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One crucial task in determining maximum engine output performance is evaluating its
respiration capacity. While the steady state flow bench is a commonly used tool in the
automotive industry, computational fluid dynamics (CFD) provides a more detailed and
comprehensive analysis of flow characteristics within the cylinder compared to
experiments. The objective of this paper is to investigate the impact of curve cylinder
liners on flow motion characteristics. Using both experimental and CFD methods, this
study examines the effect of curve liners on tumble flow motion at different valve lifts
and pressure differences. Scalar maps were analysed to understand the behaviour of
flow, and the findings indicate that the air velocity measured at the intake port was
consistent between both methods, permitting further CFD analysis. Results show that
air velocity measured at the intake port was consistent between both methods,
allowing for further CFD analysis. Differences in average velocities between liners were
insignificant at lower valve lifts, but noticeable at higher valve lifts, with up to a 15.67%
difference recorded when the curve wall assisted air flow, resulting in an increase in
air rotational strength. In addition, curve liners produced 11.44% and 10.09% more
turbulent kinetic energy (TKE) than straight liners for 150mmH20 and 600mmH20,
respectively, with Plane 2 exhibiting the most significant difference in average TKE.
Finally, the tumble ratio produced within the curve cylinder was significantly higher
than the slider cylinder liner, with differences of up to 17.03% and 11.04% found at
higher valve lift (5.4mm) for 150mmH20 and 600mmH20, respectively.

1. Introduction

Understanding the behavior of air flow characteristics in internal combustion engines (ICE) is
crucial for designing engines efficiently. The intake and combustion strokes of normal 4-cycle
engines, which are the initial two strokes, significantly impact the air flow pattern that enters the
engine cylinder, affecting the performance of the ICE. Swirl and tumble flow models are commonly
used to visualize flow generation [1]. Swirl flow involves the charge's rotation about the cylinder axis,
while tumble flow involves a rotation orthogonal to the cylinder axis. Currently, engine
manufacturers use steady state flow benches as standard to quantify engine breathing capabilities
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based on intake port modification [2]. However, these methods cannot visualize the air flow pattern
inside the cylinder.

A modification was made to steady state flow benches to accommodate measuring tools such as
laser doppler anemometry (LDA), hot wire anemometry (HWA), and particle image velocimetry (PIV).
LDA is fundamentally difficult and time consuming while HWA is an intrusive tool and very sensitive
to ambient conditions thus may lead in providing inaccurate results. PIV on the other hand has
successfully applied to the study of turbulent characteristics in recent years [3— 8].

A numerical method known as computational fluid dynamics (CFD) is an alternative approach that
visualizes flow movements using numerical simulations [9— 12]. This method offers accurate results,
detects design problems in the engine, and speeds up project processes while reducing costs
compared to experimental methods. Several comparative studies have shown that CFD and
experimental PIV methods give an accurate and reliable results [13— 17]. Additionally, CFD methods
present an excellent opportunity to obtain detailed flow information about the entire flow field which
is limited by PIV. Many turbulence models are available for simulation methods, and past research
has shown that selective time-averaging turbulence models such as Renormalize Group (RNG) k — ¢
and Realizable k — €, k — w SST are accurate depending on the experimental setup [18].

Heywood outlined the principle of port flow, where the engine geometry is held frozen without
the piston crown to avoid backflow, and the valve lift and pressure difference can be varied as desired
to simulate the turbulent flow generated [19]. However, ElI-Adawy et al., investigated tumble motion
evolution by introducing the piston crown and found agreement between PIV results and paddle
wheel techniques [20].

In recent years, a team of researchers from University Teknologi PETRONAS (UTP) has developed
toroidal engine designs with crank-rocker mechanisms. These engines have shown improved output
characteristics when compared to conventional slider-crank engines [21- 23]. To achieve this, the
researchers replaced the straight cylinder liner with a curve cylinder liner, while keeping the
benchmark head cylinder of the Modenas ACE 115 engine. The curve-shaped liner was designed to
reduce friction between the piston and cylinder walls, thus improving engine efficiency and
increasing power output. Figure 1 displays the 3D model and fabricated Crank-Rocker Engines. [21].

Consequently, the objective of this paper is to investigate the effects of a curve cylinder liner on
the generated tumble flow motion compared to a straight cylinder liner, using port flow simulation
setup at different valve lifts and pressure differences under steady-state conditions. The analysis was
conducted using commercial CFD tools with RNG k-€ as the turbulence model under standard
operating conditions. The simulation data was compared between both liners in terms of average
velocities, visualization of vorticity contours, average turbulence kinetic energy (TKE) and tumble
ratio generated at specific tumble planes.
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Fig. 1. 3D Model of Crank-Rocker Engine (left) and Assembled Crank-Rocker
Engine (right) [21]
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2. Methodology
2.1 Geometries Description

The current study involved the manufacturing and 3D CAD modelling of two-cylinder liners using
CATIA V5 software. The specifications for the Slider and Crank-Rocker Engine were obtained from
Table 1 in the UTP Researcher paper [21- 25]. To investigate the tumble motion inside the cylinder,
the geometry of the liners was modified based on the method used by EI-Adawy [3]. The piston face
of both liners was designed to be located at the same distance as the engine stroke (50.6mm). In
addition, outlet flow ports were incorporated on both sides of the liners to analyse the port flow.
These outlet flow ports were positioned at 57% from Top Dead Centre (TDC) and were set to be 35%
of the total bore in diameter. Figure 2 illustrates the two geometries of the cylinder liners.

Fig. 2. Model of (left) Straight Cylinder Liner and (right) Curve Cylinder Liner

Table 1

Specification of Slider and Crank-Rocker Engine [21- 25]

Parameter Crank-rocker Slider-crank
Bore 55mm 55mm

Stroke 50.6mm 50.6mm

Throw angle 21° -

Cylinder Head Type Hemisphere roof Hemisphere roof
Maximum Valve Lift 5.4mm 5.4mm

Inner Seat diameter of intake valve  25mm 25mm

Valve seat angle 45° 45°

2.2 Experimental Setup

The steady-state flow bench is a commonly used tool in industry to measure volumetric efficiency,
engine breathing capabilities, and air velocities. It is a cost-effective and non-intrusive method
compared to other measurement tools, although the data on air flow rates are limited and may be
affected by valves and intake port modifications. To accommodate both cylinders in the same setup
for this study, the steady-state flow bench was modified by constructing an acrylic box with the
cylinder head mounted on top of it. To ensure air was drawn from the intake port, a weighted load
was placed on the cylinder head. Stepper motors were used to apply pressure differences of 150 and
600 mmH;0, and the intake valve lift was adjusted using a micrometer custom holder, ranging from

188



CFD Letters
Volume 15, Issue 10 (2023) 186-205

1 mm to a maximum valve lift of 5.4 mm for both designs, with increments of 1 mm at each pressure
difference. The pressure difference of 600 mmH,0 was selected to ensure fully turbulent flow
condition. The schematic for the steady-state flow bench is depicted in Figure 3. Air was drawn
through the centrifugal compressor, the cylinder head, intake port, cylinder liner. An anemometer
was placed before the inlet port to measure air velocity at the inlet during each case. The sucked air
flow, which corresponds to the pressure drops generated inside the cylinder liner, was adjusted using
a stepper motor and measured between the inner cylinder liner and ambient using a manometer.

1. Flow Bench Desk

2. Cylinder Liner (Straight &
Curve Liner —
Interchangeable during
experiments)

Centrifugal Compressor
Bypass with Stepper
Motor

3. Cylinder Head
4. Weighted Load
5. Anemometer
6. Acrylic Box

7. Manometer

8.

9.

Fig. 3. Schematic of modified Steady State Flow Bench
2.3 CFD Simulation Setup

To conduct the port flow simulations, the commercial software ANSYS was utilized. The initial
modelling of the cylinder head and cylinder liners was carried out using CATIA V5 software.
Subsequently, these models were imported into ANSYS Workbench and ANSYS Fluent for further
processing and solving. The 3D geometry models were then divided into four main parts, namely the
inplenum region, port valve, combustion chamber, and outplenum region, as illustrated in Figure 4.
Each part was assigned a specific mesh type based on its external domain shape, utilizing the
difference meshing method. The upper cylinder head region was meshed using tetrahedral types,
while the chamber and outplenum region were meshed using hex/prism mesh types. Furthermore,
inflation layers were applied to all parts to accurately capture the near-wall region.

2.3.1 Governing equation

The operating conditions inside internal combustion engines are inherently turbulent. To
numerically calculate the flow generated within the engine cylinder, whether in cold-flow or port
flow simulation, Navier-Stokes equations can be utilized. The equations for incompressible flows
describe the conservation of mass, momentum, and energy of a fluid with constant density, and can
be succinctly described as follows:

Continuity equation:

0
a—€+7-(pu)=0 (1)
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Momentum equation:
p(%+u-Vu)=—Vp+V-r+pg (2)
Energy equation:
de
p(a+u-|79)=—p|7-u+|7-(k|7T)+r-|7u+Q (3)

where p is the density of the fluid, u is the velocity vector, p is the pressure, tis the deviatoric stress
tensor, g is the acceleration due to gravity, e is the internal energy per unit mass, k is the thermal
conductivity, T is the temperature and Q is the rate of internal heat generation per unit volume.

To accurately account for turbulence, which is crucial in port flows, additional turbulence models
such as the k-epsilon model and its variants, for this study RNG k-epsilon, can be incorporated
alongside the Navier-Stokes equations. These models provide supplementary equations that
characterize the turbulent fluctuations in the fluid and the turbulent viscosity. The turbulent viscosity
is then used in the Navier-Stokes equations to accurately represent the effects of turbulence. This
can be expressed mathematically as follows:

Turbulent kinetic energy equation

% (pk)+ V- (puk) =V - (uefka) + Pk - pe (4)

Dissipation rate equation:

d(pe)
ot

C1£C3¢ _ Coepe? (5)
kpPe k

+ V- (pue) = V- (pessVe) +

where k is the turbulent kinetic energy, € is the rate of dissipation of turbulent kinetic energy, uesis
the effective viscosity, Pk is the production of turbulent kinetic energy and Ci,, C2¢, C3¢ are model
constants.

Inplenum region

Port Valve

Combustion Chamber

Outplenum region

Fig. 4. Mesh Type with Inflation layers treatment for near wall region (left) Straight Cylinder Liner
(right) Curve Liner

190



CFD Letters
Volume 15, Issue 10 (2023) 186-205

2.3.2 Mesh independent test

In the analysis of compressible flow problems, the quality of the mesh plays a critical role. To
ensure accuracy, a mesh-independent test was conducted to determine the minimum mesh element
required without increasing computational time and memory usage. Meshing variance, which refers
to the face sizing of elements, was applied to the entire geometry while maintaining the mesh type
in each region. During the simulation of the mesh-independent test, the intake valve lift was set to a
maximum of 5.4mm with a pressure drop of 600 mmH0 to simulate the maximum turbulence effect
on each mesh setting. The maximum velocity generated was measured at one outlet, while the air
velocity at the intake was obtained from steady-state experiments, as illustrated in Table 2.

Table 2

Mesh Criteria

Mesh No of Elements  Face Sizing (mm) Max Velocities at Outlet (ms™)
Coarse 170875 3.5 25.69

Intermediate 207613 2.5 31.38

Fine 492492 1.0 30.51

Based on the results shown in Figure 5, it is evident that there is a significant difference in air
velocities at the outlet for different mesh settings. The difference in data between coarse mesh and
intermediate mesh is quite high, while the difference between intermediate and fine mesh is
negligible. Therefore, to avoid increasing simulation time and cost, an intermediate mesh with
207,613 elements was selected since it can produce results as close as the fine mesh with 492,492
elements.

Max Velocities at Outlet (ms”-1)

32
31

30

Coarse Intermediate Fine

Fig. 5. Mesh Independent Test
2.3.3 Boundary conditions and initial values

The experimental design used in this analysis is based on steady-state flow, where pressure
measurements were taken at the inlet and outlet of the model. Specifically, two outlet pressure
conditions were used: -1471Pa (equivalent to 150mmH;0 pressure drop) and -5884Pa (equivalent to
600mmH;0 pressure drop). In addition, the wall temperature of all regions in the model was set to
297K. All constant parameters within ANSYS Fluent were set to their default values.
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2.3.4 Turbulence models

Several turbulence models are commonly used in predicting in-cylinder turbulence flow studies
based on literature [18]. In this study, the RNG k-€ model was selected due to its improved accuracy
for swirling flows, which is relevant for this study as the outlet port is perpendicular to the target
tumble planes, indicating the generation of swirling motion [26]. The simulation settings specified
the turbulence method with turbulent intensity set at 2%, based on the Reynolds number and
hydraulic diameter of 55mm.

2.3.5 Location of tumble plane

Two tumble planes were selected to characterize the effect of curve cylinders on flow motion
across different valve lifts and pressure differences in this study. The planes were located mid-
cylinder mid-valve (x=0mm, coloured in grey, referred to as Plane 1) and at the edge of the intake
valve (x=12.5mm, coloured in green, referred to as Plane 2) as depicted in Figure 6. The upper limit
of each plane was set at TDC (z=0), while the remaining plane limit followed the cylinder geometry.
No further analysis was conducted within the cylinder head chamber dome since no significant
differences in air velocities were found there due to same cylinder head used. ANSYS CFD-Post was
used to analyse all the results. Velocity vector and scalar maps were generated initially, together with
the results of average velocities at corresponding planes. Vorticity contours were obtained from all
cases to provide an overview, visualization, and understanding of the flow behaviours inside different
cylinder liners. Later, the average turbulent kinetic energy (TKE) and tumble ratio in each plane was
calculated at every valve lift for each case.

Plane 2

Plane 1
/

Fig. 6. Location of tumble planes for both liners

3. Results
3.1 Measured Air Velocity at Intake Port

The air velocity measurement obtained from the steady-state flow bench at the intake port was
compared to simulation data, as indicated in Table 3. The results indicate that there was no significant
difference observed between the straight and curve liners in both cases. The experimental data
produced consistent results for both liners, suggesting that the cylinder liner geometry does not
significantly impact the engine's breathing capacity, as both liners use the same cylinder head.
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Although there was a slight variation in the simulation results, the difference was negligible, with a
maximum difference of 1.96% between the experimental and simulation results.

Table 3

Air velocities measured at intake port for each case (ms~?)

Pressure Valve Lift  Air Velocity measured at intake (msAt)

Difference (mm) Straight Liner Curve Liner Straight Liner Curve Liner

(mmH20) (Flow Bench) (Flow Bench) (CFD) (CFD)

600 5.4 39.9 39.9 40.11 39.74
4 35.1 35.1 35.06 34.95
3 27.1 27.1 27.22 27.09
2 17.7 17.7 17.72 17.84
1 9.2 9.2 9.14 9.16

150 5.4 20.2 20.2 20.48 20.34
4 17.7 17.7 17.86 17.60
3 13.7 13.7 13.80 13.79
2 8.9 8.9 9.03 9.06
1 4.5 4.5 4.59 4.59

3.2 Simulation Result
3.2.1 Velocity vector & scalar maps

In Figure 7, the average air velocities at different planes, including the outlet port, are compared.
The velocities were calculated by taking the area-weighted average of the velocity magnitude in all
components. The results show that the average velocity is negligible at lower valve lifts for all cases
across pressure differences and valve lifts. However, there are significant differences at higher valve
lifts. In the 600mmH;0 cases, the average velocity at plane 1 is almost the same for both liner types.
However, as the air moves towards the outlet ports through plane 2, the curve liner geometry
accommodates more flow motion compared to the slider liner, resulting in a difference of 15.67% at
5.4mm valve lift. Since the average air velocity at the intake port is similar between liners, the same
applies to the outlet ports. In the 150mmH;0 case, the average air velocity at plane 1 is higher,
especially at higher valve lifts, with differences of 12.9% and 14.28% between liners at 4mm and
5.4mm, respectively. Therefore, it can be concluded that the curve cylinder liner geometry induces
air velocity more effectively at lower pressure differences.

Figures 8 and 9 provide a comparison of velocity vectors and scalar maps between the straight
and curve liners at different valve lifts and pressure differences at plane 1 and plane 2, respectively.
The scalar maps show that the air flow coming from the intake port through the intake valve
separates into two main air jets, with the left side located near the exhaust valve having a higher air
velocity. This is due to the curve liner geometry accommodating the air jets direction better.
However, there are noticeable differences on the right side of the air jets, where the curve liner
geometry assists the flow motion better in dispersing higher air velocity towards central region of
the cylinder, especially at lower pressure differences with higher intake valve opening. Plane 2
recorded higher air velocity and better spreading streamlines based on scalar maps. At lower valve
lift, where the air flow was highly restricted, and there was not much difference across all cases.
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Fig. 7. Average Velocity at Plane 1, Plane 2 and Outlet Port for both liners (a) 150mmH,0 (b) 600mmH,0
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Fig. 8. Comparison of velocity vector and scalar maps for both liners at 600mmH,0 (Plane 1 & 2)
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Fig. 9. Comparison of velocity vector and scalar maps for both liners at 150mmH,0 (Plane 1 & 2)
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3.2.2 Turbulent Kinetic Energy (TKE)

In this study, turbulent kinetic energy (TKE) is used as a quantitative measure of turbulence
intensity for a given flow. Higher valve lift and pressure difference generally result in higher TKE
values, indicating greater energy and more effective fuel-air mixing. TKE is computed from the root
mean square (RMS) of velocity vector fields using the following equation [29]:

1 1
TKE = Eer%ns = Ep(ugms + Vs + Wins) (6)

where urms, Vrms and wims are the RMS velocity components in the x, y and z directions respectively,
and p is the air density.

Figure 10 presents the average weighted area of TKE values for each liner across all cases.
Significant differences were observed at lower valve lifts and higher-pressure differences between
planes 1 and 2. This is likely due to the curve cylinder geometry playing a more significant role in
generating TKE as air rushes towards the outlet port. In general, the curve cylinder produces more
average TKE at plane 2, with differences of up to 11.44% (at 150mmH,0) and 10.09% (at 600mmH;0)
at lower valve lift. The differences of 6% to 7 % in average TKE for both liners recorded at higher valve
lifts favouring curve cylinder liners. It is interesting to note that larger difference found as high as
23.44% and 35.89% in 4mm and 2mm for 150mmH,0 and 600mmH,0, respectively. Figures 11 and
12 show the comparison of TKE in terms of scalar maps for both liners at Plane 1 and Plane 2.

Average TKE at Plane 1 for 600mmH,0 Average TKE at Plane 1 for 150mmH,0
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(a) 150mmH,0 (b) 600mmH,0

Fig. 10. Average TKE at Plane 1 and Plane 2 for both liners (a) 150mmH,0 (b) 600mmH,0
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Fig. 11. Comparison of turbulent kinetic energy scalar maps for both liners at 600mmH,0 (Plane 1 & 2)
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Fig. 12. Comparison of turbulent kinetic energy scalar maps for both liners at 150mmH,0 (Plane 1 & 2)
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3.2.3 Vorticity

Vorticity is a measure of the local fluid rotation within the cylinder, specifically in the target plane
of analysis. It is defined as the velocity curl and is often used to quantify the level of in-cylinder
turbulence through the strength of fluid rotation per second, which has a significant impact on the
engine's combustion process [27, 28]. CFD software is commonly used to calculate vorticity by
simulating the airflow within the engine and providing detailed information on the velocity and
direction of the fluid motion. The mathematical expression for vorticity is as follows:

curl(v) = Vxv (7)

where v is the velocity vector field, and Fx v is the curl of v.

Figure 13 and 14 presents a comparison of the vorticity scalar maps between the curve and
straight cylinder liners at plane 1 and plane 2 respectively. The findings indicate that both liners
exhibit higher vorticity strength under higher pressure differences. At lower valve lifts, both liners
display lower rotational strength, but at higher valve lifts, the curve cylinder liner generates more
strength compared to the straight cylinder liner. The curve wall amplifies the rotational strength of
the air jets entering the cylinder liners and directs them towards the piston crown in efficient manner,
that can be seen in the 600mmH;0 cases.

3.2.4 Tumble ratio

Tumble ratio (TR) is a dimensionless parameter that quantifies the degree of tumble motion in an
engine cylinder. There is multiple definition of TR exist within literature. In this study, the TR was
determined using the vorticity value since the simulation did not involve any moving parts, and only
focuses on specific target planes making the conventional formula unsuitable. Mathematically, the
TR is calculated as the area-weighted average of the vorticity at target planes, normalized by twice
the crank angle speed, we [20, 28] and can be expressed as:

TR = 246 (8)

2.we

_ 1 |duz _ duy

Wave = AL | dy dz d4 (9)
4-m

We = p-D2-S (10)

where w, 4y is mean vorticity in target plane, which located at x-component, m is measured mass
flow rate, p is air density, D is cylinder bore and S is cylinder stroke.

Figure 15 illustrates the tumble ratio calculated from Eq. (8) for all cases. In general, tumble ratio
is increasing due to effect of valve lift and pressure differences [27]. The effect of curve cylinder liner
is noticeable starting at lower valve lift, with difference of 5.99% and 7.86%. Moreover, the larger
differences of 17.03% and 11.04% were recorded at higher valve lift (5.4mm) for 150mmH,0 and
600mmH;0, respectively. This is due to the effect from curve cylinders towards air flow motion.
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Fig. 13. Vorticity Contours at Plane 1 for both liners
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Fig. 14. Vorticity Contours at Plane 2 for both liners
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It is noteworthy that there is a reduction in the tumble ratio for a valve lift of 2mm in the curve
cylinder liner, across all cases. However, this reduction is compensated for by the significant
improvement in higher valve lifts. Overall, these findings suggest that a curve cylinder liner can
promote higher tumble ratios, which are desirable for efficient combustion in internal combustion
engines.
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4. Conclusions

The effect of curve cylinder liners on the tumble flow motion generated at different valve lifts
and pressure differences was investigated using experimental steady-state flow bench and CFD port
flow simulation. Scalar maps for at mid-cylinder mid-intake valve (plane 1) and at the edge of the
intake valve (plane 2) were obtained and analysed to understand the flow motion characteristics and
their behaviour. The following conclusions can be drawn:

i) The measured air velocity at the intake port is in agreement between both steady-state
flow bench experiments and CFD simulations, with a maximum difference of 1.96% across
all cases. Hence, the CFD simulation results can be used for further analysis.

ii) The difference in average velocities at lower valve lifts is negligible between both liners
across pressure differences, but at higher valve lifts, for the case of 150mmH,0, 12.9%
and 14.28% were recorded at 4mm and 5.4mm valve lifts, respectively. Meanwhile, a
difference of 15.67% was recorded at 5.4mm valve lift for 600 mmH,0 case.

iii) Plane 2 shows the most difference in terms of Average TKE, with the curve cylinder
producing more average TKE, up to 11.44% and 10.09% for 150mmH,0 and 600mmH-0,
respectively. Meanwhile, at higher valve lift, the differences of 6% to 7 % in average TKE
were recorded for both liners favoring curve cylinder liners.
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iv) The air rotational strength increases as air jets enter cylinder liners assisted by the curve
wall towards the piston crown thus spreading into central region of cylinder and can be
seen across all cases especially in higher valve lift and pressure difference.

v) The tumble ratio produced within curve cylinder was found to be significantly higher
compared to slider cylinder liner and noticeable starting at lower valve lift, with difference
of 5.99% and 7.86%. Moreover, the larger differences of 17.03% and 11.04% were found
at higher valve lift (5.4mm) for 150mmH,0 and 600mmH-0, respectively.
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