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1. Introduction 

In recent years, as a result of engine performance and strict emis-

sion standards, researchers have intensified studies to improve the 

flow and air movement in the combustion chamber [1]. During fuel 

injection, air movements, air-fuel mixture, spray dynamics, com-

bustion and emission formation are especially important in the top 

dead center (TDC) region. Moreover, to air movements, engine 

speed, combustion chamber shape, spray dynamics and alternative 

fuel use also affect combustion in diesel engines [2, 3]. It is very 

difficult and expensive to obtain detailed information about mix-

ture formation and combustion processes and to examine the pa-

rameters affecting these processes by experiments. Therefore, mul-

tidimensional modeling approach has an important place in engine 

design [4]. 

In internal combustion engines, the combustion chamber fluid 

dynamics is critical in the combustion process [5, 6]. Buyukkaya 

[7] analyzed the turbulent flow field in the combustion chamber of 

a direct injection (DI) diesel engine using computational fluid dy-

namics (CFD). The effect of three different combustion chamber 

geometries on flow field properties has been investigated. As a re-

sult, it has been observed that the combustion chamber bowl ge-

ometries greatly affect the pressure, velocity and temperature dis-

tributions at end of the compression. Kaplan [8] has emphasized 

that swirl, tumble and squish flows generally improve in-cylinder 

turbulence. Stephenson et al. [9] researched the phenomenon of 

swirl in a direct injection diesel engine. KIVA software was used 

in the study. It has been observed that very big swirl rates have a 

considerable effect on the ignition delay. Gunabalan et al. [10] fo-

cused on the effect of three different bowl geometries on chamber 

flow in a direct injection diesel engine using STAR CD software. 

As the piston moves towards the TDC, the bowl geometry has a 

significant influence on the air flow, and at the same time, better 

mixing, better combustion and lower NOx emission has been 

achieved thanks to the swirl action. Zheng et al. [11] analyzed the 

performance of the gasoline direct injection (GDI) engine using 

AVL-FIRE software. The effects of four different piston geome-

tries on mixture formation and combustion were compared. A pis-

ton having a smoother top surface improved turbulence kinetic en-

ergy during ignition, thus accelerating combustion and increasing 

In this study, heat and flow in a four cylinder direct injection diesel engine combustion 

chamber has been simulated by using AVL Fire ESE Diesel. In order to clarify the effect 

of the combustion chamber geometry on the flow area properties, the bowl geometric 

shape of two different pistons, one of the combustion chamber as a standard, was taken 

into account in the flow analysis. Standard combustion chamber and modified combustion 

chamber geometries have been compared. The simulation results showed that the bowl 

shapes of the combustion chambers are quite effective on temperature-spray droplet dis-

tribution, turbulence kinetic energy distributions, turbulence velocity distributions and 

laminar flame speed distributions at the end of the compression stroke. The fuel reaches 

the cylinder wall more easily and then, the temperature distribution in the chamber is lower 

as a result of evaporation of the fuel with modified combustion chamber. Average turbu-

lent kinetic energy value in the MCC type combustion chamber is 10.53 m²/s², in the stand-

ard combustion chamber type combustion chamber this value is 8.35 m²/s² at 720° CA. 

Turbulence velocity distribution is spread over a wider area in the modified combustion 

chamber geometry. As a result of the large area of turbulence, the laminar flame velocity 

has also increased in this chamber geometry. 
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in-cylinder temperature and pressure owing to tumble motion. Ac-

cording to Chu et al. [12], higher tumble motion increases latter 

combustion rate and faster overall burn time is achieved in diesel 

engine. Moreover, thermal efficiency can be improved at high 

loads. Squish, a radial movement towards the centerline of the cyl-

inder, it lead to tumble motion as the piston approaches TDC, and 

then creates turbulence by breaking small-scale eddies similar to 

swirl and tumble motion [8, 13]. Perini et al. [14] examined the in-

cylinder flow structure with three different piston geometries in a 

diesel engine. These three piston geometries, first and second fea-

turing a conventional re-entrant bowl, either with or without valve 

cut-outs and the third featuring a stepped-lip bowl. FRESCO code 

was used for modeling. The results showed that conventional re-

entrant bowls have stronger flow separation at intake stroke, pre-

vent bowl swirl, more axisymmetric squish mechanism and less 

tilted swirl than other piston geometries. In the present work the 

combine effects of spray angle and the piston bowl geometry on 

mixing, combustion and emission characteristics of a direct injec-

tion diesel engine have been analyzed numerically. Khan et al. [15] 

evaluated the effects of spray angles (150°, 155°, 160° and 165°) 

and piston bowl geometries (Toroidal Re-entrant Combustion 

Chamber (TRCC), Toroidal Combustion Chamber (TCC) and 

Hemispherical Combustion Chamber (HCC)) on mixing, combus-

tion and emission characteristics in a diesel engine with a diffrac-

tion jet using AVL FIRE software. According to the analysis re-

sults, it was understood that the spray angle significantly affected 

the mixing and combustion process for all three bowl geometries 

and in the engine with TRCC type combustion chamber gave bet-

ter performance. Sener et al. [16] investigated the effects of six dif-

ferent piston bowl geometries (Bowl geometries called DA, DB, 

DC, DD, DE and DF) on combustion and emission characteristics 

using the CFD code called ANSYS FORTE in a diesel engine. As 

a result, it has been revealed that the resulting squish and sudden 

turbulence have a significant effect on in-cylinder pressures, tem-

peratures and heat release rates. In the in-cylinder flow temperature 

distribution, the average temperature is higher, especially for DE 

and DF designs. Pressure and velocity distributions also support 

this result, and there is a more homogeneous distribution. 

Li et al. [17] conducted a numerical study on the effect of piston 

bowl geometries (Hemispherical Combustion Chamber (HCC), 

Shallow depth Combustion Chamber (SCC), and Omega Combus-

tion Chamber (OCC)) on the combustion and emission character-

istics of a diesel engine under medium load conditions. In the study 

using the KIVA-4 code, the narrow entrance of the combustion 

chamber can create a powerful squish, especially at high speed, 

and therefore a better air and fuel mixture is provided. Mohan et al. 

[18] focused on the effect of shaping the injection rate on the com-

bustion and emissions of a direct injection diesel engine. KIVA-4 

code was used in numerical analysis. As a result, higher preload 

pressure profiles were obtained, moreover better NOx-soot trade-

off with injection rate shapes. Aksoy and Yilmaz [19] tested a sin-

gle-cylinder diesel engine at different engine loads (3.75, 7.5, 

11.25 and 15 Nm) and at 2200 rpm, which is the maximum torque 

speed of the engine. It has been observed that the temperature in-

side the cylinder at the end of the combustion increased. Lešnik et 

al. [20] indicated that the effects of mineral diesel fuel and syn-

thetic gas-liquid fuel (GTL) on the injection process, fuel flow con-

ditions and cavitation formation in a modern common-rail injector 

are examined. A slightly higher average mass flow rate and veloc-

ities were obtained for diesel fuel compared to GTL fuel. Bishop 

et al. [21] discussed emissions and motions within the combustion 

chamber by using the AVL Fire ESED model. It has been reported 

that the spray rate shape improves combustion and contributes sig-

nificantly to the flow in the chamber. Hasan et al. [22] observed 

the effects of burning velocity and air to liquid mass flow rates. It 

was observed that the burning velocity decreased. Moreover, air to 

liquid mass flow rates increased as the burning velocity increased. 

In this study, the standard combustion chamber (SCC) and the 

modified combustion chamber (MCC) geometries were compared 

in terms of heat and flow in air-cooled, single cylinder DI diesel 

engines. Numerical analyzes were performed by using AVL Fire 

ESE Diesel software. The effect of combustion chamber bowl ge-

ometries has been researched on temperature-spray droplet distri-

bution, turbulence kinetic energy distributions, turbulence velocity 

distributions and laminar flame speed distributions parameters. 

 

2. Numerical Simulation 

 

In this study, a numerical study has been carried out in the 

AVL Fire ESE Diesel section by using the properties of a actual 

diesel engine. The values for the initial boundary conditions are 

given in Table 1. In the analysis, 100000 mesh number was de-

termined as the optimum result within the number of 50000, 

100000 and 120000 cells and this value was selected. Fig. 1 

shows mesh structure used for the combustion chamber simula-

tion in the SCC and MCC piston geometries. It is shown in Fig 

2 that the numerical analysis results made with this mesh num-

ber are each other close to with the experimental results. These 

results also show that the accuracy of the numerical analysis is 

quite high. Also, the models belong to simulation are given in 

Table 2. The properties and equations used in this modeling are 

preferred and accepted numerical studies [23]. 
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Table 1. Technical properties and initial boundary conditions of the 

diesel engine. 

Number of cylinders Single cylender 

Type of cooling Air-cooled 

Bore 85 mm 

Compression ratio 17.5 

Crank radius 42 mm 

Number of injection nozzle 4 

Injection spray angle 126° 

Injection Timing (start and stop) 705° and 729° CA 

Injection rate (mass) 5.11e-6 kg 

Engine speed 2000 rpm 

Air inlet temperature 293.15 (K) 

Air inlet pressure 1 (bar) 

Fuel injection temperature 330.15 (K) 

Table 2. Modeling used in numerical analysis 

Combustion model ECFM-3Z 

Breakup model Wave 

Turbulence model K-zeta-f model 

Wall interaction model Walljet1 

Evaporation model Multi component 

Soot emission model Kinetic model 

 

 

 
a)           b) 

 

Fig. 1. Computational grid of a) SCC and b) MCC piston bowl geom-

etry at TDC 

 

 

 

 

 

 

 

 

 

 
a) 

 
b) 

 
c) 

 

Fig 2. The change of pressure/crank angle for Diesel (a), 90% Die-

sel+10 %Canola oil methyl ester (b), 90% Diesel+10 % Sunflower oil 

methyl ester (c) [23] 

 

 



 

Temizer and Cihan / International Journal of Automotive Science and Technology 5 (3): 206-213, 2021 

 

209 

 

3. Results and Discussions 

  The flow behaviors of Antor 3 LD 510 diesel engine using 

new design MCC piston geometry was performed and compared 

with SCC piston geometry. Temperature-spray droplet distribu-

tion, flow turbulence kinetic energy distributions and turbulence 

velocity distribution parameters were examined for flow analy-

sis of chamber geometry. Analyzes were made at 2000 rpm en-

gine speed. The reason for choosing this engine speed is that the 

maximum torque in the engine is taken at this speed.  

 

 

 
 

 

Fig 3. Temperature-spray droplet distribution in SCC and MCC type combustion chamber at 710°, 720° and 730° CA.

First, the temperature of the fuel droplets started to rise from 

the beginning of the spraying and then the fuel droplets evapo-

rated. As a result of the evaporation of fuel droplets, gases and 

fuel vapor in-cylinder formed a homogeneous mixture. Eventu-

ally, combustion began as a result of the fuel and gas mixture. 

Fig. 3 shows the instantaneous temperature and spray distribu-

tion at certain crank angles belonging to different piston bowl 

geometries. When the temperature distributions that occur with 

the mass transfer within the cylinder are examined, it is seen that 

the combustion is more severe at the 730° CA. It can be said that 

the combustion chamber temperatures spread over a wider area, 

especially with the combustion phenomena that develops after 

the completion of the spraying. It can be said that this situation 

also affects the fluid temperature. There are many parameters 

that affect the temperature formation. Many parameters such as 

mixture formation, flame velocity, turbulence distribution can 

be said. In the MCC type combustion chamber geometry, as a 

result of the high penetration depth of the fuel, the wall surface 
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was contacted and evaporated more easily. It can be thought that 

the decrease in the mean temperature causes the peak tempera-

tures to decrease. For example, when we examine the instanta-

neous average temperature values in the bowl at 730° CA, this 

value is seen as 734.95 K in the MCC type combustion chamber, 

while this value is found as 857.86 K in the SCC type combus-

tion chamber. The instantaneous increase in local temperatures 

causes many negativities such as increased in-cylinder peak 

pressures, vibrating operation, increased thermal loads on en-

gine parts and shortened material life. In addition, high temper-

atures increased turbulence intensity and excessive turbulence 

intensity is thought to negatively affect combustion.

 

 

 

 

Fig 4. Flow turbulence kinetic energy distributions formed in SCC and MCC combustion chambers

At the compression process, the tumble ‘‘crash’’ caused by the 

collision of the airflow and the piston top surface enhances the 

density of turbulent kinetic energy. Fig. 4 shows the change in 

turbulent kinetic energy belonging to different combustion 

chambers. Especially, when the distribution formed at three dif-

ferent crank angles during spraying distribution is examined; It 

is higher in the initial stages of the spray (for 710° CA) com-

pared to other CA’s. This situation shows the effect of the fluid 

injected into the combustion chamber from the injector. With 

the advancement of the piston, it is seen that the kinetic energy 

is distributed over a wider area in both combustion chambers 

and this depends on the distribution of the fuel. The effect of 

mass transfer has also decreased with the evaporation of fuel 

droplets. This situation caused a decrease in turbulent kinetic 

energy. When the flow of the MCC type chamber geometry is 

analyzed, it is seen that the fluid impacting the bowl region has 

a higher turbulent kinetic energy, although the same injection 

pressure and mass input are equal to the SCC type (Fig. 4). Av-

erage turbulent kinetic energy value in the MCC type combus-

tion chamber is 10.53 m²/s², in the SCC type combustion cham-

ber this value is 8.35 m²/s². It can be concluded that the MCC 

piston geometry can create a strong tumble that contributes to 

the preparation of the mixture and achieves a high turbulent ki-

netics that accelerates flame propagation during ignition. 
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The task of turbulent velocity fields in diesel engines is firstly 

to prepare the mixture and secondly to control the combustion 

in large and small scale mixture. Fig. 5 shows the turbulence 

velocity distributions of both combustion chambers at different 

crank angles. Also, the values in the turbulence velocity distri-

butions are in parallel with the turbulent kinetic energy change. 

It is seen that the maximum values reaches and this value de-

creases with the increase of volume in both combustion cham-

bers at around 720° CA. Similarly, the MCC type compared to 

the SCC type combustion chamber, the turbulent velocity region 

was spread in a larger area. It can be said that it is effective in a 

little increasing the in-cylinder temperatures.  
 

 

 

 

Fig 5. Flow turbulence velocity distributions formed in SCC and MCC combustion chambers

Laminar flame speed is the rate at which the flame propagates 

into quiescent premixed unburnt mixture in front of the flame. 

The fuel / air mixture is in a wider area in the area where the fuel 

is sprayed in the MCC type combustion chamber affects the 

structure of the flame. Fig. 5 shows the distribution of laminar 

flame velocities in different combustion chambers. It is seen that 

the flame is directed towards the center of the combustion cham-

ber, in both combustion chamber geometries. In both models, it 

is understand that the flame starts in the bowl area and disperses 

from there into the combustion chamber. The distribution of the 

flame is of great importance in terms of emissions. As a result 

of the better mixing of the fuel droplets with the air, the activa-

tion energy starts from the wall area of the mixture and its dis-

tribution to other regions in the chamber is more pronounced at 

720° and 730° CA's. It is seen that the flame extinction zone is 

less in the MCC type chamber geometry. As is known, the dis-

persion of the flame in the combustion chamber prevents the in-

crease in local temperatures, and this station contributes signifi-

cantly to the reduction of thermal loads on engine parts. On the 

other hand, it is thought that it will make a significant contribu-

tion to the reduction of pollutant emission types such as C, CO 

and HC.
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Fig 6. Laminar flame speed distributions formed in SCC and MCC combustion chambers

4. Conclusion  

Based upon this study, the standard combustion chamber and 

the modified combustion chamber bowl geometries were com-

pared by performing heat and flow analysis in the direct injec-

tion diesel engines. The 2000 rpm engine speed at which the 

highest torque was obtained in the engine was selected as the 

operating condition. Numerical study was performed in AVL 

Fire ESE Diesel software. The effect of combustion chamber 

bowl geometry on temperature-spray droplet distribution, turbu-

lence kinetic energy distributions, turbulence velocity distribu-

tions and laminar flame speed distributions parameters has been 

investigated. As a result, when the effect on each parameter is 

examined, the high penetration depth of the fuel, the wall surface 

was contacted and evaporated more easily in the modified com-

bustion chamber type chamber geometry. It can be thought that 

the decrease in the mean temperature causes the peak tempera-

tures to decrease. For example, instantaneous average tempera-

ture values in the bowl at 730° CA, this value is seen as 734.95 

K in the modified combustion chamber type, while this value is 

found as 857.86 K in the standard combustion chamber type. 

Turbulence kinetic energy is higher due to the modified com-

bustion chamber type bowl geometry. Average turbulent kinetic 

energy value in the modified combustion chamber type was 

10.53 m²/s², this value is 8.35 m²/s² in the standard combustion 

chamber type at 720° CA. The turbulent velocity region was 

spread in a larger area with the modified combustion chamber 

type. This situation was increased the laminar flame speed in the 

modified combustion chamber type. 
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