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Abstract 
 
In this study, a thermodynamic cycle simulation of a conventional four-stroke SI engine has been carried out to predict the engine per-

formance and emissions. The first law of thermodynamics has been applied to determine in-cylinder temperature and pressure as a func-
tion of crank angle. The Newton-Raphson method was used for the numerical solution of the equations. The non-differential form of 
equations resulted in the simplicity and ease of the solution to predict the engine performance. Two-zone model for the combustion proc-
ess simulation has been used and the mass burning rate was predicted by simulating spherical propagation of the flame front. Also, tem-
perature dependence of specific heat capacity has been considered. The performance characteristics including power, indicated specific 
fuel consumption, and emissions concentration of SI engine using gasoline and CNG fuels have been determined by the model. The re-
sults of the present work have been evaluated using corresponding available experimental data of an existing SI engine running on both 
gasoline and CNG. It has been found that the simulated results show reasonable agreement with the experimental data. Finally, paramet-
ric studies have been carried out to evaluate the effects of equivalence ratio, compression ratio and spark timing on the engine perform-
ance characteristics in order to show the capability of the model to predict of engine operation.   
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1. Introduction 

Decreasing world energy resources and the problems 
caused by increased pollutant emissions have resulted in a 
great deal of efforts on the development of alternatives for 
fossil fuels in internal combustion engines [1, 2]. A large num-
ber of studies have been on the development of internal com-
bustion engines to address technological, environmental and 
economical concerns [3]. Recently Taylor [4] reviewed im-
provements which have been implemented on internal com-
bustion engines. One of the promising alternative fuels to 
gasoline in the internal combustion engine is natural gas [5-9]. 
There are two important advantages in the use of compressed 
natural gas (CNG) as an alternative fuel, namely, higher ther-
mal efficiency due to the higher octane number and lower 
exhaust emissions as a result of the lower carbon to hydrogen 
ratio of the fuel [10]. Also, the abundance and availability of 
natural gas reserves in comparison to the petroleum resources 
is another feature of using CNG as alternative fuel in the pas-

senger vehicles engines as well as stationary ones. Many stud-
ies and experimental works have been carried out on CNG 
fuelled engines which were reviewed by Cho and He [10]. 

Ristovski et al. [11] presented a comparison between the 
emissions for a modified six cylinders Ford SI engine before 
and after converting from gasoline to CNG mode. The results 
showed lower concentrations from 561 to 390 gr/km for CO2 
and 219.7 to 0.891 gr/km for CO emissions. However, the 
NOx emission increased from 5.68 to 8.34 gr/km. They 
claimed that their results were in the range of emissions 
quoted in the literature. 

Aslam et al. [12] carried out an experimental study on retro-
fitted gasoline SI engine fuelled with CNG. The authors ob-
served a 16% reduction of BMEP due to lower flame speed 
and a 17-18% reduction of BSFC due to higher heating value 
of CNG when compared to gasoline. The results showed 20%, 
80% and 50% lower levels of CO2, CO and UHC emissions, 
respectively. However NOx production increased by 33%. The 
lower CO2 and CO emission is attributed to the lower carbon 
to hydrogen ratio of CNG and the higher NOx emission is due 
to combustion of leaner mixture and higher combustion tem-
perature of CNG compared with gasoline. 
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Shamekhi & Khatibzadeh [13] carried out a comprehensive 
experimental study on a bi-fuel four cylinders SI engine in full 
and part load conditions over a wide range of engine speeds. 
Engine performance and emissions were also measured for 
both gasoline and CNG fuels. The authors reported that torque, 
power and BMEP decreased by approximately 10.8 to 14% 
due to lower volumetric efficiency of CNG operation. The 
average of BSFC reduction was between 15 to 24% as a result 
of higher heating value and leaner combustion of the CNG 
fuel. Compared to gasoline operation, CO2 and CO reduction 
of between 0-11% and 58-89%, respectively, were observed. 
The leaner combustion of CNG resulted in lower CO produc-
tion, whereas the higher hydrogen to carbon ratio of CNG 
causes CO2 reduction. The results showed considerable reduc-
tion in UHC emissions, 37-58% and an increase of NOx emis-
sions. These can be attributed to higher combustion tempera-
ture and leaner mixture when using CNG. They also found 
that at full load, the MBT spark timing for CNG was between 
7 and 13 degrees crank angle more advanced than that of 
gasoline which results in the higher combustion temperature 
when using CNG. 

For prediction of the internal combustion engine behavior 
and determination of the trends for different fuels over a wide 
range of design and operating variables, thermodynamic mod-
eling is a very useful tool. Various models describe the ther-
modynamic [14], fluid flow, heat transfer and burning rate 
[15-17], combustion, kinetics and its effective parameters [18-
24]. Also, power cycle modeling has been developed in nu-
merous studies to predict engine operating characteristics. 
Recently Sheppard and Verhest [25] have reviewed the multi-
zone thermodynamic models for SI engines. 

Benson et al. [26] have reported a comprehensive procedure 
for simulating the power cycle of a single cylinder four stroke 
spark ignition engine with the consideration of compression, 
combustion, expansion and gas exchange processes. They 
investigated a four steps simulation model for combustion 
process and used two-zone model to describe the flame front 
propagation in the cylinder considering ignition delay period. 
The equilibrium constant method has been applied to deter-
mine chemical concentration of eight species. In-cylinder 
pressure and burned and unburned temperature were reported. 
In this work, the effect of flame factor on the flame speed and 
concentration of nitric oxide has been investigated. Also, they 
studied the effect of air-fuel ratio on cylinder temperature and 
nitric oxide concentration and compared the results with cor-
responding experimental data.  

A first and second law thermodynamic analysis of a real 
spark ignition engine cycle has been developed by Rakopou-
los [27]. The two-zone model for the combustion process, 
accurate simulation of the spherical flame front propagation 
and calculation of eight chemical species concentration were 
taken into account to predict in-cylinder pressure, nitric oxide 
emissions and cylinder charge availability of the engine as a 
function of equivalence ratio. A numerical solution was used 
to solve the system of nonlinear equations. Validation of the 

thermodynamic analysis of cycle was carried out by compar-
ing the theoretical findings with the relevant experimental 
results obtained from a flexible, variable compression ratio, 
Ricardo E-6 SI engine. 

Alla [28] proposed an arbitrary heat release formula to si-
mulate the heat transfer and predict performance of a four 
stroke SI engine. The effects of equivalence ratio, spark tim-
ing, combustion duration, and compression ratio on the engine 
performance characteristics including BMEP, BSFC and 
brake thermal efficiency were investigated. The results from 
the model for cylinder pressure diagram and the predicted 
performance characteristics of the engine showed good 
agreement with the measured data.  

An analytical model has been developed by Eriksson and 
Andersson [29] for describing the variation of the cylinder 
pressure in a SI engine. This model is based on parameteriza-
tion of ideal Otto cycle and a set of tuning parameters with 
physical meanings has been used. The results have been vali-
dated with experimental data.  

Caton [30] has developed a thermodynamic simulation for 
the SI engine cycle. He studied the maximum temperature of 
the cylinder with respect to fuel-air ratio, compression ratio 
and spark timing using three-zone model for the combustion 
process. The burned gases were divided into burned zone, an 
adiabatic core and boundary layer and the second law of ther-
modynamic was considered for simulation. The comparison of 
the results from the multiple zone simulation with the results 
from a similar single zone model was carried out and it was 
shown that the use of a multiple-zone model for engine cycle 
simulations provides additional insight into the major proc-
esses relative to the use of a single zone approach. In another 
study [31], Caton investigated the effect of compression ratio 
on nitric oxide emissions of the SI engine. He used the three-
zone thermodynamic model for prediction of nitric oxide 
emissions as a function of compression ratio. The computed 
results were shown to be compatible with experimental results 
from the literature. 

Finite-time thermodynamic modeling of an air-standard 
Otto cycle with consideration of variable specific heats of the 
working fluid and heat transfer loss has been reported by Ge et 
al. [32]. The authors assumed that the heat loss through the 
cylinder wall was proportional to average temperature of both 
the working fluid and the cylinder wall. They investigated the 
relations between the power and thermal efficiency of the 
engine as a function of compression ratio. The results showed 
that the temperature dependence of specific heat and heat loss 
of working fluid should be considered in the cycle analysis 
due to their effects on engine power and efficiency. Also, in 
another work by Abu-Nada et al. [33] the mentioned effect on 
cylinder pressure and temperature, BMEP and thermal effi-
ciency of engine were confirmed by thermodynamic simula-
tion of air-standard Otto cycle.  

A computer simulation of four stroke CNG SI engine has 
been carried out in Ref. [34]. The authors optimized perform-
ance characteristics of the engine by employing cooled ex-
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haust gas recirculation at high inlet pressure at stoichiometric 
condition. They used two-zone combustion model with eight 
species as products and Wiebe function for calculation the 
burning rate. Also, the Zeldovich mechanism and Arrhenius 
equation form for engine knock prediction were considered in 
the modeling. The results showed that the lowest fuel con-
sumption was obtained at high power and low emissions. It 
was noted that the compression ratio relevant to the lowest 
fuel consumption varies with speed of the engine. As an ex-
ample, at engine speed of 1500 rpm, the lowest fuel consump-
tion of about 200 gr/(kW-hr) was obtained at inlet conditions 
of 200 kPa and 333 K and compression ratio of 12. 

Al-Baghdadi [35] has presented cycle computer simulation 
including the two-zone model to predict four stoke SI engine 
performance and emissions fuelled by gasoline, ethanol, hy-
drogen and their mixture. Calculation of burning rate and 
combustion duration was done using laminar and tubular the-
ory of flame speed. Also, pre-ignition and knock occurrence 
were taken into account. The model compared performance 
parameters such as power, SFC and carbon dioxide and nitric 
oxide emissions of the engine for different fuels. The meas-
urements were done on hydrogen-ethanol-gasoline fueled 
engine at stoichiometric mixture, MBT at 1500 rpm and com-
pression ratio of 7.5. A very close agreement with experimen-
tal measurements was observed for this modeling. The results 
showed that the engine power increased by increasing the 
percentage of hydrogen up to 2% by mass due to increased 
mass burning rate. For more than 2% mass fraction of hydro-
gen, the power decreased as volumetric efficiency is reduced. 
Also, engine power increased with the increase in ethanol 
percentage up to 30% by volume. The author reported that the 
carburetor was not capable of evaporating all the supplied fuel 
for more than 30% volume fraction of ethanol and as a result 
the power and thermal efficiency was reduced. It was seen that 
CO emission decreased with increase of the percentage of 
hydrogen and/or ethanol. In contrast, NOx concentrations in-
creased when increasing the percentage of hydrogen or etha-
nol. The effects of compression ratio, equivalence ratio and 
engine speed on the performance and emission characteristics 
of a hydrogen fuelled SI engine has been investigated by the 
author in the another work [36].  

Combustion in the SI engine is an extremely complex phe-
nomenon and some models have been developed with differ-
ent levels of capability to simulate the physical and chemical 
processes. In the simplest approach, the zero-dimensional 
model is used to predict combustion process in the cylinder. 
Whereas combustion occurs at constant volume instantane-
ously, the cylinder is presented by only one zone. Alla [28] 
declared that this assumption would increase IMEP and the 
power of the engine by some 50% relative to the real values. 
In quasi-dimensional model the entire cylinder contains two 
zones: burned and unburned. The combustion occurs during a 
progressive process. Obviously, this model is more accurate 
than the zero-dimensional model. In the three-zone model, the 
entire combustion chamber is divided into unburned zone, 

adiabatic burned zone, and a boundary layer burned zone [30]. 
Beside, multidimensional computational fluid dynamics 
(CFD) simulations are used for comprehensive study of the 
combustion process. This approach considers the chemical 
reactions mechanism which contains too many species, and so, 
it needs considerable usage of computer memory. This ap-
proach permits a better presentation of in-cylinder temperature 
and nitric oxide emission in comparison to other mentioned 
models [30]. In the present work, objective of the model is 
based on thermodynamic simulation to predict performance 
characteristics of the engine and parametric studies. Therefore 
the two-zone model for the combustion process simulation has 
been applied according to requirements. This selection and 
conformity has been confirmed by Heywood [37]. 

Research was carried out by D’Errico [22] on prediction of 
the combustion process and emissions of bi-fuelled gasoline 
and CNG SI engine by thermodynamic quasi-dimensional 
modeling and was validated by available experimental data. 
He presented a new correlation for laminar flame speed of 
methane–air mixtures by interpolating many different condi-
tions at high pressure and temperature including consideration 
of a detailed chemical approach. The use of the new correla-
tion to describe the combustion process was successful as 
good agreement was seen between relevant experimental and 
predicted in-cylinder pressure diagrams. Also, a reduced 
chemical scheme has been proposed by the author for species 
which are kinetically controlled. This mechanism showed a 
reliable prediction of in-cylinder carbon dioxide and nitric 
oxides emission. He reported that the good agreement be-
tween NOx emissions as well as in-cylinder temperature pro-
file predicted by quasi-dimensional modeling with CFD 
analysis showed the validity of the simplifications made in the 
quasi-dimensional simulation. 

Thurnheer et al. [38] carried out a heat release and loss 
analysis of a naturally aspirated bi-fuel SI engine fuelled by 
gasoline, methane and blends containing methane and 5%, 
10% and 15%vol hydrogen to investigate combustion differ-
ences between the fuels. The experiments were carried out at 
2000 rpm, 2 bar BMEP and stoichiometric air fuel ratio to 
determine the spark timing for best fuel conversion efficiency. 
They measured the heat losses from the engine, the combus-
tion duration and flame development angle as a function of 
spark timing. The main results of this paper indicated a de-
crease in the overall burn duration when the hydrogen fraction 
of the blend was increased. This was attributed to shorter time 
for the first stage of combustion. 

The present work is an investigation on the performance 
characteristics and emissions of a bi-fuel spark ignition engine 
fuelled by gasoline and CNG using thermodynamic simulation 
of the engine closed cycle which has been reported by the 
authors primarily [39]. The simulation model has been based 
on the first law of thermodynamic in the non-differential equa-
tion form. The simplicity and ease of the solution of this ap-
proach is remarkable in prediction of temperature and pressure 
variations of the cylinder content resulting in engine perform-
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ance and emissions. Stepwise calculations for in-cylinder 
pressure and temperature at compression process, ignition 
delay period, combustion and expansion processes have been 
considered. The performance characteristics including power, 
ISFC and specific emissions concentration of SI engine on 
both gasoline and CNG fuel are determined by the model. 
Measured data for the calibration and validation of the model 
has been used from available experimental tests that have been 
done on a bi-fuel SI engine. The effects of equivalence ratio, 
compression ratio and spark timing on power, ISFC and com-
bustion duration have been investigated to show the capability 
of the model to predict engine performance characteristics.  

 
2. Engine simulation model 

2.1 Approach 

The model has been used thermodynamically to simulate the 
closed power cycle of an SI engine including compression, 
ignition delay, combustion and expansion processes. Modeling 
is based on the first law of thermodynamics in its simple form 
and not in the differential form, therefore, the method is very 
simple and is easily understood while giving accurate results. 
Equations can not be solved analytically and the Newton-
Raphson method has been used as a numerical solution tech-
nique [26]. Cylinder contents were treated as ideal gases and the 
equation of state were employed. During the compression, 
composition of the cylinder gas is considered constant, but, in 
the expansion stroke, the composition is changed in every inter-
val due to dissociation reactions. The quasi-dimensional model 
has been used for simulation of the combustion process. The 
cylinder is divided into two zones which are separated by a thin 
flame front. The flame front is assumed to propagate spherically 
throughout the combustion chamber and each zone is spatially 
uniform. The heat transfer from cylinder content to the wall has 
been predicted with semi-empirical correlation proposed by 
Annand [37]. Heat transfer between burned and unburned zones 
and flow of gases into and out of the crevices of the cylinder 
were ignored in the simulation. The indicated work was ap-
proximated by integration of P-V diagram over each interval. 
The calculation procedure started with determination the tem-
perature and the pressure in the compression stroke for every 
crank angle until the spark timing. After spark ignition, the igni-
tion delay time was calculated and the flame front combustion 
was assumed to propagate spherically. After the combustion of 
the fuel, the entire volume of the cylinder was considered as a 
single zone filled with the combustion products for the expan-
sion stroke. In the model developed, each stroke was divided 
into a number of intervals of small volume change. The time of 
each interval was determined by: 

 

360
t

n
θΔ

Δ =
×

 (1) 

 
where Δθ (Deg.), n(rps) and Δt(s) denote crank angle change, 

engine speed and time interval, respectively. In every interval, 
the variation of the temperature and pressure were determined. 
The balancing the internal energy before and after each inter-
val was checked using the first law of thermodynamics. If 
required, the estimated value of temperature was modified by 
the Newton-Raphson modification method. The calculation 
was repeated until the first law of thermodynamics was satis-
fied with the stipulated accuracy. The first estimate of tem-
perature for the end of each interval was obtained by assuming 
an isentropic change for compression and expansion strokes. 

 
2.2 Combustion model 

In this study, a thermodynamic model, also known as the 
quasi-dimensional model has been used for combustion proc-
ess simulation. The cylinder is divided into two zones, burned 
zone and unburned zone, separated by a thin flame front. The 
flame front propagates spherically throughout the combustion 
chamber until it reaches the cylinder walls. Each zone is as-
sumed to be spatially homogeneous and the spark plug is lo-
cated at the center of cylinder head. During combustion stroke, 
pressure is uniform throughout the cylinder, but there are two 
different temperature and composition for each zone. The 
composition of unburned gases is frozen while the composi-
tion of burned gases is in chemical equilibrium except for the 
nitrogen monoxide. Heat transfer between burned and un-
burned zones is ignored, but heat transfer from each zone to its 
surrounding surfaces is considered according Annand formula. 

During the combustion process, the modeling of flame 
propagation in each crank angle is divided into four sub steps 
including: (1) compression of burned and unburned zones 
with inclusion of heat and work transfer, (2) combustion of a 
thin layer of the unburned zone and formation of a new 
burned zone, (3) temperature unification of new burned zone 
and old burned zone and (4) pressure equalization in the 
whole of cylinder. For every sub step and the values of tem-
perature, pressure and burned gas composition are determined 
and they are modified by considering the conservation of en-
ergy. The combustion process was assumed to be finished 
when up to 99.99% by mass fraction of fuel is consumed. The 
overall equation for combustion of the fuel is considered as: 

 

2 2

1( ) ( 3.7619 )
4 2n m x

m xC H O n O N
φ

+ + − + →

 
26252423221 OaNaHaOHaCOaCOa +++++  

7 8 9 10 11 12n m xa C H O a NO a O a H a OH a N+ + + + + +   (2) 

 
where CnHmOx indicates the definition of fuel formula. In this 
study, the effect of fuel composition has been considered  
according to different values of n, m, and x for each fuel.  
Values of n, m, and x are 7.13, 13.74 and 0.05 for gasoline 
and 1.13, 4.22 and 0.02 for CNG. It is obvious that there 
would be different composition of products due to variation  
of stoichiometic coefficients a1 to a12 for each fuel considered.  
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2.2.1 Ignition delay calculation 
The duration between spark timing and flame appearance in 

the cylinder is called the ignition delay time and is expresses 
as crank angle. According to Benson et al. [26] the flame ap-
pears in cylinder once the volume of the burned zone is equal 
to 0.001 of the total cylinder volume. The volume of the flame 
will be calculated by considering spherical propagation of the 
flame front. The flame speed indicates flame front propagation 
speed, and the flame radius variation can be calculated by: 

 

360
T

f

Sr
n
θ×Δ

Δ =
×

 (3) 

 
where rf (m), ST(m/s), θ (Deg.) and n(rps) are the flame radius, 
tubular flame speed, crank angle and engine speed, respec-
tively. 

 
2.2.2 Flame speed calculation 

In this model, dependency of laminar flame speed on tem-
perature and pressure of cylinder content is described by the 
empirical expression of Kuehl [40]: 
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  (4) 

 
where P(bar), Tu(K), Tb(K) and SL(m/s) are cylinder pressure, 
unburned zone temperature, burned zone temperature and 
laminar flame speed, respectively. In this experimental based 
model, X is a fitting parameter based on compatibility of 
simulated pressure-time diagram with the corresponding ex-
perimental data. This parameter is proposed to be equal to -
0.09876 for propane-air mixture. Benson et al. [26] have used 
this equation for spark ignition engines and found good 
agreement between theoretical and experimental findings. 
Mozafari [41] has used this equation for fuels such as gasoline, 
propane, methanol and ammonia for prediction of spark igni-
tion engine characteristics and found reasonable agreement 
with corresponding experimental data. In the present study, 
the same approach was applied and the proper values of X 
have been determined for gasoline and CNG fuels.  

The relationship between the turbulent flame speed and 
laminar flame speed is modeled as [26]: 

 
T

L

S ff
S

=  (5) 

 
where ff, SL(m/s) and ST(m/s) are flame factor, laminar flame 
speed and tubular flame speed, respectively.  

According to Hiroyasu and Kadota [42] the flame factor 
correlates with the engine speed as: 

 
1 ( )ff b N rpm= + ×   (6) 

where b is a constant between 0.0017 and 0.0020 and is re-
lated to the type of engine and turbulence. The calibration of 
the flame factor is done by comparing a simulated cylinder 
pressure trace to a measured one, and matching the location of 
peak pressure in the two diagrams. Once the model has been 
calibrated for operation conditions including engine speed and 
equivalence ratio at the corresponding experiment, the calibra-
tion coefficients are assumed constant. For other input condi-
tions the parameters must be calibrated again.  
 
2.2.3 Calculation of burned zone area and volume 

With the progress of the combustion process in the cylinder, 
the volume of unburned zone is reduced and that of the burned 
zone is increased. The flame front propagates throughout the 
combustion chamber. The volume of burned zone is calcu-
lated by considering spherical geometry of flame as it contacts 
with combustion walls. The calculation is based on the 
method developed by Chin et al. [43]. In order to consider the 
effect of turbulence on the flame speed propagation they have 
studied fractal geometry of the flame and developed Eq. (7) to 
(11) for burned zone volume, Vf(m3) 
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where B(m) and rf (m) cylinder bore and flame radius, respec-
tively. α and β are calculated as follows: 
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where hgap(m) indicates the instantaneous height of combus-
tion chamber. 

Also, a good estimation for area of burned zone Af(m2) is 
obtained as follows [43]: 
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2.2.4 Engine knock modeling 

Abnormal combustion causes serious damages to the engine 
due to sudden increase of temperature and pressure in end gas 
region of the flame front. This phenomena, knock, releases 
high chemical energy that is accompanied with pressure wave 
and noise [44]. For the prediction of abnormal combustion and 
knock occurrence in the end gas region of the flame front, the 
following integral during combustion process from combus-
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tion start time (t = 0) to the corresponding time (t) has been 
checked [37]:  

 

0
1

t

t

dt
τ=
≠∫  (13) 

 
where τ (s) is induction time which is calculated by the model 
presented by Douaud and Eyzat [44] as follows: 
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where τ (ms), ON, p(atm) and T(K) are induction time, octane 
number of the fuel, in-cylinder pressure and mean temperature 
of burned and unburned zones, respectively. In the present 
model, Eq. (13) is evaluated and if the equation is not satisfied, 
the calculation procedure is terminated. 

 
2.2.5 Rate kinetics 

According to the overall equation for combustion of the fuel 
(Eq. (2)), twelve species, namely CO2, CO, H2O, H2, N2, O2, 
UHC, O, H, OH, N and NO have been considered. It can be 
assumed that except NO, all other species are in thermody-
namic equilibrium due to fast reaction rates as in the follow-
ing: 

 

2 2

1
2

CO O CO+ ↔   (15) 

2 2 2CO H O CO H+ ↔ +    (16) 

2 2 2( )2 2n m x
m xnCO H C H O n O+ ↔ + −   (17) 

2 2 2
1

2H O N H NO+ ↔ +   (18) 

2 2O O↔   (19) 

2 2H H↔   (20) 

2 2
1

2H O OH H↔ +   (21) 

2 2 .N N↔     (22) 

 
Therefore, eight non-linear equations based on the equilib-

rium constant expressions for reactions (15)-(22) with four 
linear equations obtained from the conservation of the atomic 
mass of O, H, N and C can be written. Numerical solution of 
these equations at an assumed corresponding combustion 
temperature determines the equilibrium mole number of each 
product. Then the accuracy of the first law of thermodynamics 
is checked according to the calculated composition and the 
corresponding temperature. If the balance of internal energy of 
the reactants and products is not achieved in the range of the 
stipulated accuracy, the combustion temperature is modified 
by Newton-Raphson method until a solution is achieved.  

The formation of NO is rate limited due to very high de-
pendency on temperature. Therefore, the extended Zeldovich 
mechanism has been used as the basic model for non-

equilibrium NO formation: 
 

1
2O N NO N+ ←⎯→ +   (23) 

2
2N O NO O+ ←⎯→ +   (24) 

3 .N OH NO H+ ←⎯→ +   (25) 

 
The rate constants of each reaction can be determined as 

[45]: 
 

13
1 3.8 10 exp( 425/ )bk T= × −   (26) 

14
1 1.8 10 exp( 38370 / )fk T= × −     (27) 

9
2 3.8 10 exp( 20820 / )bk T T= × −   (28) 

10
2 1.8 10 exp( 4680/ )fk T T= × −   (29) 

14
3 1.7 10 exp( 24560 / )bk T= × −   (30) 

13
3 7.1 10 exp( 450 / )fk T= × −   (31) 

 
where 3 1 1( . . )k cm mol s− −  and T(K) are rate constants and 
temperature, respectively. By considering Eq. (23) to (25), the 
net rate of NO  formation is calculated by: 

 

1 2 1 2 2

[ ] [ ][ ] [ ][ ] [ ][ ]f b f

d NO k O N k NO N k N O
dt

= − +  

2 3[ ][ ] [ ][ ]b fk NO O k N OH− +  

3 [ ][ ]bk NO H−   (32) 
 

where [] denotes the concentration of the species per cubic 
centimeter. To derive an expression for the rate of NO forma-
tion, the following equations can be used for the equilibrium 
reactions (23) to (25):  

 
1 1 2 1[ ] [ ] [ ][ ]f e e b eR k O N k NO N= =   (33) 

2 2 2 2[ ] [ ] [ ][ ]f e e b eR k N O k NO O= =   (34) 

1 1 1[ ] [ ] [ ][ ] .f e e b eR k N OH k NO H= =   (35) 

 
As mentioned, the O, H and OH radicals remain in thermo-

dynamic equilibrium while the rate of N formation can be 
assumed at steady state. Therefore, the net rate of NO forma-
tion is obtained by regarding [O] = [O]e , [H] = [H]e , [OH] = 
[OH]e and [N] = [N]e and substituting Eqs. (33)-(35) in the Eq. 
(32): 

 
2

1

1

2 3

[ ]2 (1 ( ) )
[ ] [ ] .[ ]1 ( )

[ ]

e

e

NOR
d NO NO

NO Rdt
NO R R

−
=

+
+

  (36) 

 
At first, the model calculates the equilibrium concentration 

of the NO([NO]e) by considering reactions (15) to (22). Then 
this value is considered for the determination of non-
equilibrium concentration of NO in Eq. (36) which has been 



 M. Dashti et al. / Journal of Mechanical Science and Technology 26 (7) (2012) 2213~2225 2219 
 

  

solved numerically by the Runge-Kutta forth order method. 
According to Mustafi et al. [46], as the temperature falls be-
low 2000-2300 K the NO reaction rate becomes very slow and 
the NO concentration effectively freezes at a value greater 
than the equilibrium value. In this simulation, in order to cal-
culation the frozen value of NO, the temperature has been 
assumed to be 2000 K.  

 
3. Results and discussion 

3.1 Model validation 

The results of thermodynamic modeling have been com-
pared with available experimental data including indicated 
power, ISFC and specific emissions. Experimental tests were 
carried out in the engine test laboratory of Irankhodro Power-
train Company (IPCO) and used by the authors to validate of 
the model. The tests were carried out on a XU7 JP/L3 four 
cylinder research SI bi-fuel engine, which was fuelled by gas-
oline and CNG with various ranges of speed, WOT condition, 
MBT spark timing and at a compression ratio of 9.2. Engine 
specifications are shown in Table 1. Gasoline composition 
with LHV of 43.12 MJ/kg was carbon 85.55, hydrogen 13.74 
and oxygen 0.71 mass fraction percentages and, the composi-
tion of natural gas with LHV of 46.75 MJ/kg is shown in Ta-
ble 2. 

 
3.1.1 Pressure of the cylinder 

Figs. 1 and 2 show the variations of cylinder pressure with 
respect to crank angle at 4000 rpm for gasoline and CNG fu-

elled engine, respectively. According to these figures, the 
predicted pressure change shows good agreement with the 
pressure trace taken from the experimental tests. Comparison 
of in-cylinder pressure data for both experiments and the 
model shows an idea of the burning rate model's validity for 
these fuels. 

To find the proper flame factor in Eq. (6) and therefore the 
turbulent flame speed, the predicted pressure-crank angle dia-
gram has been compared to the experimental pressure data. 
The peak pressures in the simulated and experimental dia-
grams are matched together and flame factor (ff in Eq. (6)) is 
determined to be 6.2 at 4000 rpm and equivalence ratio of 1.1 
for gasoline. For CNG the value obtained is 7.8 at similar 
conditions. The corresponding flame factors were set as the 
base for calculations at 4000 rpm and the proper flame factor 
must be calibrated for other engine speed. It is expected that 
flame factor of CNG should be more than that of gasoline due 
to more spark advance. Also, the pressure peak of gasoline 
fuelled engine is higher than that of CNG due to higher volu-
metric efficiency. 

 
3.1.2 Indicated power and indicated specific fuel consumption 

Fig. 3 shows the engine indicated power in the range of 
1500 – 4000 rpm engine speed for gasoline and CNG fuelled 
engine. The computed power is the time variation average of 
the net work transferred from gas cylinder to the piston during 
compression to expansion strokes. This figure shows reason-
able agreement between the model results and the experimen-
tal data for both fuels. Higher indicated power at higher en-

Table 1. Engine specifications. 
 

Engine type XU7 JP/L3 

Number of cylinder 4 

Bore (mm) 83 

Stroke (mm) 81.4 

Con. rod length (mm) 143.1 

Load (%) 100 

Equivalence ratio 1.1 

Speed (rpm) 1500-4000 

Spark timing (bTDC) MBT 

Compression ratio 9.2 

IVO [deg] @ 1 mm lift 8.5 TDC 

IVC [deg] @ 1 mm lift 29.3 aBDC 

EVO [deg] @ 1 mm lift 43.3 bBDC 

EVC [deg] @ 1 mm lift 5.5 aTDC 

 
Table 2. Natural gas composition (% vol.). 
 

C1 C2 C3 C4 C5 

90.6 4.5 1.1 0.4 0.11 

C6 CO2 N2 O2 S2 

0.08 0.93 2.28 0 0 
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Fig. 1. Cylinder pressure versus crank angle for gasoline fuelled engine 
( Simulation, ⎯ Experiment). 
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Fig. 2. Cylinder pressure versus crank angle for CNG fuelled engine 
( Simulation, ⎯ Experiment). 
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gine speeds are due to increases in the number of cycles per 
unit time. Also, power of the gasoline-fuelled engine is higher 
than that of the CNG fuelled one, which is due to higher volu-
metric efficiency of this fuel. In fact, smaller volume of the 
cylinder is occupied by air at the intake stroke when using 
CNG and it could be concluded that the CNG fuelled engine 
has lower volumetric efficiency. According to the Fig. 3, the 
power of CNG fuelled engine is reduced roughly by 11% over 
the speed range of 1500 to 4000 rpm. 

Predictions of the fuel consumption based on this model 
were found to conform quite well with the corresponding re-
ported measured data. The effect of engine speed on ISFC is 
shown in Fig. 4. It was found that the engine fuel consumption 
decreased by about 15% from 298 to 252 gr/(kW-hr) for gaso-
line and from 240 to 204 gr/(kW-hr) for CNG over the speed 
range of 1500 to 4000 rpm. This is due to increase of indicated 
thermal efficiency when increasing the engine speed. In aver-
age, the data shows about 16% reduction of ISFC when the 
engine was operated using CNG. Because the LHV of CNG is 
higher than that of gasoline, the fuel consumption of the en-
gine is decreased when fuelled with CNG. 

 

3.1.3 Emissions 
Figs. 5-8 illustrate the effect of fuel type on engine exhaust 

gases. According to these findings, the predicted specific 
emissions are in good agreement with the corresponding ex-
perimental results for CO2, CO, UHC and NO species. 

It can be seen from Fig. 5 that the specific emission of CO2 
in CNG fuelled engine is lower than when using gasoline. 
This is because the main component of CNG is methane with 
a lower carbon to hydrogen ratio than gasoline. The same 
trend is seen for CO concentration as shown in Fig. 6. This is 
due to lower carbon to hydrogen ratio of CNG and more effi-
cient combustion as a result. 

Figs. 7 and 8 present the concentration of UHC and NO 
species when the engine is operated with each of the fuels. 
The UHC sources in an SI engine are flame quenching, crev-
ices, valve leakage, oil layers, deposits, liquid fuel, and more 
importantly incomplete combustion [3]. In this study the only 
source considered was incomplete combustion. As for gaso-
line, the share of UHC from incomplete combustion is much 
bigger than the other phenomena, the trends for UHC concen-

 
 
Fig. 3. Indicated power versus engine speed for gasoline and CNG
fuelled engine, (Ø: 1.1, CR: 9.2, ST: 20 (gasoline), 26 (CNG), WOT).

 

 
 
Fig. 4. ISFC versus engine speed for gasoline and CNG fuelled en-
gine,(Ø: 1.1, CR: 9.2, ST: 20 (gasoline), 26 (CNG), WOT). 
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Fig. 5. Comparison of CO2 specific emission for gasoline and CNG 
fuelled engine with experimental data, (Ø: 1.1, CR: 9.2, ST: 20 (gaso-
line), 26 (CNG), WOT). 
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Fig. 6. Comparison of CO specific emission for gasoline and CNG 
fuelled engine with experimental data, (Ø: 1.1, CR: 9.2, ST: 20 (gaso-
line), 26 (CNG), WOT). 
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tration with engine speed is predicted more accurately. 
The results show some decrease in UHC concentration 

when using CNG. Higher combustion temperature of CNG 
fuelled engine results in better combustion of the fuel. As 
expected, the NO concentration is increased when using CNG 
due to strong dependence of NO concentration on temperature. 
There are two reasons for higher combustion temperature in 
CNG fuelled engine. Firstly, LHV of CNG is higher than that 
of gasoline; and secondly, carbon to hydrogen ratio of CNG is 
also lower. It should be noted that spark retarding, leaner 
burning method and EGR are three methods for the reduction 
of NO concentration in CNG engine. 

According to Figs. 5 to 8, for speed range of 1500-4000 
rpm, the specific emissions of CO2, CO and concentration of 
UHC are decreased considerably by about 33%, 60% and 53%, 
respectively, but concentration of NO increased by 50% when 
CNG is used. These values are in the ranges that have been 
reported in Refs. [12, 13]. 

 
3.2 Parametric study 

According to the previous section, the results obtained from 
the model show good agreement with experimental data. 

Therefore, simulation model has been used to evaluate the 
effects of equivalence ratio, compression ratio and spark tim-
ing on the engine performance characteristics. The reasonable 
results show the model is well constructed to describe the 
performance characteristics of the engine over a wide range of 
operating variables.  

 
3.2.1 Effect of equivalence ratio 

Equivalence ratio is an operational variable which affects 
the performance characteristics of the engine. Fig. 9 illustrates 
the variation of the engine indicated power for equivalence 
ratios in the range of 0.8 to 1.3 for gasoline and CNG opera-
tions. It can be seen that for both fuels, the maximum indi-
cated power is obtained at equivalence ratio of about 1 to 1.1 
due to more efficient combustion. Also as mention in Fig. 3, 
the indicated power of gasoline-fuelled engine is higher than 
that of CNG operation due to higher volumetric efficiency. 

The effect of equivalence ratio on ISFC is presented in Fig. 
10. Obviously, higher fuel consumption is obtained with in-
creasing equivalence ratio due to richer cylinder mixture. Also, 
it is expected that fuel consumption of CNG fuelled engine is 
lower due to better combustion of CNG, having lower carbon 
to hydrogen ratio. 

As expected, the combustion is most efficient for equiva-
lence ratio of 1 to 1.1 and therefore the duration of combustion 
to release the fuel energy is minimum. As a result, it can be 
seen from Fig. 11 that the predicted combustion duration is 
lowest when the equivalence ration is near to 1 to 1.1. In this 
figure, the flame factor in the Eq. (6) has been calibrated for 
engine speed of 4000 rpm and equivalence ratio of 1.1 and is 
considered constant for all other equivalence ratios for this 
engine speed. Combustion duration is a function of flame 
factor and this assumption may lead to some error in the com-
bustion duration predictions. However since the aim of this 
parametric study has been to compare two type of fuels, this 
error has not been considered and is assumed to have little 
effect on the results.  

 
3.2.2 Effect of compression ratio 

The indicated power is plotted with respect to the compres-
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Fig. 7. Comparison of UHC concentration for gasoline and CNG fu-
elled engine with experimental data, (Ø: 1.1, CR: 9.2, ST: 20 (gaso-
line), 26 (CNG), WOT). 
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Fig. 8. Comparison of NO concentration for gasoline and CNG fuelled 
engine with experimental data, (Ø: 1.1, CR: 9.2, ST: 20 (gasoline), 26 
(CNG), WOT). 
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Fig. 9. Indicated power versus equivalence ratio for gasoline and CNG,
(4000 rpm, CR: 9.2, ST: 20 (gasoline), 26 (CNG), WOT). 
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sion ratio in Fig. 12. The indicated power of both fuels is in-
creased when the increasing the compression ratio due to 
higher pressure at the start of combustion process. As ex-
pected, at the same condition, the power of gasoline fuel is 
more than that of CNG fuel. The engine power rises roughly 
by 19% over the compression ratio range of 7 to 11. 

The effect of compression ratio on ISFC has been shown in 
Fig. 13. The ISFC decreases by about 15% in gasoline operation 
and 20% in CNG operation for compression ratio ranging from 
7 to 11. Also, the combustion duration is reduced in this range. 
This is due to the fact when the pressure of the cylinder content 
is increased, the combustion process occurs more efficiently and 
therefore ISFC and ignition delay decrease (Fig. 14). 

 
3.2.3 Effect of spark timing 

In the SI engine, if ignition occurs too early, work will be 
wasted in the compression stroke. On the other hand, if igni-
tion is too late, the indicated power is lower due to lower peak 
pressure of the combustion. Therefore, there is an optimum 

spark timing at which the maximum torque is obtained. This 
timing is called MBT. It is clear that the indicated power is 
maximum at 20 bTDC for gasoline and 26 bTDC for CNG 
operations. These trends were shown in Fig. 15. 

In Fig. 16, the variations of ISFC with respect to spark tim-
ing are shown. According to this figure, the ISFC is minimum 
at MBT, where the power is maximum. As expected, for spark 
timing sooner or later than MBT, the fuel consumption is in-
creased due to power decrease. These trends are also seen for 
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Fig. 10. ISFC versus equivalence ratio for gasoline and CNG, (4000
rpm, CR: 9.2, ST: 20 (gasoline), 26 (CNG), and WOT). 
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Fig. 11. Combustion duration versus equivalence ratio for gasoline and
CNG, (4000 rpm, CR: 9.2, ST: 20 (gasoline), 26 (CNG), WOT). 
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Fig. 12. Indicated power versus compression ratio for gasoline and 
CNG, (Ø: 1.1, 4000 rpm, ST: 20 (gasoline), 26 (CNG), WOT). 
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Fig. 13. ISFC versus compression ratio for gasoline and CNG, (Ø: 1.1, 
4000 rpm, ST: 20 (gasoline), 26 (CNG), WOT). 
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Fig. 14. Combustion duration versus compression ratio for gasoline 
and CNG, (Ø: 1.1, 4000 rpm, ST: 20 (gasoline), 26 (CNG), WOT). 
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the combustion duration in Fig. 17 and the shortest combus-
tion duration belongs to MBT advance spark timing.   

 
4. Conclusions 

In this study, a thermodynamic cycle simulation model for a 
conventional four-stroke spark ignition engine has been de-
veloped. The model is primarily based on the first law of 
thermodynamics. The simulated power cycle was a closed 
cycle which included compression, ignition delay, combustion 
and expansion processes. The stepwise calculations for pres-
sure and temperature of the cylinder at compression process, 

ignition delay time, combustion and expansion processes have 
been considered. Two-zone model for the combustion process 
simulation has been used. The performance characteristics and 
emissions concentration of SI engine were predicted by the 
model for gasoline and CNG operations. The predicted pres-
sure change has good agreement with the pressure trace taken 
from the experimental reported results. Also, the predicted 
results for engine performance characteristics and emission 
formations showed reasonable agreement with the corre-
sponding experimental data for a range of engine speed. These 
conformities have validated the developed thermodynamic 
model. The results have shown that the power of CNG fuelled 
engine is lower than that of gasoline fuelled engine by about 
11% over the speed range of 1500 to 4000 rpm due to higher 
volumetric efficiency. In average, when the engine operates 
with CNG fuel, the ISFC is reduced roughly 16% over this 
speed range. However for this engine speed range the specific 
emissions of CO2, CO and concentration of UHC are de-
creased considerably by about 33%, 60% and 53%, respec-
tively, while NO concentration increased by 50%. Finally, 
parametric studies have been carried out for investigation of 
the effect of equivalence ratio, compression ratio and spark 
timing on the indicated power, ISFC and combustion duration 
using the developed model to describe the performance char-
acteristics of the engine over a range of operating variables. 
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Nomenclature------------------------------------------------------------------------ 

Symbols 

a : Stoichiometric coefficient 
A  : Area 
B  : Cylinder bore 
h : Instantaneous height of combustion chamber 
k : Rate constant 
m  : Number of atomic hydrogen in hydrocarbon fuel 
N : Engine speed (rpm) 
n : Engine speed (rps) 
n : Number of atomic carbon in hydrocarbon fuel 
p : Cylinder pressure 
r : Radius 
S : Flame speed 
t : Time 
T : Temperature 
V : Volume,  
x : Number of atomic oxygen in hydrocarbon fuel 

 
Greek symbols 

θ  : Crank angle 
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Fig. 15. Indicated power versus spark timing for gasoline and CNG,
(Ø: 1.1, CR: 9.2, 4000 rpm, WOT). 
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Fig. 16. ISFC versus spark timing for gasoline and CNG, (Ø: 1.1, CR:
9.2, 4000 rpm, WOT). 
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Fig. 17. Combustion duration versus spark timing for gasoline and 
CNG, (Ø: 1.1, CR: 9.2, 4000 rpm, WOT). 
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φ  : Equivalence ratio 
τ  : Induction time 

 
Subscripts  

b  : Burned zone, backward 
f : Flame, forward 
gap : Cylinder gap 
i : Species i 
L : Laminar 
T : Turbulent 
u : Unburned 

 
Notations 

Δ  : Difference 
−  : Average or mean value 
[]  : Concentration 

 
Abbreviations 

aBDC : After BDC 
aTDC : After TDC 
bBDC : Before BDC 
bTDC : Before TDC 
BMEP : Break mean effective pressure 
BSFC : Break specific fuel consumption 
CNG : Compressed natural gas 
CR : Compression ratio 
EVC : Exhaust valve closing 
ff : Flame factor 
EVO : Exhaust valve opening  
ISFC : Indicated specific fuel consumption  
IVC : Inlet valve closing 
IVO : Inlet valve opening 
LHV : Low heating value 
MBT : Maximum brake torque 
ON : Fuel octane number 
ppm  : Parts per million 
SI : Spark ignition 
ST : Spark timing  
UHC : Unburned hydrocarbons 
WOT : Wide open throttle 
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