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ABSTRACT 

Compression-ignition engine is widely used due to its thermal efficiency, reliability, and fuel economy, while the 

engine emissions are harmful to the environment and human health. Therefore, emission standards (EPA, Tier, 

NRE-v / c standards, etc.) limit the exhaust emissions of engines around the world. The most successful method 

of reduction of exhaust emissions is to optimize the combustion chamber and fluid motion inside the engine. In 

this study, the CFD method was used to analyze fluid motion, spray, combustion process, and exhaust emissions 

in a CI engine. A new type of swirl piston bowl was adopted for the test engine. The results were compared to the 

baseline engine piston bowl on combustion and emission. The results show that piston bowl shape has a critical 

impact on engine performance and emissions. The swirl piston bowl design contributes to reducing emissions 

and improving the combustion process, as it increases in-cylinder swirl and turbulence. The swirl piston bowl 

improves the combustion process but also increases NOX emissions due to an increase in-cylinder temperature. 

On the other hand, NOX emissions can also be reduced when the injection parameters of the engine are 

optimized to provide the same power as the swirl piston bowls. 
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INTRODUCTION 

The diesel engine is widely used for non-road purposes, as well as transportation purposes because of its 

thermal efficiency, reliability, and fuel economy. Diesel engine technology with higher efficiency and lower 

emission is being developed. These developments have led to an increase in the interest in diesel engines for 

agriculture and maritime sectors where fuel economy is an important parameter. 

Modeling is a very useful method for the development of the internal combustion engine and 

optimization of its parameters. Modeling of an internal combustion engine will develop as our understanding and 

knowledge of the physics and chemistry mechanism of the phenomena and as computers continue to increase 

their ability to solve complex equations. The models describe the thermodynamics, fluid flow, heat transfer, 

combustion, and emission formation events of the engines [1–3]. 

The combustion chamber geometry has an important effect on the performance and emission 

characteristic of the direct injection compression engine [4]. It depends on the combustion chamber design to 

ensure the most efficient combustion in the cylinder. The piston bowl geometry, which provides the fuel injection 

to mix with the charge inside the cylinder increases the performance. In order to reduce the exhaust emission and 

maximize the performance of the single-cylinder diesel, three different piston bowl (i.e., base, reentrant, swirl) to 

the test engine. The results are compared in terms of in-cylinder pressure, temperature distribution, in-cylinder 

fluid motion and equivalence ratio, and also, NOX, CO, CO2, and soot emission. 

 

CFD MODELING 

The test engine is a single-cylinder, water-cooled naturally aspirated four-stroke diesel engine. A 

summary of the engine’s operating parameter is listed in table 1. The engine has a bore diameter of 85-mm, a 

stroke of 90-mm, and displacement volume of 510 cm3. The engine geometries with three different piston bowls 

have the same volume and hence the same compression ratio. They were simulated using the same operating 

conditions to compare their effectiveness. 
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Table 1. Main characteristics and operating parameters of the test engine 

Engine Type  
Single cylinder, naturally 

aspirated, and direct injection 

Total displacement 510 cm3 

Bore 85 mm 

Stroke 90 mm 

Con. rod length 144.5 mm 

Compression ratio 17.5 

Max. Power 12 HP 

Max. Torque 32 Nm 

Injection pressure 20000 kPa, mechanical 

Spray angle 120 deg. 

 

The existing geometry was named the baseline or base piston bowl. It is a primitive design and not used 

commonly. Reentrant piston bowl is widely used in literature due to its improving the combustion and thermal 

efficiency [5,6]. While swirl piston bowl (DSB) has lateral swirl effect and improve the air-fuel mixing with 

wall-flow-guide [7–9]. These piston bowls were adopted to the test engine according to the base geometry and 

characteristics, and the total in-cylinder volume and compression ratio were kept constant. The piston bowl 

geometries are shown in fig. 1. 

 

 
Figure 1. Geometries of the different piston bowls. 

 

The numerical simulations were performed using Converge commercial CFD code [10]. The modified 

cut-cell Cartesian grid method has been used for meshing. The domain is re-meshed at each time-step for moving 

boundaries. The adaptive mesh refinement (AMR) is used to refine the grid based on fluctuating and moving 

conditions such as temperature or velocity. 

The Renormalization Group (RNG) k-ε model [11] has been preferred to calculate in-cylinder turbulent 

flow for solution accuracy, simplicity, and effectiveness  [12,13]. The Extend Coherent Flame Model, 3-Zone 

(ECFM-3Z Model) was selected for the combustion process inside the cylinder. ECFM-3Z model divide into 

three zones of unmixed, the mixed air and fuel zone, and unmixed fuel. Flame propagation of this model 

proceeds from the burned gas to the unburned gas section and takes into account the combustion modes of self-

ignition, premixed flame, and diffusion flame [14,15]. Sub-models of the simulation are listed in table 2. 

Surfaces of the engine were prepared as a full engine with valves (fig. 2). 
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Table 2. CFD simulation Sub-models. 

Turbulence model  RNG k-ε 

Combustion model  ECFM-3Z 

Evaporation model Frossling 

Collision model NTC 

Spray-wall interaction model Rebound/Slide 

Spray Breakup model KH + RT 

NOx model Extended Zeldovich 

Soot model Hiroyasu 

 

 
Figure 2. The surface of the CFD model at TDC with baseline piston bowl. 

 

The mesh independence study was performed for the baseline piston bowl. Three different meshes were 

generated as coarse (4 mm grid size), medium (2 mm grid size), and fine (1.5 mm grid size) with the adaptive 

mesh refinement and the fixed embedding for cylinder, walls, the spray region. All operating conditions of three 

different meshes were the same except the grid size. In-cylinder pressures of the different meshes (i.e. 1.5, 2, and 

4 mm) were compared in fig. 3. The in-cylinder pressure trends for the three meshes are very similar to each 

other. The 4-mm mesh produced inconsistent results at high pressures, but the 1.5-mm and 2-mm mesh results 

were very close. Therefore, the medium size mesh, which has about 1.2×106 cells, is considered for simulation in 

accordance with the results of the mesh independence studies. 

 

 
Figure 3. In-cylinder pressure curves of the mesh independency studies. 

 



4 

 

RESULTS AND DISCUSSION 

The simulations have been performed at a constant engine speed of 2800 RPM and full load condition. 

In-cylinder pressure and temperature values for the base bowl, reentrant bowl, and swirl bowl were compared as 

shown in fig. 4, in order to understand the combustion process. It has been found that the in-cylinder pressure 

and temperature values of the swirl bowl is higher than the base bowl and reentrant bowl. This situation may be 

attributed to the better mixing and faster evaporation of fuel due to its bowl shape. The base bowl has the lowest 

in-cylinder pressures and temperatures. Since the in-cylinder pressures are directly linked to the performance of 

the engine, the swirl bowl will achieve higher power among three-piston bowl designs. 

Due to the shape of the swirl bowl, the temperature can rise in the cylinder head. The fuel hits the 

convex surfaces, a large portion of the fuel moves upwards, and a high concentration of the fuel-air mixture is 

formed around the cylinder head. When the mixture burns, the temperature and the thermal load of the cylinder 

head increases. A similar scenario occurs in the reentrant bowl, but this effect is more significant for the swirl 

bowl (fig. 5). Better combustion efficiency results in higher temperatures. Therefore, it increases NOX emissions 

for the swirl bowl. In addition, because of the soot-NOx trade-off, soot emissions are lower for the swirl bowl. 

Better mixing formation also reduces CO emissions. This situation causes by the conversion of CO emissions 

into CO2 as the product of complete combustion (fig. 6). 

 

  
 

Figure 4. In-cylinder pressure and temperature curves for three different piston bowls. 

 

 
Figure 5. In-cylinder velocity, temperature, and equivalence ratio distributions of three different piston bowls. 
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Figure 6. Exhaust emissions of three different piston bowls. 

 

CONCLUDING REMARKS  

In this study, the effects of the bowl shape on the combustion process and emissions are investigated 

using CFD simulation methods. The base, reentrant, and swirl piston bowls have been examined to consider 

replacing the base bowl. The swirl piston bowl improves the air/fuel mixing formation among three bowls in a 

direct injection diesel engine. These piston bowl geometries reduce the fuel-rich regions. Despite its simpler 

geometry, the swirl bowl achieves better results in the most present cases. The swirl bowl which guides the 

movement of the fuel inside the cylinder ensures high thermal efficiency and low soot emissions. 

Based on the simulation results, it can be said that the swirl combustion chamber can be used especially 

for decreasing soot emissions in diesel engines. Significant improvements on exhaust emissions and combustion 

characteristics can be obtained by modifications such as optimizing the design parameters of the bowl and 

injection parameters. 
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NOMENCLATURE 

AMR  Adaptive mesh refinement 

aTDC  After top dead center 

BDC  Bottom dead center 

bTDC  Before top dead center 

CA  Crank Angle 

CFD  Computational Fluid Dynamics 

RANS  Reynold Averaged Navier-Stokes 

TDC  Top dead center 

 

NOX 
Soot 

CO2 CO 
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