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1. Introduction 

Early studies indicated that gas motion in the engine cylinder 

governs the air-fuel mixing and combustion processes in diesel 

engines. In addition to this, it affects diesel engine performance 

and emissions, it also has a considerable effect on engine heat 

transfer. The intake air motion process controls the main phases of 

the flow in-cylinder [1,2]. Therefore, in-cylinder air motion during 

intake stroke was investigated in many studies [3–7]. Air motion 

is usually defined by swirl, squish, and turbulence for in-cylinder 

flows. Swirl and tumble are rotational movements, swirl occurs 

around the cylinder axis, and tumble occurs on an axis 

perpendicular to the cylinder axis. One of the reasons for inducing 

swirl and tumble is to provide high turbulence levels at ignition. 

High turbulence at the ignition process provides more effective 

flame speeds and better combustion for lean air-fuel ratios or with 

exhaust gas recirculation (EGR). Under typical air-fuel ratios, the 

increased flame speed ensures that the flame front reaches the end 

gas before auto-ignition reactions take place, enabling the potential 

use of higher compression ratios without the risk of knock [8].  

Monaghan and Pettifer conducted a study to investigate the air 

motion and its effect on diesel performance and emissions. It was 

indicated that there were differences between the speed responses 

of the ports and their optimum injection specifications such that 

differences in the air motion in the bowl possible effect on engine 

performance [2]. Prasad et al. presented a study that researched the 

effect of swirl induced by re-entrant piston bowls on emissions of 

the diesel engine. Different piston bowls were used in the study, 

and the best piston bowl geometry for turbulent kinetic energy 

intensification and swirl about the top dead center (TDC) was 

investigated. The injection timing of the selected geometry was 

optimized for the lower NOx emission, and 27% NOx emissions 

and 85% soot level reduction were obtained from the baseline 

configuration [9]. Tsiogkas et al. performed research to increase 

engine efficiency, the flow field was investigated, and the intake 

stroke flow was examined using a single-cylinder optical research 

engine for this purpose. The study was carried out at 1000 and 

1500 rpm [10]. The utilization of computer programs in research 

conducted on vehicles and engines in the literature has been 

favored due to the benefits they provide[11–13]. 

Cold flow simulation is utilized to investigate in-cylinder flow 

characteristics because of the advantages of computational fluid 

dynamics (CFD). One of the studies conducted using CFD, it was 

aimed to research the in-cylinder flow characteristics of various 

piston geometry configurations. The study results showed that 

although piston geometry configurations had a negligible effect on 

the intake stroke, they had a considerable effect on the 

compression stroke, especially near TDC [14]. CFD software is 
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also used to provide improvement of in-cylinder flow 

characteristics. Hamid et al. studied to obtain better evaporation for 

emulsified biofuel with three different piston-bowl geometries. 

Turbulence kinetic energy (TKE), swirl, and tumble parameters 

were investigated with cold flow simulation by using Ansys Fluent 

15. According to their cold flow simulation results, shallow depth 

re-entrance combustion chamber (SCC) produced higher swirl, 

tumble, and regular turbulence flow [15].  

Azad et al. investigated that diesel engine cold flow behavior 

and examined with CFD simulation. In that study, a numerical 

study conducted using CFD code with k-e turbulent model. The 

study reveals the influence of swirl ratio on combustion 

performance, emissions, and mass-average turbulent kinetic 

energy higher in exhaust stroke compared to intake stroke. It is 

stated that further improvement is needed for fuel-efficient diesel 

engines [16]. Varma and Subbaiah conducted a study to analyze 

effect of different piston bowl geometries on compression ignition 

engines. Various piston bowl geometries such as hemispherical 

combustion chamber (HCC), toroidal combustion chamber (TCC), 

and shallow depth combustion chamber (SCC) were examined 

using CFD analysis. The study findings indicate that optimizing 

the piston bowl geometry can be a beneficial strategy to enhance 

the air-fuel mixture and decrease emissions in direct injection 

compression ignition engines[17]. According to the literature 

review, it can be understood that piston bowl geometry 

improvement has a potential to enhance the air-fuel mixture and 

decrease emissions.  

This study utilizes AVL Fire M R2022.2 to perform cold flow 

simulations of a naturally aspirated, direct-injection diesel engine. 

Then, it investigates the influence of different piston bowl 

configurations on the in-cylinder flow through cold flow analysis. 

Swirl, tumble, and TKE parameters are analyzed to gain a 

comprehensive understanding of the engine's flow characteristics 

within the cylinder.  

2. Method 

This section discusses the simulations carried out with different 

mesh densities to ensure precise results, regardless of mesh 

resolution. It also covers the validation of the model by comparing 

the computational simulation's results with actual experimental 

data to ensure the model accurately represents the system's 

physical behavior. A verification study was conducted using the 

compression pressure data from Karuk’s study [18]. Moreover, the 

section includes details about the 1D modeling performed with 

AVL Boost and a comprehensive overview of the computational 

grids and boundary conditions applied in the 3D cold flow 

simulation conducted with AVL Fire. 

2.1. Engine Modelling 

The specifications of the engine studied are listed in Table 1. 

The selected engine is a naturally aspirated, direct-injection diesel 

engine. The combustion chamber was replaced with a different 

configuration (referred to as Piston B) since this design was shown 

to be effective in previous investigations in the literature [19,20]. 

This configuration was generated based on published literature on 

diesel engines, and a relative comparison between the two shapes 

is shown in Figure 1. Piston A represents the standard piston bowl 

of the engine. 

 

a)            b) 

Fig. 1. Piston bowls a) Piston A (standard piston) b) Piston B 

Table 1. Engine specifications 

Engine type 4-stroke, direct injection diesel engine 

Number of cylinders 1 

Bore (mm) 85 

Stroke (mm) 90 

Displacement (cm³) 510 

Compression ratio 17.5:1 

Engine Speed(rpm) 1800 

2.2. Mesh Independence  

Table 2 shows the number of cells for coarse, medium, and fine 

mesh for the original piston. Figure 2 illustrates the mesh 

independence test computed for the original piston, where the 

results are compared in terms of swirl for coarse, medium, and fine 

mesh. 

Table 2. The number of mesh cell 

 

In Figure 2, the swirl ratio computed by the Cold Flow 

simulation shows differences in the data for mesh densities. For 

fine and medium mesh, the results show that the swirl ratio for 

these two models is considerably close to each other, with a 

deviation of about 0.14%. 

For the coarse mesh, it can be observed that the deviation of 

swirl ratio values is around 0.38-3.5% throughout 400-760 CA. In 

between 330-400 CA, the swirl ratio is -0.070 for coarse and 0.02 

for fine mesh at 380 CA with the maximum deviation.  

Start Angle- 

End Angle 

Coarse 

(number of mesh 
cells) 

Medium 

(number of mesh 
cells) 

Fine 

(number of mesh 
cells) 

min max min max min max 

EVO(134)- 

IVO (338) 
322347 605241 524611 1009515 913834 1804401 

IVO (338)- 
EVC (389) 

331906 653214 530473 1115426 819424 1874589 

EVC(389)- 

IVC (592) 
262426 703910 479112 1222945 751118 2192842 

IVC (592)- 

EVO (854) 
108577 362486 161199 655716 257975 1207468 
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Fig. 2. Swirl ratio for different mesh densities 

Fig. 3 illustrates the mesh independence test computed for the 

original piston, where the results are compared in terms of the TKE 

for coarse, medium, and fine mesh. 

 

Fig. 3. TKE for different mesh densities 

For fine and medium mesh, the results show that the TKE for 

these two models is close to each other, with a deviation of about 

0.029%. For the coarse mesh, it can be observed that the deviation 

of the TKE values is around 48.63% throughout 330-740 CA. 

According to the mesh independence test results, the medium mesh 

is used for all simulations.  

2.3. Model Verification for Cold Flow 

2.3.1. AVL Boost- Cold Flow 

In previous studies, the engine, whose specifications are given 

in Table 1, was modeled using AVL Boost R2021.2 software. In 

this 1-D model, the physical specifications of the engine, boundary 

conditions at the exhaust valve opening (EVO), heat transfer 

model, heat transfer surface area, and intake and exhaust valve 

profiles were defined. Additionally, the model was verified against 

experimental data from the literature [21]. The experimental study, 

conducted by Aydın, aimed to investigate the impact of thermal 

barrier coating application on the combustion, performance, and 

emissions of the engine [22,23]. The model was validated using in-

cylinder pressure and heat release rate data at 1800 rpm for the 

standard engine with diesel fuel. It is aimed to verify the model 

one-dimensionally and to obtain some values that cannot be 

reached experimentally. 

To solve the defined conditions, AVL Boost utilizes basic 

conservation equations and thermodynamic and heat transfer 

models. The simulation uses Woschni's 1978 heat transfer model 

and includes various components of the engine such as connection 

points, plenum, measurement points, air filter, cylinder, and 

system boundaries[24]. The cylinder's physical specifications, 

pressure at EVO, temperature, and heat transfer surface area 

information, along with intake and exhaust valve details, are 

defined in the cylinder's submenus[21]. The model, which was 

previously verified for 1800 rpm, was rearranged for cold flow 

without any combustion by selecting the "motored" option in the 

AVL Boost combustion model’s section. Cold flow analyses were 

verified with the measured experimental compression pressure of 

the relevant engine in the experimental study conducted by Kavruk 

[18]. In the relevant study, the maximum compression pressure 

was recorded as Pc=45.59 bar. 

The results of the experimental study and the 1D model are 

consistent, in addition, the difference between the results is about 

2.82%. The maximum cylinder pressure is 46.88 for the 1D model. 

The one-dimensional modeling results show that the volumetric 

efficiency is about 87%, and the total mass in-cylinder is 506.68 

mg at the end of the intake stroke. Figure 5 shows the in-cylinder 

pressure curves for experimental study and cold flow simulations. 

2.3.2. AVL Fire – 3D Cold Flow Simulation 

AVL FIRE M, CFD software was used to analyze the in-

cylinder cold flow processes. This software was validated for 

engine simulations by researchers [3–7]. The selected engine is a 

naturally aspirated, direct-injection diesel engine. The engine 

specifications are given in Table 1. The computational grids of 

intake stroke (a) and compression stroke (b) are shown in Figure 4. 

Intake and compression stroke computational grids can be 

compared according to Figure 1. The intake port is present during 

the intake stroke; however, it disables after the intake valve is 

closed. The computation mesh has 1033017 cells at the bottom 

dead center (BDC) (-1800 CA) and 161199 cells at TDC (00 CA).   

 

a)          b) 

Fig. 4. Computational grid a) intake stroke b) closed part of the cycle. 
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SIMPLE Based Pressure-Velocity Coupling method is used to 

link momentum, continuity, and energy equations (coupling 

between the velocities, pressure, and density) for the solution of 

the flow field. The 𝑘 − 𝜀 model is the most widely used 

turbulence model for flows, such as those involving heat transfer, 

combustion, free surface, and two-phase flows. Besides, the 𝑘 −
𝜀 provides accurate predictions of main mean-flow properties for 

most scenarios’ situations. For this reason, the 𝑘 − 𝜀  model was 

selected for this cold flow study. The boundary surface and 

boundary conditions for the model are listed in Table 3. The 

boundary conditions were determined using experimental data and 

one-dimensional modeling results. The swirl ratio is assumed as 

zero for the initial condition of the simulation. As the angular 

momentum generated by the intake flow greatly exceeds the 

angular momentum of residual air present at the start of suction, 

the initial swirl ratio does not have a substantial impact on the 

outcomes[9].   

Table 1. Boundary conditions 

Boundary 
conditions 

Momentum boundary 
condition 

Thermal 
boundary 
condition 

Inlet 

Mass Flow 

Flow direction- Normal to Boundary 

TKE 1 m2/s2 

Turbulence length scale 2 mm 

Inlet port Surface Wall 343.15 K 

Outlet Pressure: 1.15 bar 

Outlet port Surface Wall 450.15 

Head Wall 423.15 K 

Cylinder Wall Wall 373.15K 

Piston top Wall with mesh movement 443.15 K 

Intake Valve surface Wall with mesh movement 343.15 K 

Exhaust Valve Surface Wall with mesh movement 500.15 K 

Cold flow simulation of the engine enables the study of in-

cylinder air motion. Studies have shown that for in-cylinder flow 

calculations for compression, the accuracy of the simulation initial 

conditions and the flow field values at the end of the intake are 

significant on predictions at the TDC of compression [25]. 

Therefore, the whole engine cycle simulation was conducted for 

cold flow. In the simulation, the intake stroke is between -338° CA 

and -128° CA (considering compression TDC as 0° CA). The 

closed part of the cycle is between -128°and 134° CA [26].  

During this part of the cycle, the intake port does not include the 

computational domain.  

Figure 5 shows the in-cylinder pressure curves for cold flow. In 

3D cold flow analysis, the maximum pressure in the cylinder is 

48.53 bar. It was observed that the obtained in-cylinder pressure 

curve was compatible with the experimental results and the 

difference for maximum pressure was about 6.4%. The total mass 

in-cylinder is 514.35 mg at the end of the intake stroke, the 

difference with the 1D model is about 1.5%. This provides that the 

aspirated air mass during intake stroke predicted by simulations is 

within the acceptable limits [13].  

 

Fig. 5. In-cylinder pressure curves for cold flow 

3. Results 

In this section, the results of the study are presented. After 

ensuring mesh independence and validation, cold flow analyses 

were conducted on different piston bowls to assess their effect on 

cold flow. The parameters that were studied included swirl, tumble, 

and turbulent kinetic energy. 

 

3.1. Swirl and Tumble   

Swirl is a rotational movement that occurs around the cylinder 

axis. In the study carried out by Crnojevic et al., the swirl 

movement that occurs due to the movement of the air mass coming 

from the manifolds into the cylinder was defined analytically and 

explained with the help of the cylinder of radius [27] R. The swirl 

number is the ratio between moments because of the changes in 

the tangential and axial components of momentum. In addition, it 

allows the determination of the swirl intensity. 

 

𝑆 =
𝑀𝜑

𝑀𝑥
=

∫ (𝑈̅𝑊̅+𝑢′𝑤̅̅ ̅̅ ̅̅ ′)𝑟𝑑𝐴𝐴

𝑅 ∫ (𝑈2+𝑢′2̅̅ ̅̅ ̅)𝐴 𝑑𝐴
      (6) 

When the velocity terms resulting from the turbulence effect are 

neglected, the number of swirl intensities according to tangential 

(VƟ) and axial velocities (Va) is calculated as given in Eq. 7.  

     

𝑆 =
𝑀𝜑

𝑀𝑥
=

∫ (𝑈̅𝑊̅)𝑟𝑑𝐴𝐴

𝑅 ∫ (𝑈2)𝐴 𝑑𝐴
      (7) 

 

Tumble is a rotational movement that occurs on an axis 

perpendicular to the cylinder axis. The tumble ratio can be defined 

as the ratio of the equivalent solid-body angular speed by the 

angular rotation rate of the crankshaft. ωt, the total angular 

momentum of the charge, is divided by the moment of inertia of 

the in-cylinder fluid[1]. 
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𝑅𝑡 =
𝜔𝑡

2𝜋𝑁
      (8) 

 

𝑅𝑡 =
∫ 𝜌(𝑟𝑥𝑣)∙𝑖𝑑𝜃

𝜃2
𝜃1

2𝜋𝑁 ∫ 𝜌(𝑟∙𝑟)𝑑𝜃
𝜃2

𝜃1

𝑣       (9) 

3.2. Turbulence Kinetic Energy 

TKE plays a critical role in internal combustion engines as it 

influences combustion, mixing, and heat transfer within the engine. 

Turbulence can significantly affect the combustion process in 

internal combustion engines, leading to better fuel-air mixing and 

improved combustion efficiency. 

3.3. Results of The Cold Flow Simulation 

Figure 6 shows the variation of swirl number during the closed 

part of the cycle. In smaller high-speed diesel engines, swirl 

ensures faster fuel-air mixing. Swirl is a fluid rotation that occurs 

around the cylinder axis [1]. At the end of compression, there is a 

maximum point when the radius of rotation is decreased near TDC. 

However, the swirl is quickly reduced again during the expansion 

stroke due to viscous drag with the cylinder walls [18]. Based on 

the simulation results, the maximum swirl ratio for the closed part 

of the cycle is 1.63 for Piston A, 1.33, for Piston B at the TDC.   

Fig.6 Swirl number for piston bowls 

Contrary to the expectation, the swirl ratio for the Piston B 

configuration is less than that for the original piston configuration. 

Piston B causes a decrement of swirl ratio compared to the initial 

piston geometry which is Piston A and the maximum decrement is 

about 19%.  In order to understand this, Fig.7 shows the velocity 

distributions at different times around TDC for both configurations. 

Even though two toroidal vortexes form in the combustion 

chamber due to swirl-squish interaction for Piston B at TDC, it is 

observed that the maximum velocity in the Piston B configuration 

is less than the Piston A at all CA in Figure 7.  In addition, 

Distribution of velocity vectors in cylinder's central plane at TDC are 

shown in Figure 8. 

 

 

 

 

a)           b) 

Fig.7. Distribution of velocity in cylinder's central plane a) Piston A 
(standard piston) b) Piston B 

 

 

a) 

 

b) 

Fig.8.Distribution of velocity vectors in cylinder's central plane at 
TDC. a) Piston A (standard piston) b) Piston B 

Tumble is a fluid motion that occurs on an axis perpendicular to 

the cylinder axis. As the piston approaches TDC, squish motion 

produces a secondary rotational flow known as a tumble. When 

examining the impact of the piston bowl on the tumble ratio, it 

becomes apparent that, in the case of this specific engine model, 

the shape of the piston bowl influences the tumble ratio at around 

the TDC. At TDC, there is a 30.76% difference, with a tumble ratio 

of -0.13 for Piston A and -0.09 for Piston B (see Figure 9).   

 

0.50

0.70

0.90

1.10

1.30

1.50

1.70

-128 -62.5 3 68.5 134

S
w

ir
l 

(-
)

Crank Angle(deg)

Piston A

Piston B



 

Kethüdaoğlu et al. / International Journal of Automotive Science and Technology 8 (1): 142-149, 2024 

 

147 

 

 

Fig.9. Tumble ratio for piston bowls 

The mean TKE variation of the simulation is shown in Figure 

10 during the closed part of the cycle. Mean turbulence kinetic 

energy rises to a maximum because of the high velocities 

generated during the intake process. Then, it decreases, and this 

decrease continues during the compression stroke [1]. Turbulence 

rises once more due to swirl, squish, and tumble near the TDC. The 

high turbulence near the TDC is asked for better combustion [28]. 

It can be observed that the TKE values are consistent with the 

baseline configuration results for Piston B. Both cases exhibit the 

second peak that corresponds to the reverse squish at around -30 

CA. There is a difference of approximately ±8% between the two 

curves. The mean value for TKE is 11.05 m2/s2 for Piston A and 

10.41 m2/s2 for Piston B.  

 

 

Fig 10. Variation of TKE 

The distribution of TKE in the cylinder's central plane is shown 

in Figure 11. Before TDC, at TDC, and after TDC the maximum 

values of TKE are slightly higher in Piston B as compared to Piston 

A. The region with the maximum value of TKE is almost the same 

in both cases. Thus, from air motion analysis, it can be concluded 

that the combustion chamber geometry selected from the literature 

does not provide an improvement for the flow in the present case. 

 

 

 
a)            b) 

Fig.11. Distribution of TKE in cylinder's central plane. a) Piston A 
(standard piston) b) Piston B 

4. Conclusions  

In this study, cold flow simulation of a naturally aspirated, direct 

injection diesel engine was conducted for different piston bowls by 

using AVL Fire M. Swirl, tumble, and TKE parameters were 

investigated.  

 The results of the cold flow simulations and 

experimental results are consistent, the difference 

between the maximum pressure is about 2.82% for the 

1D model and 6.4% for the 3D model.  

 The 1-D model volumetric efficiency is about 87%. 

 The total mass in-cylinder is 506.68 mg for the 1D 

model and 514.35 mg for the 3D model at the end of 

the intake stroke.  

 The maximum swirl ratio for the closed part of the 

cycle is 1.63 for Piston A (standard configuration), 

1.33, for Piston B at the TDC.   

 The tumble ratio is -0.13 for Piston A (standard 

configuration) and -0.08 for Piston B at TDC.   

 The mean TKE is 11.05 m2/s2 for Piston A and 10.41 

m2/s2 for Piston B. 

According to the conclusions of the study, air motion analysis, 

it can be concluded that the combustion chamber geometry 

selected from the literature does not provide an improvement for 

the flow in the present case. Previous studies have indicated that 

improving the geometry of the piston has the potential to enhance 

air-fuel mixing and reduce emissions. Therefore, cold flow 

simulation studies can be conducted in various bowl geometries to 

obtain an improvement.  
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Nomenclature 

BDC:   Bottom Dead Center  

CFD:   Computational fluid dynamics  

EGR:   Exhaust gas recirculation  

EVO:  Exhaust valve opening (EVO) 

TDC:   Top Dead Center 

TKE:   Turbulence Kinetic Energy 
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