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Research Summary in English: 

Flow characteristics in internal combustion engine chambers of wedged and circular 

cross-sectional configurations were numerically investigated during intake stroke. The convex 

radius reduction effect on primary and secondary flow parameters was studied. Results 

indicated a pressure drop increase of 0.05%, and swirl number and secondary vortex intensity 

reductions of 14.04% and 75.57% respectively compared to circular configuration. Further 

optimization is needed to increase compactness without sacrificing performance. 

Abstract 

In this paper, a numerical study was conducted to investigate the steady-state flow 

characteristics of the breathing stroke in internal combustion engine chambers with wedged and 

circular cross-sectional configurations. The effect of reducing the convex radius on the primary flow 

was studied, considering total pressure drop. Secondary flow characteristics were also analyzed using 

parameters such as; swirl number and secondary vortex intensity. The pressure drop ratio of the 

wedged configuration to the circular configuration was found to be less than 1.05 at crank shaft 

angular velocity of 3000 rpm, which is comparable to the circular configuration values. On the other 

hand, the average values of secondary vortex intensity and swirl number of the wedged design were 

found to be 0.18  and 0.02 at the same operating conditions, which present a 14.04% and 75.57% 

reduction compared to the circular configuration, accounting for less mixing. The acquired data 

suggests that trying to optimize the combustion chamber design by lowering its total weight and 

volume has its drawbacks, which raises the need for innovative designs that can overcome these 

obstacles. 

Keywords: WJ-BSL-EARSM model - Secondary flow - Non-circular cross-sections – Steady-state - 

Intake stroke 
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 

تم مقارنة خصائص التدفق في الحالة المستقرة لغرف محرك احتراق داخلي ذات مقطاع دائریة وإسفینیة الشكل خلال شوط      
تصمیم الدائري على معاملات التدفق الأولیة والثانویѧة  تمت دراسة أثر تقلیل نصف القطر المحدب لتصمیم الإسفین مقارنة بال    . السحب

ومعامѧل شѧدة الدوامѧة الثانویѧة     ) ٪١٤٫٠٤انخفѧاض بنѧسبة   (ومعامѧل رقѧم الدوامѧة    ) ٪٠٫٠٥زیѧادة بنѧسبة   (مثل معامل انخفاض الضغط  

طریѧق خفѧض حجمھѧا    وقد كشفت النتائج عن الحاجة إلى مزید من الدراسة لتحسین غѧرف الاحتѧراق عѧن      ). ٪٧٥٫٥٧انخفاض بنسبة   (

 .الكلي

Introduction 

The main attribute to the worldwide 

power usage is the internal combustion 

engines (ICEs)  [1,2]. Experiments along 

with computational fluid dynamics (CFD) 

are conducted to improve efficiency and 

reducing emissions and costs of ICEs [3]. 

Electrical engines would take a 

considerable time to replace ICEs. Doubts 

about time and capabilities are discussed if 

electrical engines would be a replicable of 

diesel engines used in ships and heavy 

machines. [4]. Internal combustion engine 

classification could be categorized into two 

main types. The first kind is reciprocating 

ICE and could be further classified based 

on cylinder alignments to in-line, V-shape, 

radial, opposed piston, and opposed 

cylinders configurations [5,6]. The other 

kind is piston-less rotary engines, which 

was studied by Wankel, Libralato, 

Szorenyi, and others [6,7]. 

The gas motion characteristics 

during the breathing stroke, especially 

turbulent characteristics and bulk motion 

are the dominant parameters of heat 

transfer, combustion process, and air fuel 

mixing [8–10]. The performance relies on 

the designs of the cylinder head, inlet port 

and valve interacting with piston 

movement and cylinder walls [6,10]. 

The flow conversion from laminar 

towards turbulent flow is identified by 

critical Reynolds number ( , that 

depends on flow characteristics, fluid 

properties, and the shape of the domain 

[11]. Qian et al. [12] investigated the 

impact of varying the inlet aperture 

diameter and the expansion ratio on  

number for single fracture with abruptly 

changing apertures (SF-ACA). The results 

showed that for several studied 

configurations, the  number values 

were below 50.  

Pressure drop through the 

combustion compartment, particularly 

across the valve and the intake port is of 

high significance in the engine 

performance [13]. Thobois et al. [14]  
modelled the intake stroke by a steady state 

flow of nitrogen across a sudden expansion 

pipe equipped with a valve. They revealed 
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that the highest-pressure drop was mainly 

in the valve zone, then by the port, while 

the lowest-pressure drop was in the 

cylinder head region of the chamber. After 

top dead center (TDC), the pressure drop 

could be neglected. 

Swirl is a significant parameter 

which characterizes the fluid flow rotation 

around the axis of the chamber axis. It is 

introduced by initially charging the fluid 

by an angular momentum. Swirl increases 

pressure drop to improve the combustion 

rate, flame propagation speed, and air-fuel 

mixing [15–19]. Arcoumanis et al. [20] 

discussed turbulent flow characteristics for 

a chamber geometry with and without 

swirl. Results exposed that swirl caused a 

decrease in the cyclic fluctuation and the 

integral scales of the mean flow velocity 

and turbulence. On the other hand, it was 

concluded that swirl leads to more 

homogeneous turbulence intensity. 

Guide vane swirl and tumble device 

(GVSTD) is located in the intake manifold 

to generate more turbulence, mixing, and 

flow characteristics [21]. Biodiesel engines 

are usually supplied with this device 

because of the slow evaporation rate and 

the high viscosity characteristics of the 

biodiesel fuel [22]. Bari and Saad [22–25] 
conducted many researches to find the 

optimal design parameters of GVSTD. For 

the investigated conditions, the optimal 

values of GVSTD angle, number, height, 

and length were 35°, 3, 0.7RIR, and 3RIR, 

respectively. RIR is specified as the intake 

runner radius. The optimal values made a 

rise in efficiency and decreases in brake 

specific fuel consumption (BSFC) and 

emissions. 

The present study investigates a 

proposed combustion chamber 

configuration of wedged cross-section in 

order to get a more compact design. 

Impacts of operating and geometric 

parameters such as mass flow rate and 

cross-section besides the flow parameters 

such as total pressure drop, swirl number, 

and secondary vortex intensity were 

investigated. The final purpose of the 

current study is to assess the proposed 

configuration and conduct a comparison 

between the proposed and other 

conventional designs. 

Combustion Chamber Design 

In the present study, a proposed 

configuration of wedged combustion 

chambers arranged to be concentric at the 

sharp corner was considered for the sake of 

reducing the overall convex radius. A 

comparison between the proposed wedge 

design (WD) and the circular design (CD) 

was under investigation. Figure 1 (a) 

represents an isometric view of the WD, 
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while a detailed front view is represented 

in Figure 1 (b). One inlet valve of a valve 

lift of 7 mm is equipped in the combustion 

chamber intake manifold. Straight port 

with inclination is supplied with a GVSTD 

that is consisted of four guide vanes which 

is characterized by helical pitches of 

 for tumble and swirl generation. 

The center of gravity related to one half of 

the compartment is the chosen position of 

the port and geometry. Figure 2 (a) shows 

a cross-sectional view of CD, whereas 

Figure 2 (b) represents a cross-sectional 

view of WD. The two designs have the 

same cross-sectional area for the purpose 

of comparison. 

Hydraulic diameter is a design 

parameter, which could be defined as 

follows; 

 (1) 

where  is the hydraulic 

diameter,  is the cross-sectional 

wetted perimeter and  is the cross-

sectional area. 

 

 

Figure 1 Details of WD (a) isometric view and (b) Detailed front view 
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Figure 2 Cross-sectional view of (a) CD and (b) WD 

Modelling and Simulation 

The working fluid is air with a 

dynamic viscosity and a density of 

 and , 

respectively. 

The computational fluid dynamics (CFD) 

modelling has the following assumptions; 

 Single component flow 

 Steady flow 

 3-D fluid flow 

 Isothermal flow 

 No gravity effects 

 Incompressible fluid 

WJ-BSL-EARSM is the used model 

in the present work which depends on the 

explicit algebraic model of Reynolds stress 

done by Wallin and Johansson [26]. 

Reynolds stress transport equations [27–

29] are the basis of this model and it’s 

extended by BSL k-  model [30] to get 

the secondary flow characteristics and the 

anisotropy of Reynolds stresses. A 

nonlinear relation is introduced among the 

mean strain-rate and vorticity tensors along 

with the Reynolds stresses. 

The conservation equations of mass and 

momentum could be written as follows; 

 (2) 

 (3) 

where  is the density, is the 

velocity vector, is the pressure, 

 is the dynamic viscosity and 

 is the velocity vector transpose. 

The boundary conditions could be 

listed as follows; The four cross-sectional 

area at the guide vanes beginning have an 
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inlet mass flow rate of a range of 3.5 to 

20.8 g/s which correspond to a range of 

crankshaft angular velocity 

. Zero-gauge pressure 

at the outlet and no-slip conditions at walls 

are the other boundary conditions. 

The combustion chamber performance 

could be identified using the following 

parameters: 

1. Total pressure drop 

The total pressure drop through the 

compartment is estimated by the following 

equation  

 (4) 

where  is the total pressure 

drop,  is the total pressure at 

the inlet, and  is the total 

pressure at the outlet. 

2. Swirl number 

The swirl number  is defined by the 

angular momentum axial flux  

divided by the axial momentum axial 

flux  [19] 

 (5) 

where  is the radial space 

coordinate, are the velocity 

components of the tangential and axial 

directions, respectively, and  is 

the hydraulic radius. 

3. Absolute secondary vortex intensity 

The absolute secondary vortex 

intensity  could be 

calculated by the absolute of the 

vorticity flux in the cross-sectional 

normal direction [31]. 

 

 (6) 

where  is the vorticity in the 

cross-sectional normal direction. 

The computational fluid flow model 

was constructed by the commercial 

package of the software of ANSYS 

Products 19.3. Unstructured mesh was 

constructed using ANSYS Meshing 19.3 

software. The mesh was made for the 

domain discretization as presented in 

Figure 3. The mesh is a fine mesh to 

consider the effects of secondary flows and 

other fluid flow characteristics. Inflation 

layers are established to clearly identify the 

boundary layer features. The mesh size is 

refined at the valve and the guide vanes 

vicinities because of the rapid changes 

occurred in the flow and the sudden 

expansion. 

The calculations were conducted by 

ANSYS Fluent 19.3 finite volume analysis 

software. Coupled algorithm scheme was 

the solution implementation technique. The 

spatial discretization established was least 
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squares cell based for gradient, second 

order for pressure, and second order 

upwind for momentum, turbulent kinetic 

energy, and specific dissipation rate. The 

convergence criteria identified by 

maximum residuals of  for all the 

monitored parameters. 

 

Figure 3 Isometric view of WD meshing 

The mesh size was investigated to 

find the optimal lowest size, which gives 

results that are independent of the mesh 

size. Table 1 shows the mesh dependency 

test results depending on the percentage 

difference of mesh size error ( ) of 

the monitored parameter. It’s defined as 

the radial variation (the ratio of the radial 

space coordinate ( ) divided by the 

circular cross-sectional radius ( )) of the 

ratio of the axial velocity ( ) over the 

bulk velocity ( ).  is the ratio of 

the mass flow rate divided by the cross-

sectional area. 

 

where  is the monitored 

parameter of the selected mesh size and 

 is the monitored parameter of the 

2M cell mesh size. 

Results revealed that that mesh size 

of 1.5M cells is the optimal size, which 

gives a good agreement with 2M cells with 

maximum error of 1.96%. 
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Table 1 Mesh dependency study results 

Number of cells (cells) Percentage difference of mesh size error [%] 

0.5M 23.28 

1.0M 6.68 

1.5M 1.96 

The model was validated with the 

academic configuration of Dellenback 

equipped with a valve in the region of the 

sudden expansion [14]. The validation 

parameter is the radial variation  of the 

ratio of  at axial position (x) of 20 mm 

as presented in Figure 4. The maximum 

error was less than 10%, which represents 

a good agreement. 

 

Figure 4 Model validation at x=20mm 

Results and Discussion 

Total pressure drop 

The total pressure drop change with 

the modification of the chamber cross-

section during the breathing stroke was 

negligible. The ratio of the pressure drop 

of the WD ( ) to that of CD ( ) 

was slightly higher than unity as presented 

in Figure 5 because the pressure drop in 

the breathing stroke occurs mainly in the 

breathing manifold and in the valve 

vicinity. At N = 3000 rpm, the ratio was 

found to be less than 1.05, which validates 

the previous information.  



 

 11 

Mr. Moustafa Moustafa Mohamed  

  

 

Figure 5 Pressure drop ratio of WD 

Vorticity and swirl number 

The topology of the vorticity in the 

normal direction of the two designs is 

represented in Figure 6. It’s clear that CD 

has smoother contour lines with cores of 

farther distance from the wall. The fluid 

flow in the CD and the WD was different 

in locations depending on the wall 

impingement locations and the sudden 

expansions as shown in Figure 7 (a) and 

(b). Figure 7 (c) and (d) points out the 

differences in tumble motion between the 

two designs. The wedged design has higher 

values of tumble at the beginning, but CD 

tumble motion retains longer. Figure 7 (e) 

and (f) illustrates the pattern and the 

intensity of the secondary flow at the outlet 

for both designs. The circular design 

showed higher values at more cross-

sectional area which is an indication for 

better mixing. Figure 8 (a) and (b) shows 

secondary vortex intensity behavior of the 

two designs which is different at locations 

of wall impingements. The behavior was 

different due to the differences between the 

wedged and circular designs in the 

geometry and in the hydraulic diameter 

with superiority in the circular design. The 

average values of  for WD and CD at N 

=3000 rpm were found to be 0.18  and 

0.21  respectively.  

Swirl number is another parameter to 

investigate vorticity behavior depending on 

the chamber axis as shown in Figure 8 (c) 

and (d). The average values of S for WD 

and CD at N =3000 rpm were found to be 

0.02 and 0.08 respectively. The 

comparison of  and  in Figure 8 (e) 

and (f) reveals that CD has higher values 

of  and  with better swirl decay 

behavior over WD. The axial variation of 

vortex parameters was smoother for CD 

than that of WD and decrease with the 

reduction of . The percentage reduction 

of  and S for WD compared to CD at N 

=3000 rpm were found to be 14.04% and 

75.57%, respectively. 
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Figure 6 X-vorticity contour lines (dashed lines for negative values) at  

 

Figure 7 Velocity magnitude contours at  for (a) CD and (b) WD and Axial 

velocity contours in the upstream direction at  for (c) CD and (d) WD and In-

plane vectors colored by velocity magnitude at  at outlet for (a) CD and (b) WD 
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Figure 8  for (a) CD and (b) WD,  for (a) CD and (b) WD, and comparison of the two 

designs at  for (a) CD and (b) WD 

Conclusions 
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The wedge and circular cross-

sections of the combustion chamber are 

studied for the modeling of steady state 

flow during the breathing stroke. The 

results could reveal certain conclusions 

which could be listed as follows; 

 The total pressure drop difference 

between the two designs across the 

compartment during the breathing 

stoke was negligible. As the 

pressure drop ratio of WD to CD 

was less than 1.05 at N = 3000 rpm. 

 The difference between mixing 

characteristics considering the 

secondary fluid flow parameters 

such as swirl number and vorticity 

was higher for the circular design. 

As the percentage reduction of  

and S for WD compared to CD at N 

=3000 rpm were found to be 

14.04% and 75.57%, respectively. 

 The wedged design presents a more 

compact design for the same 

displacement volume and reveals 

similar values associated with some 

performance characteristics. On the 

other hand, it exhibited lower 

values considering performance 

characteristics of the secondary 

flow. 

Future studies could be directed in 

the combustion characteristics and the 

transient analysis of different strokes to 

reveal the feasibility of the proposed 

design and increase compactness without 

sacrificing the performance characteristics. 
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