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Abstract

In the present study, effect of side devices and crosswind flow are investigated to observe aerodynamic
drag coefficient for a simplified ground vehicle (Ahmed body) since it directly effects fuel consumption.
When the literature was examined, the studies that were investigated effect of slant angle, velocity and
geometric modifications were presented. However, there are few studies that proposed both side device
effect and crosswind flow for ground vehicles at different yaw angles. The CFD (Computational Fluid
Dynamic) solution is performed both model with side devices and crosswind flow condition. The
crosswind flow condition has been analyzed at different yaw angles (B=5°, 10°, 20°, and 30°) to observe
how to affected drag coefficient. Pressure contours have been presented for model with and without side
devices and under the crosswind flow conditions at rear region of body since the most of the drag force
occurs flow separation or adverse pressure gradient. The streamlines velocities have been presented at x-
plane which is positioned side devices location under the crosswind flow conditions. In addition, vorticity
magnitude has been given for both models with and without side devices at different yaw angle. In the
results of study are observed that side devices adversely effects aecrodynamic performance since flow
separation occurs on the side of body and it causes to increase pressure drag. The pressure drop is also
observed at rear region of model due to crosswind flow condition. This causes the increase of drag forces.
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Bir Kara Aracinin Aerodinamik Siiriiklenmesi Uzerine Yan Cihazlarin ve Yan
Riizgar Akisinin Etkisinin Incelenmesi

Oz

Bu ¢aligmada, yakit tiiketimini dogrudan etkiledigi i¢in basitlestirilmis bir kara aracinin (Ahmed govdesi)
aerodinamik siirikleme katsayisimi gozlemlemek igin yan cihazlarin ve yan riizgar akisinin etkisi
arastirilmistir. Literatiir incelendiginde egik a¢1, hiz ve geometrik modifikasyonlarin etkisini arastiran
calismalar sunulmustur. Ancak, kara araglari igin farkli sapma agilarinda hem yan cihaz etkisini hem de
yan riizgar akigini oneren az sayida ¢alisma bulunmaktadir. Bu nedenle, HAD (Hesaplamali Akigkanlar
Dinamigi) ¢0ziimii hem yan cihazlara sahip modelde hem de yan riizgar akis kosulunda
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gerceklestirilmistir. Yan riizgar akis durumu, siiriikkleme katsayisinin nasil etkilendigini gézlemlemek igin
farkli sapma agilarinda (B=5°, 10°, 20° ve 30°) analiz edilmistir. Siiriikleme kuvvetinin biiylik bir kism1
akis ayrilmasi veya ters basing gradyanindan dolayr meydana geldiginden, yan cihazlara sahip olan ve
olmayan modeller i¢in ve yan riizgar akis kosullar altinda gévdenin arka bolgesindeki basing konturlar
sunulmugtur. Yan riizgar akis kosullari altinda, yan cihazlarin konumlandigi x-diizleminde akim
¢izgilerinin hizlar1 sunulmustur. Ek olarak, girdap biyiikliigii, farkli sapma agilarinda yan cihazlar1 olan
ve olmayan her iki model i¢in de verilmistir. Caligma sonuglarinda, akig ayrilmasi meydana geldigi ve
basing direncinin artmasina neden oldugu i¢in yan cihazlarin aerodinamik performansi olumsuz etkiledigi
gozlemlenmistir. Yan riizgdr akis durumu nedeniyle modelin arka bolgesinde de basing diisiisii

gozlemlenmistir. Bu, siiriikleme kuvvetlerinin artmasina neden olmaktadir.

Anahtar Kelimeler: Ahmed govdesi, HAD, Akis ayrilmasi, Sapma agisi, Siirlikleme katsayisi

1. INTRODUCTION

The investigation of aerodynamic forces is crucial
issue for a ground wvehicle since the fuel
consumption stems from friction and drag force
acting on body. Ground vehicles are used in under
different conditions such as velocity and direction
of air, rainy weather condition, pressure.
Therefore, when the aerodynamic analysis is
performed, all conditions are taken into account to
find realistic and accurate results for experimental
or analytic solutions. The previous studies are
mentioned related with ground vehicles in the
following paragraph.

Ahmed et al. [1] performed an experimental study
for ground vehicle that is known Ahmed body, to
analyze the wake structure at different slant angle.
The results of this study showed that the flow
separation and wake flow cause increase in dag
force. The investigation of different shape of rear
region of vehicle was performed in terms of
aerodynamic performance in a wind tunnel [2].
Lienhart and Becker [3] also investigated
contribution of wake generation on aerodynamic
drag at behind of the simplified car model.
Watkins and Vino [4] performed the study on
Ahmed body aerodynamics by positioning the two
co-linear bodies. It was deduced that the effect of
space of two bodies significantly increase drag
coefficients and strong vortex formation that cause
the change of drag and lift force at rear region of
body was observed. Another study was performed
to investigate aerodynamic of Ahmed body using
experimental and numerical method by Meile et al.
[5]. Large Eddy Simulation (LES) method was
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used to perform numerical simulation of Ahmed
body at high Reynolds-number by Osth et al. [6].
In order to observe unsteady wake occurring on
Ahmed model, experimental study was performed
by Volpe et al. [7].

In real case, an automobile is generally exposed to
crosswind. Therefore, crosswind conditions should
be taken into account when aerodynamic analysis
is performed. In the literature, there are few studies
related with this issue. The crosswind sensitivity
was investigated to decide how to effect the
ground vehicle aerodynamics and driving
performance by [8]. Ahmed body model was used
to perform analysis at 0°-15° yaw angle and 25°
and 35° slant angle. It was deduced that rate of
turbulence and velocity fluctuations were
significantly effect the shear layers so, rear vertical
and slanted surface were important in terms of
flow dynamics. Heavy ground vehicles was
presented to investigate crosswind effect because
they have high lateral surface area and center of
gravity of heavy vehicles are higher above ground
than an automobile [9]. Crosswind effect was
investigated to observe aerodynamic characteristic
at different yaw angles for long vehicles and heavy
vehicles by [10]. The study applied crosswind over
Ahmed body was implemented using rear cavities
at base body [11]. The crosswind effect was also
investigated to evaluate aerodynamic performance
using different shape body and wind tunnel test
[12]. Both experimental and numerical studies
were performed for observation of crosswind
conditions on bluff bodies at 0° to 30° yaw angles
[13]. In addition, the similar analysis was carried
out using DES (Detached-Eddy Simulation) at 0°
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to 30° yaw angles and it was concluded that the
results were good agreement with experimental
results [14]. Altinisik and Umur [15] focused on
crosswind analysis for a special car. They
performed wind tunnel test and numerical analysis
to observe how to effect crosswind flow for
selected car model. It was deduced that drag
coefficient increased up to 35° yaw angle and after
that point, drag coefficient become to reduce.
Crosswind and headwind flow that is
incompressible and unsteady was also analyzed for
the Ahmed body [16]. Another study that was
investigated yaw angle effects on aerodynamic
performance was performed experimental study
for Ahmed body [17]. It was deduced that drag
coefficient was increase at yaw angle 0°- 60°.
However, it remains constant between 60° and 75°
and it then increase up to 90°.

The experimental study was implemented using
particle image velocimetry (PIV) technique to
investigate flow physics at different slant angle of
Ahmed body [18]. The slant angle effect was
observed for Ahmed body by means of numeric
analysis and the results were compared
experimental study [19].

Some devices that mounted on automobiles side or
upper regions should be taken into consideration
since these devices affect the aerodynamics of
automobile body. However, when previous studies
are examined, there are limited studies that take
into account side devices effect on aerodynamics.
Murutila et al. [20] presented a study adding a
device that is side view mirrors to investigate the
effects on the aerodynamic drag coefficients. It
was deduced that drag coefficient was increase
about % 6 for Ahmed body with slant angle 25°.
The effect of rear view side mirrors was
investigated for a car [21]. Four different models
were generated and numerically analyzed to
observe side devices effect.

Some devices can be used to improve aecrodynamic
performance of automobiles. These may be passive
and active devices that use to control over the
body. In the literature, some studies have been
presented. Ahmed and Murtaza [22] presented the
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review study related with car aerodynamics and
investigated effect of passive flow devices. The
research results were concluded that the passive
devices should be applied commercial vehicles and
the aerodynamic noise study should be performed
to enhance the quality of comfort. An active flow
control study was presented to improve
aerodynamic efficiency using jet actuator for
Ahmed body [23]. It was deduced that drag force
was reduced for 25° slant angle while drag force
was increase for 35° slant angle. Buscariolo et al.
[24] presented study for Ahmed body using
diffuser and observed flow field that occurs on the
rear region. The diffuser analysis was performed
by changing the angle that is between 0° and 50°.
It was concluded that change of drag and lift
coefficient was %13 and %1, respectively. A study
was proposed by Yakkundi and Mantha [25] to
observe CFD solution and experimental study to
validate for generated image model car.
Demircioglu [26] proposed aerodynamic analysis
of F1 race automobile to observe velocity and
pressure distribution occurring over car body at
130 km/h. The similar study was performed for
electric vehicles. Both numerical and experimental
studies were carried out and the results were
compared [27].

The unsteady analysis is performed, if we want the
realistic results. Therefore, the solution can be
performed time depended. The some previous
studies mentioned unsteady analyses are presented
in the following. Han [28] proposed numerical
study to predict flow around the Ahmed model-
like body very well. The Averaged-Reynolds
Navier-Stokes equations were solved numerically
together with k-g¢ turbulence model. The reverse
flow region and trailing vortices was predicted for
three dimensional turbulent flow of the Ahmed
vehicle. Krastev and Bella [29] investigated steady
and unsteady flow over the Ahmed body using
open source CFD toolbox OPENFOAM. Using
URANS and steady-state RANS model the
numerical simulations were implemented and
compared with experimental results available in
the literature. Hinterberger et al [30] performed a
study to investigate Ahmed body model with slant
angle 25° using LES (Large Eddy Simulation).
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Another  similar  study  that  performed
experimentally to visualize longitudinal vortices
that occurs the side edges of the rear window at
25° slant angle of Ahmed body model was
presented by Jermann et al. [31].

Optimization studies have presented to improve
the shape of the body for reduction of drag force
and increase the efficiency in point of fuel
consumption. When examined the previous
studies, a paper was presented by Dumas [32].
The hybrid optimization that was combined a
Genetic Algorithm (GA) and a second-order
Broyden-Fletcher-Goldfarb-Shanno (BFGS)
method were applied to the 3D car model for drag
minimization. Beigmoradi et al. [33] performed
optimization study based on aerodynamic and
acoustic objectives. In this study, realizable k-¢
turbulent model and broad band noise model was
used to perform simulation of model. Taguchi
method was also used to reduce number of
simulation. The optimum results were obtained
using Genetic Algorithm and Artificial Neural
Network optimization method. He et al. [34]
presented CFD based optimization combining
adjoint approach and gradient based method for
computing derivatives to optimize the designs. In
order to show their optimization framework, bluff
body with ramp shape geometry was optimized
and the drag level reduced about 9%. The
optimization study related with rear end of Ahmed
body was proposed by Han et al. [35]. Three
dimensional ~ Navier-Stokes  analyses  were
performed for optimization. The three items that
backlight angle, boat-tail angle and ramp angle
were investigated to find optimum shape for
reduction of drag coefficient. The results showed
that drag reduction was achieved about 0.13. Wang
et al. [36] focus on optimization of Ahmed body
for non-smooth surface on the drag reduction. In
this study flow field analysis was performed and
compared with experimental date in the literature
then optimization method that multi-island Genetic
Algorithm was applied to increase the efficiency in
point of aerodynamic. Qiao et al. [37] presented to
flow control for bluff body using multi-frequency
and optimization was also performed to reduce
drag coefficient value at 10° yaw angle. It was
concluded that drag reduction was achieved about
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%20 by applying genetic algorithm optimization.
In order to reduce aerodynamic drag coefficient,
geometric revision on the analyzed car was
performed and the results were observed that drag
force and pressure on the car body were reduced
and performance was improved [38].

The result of examined literature related with
automobile aerodynamics, there are few studies
about side effects with crosswind analysis. In
addition, yaw angles of crosswind were generally
studied at low, medium and high angles that are
between 5° and 30° in previous studies. Therefore,
in this study, the analysis of side devices with
crosswind have been performed up to 30° yaw
angle. The solution results are presented for both
models with and without side devices under the
crosswind condition to show how to affect the
aerodynamic performance of simplified ground
vehicle. The following sections are given to
explain generation of body and mesh structure and
CFD solutions setup in ANSYS.

2. COMPUTATIONAL SETUP
2.1. Geometry of Ahmed Body

In this study, the Ahmed body has been studied in
point of aerodynamic analysis to investigate the
side device and crosswind effects. For this,
geometry  was  firstly = generated  using
Designmodeler in ANSYS and mesh generation
has been then performed Mesh in ANSYS. The
dimensions of body are shown in Figure 1 [1,30].
Figure 2 shows solid model of the Ahmed body
and Figure 3 shows the model with side devices
and its position and dimensions. These position
and dimensions are determined by examining the
previous studies [20, 21].

1044 mm 389

2
Q\@ LN i r

II II
| 202 470 J x y o

288

Figure 1. Dimensions of Ahmed body [1,30]
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Figure 2. 3D view of Ahmed body

290.6 mm

(b)

Figure 3. Ahmed body with side devices
(a: Isometric view b: Front view with
side device position and dimensions)

2.2 Mesh Generation

The mesh generation process is a crucial issue to
obtain precision results. The number of mesh and
generation method should be compatible to capture
flow field around the body. Therefore, mesh
generation is started from courser to finer mesh
number and prismatic layer is formed around the
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model at different number of inflation layer for
obtaining accurate results. Inflation control is
important to capture the boundary layer since
turbulent boundary layer is expected in the
solution. The results are compared with
experimental results for verification. Tetrahedral
mesh has been then generated. Rectangular shape
is generated around the body as computational
fluid domain. Its length, height and wide of fluid
domain are 12, 10 and 10 times of the body length,
height and wide, respectively.

In this study, the mesh generation has been
performed using Mesh ANSYS. Figure 4 and 5
show the mesh generation for body and
computational domain, respectively. The other
issue is mesh sensitivity analysis in order to find
sufficient mesh number and correct result.
Therefore, the CFD solution has been implemented
starting from courser mesh numbers to finer mesh
numbers. The mesh dependency analysis is given
in Figure 6. The CFD solution has been performed
from starting 100.000 mesh numbers to 6 Million
mesh numbers. The results show that 4 Million

mesh numbers has been enough to find accurate
solutions.

Figure 4. Mesh generation around the model

Figure 5. Mesh generation of computational fluid
domain
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Figure.6. Mesh sensitivity analysis
2.3. Numeric Solution

The solution of the problem has been carried out
using Fluent ANSYS that uses finite volume
method. 3-Dimensional, steady, compressible
solutions have been implemented. In order to
describe the flow field, the Navier-Stokes
equations that include the continuity and
momentum equations are used.

The Navier-Stokes equation in x-direction can be
written as (Equation 1)

o(pu) op or, Or, ot
+V(puV)=——+—"+ S =4 1
o V)= ek )

In this study, RNG (Re-Normalisation Group) k-¢
turbulence model was used since this turbulence
model simulates accurately flow field for this
specified conditions [39]. This model is
renormalized the Navier-Stokes equations and take
into account smaller motion effect. The RNG k-¢
transport equation can be described as following
(Equations 2 and 3).

0
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Where,

n="Sk/

s=(25,5,)"

The setup of Fluent is defined as following.
Ahmed body is described as wall type due to no-
slip condition. During the solution, enclosure
surfaces are defined as symmetry. Velocity-inlet is
defined for inlet condition and pressure outlet is
described for outlet plane. Solution method is
selected as Roe-FDS flux type and flow is
specified second order upwind. Solution is also
implemented as density based and steady-state.
Enhancement wall treatment is selected as the wall
function for RNG k-¢ turbulences model. Courant
number is determined as 0.7. The dimensionless y"
value is approximately “1” for capturing flowfield
in boundary layer. However, some place on the
body, it may be greater than 1. When the change of
drag coefficient value is negligible small and the
value of flow residuals reach to 107, the solution
run is finished. The CFD solutions are
implemented at 40 m/s and different yaw angles
(5°, 10°, 20°, 30°). Reynolds number that is based
on model’s length is 2.78x10°.

3. RESULTS AND DISCUSSION

In this study, crosswind and side device effects
have been investigated for a simple ground
vehicle. The analysis has been firstly performed
without crosswind condition and side devices.
When previous papers are examined, yaw angles
of crosswind were generally studied at low,
medium and high angles that are between 5° and
30°. Hence, solutions have been carried out by
applying crosswind conditions at different yaw
angles that is 5°, 10°, 20°, 30°. In addition, side
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devices have been mounted on base model at
position x= -0.8. All solutions have been carried
out at 40 m/s velocity and 35° slant angle.

The pressure contours is presented at plane z=0 for
rear region of body without side devices at yaw
angle 0°, 5°, 10°, 20°, 30° in Figure 7. The range
of pressure value is same for all figures since the
comparison and observation can be made easily.
When examined these figures and compared each
other, it can be observed that pressure drop or
adverse pressure gradient occur at rear region of
body with increasing yaw angle of flow. In
addition, it can be said that crosswind flow is
especially affected at yaw angle 20° and 30° and
pressure differences increase between front and
rear region of model when compared with flow at
0° yaw angle. The flow separation can occur due

12

YL

XL
(d
Figure 7.
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to adverse pressure gradient formation and the
flow cannot proceed over surface due to no-slip
condition. This causes an increase in drag force for
a ground vehicle. The pressure contours is
presented at plane z=0 for rear region of body with
side devices at yaw angle 0°, 5°, 10°, 20°, 30° in
Figure 8. These figures are presented to observe
the effect of side devices at rear region flow field
by comparing with Figures 7. When the figures
presented model with side devices can be observed
that pressure drop at slant surface is more than
model without side devices. In addition, it can be
stated that side devices effect causes earlier flow
separation due to adverse pressure gradient.
Therefore, both crosswind and side device are
adversely affect flow field at rear region and cause
increase drag force.

02 XL 0.4 0.6 0.8 1

(e)
Pressure contours plane z=0 for rear region of body without side devices at 40 m/s and 35°
Slant angle (a: yaw angle 0°, b: yaw angle 5°, c: yaw angle 10°, d: yaw angle 20°, e: yaw
angle 30°)

819



Investigation of the Effect of Side Devices and Crosswind Flow on Aerodynamic Drag of a Ground Vehicle

YIL

Y/L

02 04 0.6 08

XiL

(e)

Figure 8. Pressure contours plane z=0 for rear region of body with side devices at 40 m/s and 35° Slant
angle (a: yaw angle 0°, b: yaw angle 5°, c: yaw angle 10°, d: yaw angle 20°, e: yaw angle 30°)

The velocity streamlines are presented to show  These streamlines are examined plane x=-0.8

flow separation and vortices with and without side ~ which describes according to reference point that
devices in Figure 9 and Figure 10, respectively. rear end of model. The vortex intensity and its
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effected area increase with increasing yaw angle
when examined the Figure 9. Moreover, flow
separation and vortex generation can be observed
over the top surface of model at yaw angles 10°,
20°, and 30° when compared with Figure 9(a) that
represents flow without yaw angle. The Figure 10
represents the side devices position to show flow
field. When examined these figures, side devices

08 -06 04 0
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effect flow field as seen in Figures. However, it
can be stated that the vortex area decrease when
compared with solution results without side
devices. Hence, it can be inferred that drag force
does not significantly increase at mounted position
of side devices but it may increase due to pressure
drop behind side devices position as understood
from figures.

Figure 9. Streamlines velocity plane x=-0.8 for body without side devices at 40 m/s and 35° Slant angle
(a: yaw angle 0°, b: yaw angle 5°, c: yaw angle 10°, d: yaw angle 20°, e: yaw angle 30°)

C. U. Miih. Fak. Dergisi, 37(3), Eyliil 2022
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Figure 10. Streamlines velocity plane x=-0.8 for body with side devices at 40 m/s and 35° Slant angle (a:
yaw angle 0°, b: yaw angle 5°, c: yaw angle 10°, d: yaw angle 20°, e: yaw angle 30°)

The vorticity magnitude is presented to show rear
region of model for body without side device in
Figure 11. When examining the figures, the
vorticity magnitude is high at top and bottom of
rear region of body. The magnitude also increases
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top region of model with increasing yaw angle.
However, it can be observed that vorticity
magnitude values reduce after flow has moved
slightly away from rear region of model by
increasing yaw angle.

C U. Miih. Fak. Dergisi, 37(3), Eyliil 2022



Ahmet SUMNU

Figure 11. Vorticity magnitude for body without side devices at 40 m/s and 35° Slant angle (a: yaw angle
0°, b: yaw angle 5°, c: yaw angle 10°, d: yaw angle 20°, e: yaw angle 30°)

The CFD solution for without side devices of Table 1. Drag values at 40 m/s and 35° slant

model was compared with previous study that angle without side device (a: yaw angle
reported Cp values [5] and it was concluded that 0°, b: yaw angle 5°, c: yaw angle 10°, d:
the results were good agreement each other. Table yaw angle 20°, e: yaw angle 30°)
1 and Table 2 show the drag coefficients values for Yaw Angles C,, Values
both models without and with side devices at 0°, 0° 0,281
5°, 10°, 20° and 30° yaw angles, respectively. exp. results 0,279 [5]

5° 0,297

10° 0,321

20° 0,359

30° 0,388
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Table 2. Drag values at 40 m/s and 35° slant
angle with side device (a: yaw angle 0°,
b: yaw angle 5°, c: yaw angle 10°, d:
yaw angle 20°, e: yaw angle 30°)

Yaw Angles Cp Values
0° 0,301
5° 0,312
10° 0,339
20° 0,368
30° 0,402
4. CONCLUSION

In the current study, side devices and crosswind
effects were investigated for a simplified ground
vehicle, separately since there are few studies
related with both side device and crosswind
analysis at the same time and different yaw angles
when previous studies were examined. The model
was generated using Designmodeler in ANSYS
and the side devices were mounted on the model.
The position and dimensions of side devices were
determined by examining the previous studies [20,
21]. CFD solutions were then performed both
cases in four different yaw angles (5°,10°,20° and
30°) because yaw angles of crosswind were
generally studied at low, medium and high angles
that are between 5° and 30° when previous papers
were observed. In order to simulate flow field and
capture boundary layer over Ahmed body, mesh
generation was performed both prismatic and
tetrahedral mesh structure and RNG k-¢ turbulence
model was used in Fluent solution.

Pressure contours were presented to show flow
field at rear region of model and pressure drop or
adverse pressure gradient were observed at slant
surface of model due to effect of crosswind flow.
The solution results were also presented as
velocity streamlines at x-plane that is placed
position of side devices. When the velocity
streamlines were observed, the intensity and area
of vortex formation are less than the model
without side devices. Hence, crosswind flow
causes the most of increase of aerodynamic drag
force when compared with side device effect.
However, the solution results with both crosswind
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and side device were showed that the drag force
was more than the solution results with only
crosswind effect. In addition, vorticity magnitude
has been given for both without side devices at
different yaw angle to observe vortex effects at
rear region of model. Drag coefficients values
were also presented for all solutions. The Cp
values was compared with previous study that
reported [5] and it was concluded that the results
were good agreement each other. Finally, the
results of solutions showed that side devices and
crosswind reversely affected the body in point of
aerodynamic performance since they cause air
flow disruption and separation at rear region and
side of model. The optimization study can be
performed to find optimum position and
dimensions of side device and increase
aerodynamic performance for the future work.
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