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Abstract

Introduction

The relative motion of a car causes air resistance. This generates
an aerodynamic force in the opposite direction of motion called
drag. This force is mainly influenced by the shape of the car. Poor
aerodynamic properties will result in higher fuel consumption [1],
especially at higher velocities. The former forces are acting in the
horizontal path concerning the car. Another substantial force acting
on the car in the vertical direction is called downforce or rather a
negative downforce named a lift. Downforce is necessary to hold
the car on the ground. A higher downforce will improve the grip
and protect the car at corners when driving at higher speeds. Fast
automotive vehicles experience high uplift forces, which creates
unexpected accidents. Therefore, spoilers are mainly used for
sports cars.

To enhance the aerodynamic properties, extensions are attached
to the car. These supplementary parts can spoil the unfavorable
drag turbulence air movement across the body of a vehicle in
motion. These automotive devices like splitters, side skirts, vortex
generators (VGs), and canards. These parts are known as spoilers

In this study, the spoiler effect in a different angle of attacks that makes the maximum downforce is conveyed. Two different
facilities are utilized to set up the experiment. A wind tunnel is used to measure the downforce and drag force, and a water tunnel
is used to observe the velocity profile and flow field visualization. The result revealed that a 12° angle of attack is the optimal angle
for designing the spoiler. Twelve degrees angle of attack provided the highest downforce. This downforce can improve the stability
of high-speed sports car without increasing much drag. Compared to the angle of attack of 5°, the downforce of the angle of attack
equal to 12° increases 233%, but the drag force only increases by 15% in wind tunnel experiments.
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and can be found in most of the cars. Based on the Coanda effect, the
air tends to follow the shape of the aerofoil. On top of the spoiler,
the air moves faster due to the long-distance and creates an area of
low pressure. The slower moving air below the aerofoil results in
a high-pressure area. This pressure difference is the main reason
for aircraft to fly. Rear spoilers are supposed to create a force in the
opposite direction. To achieve this, a high-pressure area at the top
and alow-pressure area under the spoiler is necessary. It is essential
to know the higher downforce does not lead to a higher drag force.
Also, not only the shape of the spoiler influence the aerodynamic
properties of the car but also the optimal angle of attack can help
in increasing the downforce in parallel of not having any increase
in the drag force or even reduce it. The reconciling of these two
aspects initiates the main goal of a rear spoiler. Similarly, in “Race
car Aerodynamics” usually when a car travels in an unobstructed
situation, the prevalent flow is well-thought-out to be laminar.
However, some conditions like spoilers or the movement of other
vehicles may cause the flow to be turbulent. Initially, this flow can
be laminar, but it may become turbulent because of the disruption
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produced by the vehicle. This is the purpose to design the spoiler.
As the streamline of moving air particle strikes the spoiler of the
car, it changes to turbulence and causes a swirl around the vehicle’s
boot, which thrusts the tires to the ground generating the required

downforce [2].

Fairly enormous research has been done on spoiler’s design.
Yet, some papers closer to this research drive have been chosen to
present. Abdulwahab [3] researched the front wing and rear wing
effect on the formula car. The rear wing which is like the spoiler was
found in different angles of attack would make different downforce.
Moreover, if the attack angle is too large (10 degrees), the
downforce decreases obviously. The maximum downforce occurred
at 5°. Yakkundi & Mantha [4] presented CFD analysis to observe
w/o spoiler effect on the car. With the spoiler, the pressure on the
rear spoiler upper area was higher than without it. Additionally,
the velocity on the rear spoiler upper area is lower than the car
without the spoiler. From the understanding of the spoiler, it causes
the downforce on the car’s rear and this what Mashud & Das [5]
clarified in their study since the spoilers are designed to reduce lift
and make a considerable increase in drag. It is estimated that the
aerodynamic drag is the governing form of resistance when vehicles
run at speeds of 80 km/h or greater taking into consideration the
fact that 65% of the power required at 110 km/h is consumed
due to overcoming aerodynamic drag [6,7] Mohammad et al. [8]
presented the comparison for an airfoil with the spoiler to the
airfoil without the spoiler and reported the effect of the spoiler for
different angles of attack. The same investigation has been carried
out by Mohammad et al. [9]. Patel et al. [10] reported maximum
negative lift and maximum drag at an angle of attack 200, but they
took 100 angles of attack for their design purpose as 200 is the
critical angle. In investigating the effects of rear spoilers on ground
vehicle aerodynamic drag, Halil et al. [11] found that the addition of
the spoiler caused a decrease in the lift coefficient from 0.26 to 0.05.
An analytical study of downforce adjustable by optimum incidence
has been carried out by Tarulescu et al. [12].

The trend of downforce and drag is critical. Sharma and R Bansal
[13] performed an experimental and numerical study to evaluate
the drag coefficient for a passenger car. They applied spoiler
with VGs on the boot rear side and at the roof of the baseline car
respectively with inclination angle 12°. The results indicated that
the drag coefficient CD is 0.3359 and the lift coefficient CL is 0.1875
for a car with spoiler and VGs. Adding a spoiler with VGs results in
a reduction of the drag coefficient with 4.35% and a lift coefficient
with 18.83% in the head-on wind. Hence, drag force and lift force
on the passenger car reduced proportionally to drag coefficient
and lift coefficient respectively. Furthermore, rounding the edges
partially reduces drag in head-on the wind, but it does not bring
any significant improvements in the aerodynamic efficiency of the
passenger car with spoiler and VGs together. Thus far, the drag force
can be reduced by using add on devices on the vehicle, and fuel

economy and stability of a passenger car can be improved. Deressa
& Sureddy [14] studied the effect of fluid flow and the effective drag
of the vehicle at speed of 80 km/h over a 3D standard car (BOLERO)
with attached rear spoiler numerically and compared it with a
scaled base vehicle. They revealed that the CD of Bolero vehicle
was 0.62 which was mentioned in the Bolero catalog matched with
actual Bolero vehicle. CD was 0.59 when the spoiler is at 3°. The
flow angle of air over the spoiler is kept as minimum as possible.
So, it is concluded that the spoiler base curve has to be designed
with a minimum angle of elevation to minimize CD. In essence, it is
observed that CD value is increasing with more elevation in a base
curve when it is analyzed with 28° of elevation. Spoiler CD is 0.69
at 28°. CD of the vehicle with the attached rear spoiler went down
by 4.8%. Finally, the spoiler’s objective to reduce aerodynamic
drag acting on the vehicle was achieved and thus improved the
fuel efficiency of a passenger car which resulted in a 3.2% increase
of fuel economy in on-road mileage test at 80 km/h speed (at
3°). Taking out the previous literature review, the importance of
attaching the spoiler on high-speed cars is noticeable. The current
study will test a car’s spoiler under different angles of attack to get
the optimal value that can achieve the stability of the car on the
road that leads to less energy consumption by the end of the way.

Experimental Setup and Data Reduction
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Figure 1: Spoiler’s structure atdifferent angles for the
BMW model car.

In this research, a spoiler with a different angle of attack has
been used for conducting the experiment in the wind tunnel and
water tunnel respectively. The designed spoilers are shown in
Figure 1(a) including 0°, 5°,10°, 12°, and 15° angle of attack. All of
them have been produced by the 3D printer. Their shape is similar
to the upside-down aerofoil as shown in Figure 1(b). The main
purpose of this research is to find out how the angle of attack of a
spoiler impacts the aerodynamic properties of a running car, such
as downforce, drag force, flow field, etc. Thus, the angle of the attack
of the spoiler is an independent variable in the experiment. In the
wind tunnel test, the only spoiler is installed in the wind tunnel.
The downforce, drag force, and fluid velocity around the spoiler
have been measured under a different angle of attack. As for the

Citation: Mohammed Amer, Chih-Chun Yang, Hung-Yu Chen, David Neugebauer, Naseem Abbas. Experimental Investigation of a
Spoiler’s Impact on the Flow Pattern of a High-Speed Sport Car. ] Mining & Mech Eng 1(2)- 2020. JOMME.MS.ID.000110. DOI: 10.32474/

JOMME.2020.01.000110.

N


http://dx.doi.org/10.32474/JOMME.2020.01.000110
http://dx.doi.org/10.32474/JOMME.2020.01.000110

] Mining & Mech Eng

Volume 1 - Issue 2

Copyrights @ Mohammed Amer, et al.

water tunnel test, the spoiler would be fixed on the 1/24 scale of
the BMW model car as exposed in Figure 2, and the streamline of
the car with a different angle of spoilers would be observed by PIV

and color dye method.

Height S cm

Width 7cm

Length 17 ¢cm

Figure 2: BMW model car.

Wind tunnel experiment

Only the spoiler is installed in the wind tunnel and the angle of
attack (0) has been changed from 0° to 15° as shown in Figure 3. The
velocity of air provided by a wind tunnel is set to 4.6 m/s. Besides,
three aerodynamic properties have already been measured which
are downforce, drag force, and air velocity over the upper surface of
the spoiler and air velocity beneath the lower surface of the spoiler.
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Figure 3: A schematic diagram of the spoiler.

The main focus is on the downforce and drag force. These two

forces are important for car control as mentioned in the literature.

Downforce measurement: The experimental setup is shown
in Figure 4 where the spoiler is fixed on the stick firmly by exerting
force to rotate the stick and the angle of attack can be adjusted.
The spoiler and the weight sensor were put on opposite sides of
the equal-arm balance. Based on the principle of level, the net
torque should be the same. Thereby, the force sensed by the weight
sensor has the same magnitude, but with a reverse direction to the

downforce exerted on the spoiler.

Figure 4: [llustration of downforce measurement via the experimental setup.

Drag force measurement: The experimental setup is shown in
Figure 5. The spoiler and the weight sensor were put on opposite
sides of the L-shaped level. The force sensed by the weight sensor is
perpendicular to the drag force of the spoiler. However, due to the
equal-arm balance, their magnitude has the same values. Therefore,

the value of the drag force can be measured by the weight sensor.

Velocity measurement: The pitot tube is utilized for measuring
the dynamic pressure surrounding the spoiler as in Figure 6. Then,
the velocity can be inferred by the following equation:

Spoiler Fyrag -

Weight ; 7
Sensor - L

F\'L’Il sor

|Fdrag| = I&cnsorl

Figure 5: [llustration of drag force measurement via the experimental setup.
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Figure 6: Pitot tube used in the measurement.
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U U2 In this experiment, the dynamic pressure from eight different

B+ ,0—1 =P +p —% locations has measured under a different angle of attacks as shown

2 in Figure 7. Since the Pitot tube assumes velocity at Hole 2 is 0, Hole

U N 2(]')2 —Pl) 1 should be closed to the measurement point when measuring the
1= ) dynamic pressure on a certain location, instead of Hole 2.

Air Flow
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Figure 7: Locations for the eight measurement points and their numbers.

Water tunnel experiment However, the density and viscosity of air and water are different.

The model car putinto the water tunnel as seen in Figure 8. Then Subsequen.tly, by d01-ng Reynold- numbfer matching to calculate
observe the flow visualization and velocity profile by PIV technique. what velocity of flowing water will provide the same effect as the
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car running in the air at a certain velocity. For Reynold number
matching, use equation (2) to calculate the Reynold number of the
model car in the wind tunnel.

Figure 8: The experimental setup of the water tunnel.

_ p air UairD
Iu air

where pair is the density of air, Uair is the velocity in the wind

Re

tunnel, D is the hydraulic diameter, and pair is the dynamic viscosity
of air. By getting the pair, pwater, Uair, Uwater, pair, and pwater, the
velocity in the water tunnel could be calculated.

Re = pwateeraterD _ pm-rUm.rD
H water )

air

air IO water

Then, the velocity in the water tunnel has to be at 0.3 m/s.

Experimental Results

Experimental results are divided into wind tunnel experiment,
water tunnel experiment, and a comparison between them as
following:

Wind tunnel experiment

The
corresponding to the different angles of attack is shown in Figure

Downforce measurement: value of downforce
9. The results are measured with a standard deviation of 0.92. The
direction of the lift force is reverse to the direction of the downforce.
The negative sign for 0° of attaching represents the force facing
upward, which is the lift force, and the positive sign represents the
force facing downward, which is the downforce. Solely 0° angle of
attack gets the lift force, all other angles of attack get downforce.
Downforce can enhance the stability of high-speed car while it is
running, so finding the spoiler design with the maximum value of
downforce is the main purpose in this measurement. From the
experimental outcomes, 0° angle of attack is less than the ideal
angle, because it cannot produce downforce but the lift force. In
addition, when the angle of attack increases from 5° to 12°, the
value of downforce increases as well. Yet, when the angle of attack
changes from 12° to 15°, the value of downforce decreases as the
angle of attack increases. The maximum value occurs when the
angle of attack equals to 12°. The downforce measurement of
this experiment is similar to the one conducted by Abdulwahab
[2], which also obtained the result that the maximum value of
downforce would occur within a certain range of angles of attack.
In addition to having a good agreement Tarulescu et al. [12] study
as well. Downforce dramatically increases as the angle of attack
reaches to 12° and decreases drastically when the angle of attack
exceeds 12°. Compared to the 5° angle of attack, 12° has a 233%
higher downforce value. As a result, the spoiler with a 12° angle
of attack can provide most downforce and indeed improves the
stability of high-speed sports car in this study.

Angle of attack vs. Downforce
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Figure 9: The relation between the angle of attack and downforce.
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Drag force measurement: The value of drag force versus
different angle of attack is shown in Figure 10. As the angle of
attack equal to 14°, the drag force reaches the maximum value with
2.26 gw. Nevertheless, the standard deviation is only 0.18, which is
relatively small when it is compared to downforce measurement.

From this result, it can be inferred that the drag force would not
change so obviously as downforce would. For instance, compared to
the angle of attack of 5°, 12° has a 233% higher value of downforce,
but it only has a 15% high value of drag force.

Angle of attack vs. Drag force

2.26
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31,/ :
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Figure 10: The relation between the angle of attack and drag force.

Velocity measurement: Table 1 shows the raw data of dynamic
pressure (P2-P1) on different locations measured by the Pitot tube.
After substituting P2-P1 into equation (1), the velocity on different
locations can be derived. The velocity data is shown in Table 2.
In addition, based on the momentum equation (4), the location,
on which velocity is higher, has lower static pressure. Thus, if the
velocity below the lower surface of the spoiler is higher than the

one above the upper surface of the spoiler, the static pressure above
the upper surface of the spoiler would be higher than the one below
the lower surface of the spoiler. In this way, the downforce would be
formed. Furthermore, if the lower velocity minus the upper velocity
obtains a higher value, the value of the downforce would also be
higher.

R+ plUlz =P+ szlz

Table 1: Dynamic pressure measured by a Pitot tube in different locations.

Angle (0) Rear 1/4 from rear Middle Front
Upper 1.7 1.7 1.7 1.6
0 Lower 1.6 1.65 1.6 1.4
Upper 1.5 1.55 1.5 1.5
: Lower 1.7 1.9 1.9 1.6
Upper 1.9 1.6 1.3 1.25
10 Lower 1.8 2 1.95 1.7
Upper 1.7 1.4 1.3 1.25
12 Lower 1.7 2 2.15 1.9
Is Upper 2 1.8 1.5 1.25
Lower 1.7 2 2.05 1.7
Table 2: The relation between the angle of attack and downforce.
Angle (0) Rear 1/4 from rear Middle Front
Upper 5.07 5.07 5.07 4.92
0 Lower 4.92 5 4.92 4.6
Lower-Upper -0.15 -0.07 -0.15 -0.32
Upper 4.76 4.84 4.76 4.76
5 Lower 5.09 5.38 5.38 4.94
Lower-Upper 0.33 0.54 0.62 0.18
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10 Upper 5.38 4.94 4.45 4.37
Lower 5.24 5.52 5.45 5.09

Lower-Upper -0.14 0.58 1.00 0.73

Upper 5.09 4.62 4.45 4.37

12 Lower 5.09 5.52 5.73 5.38
Lower-Upper 0.00 0.90 1.27 1.02

Upper 5.52 5.24 4.78 4.37

15 Lower 5.09 5.52 5.59 5.09
Lower-Upper -0.43 0.28 0.81 0.73

The velocity difference on different locations of the spoiler
has been charted in Figure 11. The angle of attack tested in this

vVelocity difference

Location

|| Rear | 1/4 From Rear

Upper 1
Lower 5 6

experiment includes 0°, 5°, 10°, 12°, and 15°. The Reynolds number
in the wind tunnel is 21367.

Air Flow

171

5-1 | Velocity on5-Velocity on 1

6-2 | Velocity on 6-Velocity on 2

13 | Velocity on7 - Velocity on 3

84 | Velocity on 8- Velocity on 4

m Rear | _Middle | Front |
2 3 4

7 8

Figure 11: Velocity difference in different locations of the spoiler.

Water tunnel experiment

PIV: Different angles of attack (0°, 5°, 10°, 12°, and 15°) have
been tested as shown in Figure 12. It found the velocity magnitude
on the top of the spoiler is higher than the bottom of it. According
to Bernoulli’s principle, the region with the higher velocity means it
has lower pressure. This means there is no downforce but lift force
on the spoiler. While increasing the angle of attack from 0° to 15°,

the velocity magnitude on the top of the spoiler was still higher than
the velocity on the bottom of the spoiler except at 12°. Moreover,
whit increasing the angle of attack, the velocity magnitude on the
bottom of the spoiler increased with same the same trend. However,
the velocity magnitude on the top and bottom is the same as shown
in Figure 12 (d) and Table 3. It shows that there is no lift force on
the spoiler and 12° is the optimal angle of attack which matched
with wind tunnel experimental results.
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Figure 12: Velocity magnitude in different angle of attack, (a) 0° (b) 5° (c) 10° (d) 12° (e) 15°

Table 3: The relation between the angle of attack and downforce.

The angle of Top velocity Bottom Bottom-Top
attack (°) (m/s) velocity (m/s) (m/s)
0 0.15 0.08 -0.07
5 0.21 0.06 -0.15
10 0.21 0.15 -0.06
12 0.15 0.15 0
15 0.21 0.09 -0.12

Figure 12. Velocity magnitude in different angle of attack, (a) 0°
(b) 5° (c) 10° (d) 12° (e) 15°. In the water tunnel, the drag force can’t
be measured, so this research identified the magnitude of vorticity
behind the spoiler. A spoiler model cross-section is shown in Figure
13. If the magnitude of vorticity behind the spoiler is bigger means
it has a bigger drag as well. When the angle of attack increases,

the magnitude of vorticity would not increase obviously which

means the drag does not increase obviously as shown in Figure 14
and Table 4. This result agrees with the wind tunnel with almost
the same values and the Reynold number in the water tunnel was
18824.

Figure 13: The spoiler model cross-section.
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Figure 14: Vorticity magnitude, (a) 0° (b) 5° (c) 10° (d) 12° (e) 15°.

Table 4: The velocity magnitude along the dashed line (in the middle of the spoiler).

The angle of attack (°) Top velocity (m/s) Bottom velocity (m/s) Bottom-Top (m/s)
0 0.15 0.08 -0.07
5 0.21 0.06 -0.15
10 0.21 0.15 -0.06
12 0.15 0.15 0
15 0.21 0.09 -0.12
Flow field visualization: Flow visualization at different angles Wind tunnel versus water tunnel comparison: A

of attack is shown in Figure 15 via injection a dye with the way of comprehensive comparison between wind tunnel and water tunnel
the flow field. experiments for different angles of attack is illustrated in Table 5.
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Figure 15: Flow field visualization, (a) 0° (b) 5° (c) 10° (d) 12° (e) 15°.

Table 5: Wind tunnel versus water results comparison.

Wind Tunnel
The angle of attack (°) Downforce (gw) Drag force (gw) eleciien i(;(c::ggll:';-Velocity on
0 -0.42 1.69 -0.15
5 0.84 1.83 0.62
10 1.55 1.98 1
11 1.69 1.98 -
12 2.83 2.12 1.02
13 1.69 1.98 -
14 1.55 2.26 -
15 1.55 2.12 0.73
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*Note: the position of location 7 and location 3 can be found in Figure 10.
Water Tunnel
The angle of attack (°) Top velocity Bottom velocity Bottom-Top
0 0.15 0.08 -0.07
5 0.21 0.06 -0.15
10 0.21 0.15 -0.06
11 - - -
12 0.15 0.15 0
13 - - -
14 - - -
15 0.21 0.09 -0.12
Conclusion 2. Katz ] (2006) Aerodynamics of Race Cars. Annual Reviews on Fluid

According to the experimental results obtained by wind tunnel
test and water tunnel test respectively, 12° is the optimal angle of
attack for the spoiler designed in this research. In the wind tunnel
experiment, as the angle of attack equal to12°, the downforce
increases prominently. Yet, its drag force just increased slightly.
Compared to the angle of attack at 5°, the drag force of angle of attack
equal to12° increases 233%, but the drag force only increases by
15%. It meets the favorable design of the spoiler, which functionally
enhances the downforce of the sports car without inducing too
much drag force. As for the velocity difference (velocity on lower
surface-velocity on the upper surface), the magnitude obtained
from wind tunnel test are mostly positive, means the downforce can
be formed. Thus, the magnitude from PIV data is mostly negative,
which means the force is facing upward i.e. lift force. Nevertheless,
when the angle of attack is equal to 12° the lift force can be
fortunately offset.

In essence, through various experimental methods used in this
research, spoiler with the angle of attack of 12° is undoubtedly able
to create the downforce or offset the lift force of a running sports
car without gaining too much drag.
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