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Abstract. The innovation in the automotive industry must prioritize the issue of energy security
and the environment. One aspect of the innovations is regarding the development of more
aerodynamic vehicle design. The study of vehicle aerodynamics has been considered as very
important, due to its direct relation to the safety and efficiency factors of energy utilization.
Applying active control on the onset region of flow separation is one example of the efforts. This
study aims to analyse the effect of the application of active control by suction to the aerodynamic
drag of the vehicle model through qualitatively observations of flow dynamics and quantitatively
pressure fields. The test model is a modified Ahmed body with 35° slant angles and varied flow
orientations. This study has been conducted in both numerical computation and experimental
testing at a suction velocity of 1.0 m/s and upstream velocity of 11.1 m/s, 13.9 m/s, and 16.7 m/s,
respectively. The results have found out that the attachment of active control is proven capable
able to delay flow separations, to increase the pressure coefficients on the back wall, and to
reduce aerodynamic drag by 10.8487% for computational methods and 10.9748% for
experimental methods.

Keywords: flow control, pressure coefficient, aerodynamic drag

1. Introduction
Innovations in the automotive industry must prioritize the issue of the energy crisis and environmental
resilience. One aspect of the innovations is focused on developing more aerodynamic vehicle designs.
Vehicle aerodynamics is a study related to the pattern of airflow through the surface to affect vehicle
performance when driving. This study has been conducted as an effort to improve the safety and
efficiency of fuel consumptions [1]. Efficiency on fuel consumptions of 700 to 1000 litres every year
can be achieved just by reducing aerodynamic drag by 2-3% [2].

Aerodynamic drag analysis has been supported by visualizing flow characteristics and pressure fields
on the rear wall of the vehicle. Airflow patterns describe the separation process occurringit the top edge
of the back. The faster the process of flow separation occurs; the aecrodynamic drag of the vehicle will
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be even greater due to the high intensity of wake formation, which is the main cause of the rearward
traction phenomenon.

The pressure field on the back wall also determines the intensity of the aerodynamic drag. The flow
separation will generate a reducti@pgin pressure distribution to cause considerable differences of pressure
between the front and rear walls ghe vehicle, which is a major contributor to aerodynamic drag. One
effort to overcoming this problem is to delay separation. The delay of the flow separation process is
intended to reduce the intensity of wake formation in the back wall so that the minimization of negative
pressure and the reduction of drag can be achieved. Methods that can be carried out as an effort to delay
the process of flow separation include the application of active control. The use of active control is
considered effective because it involves the addition of external energy in the form of the application of
suction techniques in the initial area of the flow separation process. Part of the fluid flow that reaches
the separation area will undergo suction resulting in less intense wake formation and subsequently
minimizing the phenomenon of rearward traction.

Mousa et al investigated of the impact of applying rectangular suction active control placed on the
upper side of the back of the vehicle model through a numerical simulation approach (Computational
Fluid Dynamics). The test model used is the result of modelling a sport utility vehicle (SUV) witha 1:10
dimension ratio to real vehicles. The results of the study revealed the application of suction active control
could reduce aerodynamic drag by 9%gP8]. Another study was carried out by Wessen & Thicle who
placed active control on the upper end of the Ahmed body model with a 25° angle of attack. The study
applied a numerical computatiotg approach with the Large Eddy turbulence model. The results showed
a reduction in flow separation, an increase in the distribution of pressure on the rear wall of vehicle
models, and obtained an aerodynamic drag reduction of 9.4% [4].

2. Materials and Methods
This study is devoted to assessing the magnitude of the reduction in acrodynamic drag of vehicles that
are modelled referring to the Ahmed model by altering the direction of flow orientation and reducing
the dimensions of the test model. Vehicle modelling to obtain relevant features related to the fluid
dynamics in real vehicle has been widely studied [5, 6, 7, 8,9, 10, and 11]. The test model has a
dimension ratio of 0.17 (1:6) to the actual Ahmed model with a slope of the front geometry angle (0) of
35°. The dimensions of the test model are written length (1) =174mm, height (h) =48mm, and width (w)
=64.83mm. The suction active control applied is in the form of five apertures with a diameter of each
circle (@) 7mm and the distance between apertures (s) of 10.8 1 mm.

The apertures are designated as suction 1 (Scy), suction 2 (Sc2), suction 3 (Scs), suction 4 (Sca),
and sucti (Scs). The suction velocity (Usc) applied was 1.0 m/s at an upstream velocity (Ug) of 11.1
m/s, 13.9 , and 16.7 m/s. The test model is shown in figure 1.
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Figure 1. Model test
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To support the study of the aerodynamic drag of the vehicle model, fluid flow patterns generated on
the rear parts of the model and the pressure field are displayed through the display of the minimum
pressure coefficient table (C,) on the rear wall of the vehicle model through a computational approach.
Pressure data retrieval is focused on the rear wall of the vehicle model. The data were taken as many as
five lines in the location in the direction of the vertical axis.

Respective locations are defined as z/w=-1/2, z/w=-1/4, z/w=0, z/'w=1/4, and z/w=1/2, where z/w is
the ratio of'the gridaidth (z) to the model width (w). For horizontal axis direction, 5-lines pressure field
data are obtained (y/h=0.83, y/h=0.67, yv/h=0.50, y.ﬂ’h—U‘G, and y/h=0.17) on models without active
control, whereas 4-lines pressure field data are obtained (y/h=0.67, y/h=0.50, v/h=0.33, and 0.17)
on models with applied active control. y/h is the ratio of grid height (y) to model height (h). Figure 2
shows the details of the location of pressure field data retrieval. The value of the pressure field will be
displayed in a dimensionless number, the pressure coefficient (Cp) through the application of equation
1[12].
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Figure 2. Location for pressure field retrieval

The vehicle model was designed using the Autodesk inventor software as shown in figure 1. Then
the model was assigned into the computational domain and the meshed was generated using Gambit
software. The computational domain and mesh display are shown in figure 3.

(a) Computational domain (b) Mesh display

Figure 3. Computational domain and mesh display
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The numerical computational results for aerodynamig) drag data are validated through the
experimental laboratory testing process using the subsonic wind tunnel facility as shown in figure 4.
The dimensions of the physical model and numerical model are identical. The measurement of the drag
force utilizes a load cell device that is connected to the vehicle model via aluminium support rods. The
force received by the vehicle model will be read on the computer display as a drag force (Fq) with newton
unit (N). Retrieval of data is determined for 120 seconds to obtain a total of 120 drag data for each
upstream velocity on the model with and without suction active control. From the 120 data, the average
value is then taken as a comparison of the results obtained through the previous numerical computational
approach. The average value of the drag force obtained was then converted into a dimensionless number
of drag coefficients (C4) through the application of equation 2 [12].
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Figure 4. Experimental setup
3. Results and discussion

3.1. Flow field

Comparison of flow models of the model without control and with the application of active control at
upstream velocity (Uyp) of 11.1 m/s, 13.9 m/s, and 16.7 m/s are shown in figures 5, 6, and 7 respectively.
For models without control at upstream velocity, Us=11.1 m/s, 13.9 g§s, and 16.7 m/s as shown in figure
5(a), 6(a), and 7(a) shows large wake formation due to the process of flow separation that occurs right
on the upper wall of the rear part of the vehicle model.

Flow that initially moves regularly experiences separation when it reaches the rear end of the model.
As aresult, there is a slowing down of flow on the middle side resulting in backflow. This slowing flow
triggers the formation of a longitudinal vortex due to significant speed differences between the centre
and side parts of the vehicle model.

Separatian Separation
Separation

Separalion

)

Wake

Wake

(a) Without control (b) With suction

Figure 5. Flow field at upstream velocity, Up = 11.1 m/s.
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In figure 5(b), 6(b), and 7(b) for models witlggction active control application, the wake formation
is apparently smaller than that without control, due to the delay in the process of flow separation. The
separation process tends to move away from the back wall resulting in minimization of backflow. This
also causes a decrease in the intensity of longitudinal vortex formation. These results are consistent with
the findings of other researcher [13], revealing that th§¥@pplication of suction active control could
minimize wake formation. Furthermore, the flow field at upstream velocity of Uy=13.9 m/s and U,=16.7

m/s is presented respectively on Fig. 6 and Fig. 7.

(a) Without control (b) With suction

Separation Separation

Scparation

/
Wake

Figure 6. Flow field at upstream velocity, Us=13.9 m/s.

Separaiion Sepasation

Separaiion
Separalion
Wake Wake

(a) Without control (b) With suction

Figure 7. Flow field at upstream velocity, Us=16.7 m/s.

3.2. Pressure field

In table 1, the lowest average minimum pressure coefficient for upstream velocity, Up=11.1 m/s is
obtained in the model without control at C;=-0.4295. This minimum pressure coefficient is obtained on
the upper rear part (y/h=0.83) because in this position the beginning of the flow separation occurs as
shown in figure 5(a).

Table 1. Minimum pressure coefficient on upstream velocity, Ug=11.1 m/s

Minimum pressure coefficient, C,

Position
Without control With suction

ziw=-1/2 -0.4516 -0.2939
z/w=-1/4 -0.4148 -0.2717
z/w=0 -0.4148 -0.2717
ziw=1/4 -0.4148 -0.2939
#w=1/2 -0.4516 -0.2939
Rate -0.4295 -0.2850
Increase in C;, (%) - 33.6422




IC-STAR 2020 10P Publishing

10P Conf. Series: Materials Science and Engineering 1173 (2021) 012045 doi: 10.1088/1757-899X/1173/1/012045

Meanwhile, the model with the application of suction control shows 33.6422% increase in the
average minimum pressure coefficient of 33.6422%, where the average minimum pressure coefficient
valu -0.2850. This is caused by the separation delay where the separation process tends to retreat
from the rear wall of the vehicle model. The lowest pressure coefficient value is obtained at position
v/h=0.17 because of the backflow that appears from the bottom side of the model.

At the upstream velocity, Uy=13.9 m/s as shown in table 2 the lowest average minimum pressure
coefficient is also obtained on the model without control of at Cp=-0.4099. The lowest pressure
coefficient value is obtained at y/h=0.83 because this position is the beginning of the separation process
as shown in figure 6(a). Meanwhile, the model with the application of suction active control shows an
increase in the average minimum pressure coefficient of 17.0041%, where the average minimum
pressure coefficient is recorder at C,=-0.3402. The minimum pressure coefficient is obtained at position
v/h=0.17 due to backflow arising from the bottom part of the model.

Table 2. Minimum pressure coefficient on upstream velocity, Uy = 13.9 m/s

Minimum pressure coefficient, C,

Position
Without control With suction

ziw=-1/2 -0.4411 -0.3598
ziw=-1/4 04112 -0.3272
ziw=0 -0.3747 -0.3272
z/w=1/4 -0.3747 -0.3272
ziw=1/2 -0.4477 -0.3598
Rate -0.4099 -0.3402
Increase in C,, (%) - 17.0041

Table 3 shows that the lowest average minimum pressure coefficient of -0.3769 for upstream
velocity, Ug=16.7 m/s obtained in the model without control. The minimum presggle coetficient is also
found on the direction axis y/h=0.83, because in that position the beginning ofthe‘mw separation occurs
as shown in figure 7(a). For models with the application of suction active control an increase in the
average minimum pressure coeffici f 24.2239% was achieved. This is because of the delay in the
process of flow separation as shown in figure 7(b).

The minimum pressure coefficient is achieved in the direction of the axis y/h=0.17 because it is
affected by the backflow that appears from the bottom part of the model. The results obtained in this
study, are consistent with previous studies, which revealed that embedding active control on the upper
rear part of the vehicle model could increase the basic pressure [14].

Table 3. Minimum pressure coefficient on upstream velocity, Uo=16.7 m/s

Minimum pressure coetficient, C,

Position
Without control With suction

ziw=-1/2 -0.4132 -0.3022
ziw=-1/4 -0.3769 -0.2841
z/'w=0 -0.3405 -0.2788
ziw=1/4 -0.3405 -0.2788
ziw=1/2 -0.4132 -0.2841
Rate -0.3769 -0.2856
Increase in Cp, (%) - 24.2239




IC-STAR 2020 10P Publishing
10P Conf. Series: Materials Science and Engineering 1173 (2021) 012045 doi: 10.1088/1757-899X/1173/1/012045

3.3. Aerodvnamic drag

3.3.1. Computational method

Both the model without control and the model with suc active control show a decrease in the drag
coefficient along with the increase in upstream velocity as shown in figure 8. The drag coefficient for
the model without control is greater than @y model with the application of suction active control at each
upstream velocity. This corresponds to the flow field shown in figures 5, 6, and 7 and the average
minimum pressure coefficient shown in tables 1, 2, and 3, where the model without control is the model
with the largest wake as well as the model with lowest minimum pressure coefficient at each upstream
velocity,

Drag coefficients for models without control at each of the upstream velocity (Ug) 11.1 m/s, 13.9
m/s, and 16.7 m/s of 1.9894, 1.8733, and 1.8486. Meanwhile, for models with a suction active control
implementation, drag coefficients are sequentially achieved at 1.7736, 1.7083, and 1.6493 as presented
on Fig. 8.

21
--Without control = With suction

2
518

1.7 m\
1.6
15

10 11 12 13 14 15 16 17
U (m/s)

Figure 8. Relationship of drag coefficient and upstream velocity
for computational methods

3.3.2. Experimental method 12

Similar to the computational approach, the experimental approach also shows a decrease in the drag
coefficient along with an increase in upstream velocity. The glighest drag coefficient is obtained in the
model without control for each level of upstream velocity. The drag coefficient values of the model
without control for each upstream velocity (Ug) of 11.1 m/s, 13.9 m/s, and 16.7 m/s are obtained at
1.8818, 1.7642, and 1.7628. Drag coefficients for the model with the application of suction active control
at each upstream velocity are recorded respectively 1.6753, 1.6353, and 1.5748, refer to Fig. 9.

24
2 . P .
-~Without control -=With suction
19
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Figure 9. Relationship of drag coefficient to upstream velocity
with experimental methods
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3.3.3. Reduction ratio

The presence of suction active control in both the computational and experimental approaches at all
upstream velocity produced reductions of the drag coefficient as shown in table 4. Reductions for the
computational approach at upstream velocity (Uo) 11.1 m/s, 13.9 m/s, and 16.7 m/s are 10.8487%,
8.8079% and 10.5877%, respectively. From experimental approaches, the reductions of drag
coefficients were recorded at 10.9748%, 7.3064%, and 10.6648%.

Table 4. Reduction ratio

Reduction (%)

Uo (m/s) » ; ;
Computational Experimental
11.1 10.8487 10.9748
13.9 8.8079 7.3064
16.7 10.5877 10.6648

From these results, it was also found out that the highest drag coefficient reduction occurred at an
upstream velocity of 11.1 m/s on both computational and experimental results. These resuj e
consistent with previous research, which found out that the active control implementation could reduce
the aerodynamic drag of the vehicle model [15-17]. Reduction of drag will improve overall vehicle
performance [18].

onclusion
% application of suction active control with a velocity of 1.0 m/s onﬁ back of the vehicle model has
a significant impact on the flow field, pressure field, and aerodynamic drag. It was found out that there
was a reduction in wake formation due to a delay in the process of flow separation, an increase in the
highest-pressure coefficient of 33.6422% at the upstream velocity Ug=11.1 m/s. The largest drag
coefficient reductions of 10.8487% and 10.9748% were obtained at the same velocity for both the
computational and experimental approaches, respectively.
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