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Abstract

In this paper two different turbulence models and wall treatment methods were investigated with Computational Fluid Dynamics (CFD)
method. The used geometry for the research was the Ahmed body. The Ahmed body is a widely used geometry in vehicle aerodynamics
investigations. The geometry represents a simplified vehicle, which allows the researchers to make examinations with moderate
resources. The simulations were made in Ansys Fluent. The environment of the simulation was built to optimize for maximum
8 GB RAM. The paper examines the difference between the k-w SST and the k-¢ turbulence models in the case of low and high
Reynolds number wall treatment methods. This could be useful because the high Reynolds number wall treatment method needs
less computational capacity based on that, its required y* range is between 30 and 300. While in the case of the low Reynolds wall
treatment method the required y* range is below 10, which could increase the cell count. The results from the CFD simulation will be

compared to each other and with measured data. The aim of the research is to get information about behaviour of the examined

turbulence models in the case of low and high Reynolds number wall treatment methods.
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1 Introduction
The history of passenger vehicles has been started at the
beginning of the 20" century (Suda, 2022). The develop-
ment can be divided into four main periods. The first one
was the borrowed shapes period from 1900 to 1930. These
vehicles had basis geometry e.g., torpedo or the boat tail
geometries. The second period was the streamlining from
1921 to 1955. At this time the developers modified the
shape of the bodies to get more efficient geometries from
aerodynamic point of view. One of the most popular body
shapes from this period is the Jaray's shape, which was
developed by a Hungarian engineer and designer. The next
period was the detail optimization stage, which started in
1955. At this time smaller modifications were made on the
vehicles, for instance, optimization of the radiuses, chang-
ing the roof camber, inclination angles etc. The last period
is the shape optimization era which started in 1983.

In the 1900s, the aerodynamics development of the
vehicles was made with the help of wind tunnel measure-
ments (Hucho, 1987). This method was not cost efficient

and took a lot of time. The discipline had evolved, and
the Computational Fluid Dynamics was invented around
1920. Following, the development of the vehicles' aerody-
namics had been sped up (Wei, 2017). Nowadays, a lot of
investigations of the vehicle aerodynamics are made with
the help of Computational Fluid Dynamics (Ragheb and
El-Gindy, 2022). This method is not only useful from aero-
dynamics point of view but the results from it could be used
to improve other beneficial applications (Galipeau-Bélair
etal., 2013). However, due to the complicated vehicle shapes
(Székely and Ficzere, 2017), modelling the flow around it,
still consumed a lot of time and cost (Veress et al., 2008).
In 1984 Ahmed and other scientists created a simplified
body, which could represent a vehicle (Banga et al., 2015).
This shape is called Ahmed body. The Ahmed body is
a bluff body. The basis of the geometry is to get a simplified
model with which the calculations could be made with high
accuracy but which is similar to a vehicle to such an extent
that the results could be used for road vehicle development.
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It is important because lots of vehicles are on the roads
and fuel consumption / vehicles' global warming impact
and drag coefficient of the vehicle are in strong connec-
tion (Vuceti¢ et al., 2022). Therefore, low drag coefficient is
essential to keep the environmental pollution at a low level,
which is studied by several papers (Matijosius et al., 2022).

A lot of research has been carried out about the Ahmed
body in the past. Francois Delassaux and his partners inves-
tigated flow around the Ahmed body with SST RANS and
with hybrid approaches (Delassaux et al., 2021). Different
slant angles of the Ahmed body were examined using
time-averaged and continuous flow characteristic (Tunay
etal., 2014) and Reynolds averaged, unsteady Navier-Stokes
equations (Bayraktar et al., 2001). The c-pillar vortices were
studied with numerical methods by M. Corallo (Corallo
et al., 2015). The turbulent flow is investigated around the
well-known body with LES simulations by M. Minquez.
Multidomain spectral Chebyshev—Fourier solver was used
by (Minguez et al., 2008). The flow separation at the hatch-
back is investigated with PANS turbulence model (Rao
etal., 2018). Two-dimensional approach was focused on dif-
ferent rear windows (Bruneau et al., 2007). Different under-
body constructions were studied with CFD simulations
(Buscariolo et al., 2021). The wake zone after the vehicle
was investigated by J. Venning (Venning et al., 2022). With
the help of the Large Eddy simulation method, the near wake
flow was studied (Bing-xin et al., 2019).

As mentioned before, development of the vehicles has
different methods. One of these is the CFD simulation,
which will used in this article (Jéger and Veress, 2019).
A CFD simulation has a wide variety of settings
e.g., the structure of the numerical mesh, different turbu-
lence models or wall treatment methods. In this article two
turbulence models will be examined with low and high
Reynolds number wall treatment methods. The two tur-
bulence models are the widely used k-omega STT in vehi-
cle aerodynamics and the k-¢ realizable with the Enhanced
Wall Treatment setting.

The aim of the article is to investigate the difference
between the above-mentioned turbulence models in the
case of low and high Reynolds number (Re) wall treatment
methods as well. Examining the high Reynolds number
wall treatment method is useful because with this method
a significant amount of cell count could be saved. The high
Reynolds number wall treatment method is allowed to
keep the y* value in the range of 30 to 300, which allows to
set the first boundary cell’s height bigger (Kristof, 2019).
While in the case of the low Reynolds number wall

treatment method the correct y* range is below 10. The y*
is the non-dimensional distance normal to the wall. It can
be calculated as:

v =(pxyxu’)/u, (1)

where p is the density of the freestream, y is the distance
of the cell centroid, u" is the friction velocity and x is the
dynamic viscosity.

2 Theoretical background
2.1 Grid Convergence Index method
The mesh convergence investigation was made by the
Grid Convergence Index method (Celik et al., 2008). This
method is based on the Richardson extrapolation. The aim
of this investigation to obtain the relative and the discreti-
zation errors of the examined meshes. The errors could be
calculated with the following equations.

First of all, the representative cell size (%) should be cal-
culated as:

h= {%ﬁ(wj )r : @

In the case of 3D simulation where N represents the cell
count and AV represents the volume. After that, the refine-
ment factor can be obtained (Eq. (3)), which is the ratio of
) @nd the
fine (h ﬁne) mesh. This ratio should be greater than 1.3.
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Then, the extrapolated value, which belongs to the
finite mesh, can be calculated as:
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2.2 Turbulence models

In computational fluid mechanics one of the most import-
ant decision of the simulation procedure to choose the best
turbulence models for the given problem (Kristéf, 2019).
The first turbulence models were invented in the 19" cen-
tury (Celik, 1999). As time passed, a lot of different turbu-
lence models had been invented.

Generally, in vehicle aerodynamics the k-« SST turbu-
lence model is used. However, another turbulence model
also exists, which also has benefits when a vehicle is inves-
tigated with CFD method. This turbulence model is the k-¢
turbulence model.

The basis of the k- SST model is the Wilcox k-@ model
(Ansys, 2019). This model uses model transport equations.
The turbulent kinetic energy (k) and the specific dissipa-
tion ratio (w) are calculated from it.

The k-¢ model is a so called two-equation model
(Ansys, 2019). This solves two separate transport equations.
It also uses two variables: the turbulent kinetic energy (k)
as in the case of the k- SST and the dissipation ratio (¢).
The specific dissipation ratio can be calculated from the dis-
sipation ratio by dividing it with the turbulent kinetic energy.

As mentioned before, this article investigates two dif-
ferent turbulent models and two different wall treat-
ment methods. In the case of the low Reynolds number
wall treatment method, the model uses wall functions to
describe the flow near the walls, while in the case of high
Reynolds number wall treatment method, the viscous sub-
layer is resolved (Kristof, 2019).

3 Structure of the simulation environment

Section 3 includes all the necessary information of the
simulations. The CFD simulations were made in ANSYS
2020 R2 (Ansys, online).

3.1 Geometry

The Ahmed body model was created in ANSYS
SpaceClaim (Ansys, online). The length of the model is
1044 mm, the height is 288 mm with 50 mm mounting and
the width is 389 mm (Lienhart et al., 2000). The detailed
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size of the geometry is presented in Fig. 1. The model has
four mountings which have cylinder shapes. The diam-
eter of the cylinders is 30 mm. For the computational
volume sizes, the widely used dimensions were applied
(Jackson, 2018). In front of the vehicle 3 car lengths,
behind the vehicle 5 car lengths were applied. Beside the
vehicle 3 car widths, above it 3 car heights were placed.
The dimensions of the computational volume are depicted
in Fig. 2.

Three bodies of influence (BOI) were also used during
the simulations. The body of influence is a container which
helps to control the size of the cells within the volume of
the BOL. It can help to get more accurate results and pro-
mote the faster convergence. The applied BOIs can be seen
in Fig. 3. BOII is the biggest one. It involves the whole
geometry and the wake after the Ahmed body. BOI2 and
BOI3 are placed close to the model. BOI2 is applied for
the first part of the model. BOI3 controls the sizes at the
end of the body, where the slant angle begins, and it ends
after 1 car length. It is important, because right after the
vehicle a large separation zone is formed, where the flow
is strongly turbulent. This area is difficult to model, so the
smoother resolution is required.

3.2 Numerical mesh
The numerical mesh is created with ANSYS Fluent
Meshing (Ansys, online). The mesh consists of three main
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Fig. 1 Sizes of the Ahmed body
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Fig. 3 Sizes of the bodies of influence. BOI1 width is 1.5 W, BOI2 and
BOI3 width is 150 mm
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parts: the surface mesh, the boundary zone, and the vol-
ume mesh. At the surface mesh part, face size, curvature
and body of influence cell types were applied. The bound-
ary zone is generated using the last ratio setting. The first
layer height of the boundary zone is calculated to get the
required y* range. Poly-hexcore cells were used for the vol-
ume mesh. The structure of the mesh is depicted in Table 1
and the applied named selections in Fig. 4.

3.3 Simulation setup and its boundary conditions

In all simulations half model was used because of the sym-
metrical behavior of the geometry. The boundary condi-
tion for the inlet surface was set as velocity inlet with uni-
form velocity distribution. The magnitude of the velocity
was 40 m/s. The outlet surface was defined as pressure
outlet, where the gauge pressure is zero. The ground is
defined as moving wall in the x-direction with 40 m/s

Table 1 Detailed mesh construction

Mesh type Named selection Size (mm)
Bigger flat parts
Target 2.5
Curved parts
Face size
Smaller flat parts
) Target 1.5
Mountings
Minimum 0.5
Curved parts
Maximum 2.5
Curvature
Minimum 0.5
Mountings
Maximum 1.5
BOI1 Target 50
BOI BOI2 Target 12
BOI3 Target 7
- Minimum 0.5
Surface mesh
- Maximum 75
Volume mesh - Maximum 128
Low Re wall  High Re wall
treatment treatment
First layer height 0.1 mm 7 mm
Boundary zone
Number of layers 10 6
Cell count 7.38 x 106 4.79 x 106
Velocity Pressure Ground Symmetry
inlet outlet . i
: ] - S
| ' . - ) |
S - o —
Smaller Bigger Curved Mountings
flat parts flat parts parts

Fig. 4 Applied named selections

lateral velocity. The symmetry plane, the lateral and top
planes were defined as symmetry. The other surfaces have
stationary wall type with no slip condition.

The simulations were made with two different tur-
bulent models: one was the k- SST and the other was
the k-&¢ Realizable turbulence model. The k-¢ turbulence
model was used with the Enhanced wall treatment mode.
The material of the fluid was air with constant density
p = 1.225 kg/m?. The energy equation was turned off.

Coupled scheme was used for the solution method.
The spatial discretization was set as Least Squares Cell
Based for the gradient, second order for the pressure
and second order upwind for the momentum. The turbu-
lent kinetic energy and the specific dissipation rate was
defined as first order upwind.

The relaxation factors were used with their default val-
ues: pressure and momentum 0.5, density, body forces and
turbulent viscosity 1, turbulent kinetic energy and specific
dissipation ratio 0.75. The convergence was measured with
the drag force and lift force, which were set at the report
definition part. The simulation was initialized with hybrid
initialization method. The simulations reached the conver-
gence in less than 200 iterations in all cases.

4 Results

4.1 Mesh independence study

In this article the drag force and the lift force were used
to examine the meshes. For the investigation the k- SST
turbulence model with low Reynolds number wall treat-
ment method was used. The mesh sizes were refined by
1.6 uniformly for the fine and coarse meshes. The mesh
convergence study was made with the Grid Convergence
Index method (GCI). Table 2 contains all the necessary
information of the convergence study.

Table 2 Result of the GCI study

Fine Medium Coarse
Cell count 19.2x10°  7.38x10° 2.51 x 10°
Drag force (N) 33.98 34.69 44.6
Lift force (N) —5.68 —4.13 36.68
Cell size (h) 373 %107 514x10° 736%x107
Ratio of cell sizes (7,,_.) 1.38
Ratio of cell sizes (7,_,,) 1.43
Drag force  Lift force
Order of convergence (p) 7.26 9.05
Extrapolated solution ((DZ[F) 339N =5.77N
Relative error (¢! ") 2.09% 27.29%
Extrapolated relative error
0.23% 1.59%

M-F
(")




As it can be seen the relative error of the drag force is
2.09%. However, in the case of the lift force, the relative
error is bigger (over 25%). This could be caused by the
separation zone after the vehicle, where the flow is highly
turbulent. With that computational capacity, the lift force
and probably the separation zone after the vehicle can-
not be modelled properly enough. To visualize the result
of the convergence study Richardson plots were created
(Kristof, 2019). These plots are depicted in Figs. 5 and 6.

Based on the relative errors and the Richardson plot the
created meshes are of appropriate quality.

4.2 y* distribution

Different wall treatment methods have different require-
ments for the y* value. The y* value should be between 1
and 10 in the case of low Reynolds number wall treatment
and the required y* range for the high Reynolds number
wall treatment method is between 30 and 300. In Fig. 7
the y* distribution is presented for all different cases. As
it can be seen the y* distribution is almost everywhere in
the correct range.

4.3 Comparison of different turbulence models and
wall treatment methods

To compare the different turbulent models and wall treat-
ment methods the drag force, the lift force and some flow
pictures will be examined.

The drag force and downforce results are compared to
experiment results (Meile et al, 2011). As it can be seen
in Fig. 8 the drag coefficient results are in the same order
with the measured drag coefficient. The lift coefficients
differ significantly from the measured one. The reason, as
mentioned before in the convergence study section, is that
the mesh is not fine enough to describe properly the sepa-
ration zone after the body.

Fig. 9 shows the relative errors between the differ-
ent cases in respect of the measured drag coefficient.
The results of the k-¢ turbulence model have significantly
smaller errors than the results from the k- model. In the
case of k-¢ the errors are below 5 percent in both cases,
while in the k- cases the errors are over than 10%. From
wall treatment point of view, high Reynolds number wall
treatment methods have smaller errors in both cases.

In Fig. 10 the static pressure distribution is depicted.
The flow distribution is very similar at the stagnation
point. After it where the flow detached from the edges,
the shape of the separation zones and its velocities are
the same. However, after the vehicle, where the largest
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Fig. 7 y* distribution for low and high Reynolds number wall
treatment methods

separation zone takes place, the flow distributions dif-
fer from each other. In the case of the low Reynolds wall
treatment method, bigger separation zone is formed, than
in the other cases. Above the slanted surface, the pressure
is smaller, so bigger lift force should be generated here.
The velocity distribution in the main wake zone is
depicted in Fig. 11. From the velocity point of view,
the wake zones differ less from each other than in the
case of the static pressure. The zones are longer and more
robust in the case of the low Reynolds wall treatment
method which could cause bigger drag force and lift force.
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to Fig. 8. The middle of the zones is more coherent and

0.35
0.30 less disturbed in the case of k-¢ cases which could cause
0.25 smaller drag coefficient.
0.20 In Fig. 12 the rear surfaces of the Ahmed body are pre-
Z 0.15 sented with wall shear distribution. Significant differences
s O
5 0.10
S 9
0.05
0.00 =
-0.05
-0.10 .
k-0 high k-ghigh k-olow k-¢low measured k- SST - low Re w. t. k-g Realizable - low Re
Re Re Re Re w. t.
O Lift force ©Drag force
. -
Fig. 8 Numerical results of the drag and lift coefficients in the
different cases
6 343 k- SST high Re w. . k-& Realizable high Re
4 1.91 ' s 1
0 0 9 18 27 46 55

{
NS}

Fig. 11 Velocity distribution of the wake zone after the vehicle in the

symmetry plane
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Fig. 9 Relative error distribution of the drag coefficients in respect of

the measured results

k-0 SST - low Re w. t. k-& Realizable - low Re k-0 low Re w. t. k- low Re w. t.
w. t.
k-o SST high Re w. . k-& Realizable high Re
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N =2 hE-
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Fig. 10 Static pressure distribution close to the Ahmed body in the

symmetry plane

For instance, in the case of the k-w low Re wall treatment k-w high Re w. t. k-g highRe w. 1.

method, larger drag force can be seen, but in both cases,
instead of increased list forces, these are decreased related

Fig. 12 Wall shear stress distribution from the back view on the rear
side of the Ahmed body



exist between k- and k-¢ turbulence models. It can be
stated that the shear stresses in the case of k-w turbu-
lence models are bigger uniformly on the slanted surface.
It means that the flow is more detached here. It is also clear
that at the bottom rear edge, the shear stress is larger in the
case of high Reynolds wall treatment cases. The reason is
that the air flow is slower under the body in the case of the
high Reynolds wall treatment method so the flow can reat-
tach easier, and it causes larger wall shear stresses there.

5 Conclusion
The turbulence model and wall treatment method exam-
ination were carried out successfully. The results were
examined in different ways such as numerical results and
contour plots.

The k-¢ turbulence model produced more accurate
results in several points than the k- turbulence model.
The high Reynolds number wall treatment method also
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