide), H2O (water), N2 (nitrogen) 

and O2 (oxygen). 

 

RCC pV                    (9) 

 

2.5 Combustion Process 
Heat release due to combustion is calculated by using single 
Weibe’s heat release correlation [16, 17]. 

 

















































1

exp)1(

n

S

n

S

n

rr a
Q

na
d

dQ










 (10)  

Where  a  and  n  are wiebe constants. These constants are differ-

ent at every operating condition and they have to be such that the 

simulated Mass Fraction Burned profile (MFB) matches closely 

with experimental MFB profile.  These constants are obtained by 

fitting the Weibe’s heat release correlation to the experimental 

MFB profile by least square method. Prior knowledge of actual 

overall equivalence ratio is necessary because the fuel/air equiva-

lence ratio depends on the amount of fuel injected inside the cy-

linder, from which the mass of fuel admitted can be calculated 

[18]. 

 

 

2.6 Heat transfer 
The convective heat transfer between gases and cylinder wall is 
considerable and hence it directly affects the engine performance. 
The convection heat transfer in kJ/degree crank angle is given by 

)( wc
h TTAh

d

dQ



          (11) 

 

 

Where  heat transfer coefficient due to convection 
 ch

 is given 
by Hohenberg equation [19]. 
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  2.7 Ignition delay 
An empirical formula, developed by Hardenberg and Hase [20] is 
used for predicting Ignition delay in crank angle degrees. 
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Where ID  = ignition delay period. 

AE  is apparent activation energy  
 
2.8 Gas properties calculation 

A hydrocarbon fuel can be represented by zyx OHC
.The re-

quired amount of oxygen ccY
 for combustion per mole of fuel is 

given by:  

ohccc mmmY 5.025.0 
S                               (14)  

 The minimum amount of oxygen required 
)( minY

 for combus-
tion per mole of fuel is    

ccc mYY 5.0min   

                 

The gaseous mixture properties like internal energy 
)(U

, en-

thalpy 
)(H

 specific heats at constant pressure 
)( PC

  and con-

stant volume ( ) depend on the chemical composition of the 
reactant mixture, pressure, temperature and combustion process 
and can be calculated using following equations. 
 

     TCTRBATU ln**                              (15) 

   TCTBATH ln**                                       (16)      

  
T

C
BTCp                   (17) 

   
T

C
RBTCV                                         (18) 

Here A, B and C are the coefficients of the polynomial equa-
tion. 
 
2.9 Friction losses  
Total friction loss calculated by the equation [21]. 

 24.0
1000*

44.1 m
m C

B

C
CFP                    (19) 

Where FP is total friction power loss and C  is a constant, which 
depends on the engine type, 

C  = 75 kPa for direct injection engine. 
 

3   METHODOLOGY 

3.1 Simulation 
A thermodynamic model based on the First law of thermody-
namics has been developed. Simulation program is made to 
model the compression, combustion and expansion processes 
as closed cycle period and the exhaust and intake processes by 
the gas exchange processes using the control volume ap-
proach. Single Wiebe function is used to fit the experimental 
mass fraction burned profile. 

The molecular formula of diesel fuel is taken as C10 H22 and 
biodiesel is approximated as C19H34O2. A computer program 
in matlab has been developed for the numerical solution of the 
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equations used in the thermodynamic model described in Sec-
tion 2. This computes pressure, temperature, mass fraction 
burned and the performance parameters like brake thermal 
efficiency, peak pressure and MFB profile for the fuels consi-
dered for analysis. Fuels considered for analysis are diesel, 
blend of 40% biodiesel & 60% diesel and biodiesel (B0, B40 
and B100). 

 
3.2 Experimental  

A stationary single cylinder, 4 stroke, water cooled diesel 
engine developing 5.2 KW at 1500 rpm is used for investiga-
tion.  The technical specifications of the engine are given in 
Table 1. The fuel properties are determined using standard 
procedure and tabulated in table 2. The author [22] has used 
the experimental setup to collect data over the various blends 

as detailed in table 3: below.   
 

 
The cylinder pressure data is recorded by using piezoelec-

tric transducer for 80 cycles. The average of data for 80 cycles 
is computed to evaluate mass fraction burned profile and 
combustion duration within the framework of first law of 

thermodynamics.  

4   RESULTS AND DISCUSSION 
4.1 Effect of compression ratio on 
4.1.1 Peak pressure 

 

 

 

 

 

 

 

 

 

 
 

 
Figure.1 shows variation in peak pressure with respect to 
compression ratio for different test fuels. With increase in 
compression ratio the air-fuel mixture compressed to high 
pressure and temperature which results in better combustion 
and hence high peak pressure. The above figure shows the 
same trend for all test fuels. The peak pressure is reduced as 
the percentage of biodiesel in the blend is increased; this is 
due to diffusion phase of combustion is predominant as com-
pared to diesel and lower calorific value of biodiesel.  

 
4.1.2 Brake thermal efficiency 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2 shows the comparison of brake thermal efficiency with 
respect to compression ratios for different test fuels.  With in-
creasing compression ratio the brake thermal efficiency is in-
creased for all the test fuels. It is observed that the brake ther-
mal efficiency is higher with B100 than that of diesel fueled 
engine due to the presence of oxygen molecule in the biodiesel 
enhances combustion. 

 
4.2 Effect of Relative air-fuel ratio on  
4.2.1 Peak Pressure 

 
 
 
 
 

TABLE1. SPECIFICATIONS OF ENGINE 

 
TABLE.2. PROPERTIES OF DIESEL AND POME 

 

TABLE 3. DETAILS OF BLEND 

 

 

Fig.1. Variation in Brake Peak Pressure 

 

Fig.2. comparison of brake thermal efficiency 



International Journal of Scientific & Engineering Research, Volume 3, Issue 4, April-2012                                                                                         5 

ISSN 2229-5518 
 

IJSER © 2012 

http://www.ijser.org  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 shows the comparison of peak pressure with respect to 
relative air –fuel ratio for different test fuels. Lean mixture 
results in less heat release and less peak pressure whereas rich 
mixture results in higher peak pressure. The peak pressure is 
decreasing as relative air-fuel ratio is increasing. Lean mixture 
dilutes the charge and hence lower temperature and pressure 
are achieved at higher relative air-fuel ratios. 

 
4.2.2 Brake thermal efficiency 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4 shows the comparison of brake thermal efficiency with 
respect to relative air –fuel ratio for different test fuels. It can 
be observed from the fig.6 that the increase in relative air-fuel 
ratio dilutes the concentration of the charge and in complete 
combustion hence reduces the brake thermal efficiency. The 
same trend is observed for all the test fuels. 

5   MODEL VALIDATION 

With the help of developed model theoretical results are pre-
dicted for brake thermal efficiency for all test fuels and cumu-
lative heat released for diesel at full load. The same are com-
pared with that of experimental results on the basis of [22] for 
validation. The figures below highlight the features. 

 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 
 
 
 
 
 
 
 

Predicted  full load  brake thermal efficiency when engine is 
fuelled with B0, B20, B40, B60, B80 and B100 and mass fraction 
burned profile for diesel are compared with experimental re-
sults are  found in closer approximation and hence  the devel-
oped simulation model has been  proved to be reliable and 
adequate for the proposed objectives. 
 
6  CONCLUSIONS 
 
A thermodynamic model is developed for analyzing the per-
formance characteristics of the compression ignition engine. 
The model is developed in such way that it can be used for 
characterizing any hydrocarbon-fueled engines, viz., diesel or 
biodiesel or their blends. The modeling results showed that, 
with increase in compression ratio peak pressure and brake 
thermal efficiency are increased. With increase in relative air-
fuel ratio, the above parameters are decreased. The perfor-
mance characteristics of the engine follow the same trend for 
all test fuels. The predicted results are compared with the ex-
perimental results of the engine fueled by B0, B40 and B100. 
This model predicted the engine performance characteristics 
in closer approximation to that of experimental results. Hence, 
it is concluded that this model can be used for the prediction 
of the performance characteristics of the compression ignition 
engine fueled by any type of hydrocarbon fuel. 
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