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1. Introduction geometry is extremely complex. The flow over
a vehicle is 3D and their boundary layers are
fully turbulent. Flow separation is common and
followed by reattachment(s). Large turbulent
wakes are formed at the rear and in many cases
contain  longitudinal  trailing  vortices.
Furthermore, skin friction is negligible and the
aerodynamic forces such as drag and lift forces
are mainly governed by pressure losses.
Among various road vehicles, an automobile
has a streamlined shape at the front, but an
angulated bluff shape at the back. This design
causes highly complex and abstruse rear flow

There has recently been renewed interest in
finding new  technologies to reduce
aerodynamic drag and hence improve fuel
consumption in the automotive industry
because of the continuing high fuel costs in the
past few years as well as the issue of global
warming. It was reported that aerodynamic
drag is responsible for more than 50% of the
propulsive fuel consumption of a typical car
running on the highway [1].

Road vehicles are bluff bodies in very close
proximity to the ground. Their detailed
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patterns, such as eddies, vortices, up-wash,
downwash and mixed wake flows. Therefore,
controlling the rear flow of an automobile is a
core technology that can improve the
aerodynamic performance. Due to these
reasons, numerous studies have been
performed to reduce automotive aerodynamic
drag via passive or active flow controls of the
rear wake of a car [2]. Changing the shape of
the body or using some add-on devices are one
of the most investigated approaches to achieve
such goals.

In 1984, ref. [3] used a generic car called
Ahmed body which is perhaps the most widely
studied simplified car model in the automotive
industry. Several experimental and numerical
studies on the Ahmed body indicate three
major components in the wake of this body: A
recirculation bubble over the slanted surface or
rear window, one pair of counter-rotating
longitudinal or C-pillar vortices originating
from the two side edges of the rear window,
and a recirculation torus behind the vertical
base. Aerodynamic drag is directly linked to
the interactions between these three types of
coherent structures. It was proposed a very
simple and easily evaluative model with a
cubical shape that no longer really looks like a
car but reproduces its global behavior: a large
3D displacement in the front, a relatively
uniform flow in the middle, and a large
structured wake at the rear [3]. As reported
later, the rear end is a simplification of a so-
called fastback one such as on a Volkswagen
Golf I [4].

Using different combinations of moving flaps
that were fixed on every edge around two rear
flat surfaces of a modified Ahmed body to
control the flow was investigated [5]. It was
reported that using flaps reduced drag 25% and
lift 105%, respectively. It was experimentally
investigated the effects of shape on
aerodynamic forces and moments of a 1/5%
model of a mini-van type vehicle under the
effects of side flows [6]. It was showed that
small variations of the A-pillar radius have an
important effect on the side-force and yawing
moment. Using a line of non-conventional
trapezoidal vortex generators, a passive flow
control technique was applied to a modified
Ahmed body [7]. It was reported that drag and
lift force on the body was reduced by 12% and

60%, respectively and the largest drag and lift
reduction is clearly associated to a strong
increase of the size of the recirculation bubble
over the rear slant. Investigation of the velocity
field in a cross section downstream the model
reveals that the intensity of the longitudinal
trailing vortices is strongly reduced and the
drag reduction is due to the breakdown of the
balance between the separation bubble and the
longitudinal vortices. As another type of
passive flow control devices, a deflector was
placed on the upper edge of the Ahmed
model's rear window [8]. Depending on the
deflector angle 9% in drag reduction was
achieved because the deflector increased the
separated region on the rear window and let
disruption the development of the counter-
rotating vortices appearing on the lateral edges
of the rear window. Unlike the previous
passive drag reduction techniques, rear-end
periodic forcing as flow control method on an
Ahmed body model was used [9]. Depending
on the type and location of pulsed jets
actuation, the maximum drag reduction (6~8%)
was obtained for increasing injected
momentum or well-defined optimal pulsation
frequencies. One array of circular cylinders
upstream of the upper edge of the rear window
of Ahmed body was deployed to suppress of
the separation region near the upper edge of the
slanted surface and increase the strength of the
C-pillar vortices near the side edges of the rear
window which led to longer separation bubbles
behind the vertical base, producing a
significant drag reduction by 11.6 % [10]. It
was experimentally investigated the effects of
an array of cylindrical vortex generators on a
25° slanted rear end Ahmed body at
Re=1.35x10°. It was reported that 10% in the
overall drag reduction was achieved due to the
suppression to the re-circulation bubble [11].

To decrease the drag and increase the lift
coefficient a new design is proposed in the
present study. For this purpose, the intersection
of the bottom surface and the rear of the body
is upswept with various angles and their effects
are investigated numerically in terms of drag
and lift coefficients for various Re numbers.

2. Computational Details

Ahmed body has been largely used as a
reference model for both experimental and
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numerical investigations due to its simplicity.
The main dimensions of the Ahmed body are
given in Fig.1. The total length (L) of the body
is 1.044 m from front to end. It is 0.288 m in
height (h) and 0.389 m in width. Cylindrical
legs (strut) 0.05 m in length are attached to the
bottom surface. Although Ahmed body has
been investigated for various slant angles, the
body with the slant angle of o=25° is
considered in the present study for validation
process before its lower end is upswept with
various angles to obtain a diffuser-like device.
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Figure 1 Main dimensions of generic Ahmed body.

In the aerodynamic of the ground vehicles,
diffusers are used to convert the kinetic energy
of the flow into the pressure rise by increasing
the flow cross-sectional area. A diffuser is
formed by a channel between an upswept
surface and the ground. They are generally
used at the rear of the vehicles in order to
generate downforce by slowing down the low
pressurized but accelerated flow from the
underbody of the vehicle into a high-
pressurized and hence increases velocity in
order to reduce lift and accordingly minimize
the drag forces. The devices, therefore,
generate downforce over the vehicle. It is
designed as the closed channel on both sides by
end-plates or side plates between an upswept
aerodynamic surface and the ground and acts as
an expansion chamber [12]. Furthermore, the
diffuser also smoothes out the airflow at the
back, reducing drag. In the present study,
validation processes are done for Ahmed body
with the slant angle of a=25°. After the
validation process, some modifications were
done on the body by raising the lower end of
the rear side with various angles from B=5° to
30° by 5° increments (Fig.2).

Ahmed bodies with different upswept angles
are located in a virtual wind tunnel called
computational domain in dimensions of

10Lx3LX3L in the stream-wise, span-wise and
normal directions, respectively where L stands
for the total length of the body. The size of the
domain gives a blockage ratio of 1.14%.
Computational domain starts at two body
length (2L) in front and 6L behind the Ahmed
body (Fig.3). Center of the coordinate system
was placed at the end of the body (x=0 end of
the body, y=0 symmetric plane, z=0 ground
plane). The symmetry boundary condition was
applied since the body is symmetric in x-z
plane. The Ahmed body and the ground are
kept fixed during analyzes.

/ Ja=25°

|
& s

Figure 2 Definition of slant (o) and upswept () angles
of Ahmed generic car.

Figure 3 Computational domain.

The no-slip condition is applied to the surfaces
of the Ahmed body and the ground while
uniform velocity (ux) and the pressure outlet
are imposed to the inlet and outlet of the
computational domain, respectively. Symmetry
boundary condition is used for the top and back
of the domain. Analyses are performed for
various Re numbers as shown in Table 1.

Estimation of the aerodynamic properties of a
solid body is strongly affected by the grid
resolution on the body, therefore, a boundary
layer mesh is applied to the body, and then
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Ahmed body is enclosed by a small sized box
to apply very small mesh elements around it as
shown in Fig.4. Approximately 1.5 million
mesh elements are generated by increasing its
density toward the body. Since the flow in the

properties of the body, a structural mesh is
applied this region while unstructured mesh is
applied to the far field regions. Special
attention is not only paid to the boundary layer
over the body but also to the walls of the

boundary layer affects the aerodynamic computational domain.
Table 1. Parameters and their magnitudes used in the simulations.

Parameter Magnitude Description
L (m) 1.044 m Body length
H (m) 0.288 Body height
Uxo(M/s) 10, 20, 30, 40 Freestream velocity
Re (-) 0.71x10°, 1.42x10°, 2.13x10°, 2.85x10°  Reynolds number
a (%) 25 Slant angle
B(°) 0,5,10,15, 20,25, 30 Upswept angle
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Figure 4 Applied mesh applied to the a) computational domain, b) small rectangular box around the body, c)
boundary layer d) surface of the body.

Resolution of the mesh is represented by the
non-dimensional wall coordinate of the first

grid point. This is given by the non-
dimensional grid spacing y". It is defined as
. _yu 1
v M

Non-dimensional wall coordinate is a function
of the wall friction velocity and is the
molecular viscosity it, hence, depends on the
local flow behavior [13]. As shown in Fig.5 the
y" values are mostly in the range of 60~120,
therefore, the near wall treatment is applied to.
It was reported that 30<y"<400 is guarantee to
work 1in turbulent sub-layer. The detailed
knowledge on y+ can be found in the ref. [14].
In the present study, realizable k-g¢ (RKE)
turbulence is used for the simulations due to its
suitability for complex shear flows involving

L (M)
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rapid strain, moderate swirl, vortices, and
locally transitional flows such as boundary

layer separation, massive separation, and
Figure 5 Non-dimensional grid distance (y*) distribution
on the body.

vortex shedding behind bluff bodies, stall in
wide-angle diffusers [15]. Effects of some non-
102
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dimensional numbers such as Re number, Cp
and Cy are calculated as shown in Eq. 2-Eq.4,
respectively.

Re = ”iL )
F _ P”ooz

() Cp 5 (3)
FL — C puooz (4)

(4, )Z Lo

The convective and diffusion terms in the
momentum, turbulent kinetic energy and its
dissipation rate are discretized by the second-
order upwind scheme while pressure term is
discretized by standard scheme. Pressure—
velocity is coupled during the solutions.

In the present numerical study, effects of
diffuser angle on the aerodynamic properties of

the Ahmed body such as drag and lift
coefficients are investigated for various
upswept angles of the diffuser. Seven different
upswept angles (B) are taken into account;
B=0°, 5°, 10°, 15°, 20°, 25° and 30° for a fixed
slant angle (o) of 25°.

3. Results and Discussion

Validations of the present study are achieved
by comparing results with the experimental
data of [16], [17], and [18] in terms of the drag
force and drag and lift coefficients. Change of
stream-wise and normal components of
velocity is also compared with [19] and [20].
As it is presented in Table 1, the drag
coefficient is estimated with only 0.3% error.
Although the lift coefficient deviates from the
data of [17] by 4.3%, it quite matches well with
CL found by [18].

2
O x/L=0.15, Exp. [19]
15 1 O x/L=0.15, Exp. [20]
1] e /| =0.15, Present study
== x/L=0, Exp. [20]
0,5 J e= =x/L=0, Present study

22—

0 0,05

0,1 0,15 0,2

y/L

Figure 6 Span-wise velocity component comparison of the present study with [19] (red o) and [20] (blue ¢ ) for a=25°,
B=0° at z/L=0 and 0.15, Re=2.85x10°.

Table 1. Compared values for slant angle of a=25° at
Re=2.85x10° (without diffuser).

CD16 CL17 CLIS
[-] [-] [-]
Literature 0.298 0.345 0.368
Present study 0.299  0.360  0.360
Error (%) 0.3 43 2.1
Stream-wise and span-wise velocity

distributions are plotted against the data of [19]
and [20] that obtained at two different stream-
wise stations; x/L=0 and 0.15 (Fig.6) and span-
wise station of z/L=0.26 (Fig.7). It is seen that
the present study is in good agreement with the

data of [19] and [20] in terms of span-wise
velocity component particularly at x/L=0.15.
Due to change of the flow field after the body,
it deviates a bit from data of [20], however, it
agrees well in the far field regions.

Another comparison shown in Fig.7 shows that
span-wise velocity component is better
predicted compared with the stream-wise
velocity component due to using coarser mesh
toward that station. The diffuser generated by
upsweeping the rear bottom of the body can be
described as a passage of increasing area that is
used to reduce the velocity of the flow.
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Figure 7 Stream-wise and normal velocity components comparison of the present study with [19] (red o) and [20] (blue
0) for a=25°, p=0° at z/L=0.26, Re=2.85x10°.
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Figure 8 Turbulence kinetic energy contours and streamlines behind body when the diffusor angle is a) f=0°, b) p=15°
and c) B=30° at y/L=0.015 at Re=2.85x10°.

Streamlines and the turbulence kinetic energy passage are shown in Fig.8. It is seen that flow
distributions due to the existence of such reversal zone behind the body changes with the
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upswept angle. As it increases from B=0° to
30° flow reversal zone moves upward and the
two contra-rotating bubbles become almost
symmetrical. The turbulent kinetic energy
contours show that the maximum turbulent
kinetic energy is located around the lowest
separation bubble in the wake behind the body
and when the upswept angle increases the
maximum turbulent kinetic energy moves
upward because the boundary layers coming
from the roof and the diffuser merge in the
approximately at the center of the reversal
zone. Stream-wise velocity contours and the
flow field behind the body for various upswept
angles are shown in Fig. 9 and 10. As
presented in Fig.9 at the first station a counter-
rotating vortex pair starts to form on each side
of the body just behind it and starts to grow in
both directions when the upswept angle is
=0°. Such vortex structure is titled as the C-
pillar vortex in the literature [21]. However,
when the upswept angle increases to 15° and
30° two rotating vortex pair occur beneath the

C-pillar vortices in each side of the body. In the
subsequent stations, these vortices merge with
the C-pillar vortices, and grow while
disappearing completely at x/L=2.0 as shown
in Fig.10. These vortices originate from the
upswept section called diffuser of the body,
span along the lateral directions due to low
pressure in the upswept section.

A vortex is defined as a circular or spiral set of
streamlines while a vortex core is a special type
of iso-surface that displays a vortex or the
rotation motion of a multitude of material
particles around a common center [22]. Fig. 11
and 12 show the vortex systems such as C-
pillar vortex, corner vortex and vortex behind
the body. As can be seen in Fig. 11 increasing
velocity does not affect the structure of the
vortex systems. However, when the upswept
angle increases the second vortex behind the
diffuser thickens and merges with the vortex
system wrapped the lower end of the body
(Fig.12).
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Figure 9 Change of streamwise velocity and flow field behind the body at x/L=0.25 and 0.50 for various upswept
angles.
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Figure 10 Change of streamwise velocity and flow field behind the body at x/L=1.00 and 2.00 for various upswept
angles.

)
Figure 11 Vortex core region behind the Ahmed body
at a) V=10 m/s, b) V=40 m/s, (=0°, level=0.005 1/s)

Two most important aerodynamic parameters
are the drag coefficient that quantifies the
advancing resistance posed by surrounding
fluid onto the vehicle and the lift coefficient
that represents the force exerted onto the
vehicle in the direction perpendicular to the
flow. In the aerodynamics of the ground
vehicles reducing drag coefficient is very
important because it reduces the overall fuel
consumption of the vehicle. On the other hand,
reducing the lift coefficient will improve ride
stability and cornering performance. Change of

drag coefficient with the various upswept
angles and the free-stream velocities are plotted
in Fig. 13. It is seen that regardless of the
upswept angle drag coefficient reduces as the
free-stream velocity increases. Increasing the
diffuser angle reduces the drag coefficient until
B=15° and after that drag coefficient increases
gradually and reaches its maximum.

(b)

Figure 12 Vortex core region behind the Ahmed body
for a) p=10°, b) f=20° (V=40 m/s, level=0.005 1/s)
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Figure 13 Drag coefficient distributions for various a)
upswept angle and b) velocities.

It is demonstrated by several researchers that a
symmetrical body in a free stream has zero lift
coefficient when the side walls of the
computational domain are far away from the
cylinder [23], however, as the cylinder is
moved toward one of the side walls the flow
along the underside of the cylinder is
constrained and causing flow acceleration and
resulting decrease in static pressure. Therefore,
it is not surprise to see a suction on the
underbody. Such low pressure underneath the
body generates a downforce on the body and
increase grip. Such effects of velocity and
diffuser angle on the lift coefficient are
presented in Fig. 14. Although the similar
trends are observed as for drag coefficient, the
most critical upswept angle is f=20° in case of
lift coefficient because lift coefficient reduces
almost linearly to this angle and increases with
the upswept angle. The existence of the
upswept section causes the flow accelerates
over the bottom surface of the body resulting
low pressure and accordingly increases the
downforce over the body due to the difference
in the acceleration of the flow between the top
and bottom surfaces of the body [12]. Such
differences increases with the higher upswept
angles and therefore higher upswept angles
provide lower lift coefficients. It is seen that

the critical upswept angle is f=20° since it
provides the negative lift coefficients at higher
free-stream velocities (V=30 m/s and 40 m/s).It
is known that the lower lift coefficients
enhance the overall grip of the vehicle while
higher lift coefficients are not desired for
ground vehicles. From this perspective, it can
be concluded that the optimum upswept angle
is the B=20° for these cases.

0.6

+— Betha=0 deg. Betha=5 deg Betha=10 deg
05 4 Betha=15 deg Betha=20 deg ¥— Betha=25 deg
Betha=30 dag
04 4
+ +
g 1
2 1 ‘
0.1 t
¥
0
0.1 T T T T T
1 15 20 5 5 4
V (m/s)
(a)
05
1 | v=l0m/s V=20mj/s V=30m/s v=lm/s
04 ¢
g 0z
0,1 1
Nl +—T——T—T V7T T T 7T T T T T T T T T T T T T T T T T T T T T
5 10 15 z 25
B(°)

Figure 14Lift coefficient distributions for various a)
upswept angle and b) velocities.

Pressure coefficient variation over the top and
bottom surfaces of the modified Ahmed body
is shown in Fig.15. It is seen that the pressure
coefficient at the stagnation point at the front
end of the body remained constant at C,=1. As
the fluid flow over the sides of the body its
velocity increases while the pressure decreases
at these regions resulting decreases in the
pressure coefficient at -1<x/L<-0.9. When it
flows over the straight top and bottom surfaces
the pressure recoveries and changes a little bit
after the struts. This is why the pressure
coefficient distribution over the bottom surface
deviates from the top surface at -0.8<x/L.<-0.6.
Since the existence of the upswept section has
not affected the flow yet the pressure
coefficient distribution is the same for all
upswept angles in the region -1<x/L<-0.10. It is
seen that the pressure coefficient over both
surfaces drops dramatically at x/L=-0.2 due to
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the slanted back of the body at the rear.
Another sudden drop is seen at x/L=-0.10 due
to the various configuration of the upswept
section. The lowest pressure coefficient is
obtained for $=20° which provides the lowest
lift coefficient and provides the maximum grip.
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Figure 15Pressure coefficient distribution over the body
(a) and the close-up view of it at the rear of the body,
0.71x108,

4. Conclusions

In the present study, effects of a diffuser
obtained by upsweeping the rear part of generic
Ahmed body are investigated numerically for
various Re numbers and upswept angles. It is
determined that the reversal zone behind the
upswept body changes with its angle and
moves upward.  Turbulent kinetic energy
densify toward the upper zones since boundary
layers coming from the roof and the diffuser
merge in the approximately at the center of the
reversal zone. In comparison with the counter-
rotating vortex pair seen behind the Ahmed
body without diffuser two rotating vortex pair
form beneath the so-called C-pillar vortices.
Although Re number does not affect the
structure of the vortex systems the existence of
the diffuser changes the strength of them.
Study on the effects of the diffuser shows that
drag coefficient reduces with increasing Re
number at any upswept angle. Among several
upswept angles, the critical one is found as to

be 15° because drag coefficient reduces sharply
up to 15° and then increases. Lift coefficient
also decreases with increasing Re number.
However, unlike the change in the drag
coefficient it changes slightly. It seen that the
critical lift coefficient is 20°.

Nomenclature

Ap Projected frontal area of Ahmed body
Cp Drag coefficient

CL Lift coefficient

(O Pressure coefficient

Computational fluid dynamics

L Length of Ahmed body

Re  Reynolds number

Uco Freestream velocity

u Wall friction velocity

X Streamwise direction

y Normal direction

3D  Three-dimensional

y" Non-dimensional grid spacing

o Slant angle of Ahmed body

p Density of the fluid

B Upswept angles of Ahmed body

% Molecular viscosity
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