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1. Introduction

Acontinuous increase in the levels
of atmospheric pollution and emission
restrictions has forced scientists and engi-
neers to adopt new strategies to improve
and develop internal combustion engines
(ICE). It is known that, traditionally, the
biggest part of the ICE analysis is based
on laboratory tests and the construction
of countless prototypes, which entail high
costs and design time.

Mecanica e Energia

Dynamic mesh analysis
by numerical simulation
of internal combustion engines

Abstract

A continuous increase in levels of atmospheric pollution and emission restric-
tions has forced scientists and engineers to adopt new strategies to improve and de-
velop internal combustion engines. One strategy is based on the development of new
simulation methodologies using computational fluid dynamic (CFD) techniques,
proposed in the present article. In this study,the dynamic loop methodology with
ANSYS Fluent code is proposed to perform the numerical simulation ofa four-stroke
spark ignition engine. The complexity of the real case was first simplified with three-
dimensional CAD geometry, which was then discretized in ANSYS Meshing, where-
by a hybrid mesh was created using prismatic and tetrahedral elements. Simulations
for in-cylinder analyses were performed in cold flow and employing common flow
parameters, such as swirl and tumble. The mesh quality results were classified as
good or excellent, being higher than 0.79 for orthogonal quality criteria and lower
than 0.36 for skewness criteria. Turbulent effects were introduced concerning the
opening and closing of the valves. It was found that the turbulence increases during
the intake stroke up to 90°, and during the power stroke, wherein the of the piston
bowl, had a great contributionthat can be seen from the swirl and tumble profile for
the engine cycle. In the case of the turbulence intensity, a sharp increase was regis-
tered during the admission step up to 90°, at which point the turbulence intensity
was 4.0. It canbe concluded that this is an innovative approach, capable of simulat-
ing the engine motion profile in cold flow.

Keywords: cold flow, dynamic mesh, internal combustion engine, swirl,
turbulence intensity.

However, with the advance of
computational technology and improved
numerical methods, fields, such as CFD
have achieved new levels, tothe point of
becoming more and more ubiquitous in
engineering. This new technique has its
utility in the automation of the design
processes and reducescosts because of
the reduced number of prototypes and
physical experiments (Koziel ez al., 2016;

Gao et al., 2019). Considering its appli-
cation to ICE’s, CFD is used to numeri-
cally solve the governing conservation
equations (continuity, momentum, and
energy) that describe the physical behav-
ior on a given engine region, still being
capable of dealing with the complexity
of engine geometry for a wide set of fluid
transport processes that occur simulta-
neously, such as chemical reactions, heat
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and mass transfer and high turbulence
flows (Gosman, 1999).

Munera et al. (2009), mention in
their articlethat CFD codes are perfectly
able to help optimizing internal combus-
tion engines, since they can investigate
the geometric details ofsuch equipment.
In fact, Yogesh et al. (2014) argue that
this method helps to support the design of
parts forthe engine geometry and physical
parameters by using parameters like mag-
nitude contours and three-dimensional
visualization of the requested variables for
each time of the process, so as to devise an
engine withthe most perfect working con-
ditions. This support can be, for example,
the analyses of the turbulence effects for
different types of pistons (Yin et al., 2016),
investigations on modifications in the con-
necting rod length (Zunaid et al., 2017),
studies on combustion effects (Islam et
al.,2016), or even some insights about the
influence of piston bowl geometry and the
fuel conditions on the resonance of these

2. Theoreticalconsiderations

2.1 Mathematical model

The cold flow simulation deals with
the air flow modeling in the engine under
transient, non- isothermal conditions with
no chemical reactions in the processes,

-puww = H,

The governing equations of conti-
nuity, momentum, energy and k-epsilon

(pk)+i<pku>

J
Er (08>+—<psu

Where p, is the turbulent viscosity, p
is specific mass, v is vector velocity,
P is static pressure, T  is stress tensor,
I is unit tensor, H is total enthalpy, k
is the turbulence kinetic energy, ¢ is
the dissipation rate, u, is the velocity

Dynamic mesh analysis by numerical simulation of internal combustion engines

engines (Broatch et al., 2007).

Also, Gafoor & Gupta (2015), dem-
onstrated the influence of a piston bowl
in generating vorticities employing the
swirl ratioin their numerical investigation,
which is one of the main search parameters
of the combustion quality and air-fuel
mixture (Priscilla &Meena, 2013).

It is also important to provide a
good mesh generation; that is, a mesh
that is perfectly capableof representing
the physical domain. In the case of ICE
simulations and according to Junior
(2010), it is necessary to have a mesh that
can expand by adding cells and contract
by removing cells axially in time, to en-
ablethe simulation of piston and valves
motion. This process is important because
it accommodates the geometry changes
during the different time steps, and it does
that by moving the mesh nodes while the
node’s connectivity can initially be kept
unchanged (He et al., 2019).

This kind of mesh is known as dy-

which allows to study the air fuel mixture

and its interaction with the geometry

chamber (Rohith & Prakash, 2015).
The RANS approach to turbulence

du.  du, 2
+—d

ox X, IxX "3

RNG model are indicated below, Eq. (2),
Eq. (3), Eq. (4), Eq. (5) and Eq. (6).

component, o, and o, are the inverse
effective Prandtl Aumbers for k and
€, respectlvely, p,q is the effective vis-
cosity, G, is the generated turbulence
kinetic energy due to the mean velocity
gradients, G, is the generated turbu-

REM, Int. Eng, ., Ouro Preto, 77(1), 27-37, jan. mar. | 2024

namic mesh.In the studies of Shafie & Said
(2017), and Rohith & Prakash (2015), the
development of turbulent effects in ICE’s
was verified for cold flow simulations
using dynamic meshes. The simulations
were performed using the Ansys Fluent
code and the results are very satisfactory,
demonstrating the utility of this type of
mesh for the particular case of ICEs.

Therefore, the present studyhas
the aim of evaluating the operation and
use of dynamic meshes for ICE simula-
tions as a mechanism to improve their
efficiency. More specifically,simulated
are the hydrodynamics and turbulence
of a cold flow in an assembly formed by
cylinder-piston, and intake and exhaust
valves and ports of a four-stroke ICE. The
study focuses on the description of the
flow filed variation with piston and valve
movements, including the analysis of flow
turbulence behavior and their influence
on macroscopic parameters as swirl and
tumble ratios, respectively.

modeling requires that the Reynolds
stresses are appropriately modeled and
the Boussinesq hypothesis is employed,
Eq. (1).

L du,
(p "t ) 5, ™)

90 v (p.7)=0 2)
ot
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lence kinetic energy due to buoyancy,
Y,,is the fluctuating dilatation in com-
pressible turbulence to the overall dis-
sipation rate, R_is a term that depends
ofkandsandC =1,42, C, =1,68 and
(ANSYS Inc. 2013)



2.2 Mesh quality parameters

In ANSYS Meshing, two main criteria
were considered to evaluate the mesh quality,
namely the orthogonal quality and the skew-
ness. For the orthogonal quality Figure 1, a
calculation can be made using Equation 7
to check the cell orthogonality level, with

2.3 Turbulent effects

The understanding of the in-cylinder
flow motion strongly influences the en-
gine performance (Huang et al., 2005).
This turbulent motion is empowered by
standards of flow inside the cylinder, such
as the swirl, which is a rotational rigid
body motion of the airflow that happens
around the cylinder vertical axis, and the
tumble, which is similar, but hasaperpen-
dicular rotation around the cylinder axis
(Brunetti, 2012). Both motions follow the
right-hand rule.

In Equations 8 and 9, N is the
engine speed (rpm), o, is the angular

2.4 Dynamic mesh

For (Cong et al., 2020), dynamic
meshes are used in systems that have
moving edges or fluid zones subjected
to some kind of deformation. Moreover,
Li et al. (2014) advise to use dynamic
meshes for getting more accurate pre-
dictions about the engine’s perfor-
mance, since this technique is capable
of processing complex geometries, hard
boundary conditions and properties
from the physical variables. ANSYS
Fluent also provides three movement
methods for the meshes on deformation

results ranging from 0 (imperfect cell) to 1
(perfect cell). In Equation 7, A is the edge
normal vector and f, is a vector from the
centroid of the face to the centroid of the
edge. In the second case, the skewness
criteria determine how close to ideal (i.e.,

Figure 1 - Orthogonal quality of a cell.

I|-=1

—
. f
—

y= ——

A7

>

According to Ferguson (2016),
the swirl refers to a large-scale vortex
motion into the cylinder and around its
long axis, while the tumble refers to a
large-scale vortex motion perpendicular
to the cylinder axis. They also empha-
size that the swirl and tumble approach
is the best way to get a fast mixture
between air and fuel for direct injection
engines. In diesel engines, sincethe fuel
is injected, the swirl bends the fuel jet
and convection occurs far from the fuel

cos.60
R=—
s 2nN
(ut.60
R=—\L__
t 2nN

speed of the flow mass around the
swirl axis, and w, is the angular speed

edges: smoothing, dynamic layering
and remeshing.

The smoothing or mesh deforma-
tion method is described by Lin et al.
(2014) as a nodal repositioning that has
the same shape and size of the mesh ele-
ments keeping the nodal connectivity,
which allows the mesh to accommodate
in places that have edge movement
and/or deformation without increas-
ing the number of cells. In the case of
re-meshing, Lin et al. (2014), propose
a boundary modification method from
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equilateral or equiangular) a specific face or
cell is, where 0 refers to an equilateral cell
and 1 indicates a degenerated cell. Also, if
the value is less than 0.25, the model is excel-
lent; from 0.25 to 0.50, it is good; from 0.50
to 0.75 it is fair, and above 0.75 it is bad.

)

injector, thereby providing fresh air for
the following fuel upstream.

Numerically, these two param-
eters are introduced as the swirl ratio
(R,) and tumble ratio (R) by Equations
8 and 9, respectively, and represent the
ratio between the rotational speed of the
fluid and the rotational speed of the en-
gine. Besides that, Shafie & Said(2017)
believe that both ratios are the most
commonly investigated parameters in
fluid dynamics.

(8)

)

of the flow mass around the tumble
axis.

the local or global mesh construction,
whereby the flow methods enable fluid
properties that are acquired during an
interpolation scheme. On the other
hand, Blanco & Oro (2012) mention
that the dynamic layering is a technique
wherecells can be created and/or de-
stroyed in agreement with expansion or
contraction of the edges. The technique
works basically with the addiction or
reduction of cells, in which case directly
changing the topological connectivity
of the original mesh.
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2.5 Turbulent intensity
The turbulent intensity (T1) is defined
by Lam et al. (2012), Basse (2019) and

Silva et al. (2020)as the ratio between the
root mean square (RMS) of the fluctuation

_Vu’

avg

Tl

2.6 Description of numerical simulation methodology
This study focused on performing  internal-combustion engine with piston
anumerical simulation of a four-stroke,  bowl. The main engine settings can be

Table 1 - Engine parameters.

velocity (u') and the mean flow velocity
(u ), as defined by Equation 10.

avg’

(10)

found in Table 1.

Parameter Value
Piston diameter 84.00 mm
Connecting rod length 144.3 mm
Crank radius 45 mm
Engine speed 2000 rpm
Compression ratio 10.32
Minimum lift 0.20 mm
Piston offset 0 mm

CAD geometry shown in Figure 2. The
geometry was then discretized with

The complexity of the real model
was simplified in a three-dimensional

Intake valve

Intake port

Intake valve seat

Piston

Figure 2 - CAD geometry.

for the most part of the cycle and 0.125°
in some cases, before and after opening
and closing the valves. For each time step
a total number of 50 iterations was consid-

The simulations were performed in
cold flow. The engine cycle, having a total
cycle of 720° of the crank shaft, was split
in 2960 time steps, each one having 0.25°

| Power | Exhaust | Intake Compression|
T T 1 T

T
0° 180° 360° 540° 720°

1.00e-02 -
9.00e-03 -

8.00e-03 -
7.00e-03 -
6.00e-03 -

5.00e-03 -

valve lift (m)

4.00e-03 -
3.00e-03
2.00e-03 -

1.00e-03 -

Exhaust valve

Exhaust valve seat

0.000+00 -

[} 100
Crank angle (degree)

Figure 3 - Valve lift profile.
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ANSYS by adopting a hybrid mesh, com-
posed of prismatic and tetrahedral elements.

Exhaust port

|¢——— Cylinder and chamber

ered. Figure 3 illustrates the valves motion
profile during the entire engine cycle for
the engine from Table 1 that also shows
the open and closing time of both valves.

Intake valve

—e—  Exhaust valve



For the dynamic mesh, the smooth-
ing method was used because of the move-
ment of the valves and piston boundaries.
The dynamic layering was considered for
adding cells in the piston displacement
magnitude and remeshing because of the
geometry complexity.

For this simulation, the initial
stroke (0°) starts when the engine is pow-
ered. In this case, the initial in-cylinder
conditions are 1 MPa for static pressure
and temperature equal to 593 K.

Aninlet and exhaust air temperature
of 300K, pressure of 1 atm and 2% of tur-
bulence intensity were set as the boundary
conditions. Also, the hydraulic diameters
of 27.009 mm and 22.301 mm were set
to inlet and exhaust ports, respectively.

Since it is a non-stationary state simu-
lation, ANSYS Inc. (2013), recommends
performing more than one engine cycle to get
better results. Thus, 2.5 engine cycles were
simulated; that is, the simulation happened
from angles 0° to 1800° to the crank , with
particular analyses done between the angles
of 1080° and 1800°. Besides, for better
understanding and easier evaluations about
the engine cycles, it was decided to consider
the angle of 1080°, as 0°,and 1800°, as 720°,
figure 5,6 and 7. That is, from the beginning
of admission to the end of exhaustion.

Because of the turbulence flow com-
plexity, the turbulence modeling has been
and will be a very active search field (Fergu-
son, 2016). Therefore, the k-¢ RNG was used
to model the turbulence (Equations 5 and 6).

Table 2 - Under-relaxation factors.

José Anténio Silva et al.

The pressure-based solver was used to
solve the flow solution. For the time discreti-
zation, a first-order implicit formulation was
chosen. To get a better efficiency for the calcu-
lations, the PISO (Pressure implicit with split
operators) scheme method was used to couple
the velocity (momentum) with the pressure,
because the PISO algorithm is capable of
drastically minimizing the number of itera-
tions needed to get to the convergence point,
especially in non-steady simulations when
compared to the SIMPLE and SIMPLEC
methods Karthikeyan, and Samuel,. (2008).

In ANSYS Fluent, the spatial
Green-Gauss Node-Based was chosen
for the gradient and the PRESTO!
scheme for the pressure. The under-
relaxation factors are listed in Table 2.

Under-relaxation factor Value
Pressure 0.3
Momentum 0.5
Density 1.0
Body forces 1.0
Turbulent kinetic energy 0.4
Turbulent viscosity 1.0
Energy 1.0
Turbulent dissipation rate 0.8

The second order upwind
scheme was used to interpolate all
equations. This choice was justified
by Chung (2002), who pointed out
that high-order upwind approaches
give more accurate results and are

3. Results and discussion

more adequate when the simulations
are related to inherently unstable
flows (Wang et al., 2007).

Despite this, in some cases,
high-order schemes can generate
instabilities and even numerical dis-

3.1 Grid independence test and physical comparison

To keep the agreement between
accuracy and computational time, a grid
independence test was performed for
crank angles from 0° to 15°, to examine

the change in static pressure for three gen-
erated meshes, as shown in Figure 4. Then,
a quantitative comparison for the crank
angle of 15° was made and the results

persion (Junior, 2010). As a result,
the combination of first-order and
high-order schemes was implemented
with the first-order upwind scheme
being applied in the interpolation of
the turbulent dissipation rate.

are shown in Table 3. Mesh 1 was chosen
because of the low processing time and
considerable accuracy when compared to
the other meshes.

1020

980

940

900

Static pressure (kPa)

860

820
0 S 10 15

Crank angle (degree)
Figure 4 - Static pressure for the three generated meshes.
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Table 3 - Grid independence test.

Mesh Time (h) Number of Elements (15°) Static pressure in MPa (15°)
1 115 1038075 853944.8639
2 8.17 2507379 853528.4367
3 13.68 5327305 852951.2415

In order to verify the simulated model
and the numerical stability of the code, the
results were compared with the numerical
data presented by (Shafie & Said, 2017).
They were checked with the characteristic
curve of the static pressure in the engine
cylinder as a function of the crankshaft
angle, as can be seen in Figure 5.

The agreement was mainly based
on the characteristic shape of the curves,
although the experiments presented by
Shafie & Said (2017) were carried out with
the same geometry and in cold flow, but in
a different engine.

The authors considered different

Static pressure (MPa)

3.2 Mesh quality parameters

It is known that proper mesh af-
fects the accuracy of the results when
working with numerical experiments
and in the simulations of ICE’s. How-
ever, additional care must be taken
in the evaluation of dynamic meshes
because they can change over time,
therefore their quality parameters also
change, which can imply in undesirable

Orthogonal quality

REM, Int. Eng. J., Ouro Preto, 77(1), 27-37, jan. mar.

parameters for the analyzed engine, such
as: engine speed, compression ratio, valve
displacement, distance between dead, up-
per and lower points, and only analyzed
part of the cycle, which was 165 ° to 415°,
as shown in Figure 5.

Therefore, it is clear that the authors'
curve presents a numerical discrepancy in
relation to this study. However, it is note-
worthy that even with the different factors
involved in the configuration of the engines,
the curves presented an average deviation
of only 31% between the peak pressures.

It is also noteworthy in relation to
the use of the turbulence model used;

— Author

that is, Shafie&Said(2017) used the
standard k-¢ model and this research,
the k-¢ RNG model.

Briefly, the standard k-¢ model has
limitations imposed by phenomenological
considerations and degrees of empiricism.
Differently from the standard k-¢ model,
the k-¢ RNG model presents some refine-
ments capable of providing better precision
for tension in fast flows, increasing the
precision for flows involving swirl. This
model presents analytically derived dif-
ferential formulation for effective viscosity
at low Reynolds numbers and analytical
formulation for turbulent Prandtl numbers.

——Shafie and Said (2017)

0.7

Crank angle (degree)

Figure 5 - Static in-cylinder pressure profiles.

aspects, such as loss of metric qualities,
and consequently, poor reliability in
the results.

In Figure 6, the orthogonal quality
values for all engine working cycles can
be seen. It is possible to verify that the
parameter changes from 0.79 (minimum
value) to 0.90 (maximum value), and the
entire cycle has an average orthogonal

0.92

90 180 270 360 450

Crank angle (degree)

540 630

Figure 6 - Orthogonal quality parameter.

| 2024

720

quality of 0.86. It is also noticed that the
points corresponding to lower-quality
numbers, from 300° to 400°, refer to
parts of the compression and power
strokes. Another fact is that there is no
valve lift at this time interval, which is
evidence that crushing and stretching of
the elements occur, thereby decreasing
the orthogonal quality.



Figure 7 shows the same findings
of Figure 6 about the lower orthogo-
nal quality points that overcome 0.35

Skewness

i

Another detail is the valve influence
in the control volume at the moments when
the mesh is created. Based on the fact that
the alternative piston movement is always
the same, it can be supposed that both or-
thogonal quality and skewness should keep
the same pattern from Figure 7, between

Figure 8 highlights the sequence
of images that show the increase and

Magnitude (thousands)

of magnitude. In general, the mesh
can be identified as good or excel-
lent in the skewness metric, always

0.40

0.36

0 90 180 270 360 450 540 630

Crank angle (degree)

Figure 7 - Skewness parameter.

180° and 540°. This however does not
happen because of the valve lift from 0°
to 180° and from 540° to 720°, according
to Figure 3.

Figure 8 shows the accommoda-
tion of the created mesh for several time
intervals during the engine cycle. These

180°

Figure 8 - Dynamic mesh behavior.

decrease in the number of cells because
of the mesh adaptation to the boundary’s

2100

1800 R
1500 4 oot A
1200 - 4 A,

Y YN A“A
A A A

0 90 180 270 360 450 540 630 720

Cranck Angle (degree)

José Anténio Silva et al.

between 0.22 and 0.55, which is very

similar to the results from Islam et
al. (2016).

D

720

particular recordings indicate the top dead
center, the bottom dead center, and some
intermediate points. Specific phenom-
ena occur within defined angle ranges,
namely: intake from 0° to 180°, compres-
sion from 180° to 360°, power from 360°
to 540°, and exhaust from 540° to 720°.

displacements. Numerically, these changes
can be seen in Figure 9, showing the

@ Nodes

ACells

Figure 9 - Number of nodes and cells of the dynamic mesh.
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magnitude of the numbers of nodes and
cells and their tendency to form a cycle,
since the discretized volume has also cyclic
characteristics as a function of time, due
to the alternative motion of the piston.
Figure 10 shows how the velocity
field behaves during the simulation by

3.3 Evaluation of turbulent effects

After acquiring good results for the
dynamic mesh in each part of the engine
cycle, the next step is to verify some of the
main physical quantities that affect the
performance of the engine strokes, and
then to demonstrate the actual usefulness
of this novel technique. Figures 11 and 12
show the convergence data for swirl and
tumble ratio as a function of crank angle
for the discussed case.

In Figure 11, it can be verified that
the swirl ratio starts from —0.07, with
a sharp initial increase to a maximum

Dynamic mesh analysis by numerical simulation of internal combustion engines

the intensity contour technique. From the
indicated time steps, it is seen that at 90°,
the working flow is pulled into the cylinder
in the form of an annular jet because of
the high-pressure gradient created when
the piston moves directly to the bottom
dead center. From this point on, there is

0.000e+000
m)

Figure 10 - In-cylinder velocity field.

of —0.33, as result of the intake valve
opening and the flow getting into the
cylinder. The negative term actually rep-
resents only the motion direction of the
swirl. From —0.33, the swirl ratio decays
quickly. Ferguson (2016),justifiesthis fact
as a consequence of dissipative effects
from friction, and impact of the fluid jet
on the cylinder walls and surface piston.
Following this dissipative tendency, the
swirl ratio reduces in intensity only atthe
end of the intake stroke.However the
piston bowl works to amplify the intensity

a significant reduction in the jet intensity
as a result of an abrupt interaction of the
jet with the cylinder walls and the piston
surface, increasing turbulence levels, as
reported by Junior (2010), and generat-
ing similarities with large and small flow
scales, according to Ferguson (2016).

in the compression stroke from 150° to
360°. This similar fact can be seen in the
results of Priscilla & Meena (2013); Shafie
& Said (2017), who confirmed that the
piston bowl works to intensify the tur-
bulent effects.

During the power stroke, from 360°
to 540°, the swirl decreases, and at the be-
ginning of the exhaust stroke, in 540°, the
piston bowl contributes again to increase
the swirl, but this persists up to 650°, and
after that, the turbulence decreases until
the end of the cycle.

Swirl ratio (magnitude)

0.10 -
0.05 -
0.00 -
-0.05 -
-0.10 -
-0.15 -
-0.20 -
-0.25 -
-0.30 -
-0.35 -
-0.40

0 90 180 270 360 450 540 630
Crank angle (degree)

720

Figure 12 also shows a consider-
able increase in tumble ratio during
the intake stroke from 0° to 90°, after

Figure 11 - Swirl ratio.

which, it starts to decay because of
dissipative effects, exactly as described
above for the swirl ratio. Nevertheless,
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further analysis of Figure 12 indicates
that the tumble ratio starts increasing
again from 180° and reaches a local



peak at 300°. This magnitude increase
suggests again the positive contribu-
tion of the piston bowl for increasing
the turbulence intensity during the

Tumble ratio (magnitude)

For comparison purposes, Figure 13
shows the magnitude and behavior of the

1.20
1.00
0.80
0.60
0.40
0.20
0.00
0.20

-0.40

To quantify the magnitude of the in-
cylinder turbulent fluctuations during the
engine cycle, the turbulence intensity was

Turbulence Intensity

Besides this, Ferguson (2016),
also established a relationship be-
tween the turbulent intensity increase

compression stroke, an effect that is
noticed again, but in a small inten-
sity, at the beginning of the exhaust
stroke at 540°. This is an expected

1.20
1.00
0.80
0.60

0.40

0.00
-0.20

-0.40

0 90 180 270 360 450 540 630

Crank angle (degree)

Figure 12 - Tumble ratio.

swirl and tumble ratio effects in the same
graph as a function of the crank angle.

100

200

300 400 500 600

Crank angle (degree)

Figure 13 - Tumble and Swirl ratio.

determined with Equation 9. The graph
shown in Figure 14 clearly presents a sharp
increase for the turbulence intensity, which

4.5
4.0
35
3.0
25
2.0
15
1.0
0.5

0.0

0 90 180 270 360 450 540 630

Crank angle (degree)

Figure 14 - Turbulence intensity.

and increasing swirl ratio. This can be
seen when comparing Figures 11 and
14. In Figure 14, from 180° to 360°
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——— Swirl Ratio
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event, numerically confirmed by
Shafie & Said (2017) and numerically
and experimentally by Addepalli &
Mallikarjuna (2018).

720

Tumble Ratio

700

is indicative of high-turbulence effects for
the in-cylinder fluid intake up to 90°, as
confirmed by Ferguson(2016).

720

(the compression stroke), a constant
decrease can be seen until the end
of the stroke, finishing with a high
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turbulence intensity of 2.3. Following
the cycle, a power stroke occurs from
360° to 540°, and the exhaust stroke
takes place from 540° to 720°. In both

4. Conclusion

In this study, a dynamic mesh was
used to simulate the model of a four-stroke
internal combustion engine with a piston
bowl. From the simulation results, it could
be concluded that the proposed method is
very innovative and perfectly capable of
simulating the engine motion profile in
cold flow, both accurately and realistically.
This studyalso emphasizes the good prop-
erties of adaptability, quality and accuracy
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