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The reduction of energy consumption of cars is always a significant issue in automotive

design. Turbulent flow around a car body is very difficult to simulate accurately due to the
complexity of the flow conditions around the body, such as complex flow separation and
laminar to turbulent flow transition. In particular, flow over the Ahmed body with a rear
angle of 25° is considered a challenging problem for the RANS approach with two-equa-
tion turbulence models. In this study, we aim to analyze the Kelvin-Helmholtz instability
associated with this flow with a URANS approach. Methodology for utilizing the URANS
method is fully discussed. The predicted velocity profiles and drag coefficient are com-
pared with experimental results. Three turbulence models, such as the k-¢, k- and SST
models, are assessed and validated with experimental data. The aim of the study is to eval-
uate the performance of these models for the study of the Kelvin-Helmholtz instability
over the Ahmed body and for car bodies generally using experimental data for their vali-
dations. It is found that the URANS approach with the turbulence models with proper
numerical treatment can perform as well as or even better than the LES. And the SST
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1. Introduction

The accepted paper must be prepared in two columns. The main
text of the manuscript must be written in Times New Roman, font
10, 12-point line spacing. The font size, line spacing, and margin
of the template must not be altered. Authors can use this template
document to prepare the manuscript to submission. Authors can
find and download this Microsoft Word document from the web-
site of the journal, www.ijastech.org, Other submission versions
will not be accepted, so, the manuscript could not go further to re-
viewing process.

The automobile is the most widespread form of transportation
nowadays [1-2]. Fuel consumption is one of the important consid-
erations in the designing of cars. Thus, it is important to optimize
the aerodynamic shape of the car properly to minimize fuel con-
sumption. Pressure drag and friction drag are the most important
factors in aerodynamic design [3]. Aerodynamic drags can be min-
imized through geometry and flow modification of the vehicle
since the geometry of the car is considered as one of the main fac-
tors affecting the drags [4].
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Fig. 1. Ahmed body

The Ahmed body has been used as a benchmark test case to val-
idate numerical simulation models [5]. Nowadays, there are nu-
merous methods of simulating airflow over cars, which include the
Reynolds Averaged Navier Stokes (RANS) and Large Eddy Sim-
ulation (LES). The RANS approach is much more efficient than
the LES one, but it can only simulate statistically steady flows. In
this paper, the URANS method for unsteady turbulent flows will
be investigated to find out if it is capable of modeling the Kelvin-
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Helmholtz effect found over Ahmed body with a slant angle of 25
degrees, which is said to be a challenging case for the RANS ap-
proach. Generally, it is believed that the LES method is more suit-
able for unsteady turbulent flow. However, the URANS ap-
proach with proper meshes and numerical methods can produce
comparable results without using excessive computing resources,
especially for engineers doing routine design evaluations [6]. In
this, we study the URANS method and apply it to simulate the
Kelvin-Helmholtz effect which cannot be modeled by the RANS
approach and too time-consuming for the LES one [7-8]. The most
important aspect in URANS simulation is to properly select the
turbulence model and discretization scheme. It is noted that there
is a second generation of URANS model, which is called the Scale-
Adaptive Simulation and Partially Filtered Navier-Stokes [9].
However, in this paper, only the first generation model is consid-
ered [10]. The Kelvin-Helmholtz instability appears in the pres-
ence of a shear layer [11]. In the case of Kelvin-Helmholtz effect
over the slant of the Ahmed body, it is caused by the separation
and reattachment of the boundary layer over the slant. Different
turbulence models will be tested in this project, such as k-, k-g,
and SST model. The k-& model can correctly predict the behavior
of turbulence in the near wall region. However even if the turbu-
lence model is not asymptotically consistent, skin friction and flow
profile are predicted properly. In the wake region of the boundary
layer, the k- model should be switched to the k-& model, which is
less sensitive to the free stream turbulence boundary condition.
When the flow separation occurs, it is better to utilize k- than k-
€ [12]. The SST model combines k-o and k-g, automatically
switching between the two models depending on the location in
the boundary layer. Therefore, it is expected that the SST model
will be able to model the boundary layer separation and reattach-
ment over the slant better than other models.

2. Methodology
2.1 Governing equations

The Navier-Stokes equations for incompressible flow are
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at + ox; [ul ]] pox;  0xj  dx% @
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Strouhal number

se=22 (10)
U
Where
f Frequency of oscillations
H  Characteristic length of the Ahmed body
U  Free stream velocity
T  Period of oscillations
Theigne  Period of oscillations
Theigne  Period of oscillations

At first, the height of the car was used as the characteristic length.
The period of oscillations according to (1) becomes:

T _height  0.288m 0.036
height = o 0.2 40mjs 00

T _length  1.044m 0.1305

length = g1y ~ 0.2+ 40m/s o0

For transient simulation, timestep must be set up. To set up an
initial guess for timestep, the following empirical formula was
used:

Thei 0.036
_ height =~ _ 36 ms

At 10 10

Where
At Transient simulation timestep

However, this timestep was not small enough to converge to an
oscillating solution. The Kevin-Helmholtz instability was not pre-
sent. Moreover, the drag force was not oscillating, but converging
to a certain value instead. For this reason, it was decided to de-
crease the timestep furthermore to 1ms. At timestep of 1ms, the
simulation showed clear Kevin Helmholtz instability. The simula-
tion results will be described below.

2.2 Boundary conditions

The simulation was performed with Ansys Fluent. The numeri-
cal model was established with dimensions described and bound-
ary conditions given in Table 1 below.
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The dimensions of the Ahmed body are given below.

W (z-axis) = 389 mm
L (x-axis) = 1044 mm
H (y-axis) = 288 mm

Table 1. Boundary and flow conditions

Parameter names Values and conditions
Viscosity 15 x 10° m?/s
Fluid Air, 25°C
Reynolds number 768000
Flow velocity a};li:gulation domain 40m/s Fig. 4. Fine mesh
Statie gaugdeoﬂzissu;ﬁt?ettﬂmuIanon 0Pa The finest and fine meshes are shown in Figures 3 and 4 respec-
Car body and ground No slip wall t@vely. A mesh convergence study was carried out befpre ﬂ_1e rela-
The top boundary of the simulation do- Free tip vl tive variations of key paramete_rs were less thar_1 1%. Five dlfferent
main meshes were selected. The variations of velocity, drag coefficient

and pressure with mesh density at selected locations were exam-
ined, as shown in Table 2.

Table 2. Mesh convergence

2.3 Mesh convergence study

Mesh No. No of Dr_ag Velocity Pressure (Pa)
elements | coefficient (m/s)
1 423540 0,342 23,14 -1481,52
2 605349 0,32 23,77 -1481,90
3 875843 0,314 22,80 -1468,23
4 987653 0,310 23,04 -1434,39
5 1234053 0,293 22,82 -1453,52

From Table 2 the optimal mesh was found to be mesh number
5, which has 1,234,053 elements and produced overall best results
as shown in Table 4.

Fig. 2. Initial mesh o
2.4 Validation study

Figure 2 shows the initial mesh. Proper meshing is one of the Table 3. Probe locations
most important factors in CFD simulations. To improve the accu- Probe # X (mm) Y (mm) Z (mm)
racy of the simulation, the mesh near the car surface was refined 1 80 338 100
with the help of the inflation layer. The structured mesh was used > 80 28 100
near the surfaces because of turbulent boundary layers. 3 500 178 160
4 1062 148 0
5 1442 28 0

Table 3 shows the coordinates of the probes.

Table 4. The error of drag, velocity, and pressure

Mesh # Errors of Max. Errors Max. Er-
drag (%) of Velocity rors of
1 6.9 8.05 0.95
2 3.90 2.32 0.88
Fig 3. Finest mesh 3 2.53 4.01 0.97
4 1.05 2.55 0.53
5 1.68 1.55 0.67
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Table 5. Comparison of velocity predicted by different turbulence

models
Probe # SST (%) k- (%) k- (%)
1 1.519 3.040 1.313
2 12.259 15.904 14.896
3 4.824 4511 4413
4 4.682 6.127 10.071
5 1.747 3.849 0.36

Table 5 shows errors in velocity for different turbulence models.

Turbulence models Drag Drag coefficient error (%)
coefficient
SST 0.303 1.68
k-e 0.3156 £ o1
k-o 0.335 124
Experimental Data
(Ahmedeet.al., 1084) | 02%8 NA

Table 6. Drag coefficient predicted by various turbulence models.

Table 6 shows obtained drag coefficient values for different tur-
bulence models. As shown in the table, drag coefficient with SST
model gave the closest results to experimental values.

3. Results and Discussion

Figures 5 and 6 show velocity and pressure contours respec-
tively for steady-state RANS simulation. As can be noticed, there
are no large scale eddies formed, which is caused by the reason
that Ansys Fluent solver tries to converge on solution where veloc-
ity values for every nodes do not oscillate and approach final static
solution. It can be clearly seen that in 25 degree slant angle, the
flow starts to separate before meeting slanted surface. Since the
flow separation occurs very soon, there is a pressure increase due
to large separation region, which leads to an increase in drag coef-
ficient.

Fig. 5. Velocity contour for RANS simulation

Figure 6 demonstrates the pressure distribution. Bernoulli’s

equation was applied, and streamlines that passes through the inlet
and stagnates into the front of the car. It can be stated that at the
first point, the velocity is 40 m/s at the inlet, and at the second point
the velocity is zero, which means that the kinematic energy of the
fluid fully transforms into static pressure. In other words, the static
pressure at the front of the car must rise. As can be seen in Figure
6, the pressure at the front of the car is 1220 Pa higher than atmos-
pheric pressure, which agrees with the aforementioned theory. Ac-
cording to pressure contour, the pressure at the inlet boundary near
the Ahmed body is 280 Pa. Therefore, the dynamic pressure is

pu?
Paynamic = —~ = 1220 — 280 = 940Pa

The free stream velocity can be extracted from the aforemen-
tioned formula:

2denamic 2 %940
u—\/ o = 9325 = 39.18m/s

The actual free stream velocity that is set up in Ansys Fluent
solver is 40 m/s, which is close to the aforementioned guess.

Fig. 6. Pressure contour for RANS simulation

Velocity contour shown below in figure 7 for unsteady simula-
tion differs significantly with steady-state simulation. This is be-
cause the RANS simulation tends to find optimal velocity distribu-
tion configuration, such that, there is no alteration with time.
Whereas, in transient simulation, the flow changes after each
timestep. In other words, in transient simulation, the flow can be
either steady or unsteady. Whereas in steady simulation, the flow
will be steady, otherwise, the solution will not converge. Figure 7
below shows clear large eddy formation, unlike in Figure 5. The
eddies move in the right direction. The eddies are created with a
constant frequency. It was found that the period of oscillations is
0.029s.
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Fig. 7. Velocity contour for URANS simulation

Similarly, as velocity contour in URANS simulation, the pres-
sure contour does not match the RANS simulations. (figure 8)
There is a clear formation of large-scaled eddies. Unlike in steady-
state simulation (Figure 6), there is a pressure gradient in every
eddy formation. The gauge pressure inside an eddy is negative,
whereas the pressure outside and near this eddy is positive. The
URANS provides a more accurate representation of real flow if
compared to RANS. This is because the behavior of real-world flu-
ids is always unsteady in turbulent flows, and RANS was devel-
oped to decrease computational time.

Fig. 8. Pressure contour for URANS simulation.

During the simulation, the drag coefficient was computed in
each timestep. In result, Figure 9 shows a chart of drag coefficient
vs time of flow. At time = 0s, the flow was initialized with Hybrid
initialization, giving an initial approximation of pressure and ve-
locity distributions. It is possible to initialize the flow with zero
velocity at every mesh node, however, using this simple method,
the flow will converge slower to a final solution. Whereas, with
Hybrid initialization, the flow converges faster, resulting in lower
computational time. It can be seen on the chart that during the first
0.2s, the drag coefficient is changing with time, but the flow is not
stable. After 0.2s, the flow still varies with time but does not vary

across every period. To calculate the period of oscillations, a snap-
shot of flow at 0.2s was taken, later each frame was analyzed. Fol-
lowing frames were compared to the first snapshot frame at 0.2s.
In results, after each 0.029s the velocity profile exactly matches the
snapshot frame. Which means that the period of oscillations is
0.029s.

As has been mentioned earlier, the initial guesses for the period
of oscillations according to Strouhal’s number are Tpeign: =
0.036s and Tye;gn: = 0.1305s, which is a good initial guess for
setting up timestep value. Since the period of oscillations is known
at this point, the actual Strouhal’s number can be calculated using
formula as follows:

St = fL/U=L/(TU)=0.288/(0.029*40)=0.248

Since the period of oscillations according to simulation is 0.029,
it can be concluded that the Strouhal’s number should be calcu-
lated with the height of the car as characteristic length instead of
the car’s length.

Drag coefficient, dimensionless

Time [s]

Fig. 9. Drag coefficient varies over time.

The x-axis represents time, Y-axis represents the drag coeffi-

cient.

Figure 10 below shows experimental velocity profile values ob-
tained from [5] shown with round points. The simulation velocity
profile data is shown with triangular points. As can be noticed the
simulated velocity profile agrees with experimental values as ex-
pected. Experimental data were taken from [13].
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Fig. 10. Comparison of experimental and simulated velocity profiles.
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Conclusion

This paper presents a detailed study on the use of the URANS
method with three turbulence models for simulating unsteady tur-
bulent separating flow over the Ahmed body with a rear angle of
25 degrees with the Kelvin-Helmholtz effect. When an optimal
mesh was developed and adopted with a proper discretizing
scheme, the URANS method performed as well as LES models, or
even better in some cases. The results produced by the URANS
method with three different turbulence models showed good
agreement with experimental data and the SST model produced
the best results, with only 1.68% in discrepancy for the predicted
drag and 1.3% for predicted velocity. Generally, the URANS is
found to be a reliable and accurate tool for the prediction of un-
steady separating turbulent airflow over the Ahmed body. It is be-
lieved that outcomes from this work could help automotive design-
ers to enhance design productivity.
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Nomenclature
p: density, kg/m?
u: velocity, m/s

T stress tensor, N/m?

e fluid dynamic viscosity, Pa‘s

& the Kronecker delta

X: Cartesian coordinates

k: turbulence kinetic energy per unit mass, j/kg

€ turbulence dissipation rate per unit mass, j/(kg-s)
: rate of dissipation of eddies, j/(kg's)

Vv kinematic viscosity, m%/s

Q: absolute value of vorticity, 1/s

Co: drag coefficient, dimensionless

Subscripts
ij: Cartesian coordinate indexes
t turbulence
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