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Abstract Aerodynamic drag is an important factor in vehicle’s fuel consumption. Pressure drag which
is the main component of total drag is a result of boundary layer separation from vehicle surface. In this
paper, we investigate experimentally, the effect of suction and base bleeding as two active flow control
methods on aerodynamic drag reduction of Ahmed body with 35 degree rear slant angle. Suction in
boundary layer is applied in order to delay flow separation by extracting flow particles with low kinetic
energy near the model surface and the sucked air is blown into the wake of the model to increase the
static pressure of the wake region. The location of suction is at the beginning of rear slant surface and
the location of blowing is at the middle part of rear vertical part of the model. Moreover, the effect of
change in control flow rate and suction and base bleeding area is investigated. Strong suction leads to
drag reduction and when suction is accompanied by base bleeding more drag reduction can be achieved.
Furthermore, for a constant control flow rate, smaller suction area and bigger base bleeding area yield to
more reduction in drag.

Keywords Aerodynamic drag reduction, Active flow control, Ahmed model.
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1. INTRODUCTION interests. Among the factors which affect fuel
consumption, the aerodynamic drag is one of the

Because of high price of energy and the pollution most important factors since more than half of the
due to fossil fuel consumption, reducing fuel vehicle’s energy is consumed in overcoming
consumption in vehicles has attracted a lot of aerodynamic drag. Thus, the drag reduction is one
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of the most interesting approaches in this matter.
Aerodynamic drag consists of two main
components: skin friction drag and pressure drag.
Pressure drag accounts for more than 80 percent of
the total drag. The pressure drag which highly
depends on vehicle geometry is because of the
boundary layer separation from rear window
surface and formation of wake region behind the
vehicle. The location of separation determines the
size of wake region and consequently, it
determines the value of aecrodynamic drag.

Passive flow control strategies such as vortex
generators are accompanied by vehicle geometry
modifications which may not be favorable due to
stylistic reasons. Applications of some passive
control methods are already reported. Koike et
al.[1] studied the effect of different configurations
of vortex generators on drag reduction of a
commercial car model. Porous media were also
utilized to decrease the drag of a car model by
Bruneau et al. [2]. Cooper [3] could reach drag
reduction of up to 18 percent by implementation of
base flaps in heavy vehicles. Researchers in NASA
tested some panels in front of cars to affect the
flow around the car and could decrease the
aerodynamic drag, experimentally. However, their
method may not be applicable in road cars [4].

On the other hand, active control methods such as
suction and blowing are replacing passive methods
not only in the field of vehicle aerodynamics, but
also in other fields of aerodynamics. However,
active methods still seem to be too academic and
they may not be practical and more research
should be done to optimize the control
performances. Rotating cylinders were applied on
a heavy vehicle tractor by Singh et al. [5]. They
showed that utilizing rotating cylinders decreases
wake region and consequently aerodynamic drag.
Salari et al. [6] reported the effect of base bleeding
on heavy vehicles. Nisugi et al. [7] did a numerical
research on feedback flow control of a simplified
car model. Furthermore, drag reduction by
spanwise wall oscillation was studied and reported
by Zhou and Ball [8]. In the recent years, new
methods of active flow control have been
investigated due to development of new
technologies. For example, Brunn [9] et al. used
MEMS actuators for active flow control of a car
model. Flow control via plasma actuators is also
another novel flow control method which is mainly
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applied in supersonic flows [10].

Since a real-life car shape is too complex for
numerical simulations or experimental studies,
simple car models are employed. One of these
models is called Ahmed model after being
employed by Ahmed et al. [11]. Ahmed model can
generate fully three-dimensional regions of
separated flow similar to what happens in real
vehicle shapes. Precise experimental data for
aerodynamic characteristics of Ahmed body are
given by Leinhart and Becker [12]. This model has
been interesting for CFD researchers and
simulating flow over Ahmed body has been the
subject of many papers in recent years [13-15]. In
addition, Abbaspour and Jahanmiri investigated
the effect of flow suction and base bleeding on
drag reduction of Ahmed model, numerically [16,
17].

In most studies, two different slant angles 25° and
35° are considered where the critical angle of 30°
lies between these two values. 30° is the angle at
which the drag is maximum. The bottom surface of
the Ahmed body is located at 50 mm above the
ground. Figure 1 shows the geometry of Ahmed
model.

In this paper, Ahmed model is used to study the
effect of suction and base bleeding on drag
reduction. In addition, different areas for suction
and base bleeding and different control flow rates
are studied.
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Figure 1. Geometry of Ahmed model

2. EXPERIMENTAL SETUP

Wind Tunnel: The experiments were carried out in
a subsonic closed circuit wind tunnel with a closed
test section. The test section had the cross section
of 80 cm x 80 cm and the length of 200cm.
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6-Component Balance: a 6-component balance
capable of measuring lift, drag and side force and
also pitching, rolling and yawing moments was
utilized in this experiment. However, the only
important parameter in this experiment which was
measured by the balance, was the drag force on the
model.

Suction Device: A suction device was utilized
outside of the wind tunnel which sucked the air via
a flexible tube. The suction flow rate was adjusted
by a tap and a flow meter.

Blowing device: An air compressor was used out
of the wind tunnel to blow the air into the wake
region via the flexible tube. The blowing flow rate
was also adjusted so that the suction and blowing
flow rates were equal.

Model: As mentioned before, Ahmed model
was used to study the effect of suction and base
bleeding on drag reduction. Since the test section
of the wind tunnel was small compared with the
original size of Ahmed body, and to decrease the
negative effect of solid blockage on the drag force
measurement, a half scale Ahmed body was used.
Instead, in order to satisfy the condition of
similarity, the free stream velocity at the beginning
of test section was adjusted twice the value of free
stream velocity in the experiments on the full scale
Ahmed model so that the Reynolds number based
on model length became 2.8 x 10°.

Since the outer dimensions of the model is very
important, the model was designed in such a way
that suction and base bleeding was possible
without any change in the outer geometry of the
model. Furthermore, it was possible to investigate
the effect of the change in the suction and base
bleeding area. The model is shown in Figures 2
and 3.

Base Bleeding Chamber

Figure 2. A scheme of model including suction and
base bleeding chambers
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Figure 3. A cut view of model

As it can be observed, there are chambers in the
rear slant part and rear vertical part which were
covered by putting the porous surfaces -as suction
and base bleeding surfaces- on their edges. Two
different suction surfaces and two different base
bleeding surfaces were studied in this paper which
had different number of holes. The suction
surfaces with two and four rows of holes are called
S2 and S3, respectively. In addition, the base
bleeding surfaces with two and four rows of holes
are called B2 and B3, respectively. These surfaces
are shown in the figures 4 and 5. Moreover, S1 and
B1 are surfaces with no holes which were put on
the suction and base bleeding chambers when it
was intended to block suction or base bleeding
completely. It is noteworthy that the stilts of the
model were made hollow in order to let the sucked
and blown air exit and enter the model,
respectively.
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Figure 4. Suctio surfaces (a) S2, (b) S3

Vol. 24, No. 4, November 2011 - 405



0000000000000000000006000C000000000
a 44 000000000000000000C00C000C00000000C-

178

C00000000000000C0000000 c0Q00
(b) 44 C0000000000000C00000C000000C00CC0OC0O0

C00000000000000C0000000 coooo

0000000000000 0C0000000 o

178

Figure 5 . Base bleeding surfaces (a) B2, (b) B3

The air was sucked at the holes of suction
surface and then it passed through a flexible tube
which in turn, left test section through one of the
hollow stilts of the model toward the suction
device. Also, the air blown by the air compressor
entered the model via a flexible tube which
passes through another hollow stilt of model.

3. EXPERIMENT RESULTS

At the first step, the drag coefficient of Ahmed
model was obtained without applying flow control.
The nonporous S1 and B1 surfaces were used to
cover suction and base bleeding cambers
thoroughly. The drag coefficient of Ahmed model
in case with no control was obtained 0.312. This
value is more than 0.260 which was reported by
Ahmed et al.’ (1984) who did their experiments in
an open test section wind tunnel. The reason for
this difference can be the high solid blockage of
the model in the test section of wind tunnel in
which our tests were carried out. To show the
values of uncertainties, Figures 6 and 7 contain the
error bars including standard deviation. The values
of the uncertainties for figures 8 to 16 are of the
same order with uncertainties in Figures 6 and 7.
Here, the error bars for figures 8 to 16 are not
drawn to avoid the complexity in figures contents.
According to the error analysis, the maximum
uncertainty in our experiments is less than 3
percent which is satisfactory enough.

After calculating the drag coefficient in case
without flow control, different configurations of
suction and base bleeding surfaces were installed
on the model and the effect of flow control was
investigated. Each configuration was named based
on the name of suction and blowing surfaces. For
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instance, S2-B3 refers to the configuration in
which the suction surface S2 and blowing surface
B3 were installed on the model.

3.1. Effect of Boundary Layer Suction
Figures 6 and 7 show the effect of boundary layer
suction on drag coefficient of Ahmed model when
S2 and S3 surfaces were installed on the suction
chamber, respectively. Here, no base bleeding took
place. Both figures show similar trend of variation
in drag coefficient. It can be observed that when
the suction flow rate is less than 0.0021 m’/s the
drag coefficient increases and then by increasing
the suction flow rate from 0.0021 m®/s to 0.0056
m’/s the drag coefficient decreases. It seems that
when the suction is not strong enough to affect and
deflect the free stream, applying suction can
strengthen the secondary flow on the rear slant
surface of the model and it increases the wake size
and thereby, the drag is increased.
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Figure 6. Variation of drag coefficient with Suction
flow rate for the case S2-B1
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Figure 7. Variation ot drag coetticient with Suction
flow rate for the case S3-B1
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3.2. Effect of Simultaneous Boundary Layer
Suction and Base Bleeding In the next step,
effect of simultaneous suction from the rear slant
and base bleeding at the rear vertical part of the
model was studied. Figures 8 and 9 show the
comparison between the case in which only suction
from surface S2 was applied and the cases in
which in addition to suction from S2 and base
bleeding at surfaces B2 and B3 were carried out,
respectively.
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Figure 8. Variation of drag coefficient with control
flow rate for the cases S2-B1 and S2-B2 (same suction
surfaces)
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Figure 9. Variation of drag coefficient with control
flow rate for the cases S2-B1 and S2-B3 (same suction
surfaces)

Also, Figures 10 and 11 illustrate similar
comparison for suction surface S3 and base
bleeding surfaces B2 and B3. As it can be
observed, when base bleeding and suction were
simultaneously, more reduction in drag coefficient
was achieved. That is because the base bleeding
enhances static pressure in the wake region and
therefore, the pressure difference between the front
and rear of the model reduces.
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Figure 10. Variation of drag coefficient with control
flow rate for the cases S3-B1 and S3-B2 (same suction
surfaces)
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Figure 11. Variation of drag coefficient with control
flow rate for the cases S3-B1 and S3-B3 (same suction
surfaces)

3.3. Effect of Change in the Suction Area To
study the effect of change in the suction area,
Figures 12, 13 and 14 are presented. In each figure,
the base bleeding area is fixed and the effect of
suction areas S2 and S3 are compared with each
other. The results show that when suction is strong
enough (more than 0.0044 m’/s), the less suction
area leads to the less drag coefficient value.

for the cases S3-B1 and S3-B2 (same suction surfaces)

3.4. Effect of Change in the Base Bleeding Area
The results presented in Figures 15 and 16
demonstrate that for control flow rates more than
0.0032 m’/s, when base bleeding is carried out at
bigger area(B3), more drag reduction is achieved
than the case in which base bleeding is applied at
smaller area(B2). This is because for a constant
control flow rate, the static pressure of the flow
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with bigger cross section is more than the static
pressure of the flow with smaller cross section
since the total pressure of both flows provided by
the air compressor is constant.
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Figure 12. Variation of drag coefficient with control
flow rate for the cases S2-B1 and S3-Bl (same base
bleeding surfaces)
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Figure 13. Variation of drag coefficient with control
flow rate for the cases S2-B2 and S3-B2 (same base
bleeding surfaces)
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Figure 14. Variation of drag coefficient with control
flow rate for the cases S2-B3 and S3-B3 (same base
bleeding surfaces)
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Figure 15. Variation of drag coefficient with control
flow rate for the cases S2-B2 and S2-B3 (same suction
surfaces)

4. NUMERICAL ANALYSIS

The numerical analysis of the flow has been done
by the authors in their previous works [16-17].
Since the numerical simulations have been carried
out in two dimensions, their results are not suitable
for quantitative comparison but for qualitative
comparison. Interestingly, the numerical results are
verified by the experiments. In section 3.1 of this
paper it is mentioned that for the low suction rates
(less than 0.0021 m’/s) an increase in drag
coefficient may be observed. The numerical
simulation shows that low suction rates strengthen
the secondary flow on the rear slant and
consequently the wake region is developed. Figure
17 shows the velocity vectors on the rear slant of
Ahmed model with different suction flow rates.The
simulations also show that for strong enough
control flow rate, increasing control flow rate leads
to reduction in wake size and drag force. This
trend is illustrated via velocity contours around the
model in Figure 18.
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Figure 16. Variation of drag coefficient with control
flow rate for the cases S3-B2 and S3-B3 (same suction
surfaces)
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Figure 17. Velocity vectors on the rear slant of the
model for different magnitude of suction rate: a)
without suction, b) weak suction and c) strong suction
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5. CONCLUSION

In this paper, the effect of suction and base
bleeding which are known as two different active
flow control methods on drag reduction of Ahmed
model was investigated experimentally and the
experimental results confirm the previous
numerical simulation works. Some changes were
devised in the model to make suction and base
bleeding possible without changing the outer
geometry of the model. Suction was applied at the
beginning of rear slant surface and base bleeding
was applied at the middle of rear vertical part of
the model. Furthermore, it was feasible to evaluate
the effect of different areas for suction and base
bleeding. Finally, the following conclusions can be
drawn from the obtained results:

1. Boundary layer suction at the beginning of rear
slant surface of Ahmed model can reduce the drag.
However, if the suction is less than 0.0021 m?/s, it
may lead to the increment of drag. This is due to
the fact that weak suction intensifies the secondary
flow on the rear slant surface of the model rather
than affecting free stream.

2. Simultaneous suction and base bleeding yields
to more reduction in drag than the case in which
only suction is applied. This conclusion verifies
the data from numerical simulations previously
done in Reference 9.

3.In case of strong suction (more than 0.0044
m’/s), similar to the data from Reference 8, the less
the area of the suction, the less value of the drag is
achieved.

4. Base bleeding at the bigger area leads to more
static pressure recovery in the wake region and
thereby it decreases the aerodynamic drag. This
also verifies the results obtained in Reference 9.

5. As it is obvious from the above results, the
maximum drag reduction was achieved when the
smaller suction area(S2) and the bigger base
bleeding area(B3) were applied with the maximum
possible control flow rate (0.0056 m’/s). In this
case, 4 percent reduction in drag coefficient was
observed.

6. It should be reminded that this reduction in drag
could be increased if the experimental set-up is
well selected and any leakage of flow is prevented.
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