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ABSTRACT 
Background: The computer simulation techniques are beneficial alternative way, provided that the simulation model is fast and 
accurate enough to achieve also the mathematical model that allows spark ignition engine designer to variation and test many 
different parameters without building real parts or even real engines leads to low cost and minus time consumption. Objective: In 
the present work, a thermodynamic mathematical model to simulate the combustion process of single fuel and defueling four-
strokes park ignition engine that has been built by using the computer in MATLAB(GUI)language which it has been constructed by 
using the first law of thermodynamics, equations for energy, mass conservation, equation of state and mass fraction burned 
considering of single fuel(Gasoline) and dual fuel (Gasoline+Ethanol) for different blending percentages. Results: The validity of the 
mathematical model has been tested against experiment data obtained from four-stroke S.I.(MercedesBenz200E) engine. The 
experimental engineer formance data, for single fuel(100%Gasoline) and dual fuel (95%G+5%ET) and(90%G+10%ET) atc onstant 
speed 1500 rpm and compression ratio 9.1, showed a good agreement when compared to that data obtained from the mathematical 
model. Notice able correspondence has been found with the literature published. All these indicators are indicative of the 
thermodynamic model that was built correctly. In comparing model predictions with experimental data, it is found that all brake 
specific fuel consumption predictions are accurate to within ±3%, while all brake thermal efficiency predictions are accurate to 
within±4%. Conclusion: The  mathematical model has the ability to predict the cumulative heat release, cylinder pressure, cylinder 
gas temperature, heat transfer from the gases to cylinder wall and work done….etc, by using two-zone models. In addition, the 
program has the ability to predict engine performance and exhausted missions for both fuel satiny condition of engine. 
 
KEYWORDS: Mathematicalmodel, singlefuel, Dualfuel, Simulation, MATLAB(GUI),  

 

INTRODUCTION 
 

Four-stroke spark ignition (SI) engine was developed by Nikolaou's Ottoin 1876. That engine produced 

power output 3hp.  The engine developing has beendoneconstantlyabove100years. Even now, some spark 

ignition engine canproducedpoweroutputmorethan1000[2]. Nevertheless, developments of spark ignition engine 

along 100 years has been directing very slow due to lots of parameter, such as physical geometries (bore, stroke, 

compression ratio, crank radius,) valve timing, ignition advanced, combustion characteristic etc. Several studies 

on effects of each parameter were done by experiment. However, this approach spent lots of expenses and time 

such as building test engine setting up laboratory etc. The simulation method that allows spark ignition engine 

designer to variation and test many different parameters without building real parts or even real engines leads to 

low cost and minus time consumption [2]. Many mathematical models have been developed to assistance 

understand, correlate, and investigate the process of engine cycles. These contain combustion models, models of 

physical properties, and models of flow into, though, and out of the cylinders engine. Even though models often 

cannot represent processes and properties to the finest detail, they are a powerful tool in the understanding and 

improvement of engines and engine cycles. With the use of models and computers in the design of new engines 
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and components, unlimited savings are made in cost and time. Historically, new design was a costly, time-

consuming practice of trial and error, requiring new-part construction and testing for each change. Now engine 

changes and new designs are first developed on the computer using the various models, which exist. Often, only 

after a component is optimized on the computer is a part actually constructed and tested. Generally, only minor 

variations must then be made to the actual component [1]. 

Models of spark internal combustion engines are used to predict the engines performance, gas temperature, 

gas pressure and emissions without having to conduct tests, which results in savings of both time and money. 

The models can be used to identify the parameters that are complex to measure in a test [4, 5]. Spark internal 

combustion engine modelling has long been around for calculation engine performance, studying and 

development as a useful and competent tool.  

In design studies, in predicting trends, in serving as diagnostic tools, in giving more data than are normally 

obtainable from experiments, and in helping one to understand the complex processes that occur in the 

combustion chamber. In the present work, a quasi-dimensional model was developed to simulate a 4-stroke 

cycle of a spark ignition engine fueled with various types of fuels, i.e. gasoline, hydrogen, ethanol, and mixture. 

The simulation of the physical development in engine combustion chambers has found increasing advantage 

during current years. To validate new design concepts through experimental work takes a long-time and high 

cost especially through sample developing stage. 

 

Theoretical Model: 

In this model analyzes a homogeneous fuel-air cycle in which the fuel-air fully mixed prior to the start of 

the combustion. In this model divided the combustion chamber in to zones, burned (b) and unburned (u) and 

developed differential equation for the change in pressure and change in temperature in each zone shown in 

figure (1). The modeling based on equations for energy and mass conservation, equation of state and mass 

fraction burned. The assumption is made that both zone at the same pressure and the ignition temperature is the 

adiabatic flame temperature based on the mixture enthalpy at the onset of combustion. In this model the open 

system energy equation applied to the cylinder contents as [6]: 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1: Schematic of two-zone combustion thermodynamic model 
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The equation of state for an ideal gas is: 

                  (2) 

The cylinder gas volume   in a reciprocating internal combustion engine can be related to the engine 

geometry as a function of crank angle [7]:- 
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Fig. 2: Engine Geometry. 

 

The thermodynamic properties for air and combustion products data are provided by using the relations 

proposed by the following expressions that are curve-fitted to the tabulated JANAF thermo-chemical tables are 

obtained as [7]                                 
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Where,    is the specific heat at constant pressure,  is the specific enthalpy, is the specific entropy and     

through    are the coefficient constants which curve fitted polynomials by least-squares technique. The 

coefficient constantscan be calculated at different temperature ranges as [7]: 

              

               

 

When the model treatment with a single fuel, the equivalence ratio is given by [8]: 
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Where subscript (act) denotes the actual and (sto) denotes to stoichiometric fuel/air ratios. 

The mass in a control volume can be calculated [6]: 

For              crank angle through intake stroke. 

  
    

  
           (8) 

Where      is angle of the inlet valve closing. 

For             valve is closed. 

             
           

 
          (9) 

Where      angle of the inlet is valve opening and   is the blow by coefficient depending on the ring 

design 

For                        blow down and exhaust 

  
    

  
           (10) 

 

The adiabatic flame temperature is the maximum temperature that the combustion of products will reach in 

the limiting case of no heat loss to the surroundings through the combustion development. The adiabatic flame 

temperature ranges its maximum value when complete combustion occurs with the theoretical value of air. 

Reminding the description of enthalpy, this can be stated as[8]:   

 

                                    (11) 

 

Where   is the initial flame temperature and     is the adiabatic flame temperature. 
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Under the atmospheric air composition assumption (21%v Oxygen and 79%v Nitrogen), and equivalence 

ratio   , the species including       and   are important due to dissociation. The combustion reaction 

becomes[7]: 

 

        +
  

 
                

      +     +    +     +    +    +   +   +    +                      

Where    to     represent the products mole fractions and   the stoichiometric molar air-fuel ratio. Atom 

balancing yields the following four equations [7]: 

C:  =                         (13) 

H:  =                              (14) 

O:   
   

 
                                    (15) 

N:   
      

 
                     (16) 

Where   is total number of moles. From definition, the following can be written: 

       
                   (17) 

         This model include six gas phase equilibrium reactions which contains dissociation of hydrogen, 

oxygen, water, carbon dioxide and equilibrium    and  formation [7]: 
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Olikara and borman have curve fitted the equilibrium constants      to JANAF table data for 

600 T 4000 K which are expression from [7]:  

                          
  

 
           

       (30) 

 
Where  temperature is in kelvin and                the equilibrium constants curve-fit coefficients. 

Thermal properties are considered the unburned and burnt mixture zones as separate open systems. Therefore, 

the specific internal energy   and specific volume  are expressed as [6]:           

  
 

 
               (31) 

  
 

 
                     (32) 

 

Heat transfer into the system is expressed in terms of heat loss from the burned and unburned gas 

respectively as: 
  

  
 

    

 
 

        

 
        (33) 

 
From the burned and unburned gases, heat loss terms are expressed with a convection equation as: 
 

                       (34) 

  
 
              (35) 

Where    is convection heat transfer coefficient, and    and    are the areas of burned and unburned gases 

in contact with the cylinder walls as temperature  .We have assumed, for convenience, that          
         . For the areas    and  , let us suppose that the cylinder area    can be divided as follows [6]: 
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The heat transfer rate is calculated by using the following equation from Woschni [8]: 

                 (39) 

                            

 (40) 
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Where:- 

                                                              (42) 

 

Where   and   are constants that varied depending on the combustion period,   is the mean piston 

velocity,      the reference temperature,   is the reference pressure,   is the reference volume,   is the motored 

cylinder pressure, S is piston stroke and  is engine speed. The constants    and    are defined as [14]: 

   2.28      And      =0            during compression.     

   2.28     And       =3.24*10
-3                                    

 

Watson and Janota suggested the motored cylinder pressure for modeling as a polytrophic process [8]: 

      
  

 
 
 

       (43) 

Where  is the instantaneous cylinder volume and  is the polytrophic constant. 

The mathematical models is used to predict the temperature and pressure from the first law of 

thermodynamics, the open system can be described as following equations which be used only for compression 

stroke, combustion stroke and expansion stroke [6]: 
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Fig. 3: Solution procedure of the combustion of two zone (SI) engine model. 

 

Experimental Work: 

Mercedes Benz model 200E 4 cylinder, 4 stroke research engine has been used in this research. The main 

technical specification of spark ignition are given in table1.The engine torque has been measured by using a 

hydraulic dynamometer. The fuel consumption  of the spark ignition engine has been measured by using a 

glass tube.This glass tube has a constant volume (100) ml, and a stopwatch was used to measure the fuel 

consumption of this volume for each result.The exhaust gas analyzer type (model 550 Korean) 

was used to analyze the emission of exhaust for spark ignition engine. .The analyzer senses the   -   -HC-

    contents in emissions. The samples were prepared by mixing gasoline with certain ratios of ethanol with 

various blended rates (0%, 5%, 10%, 15%, 20%). The purpose of this blend is to investigate experimentally 

performance and pollutant emission for SI engine. A homogeneous mixture does not happen any separation or 

precipitation between gasoline fuel and ethanol during the experiment by using manual mixing method. Figure 4 

shows experimental setup of (S.I) engine. 

 
Fig.4:The experimental setup of (S.I. engine). 
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Table 1:The main technical specificationsof spark ignition engine. 

Engine type Naturally aspirated petrol 

Engine manufacturer Mercedes-Benz 

Cylinders Straight -4(four-stroke) 

Displacement 2L 1997cc 

Bore x Stroke: 89 x 80.25 mm 

Compression ratio 9.1:1 

Max. Power @ rpm: 80 kW (107.5 hp) @ 5500 rpm 

Max. Torque @ rpm: 165 N·m (118 lb·) @ 3000 rpm 

Fuel System: carburettor 

Cooling: Water 

 

MATLAB(GUI) Program: 

This section presents the technique calculation of mathematical models. The method are discussed to 

analyze pressure, temperature, performance parameters and emissions which were done using MATLAB 

program [4].The mathematical model needs many parameters, which are distinguished such as engine 

geometries, engine operating condition, and fuel-air properties. This program modified follows the solution of 

equations from energy equation, mass conservation equation, equation of state, mass fraction burned for the 

two-zone engine model[4].The graphical user interface (GUI) makes it easier for normal analysis of the spark 

ignition engine when the user is unfamiliar with the programming logic of MATLAB, and simplifies the process 

to change the variable in the simulation and comparison results, that is shown in figures (5), (6). 

 

 
Fig.5:Icon mathmatical model of (S.I. engine) . 

 

 
Fig. 6:Graphical User Interface for this simulation of (SI) engine. 

 

MATLAB (GUI) Model Validation: 

After setting up the MATLAB script, the corresponding outputs are analyzed and compared with results 

from experimental work to determine theirvalidity.Thisresearchbeginsbydefiningthemodelinputsthatareused to 

simulate outputs for the Mercedes-Benz 200E engine. In addition to, the results are prepared which obtain from 
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experimental work represented by engine performance for comparing with the results in the mathematical 

model. To ensure the certainty of mathematical model validation, experimental results have been used. The 

experimental results used for a comparison modelsuchasbrakeefficiency    andbrakespecificfuel consumption 
      at compression ratio 9.1 and constant engine speed 1500 rpm by using gasoline fuel and gasoline-

ethanol blends that shown in figure (8) to figure (13) are measurable. In comparing model predictions with 

experimental data, it is found that all brake specific fuel consumption predictions are accurate to within ± 3%, 

while all brake thermal efficiency predictions are accurate to within ± 4%. Therefore, the mathematical model 

is valid for predicting engine thermodynamic characteristics, performance and emission of the spark ignition 

engine. Differences between theoretical and experimental results and experimental results, which obtain by 

mathematical model due to the error in measurement accuracy and real conditions of the engine, such as 

friction and engine life. 

The model is verified against published results of previously (SI) engine models and then used to analyze 

the performance and emission of spark ignition engine with gasoline and ethanol-gasoline mixture [4,9]. After 

the model is validated, the mode is able to predict and simulate any various parameters in the combustion of 

spark ignition engine at any condition with range wide from engine speed and torque. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7: MATLAB (GUI) program. 

 

Results: 

Figures (14),(15),(16) and (17) show cylinder pressure, cylinder temperature and work done as function of 

crank angle which predicted by MATLAB (GUI) program in side combustion chamber for gasoline fuel at 

constant speed 1500 rpm compression ratio 9.1, spark timing is 35° before (TDC) and equivalence ratio 

       of spark ignition engine two-zone model [10] . In two-zone model, the cylinder volume is divided into 

burned and unburned zones by an infinite small thin flame-front with a spherical shape and separation between 

the zones propagation flam. The results obtained by model are logical when comparing with published results. 

The simulation is based on relation for energy and mass conservation, equation of state and mass fraction 

burned [6]. 

Figures (18), (19), (20) and (21) show the effect engine speed on cylinder Pressure, cylinder temperature, 

work done, and heat transfer which predicted by MATLAB (GUI) program in side combustion chamber for 

gasoline fuel at compression ratio 9.1, spark timing is 35° before (TDC) and equivalence ratio       of spark 

ignition engine two- zone model [9]. The cylinder Pressure, cylinder temperature and work done are increased 

when increasing engine speed up to (3000 rpm) due to shortened the heat transfer period from burn gases to 

cylinder wall and fastest burning mixture. In additional to, acceleration of the engine speed would accelerate the 

turbulence inside the clearance volume and flame speed would result with shortening the combustion duration as 

a time. Heat transfer is decreased due to shortened burn duration .The results obtained by model are logical 

when comparing with published results.  

Figures (22), (23), (24), and (25) show the effect of variation compression ratio on cylinder pressure, 

cylinder temperature, work done and heat transfer which predicted by MATLAB (GUI) program in side 

combustion chamber for gasoline fuel at constant speed 1500 rpm , spark timing is 35° before (TDC) and 

equivalence ratio        of spark ignition engine two-zone model [11]. It is found that increasing engine 

compression ratio led to increase cylinder pressure , cylinder temperature and work done due to the piston 

compressed a large volume of mixture (fuel + air) to very small space that led to burn faster and produced high-

pressure gases leading to raise the cylinder temperature. Work done increases because increasing gases pressure 

on piston. However, heat transfer decreased with increasing compression ratio due to shorten the combustion 

period. In addition, the results obtained by model are logical when comparing with published results. 

Figures (26), (27), (28) and (29) show the effect of addition ethanol on cylinder pressure, cylinder 

temperature, work done, and heat transfer respectively as function of crank angle for various blend of ethanol- 

gasoline fuel, which are predicted by MATLAB (GUI) program inside combustion chamber at compression 
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ratio 9.1, spark timing is 35° before (TDC) and equivalence ratio        of spark ignition engine two-zone 

model [9, 12]. The cylinder pressure, cylinder temperature and heat transfer increased return to chemical 

composition of ethanol which characterized by found oxygen which helps oxidize hydrogen and carbon to 

improve and fasten combustion.. In additional to, the amount of inlet air and volumetric efficiency increased 

when increase of the percentage of ethanol in blended fuel due to higher heat of vaporization of ethanol led to 

cool in the end of induction process [13]. The work done increased due to increase gases pressure on piston. 

Figures (30), (31) and (32) and show the effect addition ethanol on engine performance as function of 

engine speed for various blend of ethanol- gasoline fuel, which was predicted by MATLAB (GUI) program 

inside combustion chamber at compression ratio 9.1, spark timing is 35° before (TDC) and equivalence ratio 

       two-zone model [14]. The simulation is based on relation of engine performance with respect to 

engine speed .The thermal efficiency, brake efficiency increased up to (80% gasoline+20% ethanol) due to 

increase of the indicated mean effective pressure, cylinder pressure and volumetric efficiency [9, 15]. The brake 

specific fuel consumption decreased due to oxygen enrichment generated from ethanol in combustion chamber 

at this condition that led to complete combustion and shorten the combustion period [14].In additional to higher 

ethanol content in the blends led to increase relative air-fuel ratio and makes the combustion more efficient. 

Figures (33) to (37) show the effect of addition ethanol on variation of combustion products as function of 

crank angle which predicted by MATLAB (GUI) program inside combustion chamber at constant engine speed 

1500 rpm, compression ratio 9.1and spark timing is 35° before (TDC) two-zone model for various blend 

percentage of ethanol-gasoline fuels [9]. The simulation is based on the relation of the combustion reaction at 

added ethanol and equilibrium combustion products with respect to crank angle at low temperature and high 

temperature, which led to dissociation to occur [17,18]. It was noted that adding ethanol to gasoline improved 

the combustion of spark ignition engine [13].   

The    emission increases at added percent of ethanol (5%, 10%, 15%, 20%) because the improvement of 

combustion [16]. The   emission decreased dramatically due to higher heat of vaporization of ethanol that 

reduced the peak temperature inside the engine cylinder [9, 12]. The   emission increased at this condition due 

to increase fuel-air ratio led to reduce   in combustion chamber. The results obtained by model are logical 

when comparing with published results. In additional to, the emissions             and   the increase and 

decrease have no effect on engine performance and human health. Finally, the emissions        and   are 

changed when adding ethanol for different percentages dependent on cylinder gas temperature [9]. 

 
 

Fig. 8: Fig. 9: 

 
Fig. 10:Fig. 11: 
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Fig. 12:Fig. 13: 

 
Fig. 14:Fig. 15: 

 
Fig. 16:Fig. 17: 
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Fig. 18:Fig. 19: 

 
Fig. 20:Fig. 21: 

 
 

Fig. 22:Fig. 23: 

 
Fig. 24:Fig. 25: 
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Fig. 26:Fig. 27: 

 
 

Fig. 28:Fig. 29: 

 

 
 

Fig. 30:Fig. 31: 

 
 

Fig. 32:Fig. 33: 
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Fig. 34:Fig. 35: 
 

 
 

Fig. 36:Fig. 37: 

 

Conclusion: 

A mathematical model has been developed to simulate a 4-stroke cycle of a spark ignition engine fueled 

with singlefuelanddualfuel. The mathematical model can be used to help in the design of a spark ignition engine 

for alternative fuels as well as to study various problems such as pollutant emissions, engine performance, pre-

ignition, knocking and misdistribution of the fuel-air mixture. Also, many other parameters can be studied using 

this mathematical model such as the effect of combustion duration for each fuel on the performance and 

emission of the engine, the best amount of fuel supplement, and high suitable compression ratio for each fuel. 

The main conclusions obtained from the present study are as follows: 

1- This mathematical model was capable of predicting and analyzing the engine thermodynamics 

characteristics, engine exhaust emission and performance parameters. The results of the model had a good 

correspondence with the experimental data. 

2- The program is able of being used with single fuel and dual fuel and creating performance comparisons 

thanks to being able to change the cylinder sizes, inlet cylinder conditions and other engine parameters. 

3- The mathematical model can be used as initial test on a wide range of alternate hydrocarbon fuels. 

4- The obtained results can be used for approximation and are useful in many engineering applications 

including general design predictions. 

5- The simulated model is quite consistent with the theoretical and previous works therefore this 

mathematical model can be used as an iteration tool while designing a new engine and it can be saved a lot of 

time and money. 

6- Ethanol gasoline blend increases the cylinder pressure and temperature up to a blending ratio of 20%. 

7- For ethanol gasoline blends, the engine performance, the power output are increased and the brake 

specific fuel consumption decreased up to a blending ratio (80% gasoline+20% ethanol). 

8- Increasing in compression ratio leads to an increase in cylinder pressure, work and cylinder temperature. 

9- Generally, the addition of the ethanol shows an increase in the CO, CO2 emissions and a decrease in the 

NO emissions according to the engine condition. 

11- Study development a mathematical model to simulate a four-stroke cycle of a spark ignition engine by 

adding turbocharger and explain its effect on performance and emissions. 

 

The future work: 

1-Study the effect substitution gasoline in (SI) by compressed natural gas (CNG) and simulate engine 

thermodynamics characteristics, engine exhaust emission and performance parameters. 
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2- Study thermodynamic investigation on spark ignition engine by use multizone model for high accuracy 

in calculation from single zone model and two-zone model.                                                                                                                                                                             

3- Application mathematical model on diesel engine and calculation engine characteristics, performance 

and emission of the engine and study the effect of hydrogen addition to diesel fuel performance and pollutions. 

4- Study the possibility achieve of controller on spark ignition engines by MATLAB SIMULINK. 

5- Study development a mathematical model to simulate a four-stroke cycle of a spark ignition engine by 

adding turbocharger and explain its effect on performance and emissions. 

 

Nomenclature: 

   The internal combustion engine 

   Graphical user interface 

 Heat input        
 Pressure        
  Volume     
  Internal energy      
   Mass flow rate         
  Specific enthalpy          
 Engine speed                  
 Mass          
    Displacement volume         
 Compression ratio 

  Specific heat at constant pressure               

   Specific heat at constant volume                  
 Universal gas constant.                                 
 Equivalence ratio 

 Bore       
 Connecting rod length     
 Cylinder stroke      
    Mass entering of the mixture when inlet valve closing      
    Angle of the inlet valve closing               
    Angle of the inlet valve opening               
  The blow by coefficient               
  Unburned gas Temperature       
  Burned gas Temperature          
  Unburned specific volume                    

  Burned specific volume                         

   Unburned specific heat at constant pressure          

   Burned specific heat at constant pressure          

  Specific enthalpy of unburned gases         
    Specific enthalpy of burned gases        
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