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ABSTRACT: In this paper, 3-dimensional Computational Fluid Dynamics (CFD) was applied to study the flow 

and combustion process, heat transfer and NOx emissions within the combustion chamber of spark ignition (SI) 

engine with respect to crank angles at various mixture strength (λ=0.8,1,1.2) at 2500 rpm engine speed. 3D single 

cylinder model was carried out using SolidWorks. The technique of fuel injected was used is port fuel injection 

(PFI). Three-dimensional transient continuity, momentum, turbulence energy, and combustion equations were 

simulated and solved in ANSYS ICE CODE V.15.0 utilizing finite volume method. Dynamic mesh was used for 

simulating pistons and valves moving. The simulation model covers the whole engine cycle consisting of 

compression, power, intake, and exhaust. The pressure, temperature, heat flux, heat transfer coefficient and NOx 

emissions were investigated with respect to crank angles for gasoline fuel. The results have a good agreement 

with other internationals publishers. 

KEYWORDS: Internal combustion engine, 3D-CFD, ICE CODE, Dynamics mesh, Flow, Heat transfer, mixture 

strength.   

INTRODUCTION 

The internal combustion engines are vastly utilized machines over the world. The processes of combustion in 

spark ignition engines, at the existing time not fully comprehend theoretically and the experimental implementing 

are expensive and a complex bit. Numerical techniques are cheaper than experimental techniques also the 

parameters, which can't be recorded or hard to estimate, measured easily. Fluid's motion inside the engine is one 

of the major factors that control of the fuel-air mixture and the process of combustion. This motion also has a 

notable effect on heat transfer. The heat transfer within combustion chamber has an essential function on the trend 

of wall's materials, thermal efficiency, component's life and the emissions of NOx. Therefore, the depiction of 

thermal energy, heat transfer rate has become a vital key in recent researches. James and Alexandros 1978 

investigated the effect of the temperature of the combustion chamber surface on the exhaust emissions for wide 

ranges of air-fuel ratio [1]. The research presents that the emissions of NOx significantly increase with increasing 

the temperature of surface. Alkidas 1982 recorded the value of the instantaneous heat flux on the cylinder head 

for 830 cm3 four-stroke (SI) engine [2]. That paper deduced that could be influenced by engine's speed, volumetric 

efficiency, and fuel-air ratio. Harigaya et al. 1993 estimated instantaneous local [3]. 

Heat transfer coefficient on the combustion chamber’s surface for three types of combustion chamber. That paper 

founded the effectiveness of flow gases and propagation flame on the heat transfer coefficient. The paper deduced 

a relation between the velocity of flame and heat transfer coefficient at different locations. The maximum value 

of the heat flux increases with an increase of the intensity of local gas movement. Abu-Orf and Cant 2000 

advanced a new reaction model for premixed turbulent combustion in spark ignition (SI) engines [4]. They 

inspected the effects of equivalence ratio, engine speed and fuel type. Abdallah 2002 studied the cycle of the spark 

ignition engine [5]. He applied thermodynamically model and scrutinized the effects of equivalence ratio, 

compression ratio, ignition timing, and the duration of combustion. Dinler and Yucel 2006 studied two types of 

combustion laminar and turbulent combustion for four stroke engine [6]. In the case of laminar combustion, 

Arrhenius type combustion equations were employed. Wherever the turbulent combustion type, eddy break-up 

model was employed. The results of that paper studied the influence of equivalence ratio with ranges (0.9, 1, 1.1) 

on the combustion behavior numerically. An axisymmetrical model engine was modeled to simulate combustion 
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and flow in the combustion chamber. Two dimensional transient continuity, turbulence, momentum, energy and 

combustion equations were solved. k-ɛ turbulence model was used. The paper showed that the combustion 

duration is increases with increasing of λ. A computational fluid dynamics code was developed by using finite 

volume method with using FORTRAN code. Michele Battistoni et al. 2015 tested Computational Fluid Dynamics 

(CFD) CONVERGE CODE for modeling the combustion process using detailed chemistry in a spark ignition (SI) 

engine operated at part load using ethanol and gasoline [7]. The results of that paper showed that the maximum 

pressure is about 3.6 MPa at λ=0.9.  

M. Marouf Wani 2018 used the spark ignition engine, single cylinder 500cc. The author used gasoline and 

methanol as fuel [8]. The Modeling investigation for this engine was done in the AVL BOOST. The work focused 

the air fuel ratio comparative CO, HC and NOx emissions characteristics of the engine and the effect of air fuel 

ratio on them. The results were showing the lower octane demand of the engine for methanol implies that gasoline 

operated spark ignition engine needs changes in its design in order to be use with methanol fuel for better 

performance. Alkidas and Myers 2018 by heat flux measurements were obtained at several locations on the 

cylinder head and liner of a four-stroke, single-cylinder, spark-ignition engine [9]. The variations of heat transfer 

with air-fuel ratio and volumetric efficiency were investigated. The magnitude of the heat flux was found to be 

highest at near-stoichiometric composition, whereas at either leaner or richer composition the heat flux decreased. 

Mahmoud and Mustafa 2019 were adopted 3D CFD simulation utilizing dynamic mesh technique using ANSYS 

with respect to the crank angles for the four – stroke ignition engine at difference engine speeds (1500, 2000, 2500 

rpm) with stoichiometric ratio combustion [10]. They recorded that the maximum value of heat transfer coefficient 

occurs at the outlet of the exhaust manifold as increase engine speed. The value of temperature and pressure for 

firing simulation were bit higher than researches experimental due the fact this simplified CFD simulation doesn’t 

include friction losses induced interactions of engine components a three-dimensional model has been election 

for this paper. The turbulence model and combustion model has been chosen for analysis.  This research was done 

using dynamic mesh technique, 3D CFD ICE code to visualize the flow within engine by using different air fuel 

ratio. Furthermore, at different values of air fuel ratio (0.8,1,1.2) can be simulate the flow characteristic, heat 

transfer and heat flux in spark ignition engine. Also the pressure, temperature, NOx emissions, and heat transfer 

coefficient contours will be investigated with respect to different crank angles at 2500 rpm. 

COMPUTATIONAL METHODOLOGY  

Geometrical details 

The engine utilized is shown in Figure 1 and its main features are given in Table 1. It is pent-roof combustion 

chamber, four-stroke, spark ignition engine, two valves; port fuel injection (PFI). The geometric model of engine 

was created by SolidWorks as shown in Figure 2. 

 

Figure 1. The in-line four-cylinder engine head 
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Figure 2. Fluid cylinder model 

Table 1. Engine Specifications 

 

 

 

 

 

 

 

 

 

CFD ICE Code Simulation and its Governing Equations  

ICE Modeling Strategy 

The CFD simulations of this research were done for full cycle of SI engine by using the dynamic mesh algorithm 

[10]. Every event refers the distinct mesh and boundary geometries for every crank angle in each step of engine's 

cycle. The simulation and calculation carried out by using the unsteady (transient), moving meshes and 

boundaries, (continuity, momentum, energy equation, Reynolds Average Naiver Stoke, turbulence intensity, heat 

transfer and complex geometries model.  (   

Mesh Topology  

A Multi zone was taken according to the mechanism of decomposition where, topology (decomposition) is 

allowing describing the mesh behavior, by dividing the volume of geometry to sub-volumes. Each volume was 

meshed individually to different elements [11]. The deformation of each individual cell executes when the created 

cell distortion reaches a specific level, and the solution is re-zoned to new mesh. In Table 2, diversity of numbers 

of cells and maximum pressure in a full simulation of cycle are offered. This table clarify that the solutions are 

mesh independent due to no significant difference between case 3 and 4. Therefore, we have to elect case 4 with 

307,000 cells at bottom dead center BDC as a final computational mesh. The mesh is divided into stationary at 

intake, exhaust port of engine, moving zone for piston, liner, and combustion chamber regions, as shown in the 

Figure 3. 

Table 2. Variations of maximum in-cylinder pressure with no. of cells 

Engine Specifications 

Bore 71 mm 

Stroke 60mm 

Connecting rod length  126 mm 

Compression ratio  8.2 

Intake valve diameter  32 mm 

Maximum intake valve lift 6.9 mm at 104 deg.   ATDC 

Intake valve opening 41 deg.    BTDC 

Intake valve closing 84 deg.    ABDC 

Exhaust valve diameter 26mm 

Maximum valve lift 9.6 mm at 64 deg.    ABDC 

Exhaust valve opening 66 deg.      BBDC 

Exhaust valve closing 16 deg.      ATDC 
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cases Cells at bottom dead center (No.) Maximum in-cylinder pressure (Bar)  

1 200000 70.4  

2 261000 74.1  

3 350000 77.2  

4 307000 77.2  

 

Figure 3: In – cylinder dynamic mesh 

Governing Equations 
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The simulation was done under firing condition and included the governing equations of fluid dynamics. These 

equations are used to characterize the mass, momentum, energy, k-ε turbulence, unsteady (transient) model, 

without spray and chemical reactions, are given as follows [12]: 

Continuity Equation 

The conservation of mass can be written as a mass balance for the fluid, where the mass enters a system is equal 

to the rate at which mass leaves the system.  

𝜕𝜌

𝜕𝑡
+ 𝑑𝑖𝑣. (𝜌𝑢) = 0                             (1) 

Momentum Equation 

The first term represents the time rate of change of the momentum into volume element, the second term is the 

change due to pressure force, the third term is the rate of change due to viscous forces, and the fourth term is body 

forces. 

𝜌
𝐷𝑢

𝐷𝑇
= −

𝜕𝑝

𝜕𝑥
+

𝜕𝜏𝑥𝑥

𝜕𝑥
+

𝜕𝜏𝑦𝑥

𝜕𝑦
+

𝜕𝜏𝑧𝑥

𝜕𝑧
+ 𝑆𝑀𝑥   (2) 

Energy Equation 

The rate of increase of energy of fluid particle is equal to the net rate of added to fluid particle. 

𝜌 ⌊
𝜕ℎ

𝜕𝑡
+ 𝑑𝑖𝑣. (ℎ𝑉)⌋ = −

𝐷𝑝

𝐷𝑡
+ 𝑑𝑖𝑣(𝑘𝑔𝑟𝑑𝑇) + 𝜑        (3) 

Turbulent Model 

The k-ε model is the simplest of turbulence consisting of two equations model. It is a semi-empirical model, and 

the derivation of the model eqn. Relies on phenomenological considerations and empiricism [13]. Turbulent is 

more important in internal combustion engine, so the k- ε taken to specifies it. Two equations of k and ε [13] allow 

to calculations of both, time scale and turbulent length. It represents the robustness, and reasonable accuracy for 

more range of turbulent flow. The following equations were used to achieve compression ratio which is required 

in the engine that used in this work. 

𝜕

𝜕𝑡
(𝜌𝑘) +

𝜕

𝜕𝑥𝑖

(𝜌𝑘𝑢𝑖) =
𝜕

𝜕𝑥𝑗
 [(𝜇 +

𝜇𝑡

б𝑘
)

𝜕𝐾

𝜕𝑥𝑗
] + 𝐺𝑘 + 𝐺𝑏 − 𝜌𝜀 −  𝑌𝑀 + 𝑆𝐾    (4) 

𝜕

𝜕𝑡
(𝜌𝜀) +

𝜕

𝜕𝑥𝑖

(𝜌𝜀𝑢𝑖) =
𝜕

𝜕𝑥𝑗
 [(𝜇 +

𝜇𝑡

б𝜀
)

𝜕𝜀

𝜕𝑥𝑗
] + 𝐶1𝜀  

𝜀

𝐾
 ( 𝐺𝑘 + 𝐶3𝜀 𝐺𝑏) − 𝐶2𝜀 𝜌 

𝜀2

𝑘
+ 𝑆𝜀                                 (5) 

𝜇𝑡 =  𝜌 𝐶𝜇  
𝑘2

𝜀
          (6) 

Where:    C1ε = 1.44, C2ε= 1.92, Cμ = 0.09, бK =1.0, and б ε= 1.3 

Motion System  

In order to compatible between the motion of valves and piston, the motion of these parts was controlled in this 

simulation. The motion was programmed to describe all events that occurred through the full cycle. For achieving 

the matching between the moving mesh and piston, valves, the dynamic mesh events are specified according to 

the valve timing, as shown in equations below and Figure (4) [11]. 

𝜃𝐶  = 𝜃𝑆 +𝑡 Ω 𝑠ℎ𝑎𝑓𝑡                                                         (7) 

𝜃𝑒𝑣𝑒𝑛𝑡 = 𝜃𝑐 +𝑛𝜃𝑝𝑒𝑟𝑖𝑜𝑑    (8) 

𝑝𝑠 = 𝐿 +
𝐴

2
(1 − 𝐶𝑂𝑆𝜃𝐶) − √𝐿2 −

𝐴2

4
𝑠𝑖𝑛2𝜃𝑐                                              (9) 

Where, ps is equal to zero at TDC and equal A at BDC. 
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Figure 4: Valves and Piston Profile 

Boundary Condition 

The flow domain for this simulation is the pent- roof combustion chamber, inclusive the intake valve, exhaust 

valve, piston, also exhaust and intake port. The initial conditions are given in Table 3. 

 Table 3. Boundary and Initial Conditions 

 

 

 

 

 

 

 

 

 

RESULTS AND DISCUSSIONS 

The simulations are accomplished for one cylinder only from the engine which was considered in this work. The 

operation conditions are engine speed 2500 rpm with different mixture strength (λ=0.8, 1, 1.2). In this research 

the spark plug is located at near exhaust valve. Ignition via spark evacuation executed in combustion chamber at 

25 BTDC. One of the most factors which have a biggest effect on the behavior of combustion inside the chamber 

which is considered in this research is the mixture strength. The estimations are offered in Figures below to present 

average quantities as a function of crank angle inside the combustion chamber for the whole engine cycle with 

different mixture strength.  

Figures 5, 6 shows the pressure contours at 720° and 900°. The magnitudes of pressure are about (77, 67 and 81 

bar) at 720° for stoichiometric, lean, and rich mixture respectively. The traces of the in- cylinder pressure are 

Inlet Pressure (Pa) Atmospheric pressure  

Exhaust Pressure (Pa) Atmospheric pressure 

Turbulence Kinetic Energy (m2/s2) 0.02 

Turbulence Dissipation Rate (m2/s3) 0.02 

Cylinder Wall Temperature (K) 300 

Piston  Wall Temperature (K) 300 

Valves Wall Temperature (K) 300 

Engine Speeds (rpm) 2500 

Computation Starts TDC 

Spark Timing 25 BTDC 

Equivalence ratio λ= 0.8,1,1.2 

Fuel Type Octane 



Numerical Simulation of pent- roof combustion chamber in a SI engine 

 
 

428 
 

shown in Figure 7 and presents the maximum pressure value at 720° for λ=0.8. During the combustion, the 

dissociation occurs at high temperature. The molecular of oxygen exists in the mixture of in-cylinder, thereby 

some amount of fuel is injected to combustion chamber, burned partially, and therefore, the pressure and mean 

effective pressure (MEP) are increase with rich fuel mixture [14]. The process of the combustion accelerates as 

the mixture gets richer. The results of pressures trends agree with [15], [16]. 

Figures (8: a, b), (9: a, b) discusses the history of in-cylinder temperature at various mixture strength with respect 

to crank angels for combustion chamber and piston respectively, and show the flame propagation. Figure 10 shows 

the in-cylinder temperature traces at various mixture strengths. The in-cylinder temperature trend is similar with 

the in-cylinder pressure trend. The temperature trend is similar with pressure and the trend of temperature agree 

with [17].  Heat transfer coefficient contours are represented in Figure 11 for piston and the heat transfer 

coefficient in combustion chamber are plotted in Figure 12.  

It can be seen from Figure 13 that the magnitude of heat flux is high with λ=0.8, it is about 4800020 W/m2 at 

720°. The highest value of heat flux in rich mixture is related to the amount of mass fuel injected in the combustion 

chamber. More mass of fuel in the combustion chamber is burned, thus the heat flux and heat released is more. 

As a result, the convective heat transfer is increased, also pressure and temperature will be increased. Also we can 

notice that the flame temperature is lower in the weak mixture, therefore the heat releases is lower in the weak 

mixture, and this fact is agreeing with [18]. The trend of heat transfer coefficient in figure 12 is agreeing with 

[17]. 

In Figure 14 the trend of NOx emission is plotted with respect to crank angle at various mixture strength (λ = 0.8, 

1, 1.2). The NOx is increased during combustion period and this is logical phenomenon due to the dissociation 

effect which is occurred due to high temperature. The high amount of NOx is appearing in lean mixture and this 

can be seen clear in the Figure 14. Although the temperature is increased in the rich mixture, the more particular 

of oxygen and nitrogen of air in the combustion chamber is released due to dissociation in weak mixture. The 

more amount of these oxygen’s particular led to high value of NOx. The trend of NOx is agreement with [16]. 

 

Figure 5. In-cylinder pressure contour at 720° for different mixture strengths. 

 

Figure 6. In-cylinder pressure contour at 900° for different mixture strengths 

900 CA, λ=1 900 CA, λ=1.2 900 CA, λ=0.8 
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Figure 7. In-cylinder pressure traces at various mixture strengths. 

 

Figure 8. (a) The temperature contour for combustion chamber at 720° with different mixture  

 

Figure 8. (b) The temperature contour for combustion chamber at 930° with different mixture strengths. 
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Figure 9. (a) The temperature contour for piston at 720° with different mixture strengths 

 

Figure 9. (b) The contour of temperature for piston at 930° with different mixture strengths. 

 

Figure 10. In-cylinder temperature traces at various mixture strengths 
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Figure 11. Heat transfer coefficient for piston with different mixture strengths. 

 

Figure 12. Heat transfer coefficient in combustion chamber with to respect crank angles for different mixture 

strengths. 

 

Figure 13. Heat flux in combustion chamber with to respect crank angles for different mixture strengths. 
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Figure 14. Emissions of NOx trend with respect to crank angles for different mixture strengths. 

CONCLUSION 

The work exhibits a numerical simulation aimed at studying flow behavior and combustion process in a spark 

ignition engine. The major conclusions drawn the results of the current work may be listed as follows: 

1. Through this paper, in-cylinder flow characteristics were acquired as expected trends. 

2. The magnitude of the pressure and the temperature for this simulation were bit higher than experimental 

researches due to the fact this simplified CFD simulation doesn’t considered the friction losses induced 

interactions of engine components. 

3. The operation of engine at weak combustion conditions results in lower maximum in- cylinder temperature 

and the reduction is about 490 K. 
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