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ABSTRACT 

 
In this paper, thermodynamic simulation of the combustion process in a spark ignition engine has been studied and analysed. First, 

using a single-zone zero-dimensional model a comparison has been made between the experimental heat transfer correlations. Then, using 
the proposed heat transfer correlation, a two-zone zero-dimensional model has been used for the simulation of Pride engine performance 
and the results have been compared with experimental data. For simulation, a code has been developed in MATLAB Programming 
Language Software. 
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INTRODUCTION  

 
History of the internal combustion engines goes 

back to 1876 and 1892, when the first auto spark 
ignition engine and compression ignition diesel 
engine was introduced.  

With the development of computer modeling to 
simulate the processes of internal combustion 
engines, combustion models were introduced. These 
models are categorized based on the spatial 
dimension of desired variables to zero-dimensional, 
semi-dimensional and multi-dimensional models. 

Krieger and Borman [1] have used a single-zone 
model for simulation and analysis of the combustion 
process of a diesel engine. In two-zone zero-
dimensional models, there is a wide choice of heat 
transfer correlations in the engine. For example, 
Ibrahim et al.,  [2,3]. have used the Woschni 
Correlation, Caillol et al., [4] have used the 
Hohenberg Correlation and Soylu et al., [5,6] have 
used Annand’s correlation for this purpose. Zero-
dimensional models for internal combustion engines 
are most commonly used analytical tools [7]. 

 In this paper, a comparison between several 
models of heat transfer in the engine has been done 
and a two-zone zero-dimensional model has been 
used to simulate the performance of a spark ignition 
engine. The engine combustion chamber includes 12 
species, CO2, H2O, CO, H2, O2, N2, OH, NO, O, H, 
N and C8H18. 

 
Thermodynamic engine model: 

 
In this study, a zero-dimensional model has been 

used. Engine combustion chamber includes burned 
and unburned gases (a mixture of fuels, air and 
residuals). Burning rate and fuel conversion to 
product rate is controlled by Wiebe function. Energy 
and mass conservation equations and equations of 
state are of the main equations. 

Calculations are initiated from the enclosed mass 
of fuel, air and residuals. Then pressure and 
temperature inside the chamber during the 
compression stroke is calculated by the First Law of 
Thermodynamics until the spark ignites. Afterwards, 
calculations are done in three phases. Firstly, 
combustion is initiated, secondly, the combustion 
chamber is divided into two zones by a spherical 
flame front, and finally, combustion chamber is 
surrounded by a single zone. When the volume of 
burned mixture reaches to 0.1% of the total mixture 
volume, it is considered that the combustion begins. 
 
Cylinder volume changes: 

 
Changing the volume of the cylinder is defined 

as follow 
𝑉𝑉 = 𝑉𝑉𝑐𝑐 +
 𝜋𝜋 𝐵𝐵2

4
�𝑙𝑙 − 𝑎𝑎 − 𝑎𝑎𝑐𝑐𝑎𝑎𝑎𝑎𝑎𝑎 − √𝑙𝑙2 − 𝑎𝑎2𝑎𝑎𝑠𝑠𝑠𝑠2𝑎𝑎  �                (1) 

𝑉𝑉𝑐𝑐 = 𝑉𝑉 − 𝑉𝑉𝑑𝑑                                                                     (2) 
𝑉𝑉𝑑𝑑 = 𝜋𝜋

4
(𝐵𝐵2)𝑎𝑎                                                         (3) 
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In which 𝑎𝑎 is half stroke, 𝑙𝑙 is the length of the 

connecting rod, 𝐵𝐵 is the cylinder diameter [7]. 
 
Firing delay time: 

 
 Firing delay time is defined as follow 

 
∆𝛼𝛼𝑑𝑑𝑑𝑑𝑙𝑙𝑎𝑎𝑑𝑑 = (360×𝑁𝑁

𝑢𝑢𝑡𝑡
)(0.0015𝑉𝑉𝑐𝑐

𝛱𝛱
)

1
3                                  (4)  

 
The turbulent flame speed is calculated by 
 
𝑢𝑢𝑡𝑡 = 𝑓𝑓𝑓𝑓𝑢𝑢𝑙𝑙                                                                (5) 

 
Where 𝑓𝑓𝑓𝑓 is the factor of flame progress and 

according to Hiroyasu and Kadota, it is calculated as 
follow [9]. 

 
𝑓𝑓𝑓𝑓 = 1 + 𝑏𝑏 × 𝑁𝑁(𝑟𝑟𝑟𝑟𝑟𝑟)                                           (6) 

 
 

Where b ranges from 0.0017 to 0.0020 and the 
laminar flame speed is given by Kuehl's equation 
[10]. 

 

𝑢𝑢𝑙𝑙 = � 1.087×106

��104
𝑇𝑇𝑏𝑏

�+�900
𝑇𝑇𝑢𝑢

��
4.938� 𝑟𝑟−0.0987 (𝑐𝑐𝑟𝑟

𝑎𝑎𝑑𝑑𝑐𝑐
)                        (7) 

 
After the delay time, the second phase of 

calculations are initiated by dividing the chamber 
into two zones. First, the mixture is considered to be 
in an equal pressure and the temperature is calculated 
in burned and unburned zones. The following 
equations are solved simultaneously 

 
𝑇𝑇𝑏𝑏𝑓𝑓
𝑇𝑇𝑏𝑏

= �𝑟𝑟𝑐𝑐
𝑟𝑟𝑏𝑏
�
𝑘𝑘𝑏𝑏−1
𝑘𝑘𝑏𝑏                                                           (8) 

 
𝑇𝑇𝑢𝑢𝑓𝑓
𝑇𝑇𝑢𝑢

= �𝑟𝑟𝑐𝑐
𝑟𝑟𝑢𝑢
�
𝑘𝑘𝑢𝑢−1
𝑘𝑘𝑢𝑢                                                        (9) 

 
𝑟𝑟𝑢𝑢(𝐶𝐶𝑉𝑉)𝑢𝑢�𝑇𝑇𝑢𝑢𝑓𝑓 − 𝑇𝑇𝑢𝑢� = 𝑟𝑟𝑏𝑏(𝐶𝐶𝑉𝑉)𝑏𝑏�𝑇𝑇𝑏𝑏𝑓𝑓 − 𝑇𝑇𝑏𝑏�        (10) 

 
Where relation (8) is for the burned zone, and 

relation (9) is written for the unburned zone, and 
equation (10) is the energy balance equation. 
Equalizing the pressure is as follow [11].  
 
𝑃𝑃𝐶𝐶 = 𝑃𝑃𝑏𝑏𝑓𝑓 = 𝑃𝑃𝑢𝑢𝑓𝑓                                                      (11) 

 
Mass and energy balances 

 
In each area, the ideal gas equation of state is 

defined as 
 
𝑃𝑃.𝑉𝑉𝑢𝑢 = 𝑟𝑟𝑢𝑢 .𝑅𝑅𝑢𝑢 .𝑇𝑇𝑢𝑢                                                  (12) 

 
𝑃𝑃.𝑉𝑉𝑏𝑏 = 𝑟𝑟𝑏𝑏 .𝑅𝑅𝑏𝑏 .𝑇𝑇𝑏𝑏                                                  (13) 

 
For a volume control includes mixture of air-fuel we 
have 
 
�̇�𝑟 = ∑ �̇�𝑟𝑘𝑘𝑘𝑘                                                            (14) 

 
And the energy equation for each zone can be 

written as follows 
 
𝑑𝑑(𝑟𝑟𝑢𝑢𝑉𝑉𝑢𝑢 )

𝑑𝑑𝑎𝑎
= −𝑃𝑃. 𝑑𝑑𝑉𝑉𝑢𝑢

𝑑𝑑𝑎𝑎
+ ∑ 𝑑𝑑𝑄𝑄𝑢𝑢𝑠𝑠

𝑑𝑑𝑎𝑎𝑠𝑠 − ℎ𝑢𝑢 . 𝑑𝑑𝑟𝑟𝑢𝑢
𝑑𝑑𝑎𝑎

                 (15) 
 
𝑑𝑑(𝑟𝑟𝑏𝑏𝑉𝑉𝑏𝑏 )

𝑑𝑑𝑎𝑎
= −𝑃𝑃. 𝑑𝑑𝑉𝑉𝑏𝑏

𝑑𝑑𝑎𝑎
+ ∑ 𝑑𝑑𝑄𝑄𝑏𝑏𝑠𝑠

𝑑𝑑𝑎𝑎𝑠𝑠 − ℎ𝑏𝑏 . dmb
dθ

                (16) 
 
Following equation for the specific heat at 

constant pressure was proposed by Gordon and 
McBride [12].   
 
𝐶𝐶𝑃𝑃
𝑅𝑅

= 𝑎𝑎1 + 𝑎𝑎2𝑇𝑇 + 𝑎𝑎3𝑇𝑇2 + 𝑎𝑎4𝑇𝑇4 + 𝑎𝑎5𝑇𝑇4               (17) 
 
Where the coefficients 𝑎𝑎1 to 𝑎𝑎5 can be found in 

reference [12].   
 

Air-Fuelequivalence ratio: 
 
The equivalence ratio is defined as [13]. 

 

∅ =
� [𝐹𝐹]
𝐴𝐴𝑠𝑠𝑟𝑟 �𝐴𝐴𝑐𝑐𝑡𝑡
� [𝐹𝐹]
𝐴𝐴𝑠𝑠𝑟𝑟 �𝑆𝑆𝑡𝑡 .

                                                            (18) 

 
For the mixture of air-fuel and for a constant total 
mass we have  
 
𝑟𝑟 = 𝑟𝑟𝑢𝑢 + mb                                                        (19) 

 
Total volume is calculated as 
 

𝑉𝑉 = 𝑉𝑉𝑢𝑢 + Vb                                                            (20) 
 

Fuel Burning Rate: 
 
Burning rate is obtained by means of the wiebe 

function correlation 
 

𝑥𝑥𝑏𝑏(𝑎𝑎) = 1 − 𝑑𝑑𝑥𝑥𝑟𝑟�−a �θ−θ0
∆θ
�

m+1
�                         (21) 

 
Where 𝑥𝑥𝑏𝑏  represents the mass fraction burned or 

released energy versus crank angle. θ0is the crank 
angle at the start of combustion. In this model, a = 5 
and m = 2 [14]. 
 
Chemical Reactions: 

 
The general equation for chemical reactions is as 

follows
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𝐶𝐶𝑠𝑠𝐻𝐻𝑟𝑟𝑂𝑂𝑥𝑥 + �𝑠𝑠 + 𝑟𝑟

4
− 𝑥𝑥

2
� 1
∅

(𝑂𝑂2 + 3.76𝑁𝑁2) → 𝑎𝑎1𝐶𝐶𝑂𝑂2 + 𝑎𝑎2𝐶𝐶𝑂𝑂 + 𝑎𝑎3𝐻𝐻2𝑂𝑂 + 𝑎𝑎4𝐻𝐻2 + 𝑎𝑎5𝑁𝑁2 + 𝑎𝑎6𝑂𝑂2 + 𝑎𝑎7𝐶𝐶𝑠𝑠𝐻𝐻𝑟𝑟𝑂𝑂𝑥𝑥 +
𝑎𝑎8𝑁𝑁𝑂𝑂 + 𝑎𝑎9𝑂𝑂 + 𝑎𝑎10𝐻𝐻 + 𝑎𝑎11𝑂𝑂𝐻𝐻 + 𝑎𝑎12𝑁𝑁                                                                                                            (22) 

 
 

Where 𝐶𝐶𝑠𝑠𝐻𝐻𝑟𝑟𝑂𝑂𝑥𝑥  is the chemical formula for the 
fuel. Values of 𝑠𝑠, 𝑟𝑟 and 𝑥𝑥 for benzene equal to 7.13, 
13.74 and 0.05, respectively. It is assumed that the 
reaction is terminated when 99 % of the fuel is 
consumed. 

 
Equilibrium reactions: 

 
Based on the general equation for the 

combustion of fuel (Equation 22), 12 species CO2, 
H2O, CO, H2, O2, N2, OH, NO, O, H, N and C8H18 
are present in combustion. Apart from NO, all other 
species due to the rapid response in thermodynamic 
equilibrium are considered. Thermodynamic 
equilibrium of species can be expressed as 
 
nCO2 + 𝑟𝑟

2
H2 ↔CnHmOx + (n-𝑥𝑥

2
) O2                                      (23) 

CO + 1
2
 O2↔ CO2                                                   (24) 

 
CO + H2O  ↔ CO2 +H2                                         (25) 
 
H2O + 1

2
 N2  ↔H2 + NO                                          (26) 

 
H2O↔OH +1

2
H2                                                          (27) 

 
N2  ↔2N                                                                (28) 
 
O2  ↔2O                                                                (29) 
 
H2↔2H                                                                 (30) 

 
NO formation by the oxidation of nitrogen in 

combustion at high temperatures is expressed by 
Zeldovich's mechanism as [14]. 

 
O +N2    

𝐾𝐾±1��NO + N                                               (31) 
 
N + O2

𝐾𝐾±2��NO + O                                                 (32) 
 
N + OH   

𝐾𝐾±3�� NO + H                                           (33) 
 
 Where K ± are constants for forward and 

reverse reaction rate. Assuming that the rate of 
release of nitrogen atoms is equal to the production 
rate, the rate of NO formation is calculated by the 
following equation 

 

𝑑𝑑[𝑁𝑁𝑂𝑂]
𝑑𝑑𝑡𝑡

 = 2K+1 [O][N2]
(1− 𝐾𝐾−1𝐾𝐾−2[𝑁𝑁𝑂𝑂 ]2

𝐾𝐾+1{𝑁𝑁2]𝐾𝐾+2[𝑂𝑂2])

(1+ 𝐾𝐾−1[𝑁𝑁𝑂𝑂 ]
𝐾𝐾+2[𝑂𝑂2]+ 𝐾𝐾+3[𝑂𝑂𝐻𝐻 ])

                (34) 

 

The constants are obtained from the reference 
[15]. 

 
Heat transfer in the engine: 

 
Heat losses in the combustion chamber which 

take place with the different ways of convection, 
radiation and conduction will have a significant 
effect on the combustion behavior. For compression 
ignition engines, radiation heat transfer is negligible 
because it consists only 3 to 4 percent of the overall 
heat transfers in the engine [16].  

One of the commonly used semi-empirical 
correlations was proposed by Annand [17]. 
 
𝑄𝑄 = 𝑎𝑎 𝑘𝑘

𝐵𝐵
𝑅𝑅𝑑𝑑𝑏𝑏�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤� + 𝑐𝑐�Tg

4 − Tw
4�              (35) 

 
𝑅𝑅𝑑𝑑 = 𝜌𝜌𝜌𝜌𝑏𝑏

𝜇𝜇
                                                               (36) 

 
Where the coefficients can be found in reference 

[17]. 
During the intake, exhaust and compression 

processes, the radiation should be zero (c = 0) and for 
combustion process it should be considered to 
𝑐𝑐 = (3.88 ± 1.39 × 10−8). 

Woschni(1967)showed that the heat transfer 
coefficients can be expressed as follows: 
 
ℎ � 𝑊𝑊

𝑟𝑟2𝑘𝑘
� = 3.26 × 𝐵𝐵−0.2 × 𝑃𝑃0.8 × 𝑇𝑇−0.55 × 𝑉𝑉0.8  (37) 

 
He showed that the characteristic velocity is 

comprised of two parts. One Part is due to the piston 
motion and the other part is due to combustion 
 
𝑉𝑉 = �𝑐𝑐1�̅�𝑎𝑃𝑃 + 𝑐𝑐2(𝑉𝑉𝑑𝑑𝑇𝑇𝑟𝑟

𝑃𝑃𝑟𝑟𝑉𝑉𝑟𝑟
)(𝑃𝑃 − 𝑃𝑃𝑟𝑟 )�                            (38) 

                                                                       
Where 𝑃𝑃𝑟𝑟 , 𝑉𝑉𝑟𝑟  and 𝑇𝑇𝑟𝑟  are pressure, volume and 
temperature for a reference case (closing the intake 
valve or spark time), respectively, and SP��� = 2𝑆𝑆 ×
𝑁𝑁is the average speed of the piston. Constants of 
Woschni's corrolation can be found in reference 
(Woschni, 1967). Rao (1985), has proposed the 
following correlation for heat transfer 
 
𝑄𝑄
𝐴𝐴

= −0.058𝜌𝜌𝐶𝐶𝑃𝑃𝑢𝑢�𝑇𝑇𝑔𝑔 − 𝑇𝑇𝑤𝑤� + 𝑐𝑐(𝑇𝑇𝑤𝑤 4 − 𝑇𝑇𝑔𝑔4)       (39) 
 
Where 

𝑢𝑢 = 0.288�̅�𝑎𝑃𝑃 �
𝑉𝑉𝐼𝐼𝑉𝑉𝐶𝐶
𝑉𝑉
�

1
3
 

𝑐𝑐 = (3.88 ± 1.39) × 10−8 
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Pearson correlation coefficient 
 
Let y and z be two zero-mean real-valued 

random variables. The Pearson correlation 
coefficient (PCC) is defined as [20]. 
 
𝜌𝜌 (𝑑𝑑, 𝑧𝑧)  =  𝐸𝐸(𝑧𝑧𝑑𝑑 )

𝜎𝜎𝑧𝑧𝜎𝜎𝑑𝑑
                                                    (40) 

 
Where E (yz) is the cross-correlation between y 

and z, and σy
2 =  E(y2) and σz

2 =  E(z2) are the 
variances of the signals y and z, respectively. In the 
rest, it will be more convenient to work with the 
squared  Pearson correlation coefficient (SPCC): 
 
𝜌𝜌2(𝑑𝑑, 𝑧𝑧) =  𝐸𝐸

2(𝑑𝑑𝑧𝑧 )
𝜎𝜎𝑑𝑑 2𝜎𝜎𝑧𝑧2                                                  (41) 

 
One of the most important properties of the 

SPCC is that 
 
0 ≤ 𝜌𝜌2(𝑑𝑑, 𝑧𝑧)  ≤ 1                                                 (42) 

 
The SPCC gives an indication on the strength of 

the linear relationship between the two random 

variables y and z. If 𝜌𝜌2(𝑑𝑑, 𝑧𝑧)  = 0, then y and z are 
said to be uncorrelated. The closer the value of 
𝜌𝜌2(𝑑𝑑, 𝑧𝑧) is to 1, the stronger the correlation between 
the two variables.  
 
Results and Discusion 

 
Using the equations presented, In-cylinder 

pressure changes versus the crankshaft angle resulted 
from the simulation for Pride engine by single-zone 
zero- dimensional model is shown in Figure 1. 
According to the Figure, the Annand's empirical 
correlation of heat transfer has the lowest error and 
the best correlation of 0.9943502 (equation 41). 
Using the Annand's empirical correlation and two-
zone zero-dimensional model the in-cylinder 
pressure changes versus crank angle and in-cylinder 
pressure versus volume are shown in Figures 2 and 3, 
respectively. Also, the heat released versus the crank 
angle is shown in Figure 4. Engine specifications are 
given in Table 1 and the engine speed is 3000 rpm. 
Also, the ambient temperature and pressure are 30 ° 
C and 84.5 kPa, respectively. Spark occurs 17.6 
degrees before TDC. 

 
 

Table 1: Engine geometrical specifications 
Characteristic unit amount 
Cylinder bore mm 71 
Stroke mm 83.6 
Connecting Rod mm 134 
Displacement Volume cm 330 
Compression Ratio - 9.7 
Number of Cylinders - 4 
Load % 100 
Equivalence Ratio - 1.1 
Speed rpm 3000 

 

 
Fig. 1: Pressure V.s. Crank angle 
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Fig. 2: Pressure V.s. Crank angle 
 

 
 
Fig. 3: Pressure V.s. Volume 

 
Fig. 4: Heat release V.s. Crank angle 

 
The overall trends of the performance simulation 

are coordinated with actual engine performance 
data.Hence, the thermodynamic equations and 
simulation used in this study are suitable for 
combustion simulations. It was showed that the 

Annand's empirical relation has the best correlation 
coefficient.  
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Conclusion: 

 
 A two-zone zero-dimensional model has been 

used for simulating the internal combustion engine 
performance. In single-zone zero-dimensional model 
the Annand's empirical heat transfer correlation has 
been selected as appropriate empirical equation. In 
two-zone zero-dimensional model, Anand's 
emperical heat transfer model has been used for 
simulation. Comparison of simulated pressure 
changes within the combustion chamber by two-zone 
zero-dimensional model with the experimental data 
indicates appropriate accuracy of simulation. 
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