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Abstract—Aerodynamics related to the generation of drag
due to flow separation that occurs at the rear of the vehicle
is an important consideration in vehicle design. It includes
flow separation, wake area formed, and the pressure, which
in this paper is focused on the rear wall of the vehicle.
Reduction of pressure can be differed significantly between
the front and rear walls of the vehicle. This pressure
difference can generate a phenomenon of backward pull
and an increase in drag on the vehicle. To minimize back
flow as well as to cater increasing pressure on the rear wall
of the vehicle can be obtained by applying active control,
including attaching blowing apparatus. This study aims to
analyze the effect of the application of blowing active
control on the aerodynamics on rear part of vehicles, which
is represented by a modified Ahmed body, reversed in flow
direction and altered dimensions. The research was
conducted using a validated numerical simulation method
with laboratory experimental testing at an upstream
velocity of 16.7 m/s and blowing velocities of 0.5 m/s, 1.0
m/s, and 1.5 m/s, respectively. The results showed that the
use of blowing active control was able to reduce
aerodynamic drag, with the highest reduction is obtained in
the model with a ratio of velocity UBL3/U0=0.09 of
12.187% for the computational approach and 11.556% for
the experimental approach.

Index Terms— aerodynamic drag, blowing active control,
vehicle model

I.  INTRODUCTION

Aerodynamics related to the generation of drag due to
flow separation that occurs at the rear of the vehicle is an
important consideration in vehicle design. The magnitude
of the aerodynamic drag force, works in contrast to the
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relative motion of a moving object, undergone by the
vehicle will affect the vehicles’ energy consumption and
their stability [1][2]. This opposing movement occurs
between the fluid and the surface of a solid object [3].
One approximation on amount of fuel consumption to
overcome these adverse aerodynamic drag is about 50-
60% [4]. Reduction of the aerodynamic drag by as small
as 15% will contribute to 5-7% fuel consumption savings
[5]-

The aerodynamic drag on a vehicle is extremely
related to the flow characteristics and the pressure
distribution at the rear part of the vehicle, which are also
influenced by flow separation occuring at the upper rear
part of vehicles [6]. The design of this part is then very
important in the effort of reducing aerodynamic drag [7].
The flow separation will cause backflow and decrease
pressure field in the onset area of the separation. The rate
of the flow separation will positively increase the extent
of wake area which at the same time will reduce the
pressure on the back wall area, which results in a
significant difference in pressure between the front and
rear parts, triggering the backward pull phenomenon [8].
Minimizing negative pressure and its intensity at the rear
of the vehicle could reduce the aerodynamic drag of
vehicles [4].

Flow engineering is a method that can be used to
minimize back flow while increasing the pressure on the
rear of the vehicle with a positive effect in delaying
separation and reducing the re-circulation zone. It can be
obtained by the application of active control such as
blowing, or any combination with other forms of control,
either active or passive [7] [9] [10] .

An experimental investigation on the influence of
continuous blowing on the sharp edge between the roof
and the rear window was published by Mestiri et al.,
based on a steady blowing attached in 25° tangent to the
surface of the rear window of the slanted Ahmed body



model, showing that tangential steady blowing can
increase the separated region on the rear window and
disturbing the appearance of the counter-rotating
longitudinal vortex on the lateral edges of the rear
window. The direct flow control was considere as really
effective on the re-circulation region at the top of the rear
window wall [11].

A study has been conducted on the potential of
reduction of the aerodynamic resistance of a city-car
prototype (a baseline version of the XAM 2.0) employing
air blow and air relief flow control devices embedded
into the vehicle’s wheel, conducted in a dedicated wind
tunnel, with special arrangement to reduce the turbulence
of the front wheel and to cope with the air-flow defection
at the end of the sides of the vehicle’s body. The study
also incorporated a CFD analysis to assess the effects of
the modifications. By validating the drag optimization, a
correlation between wind tunnel and CFD results was
obtained, showing anticipated capabilities of CFD
analysis and a record-breaking drag coefficient [12].

Tebbiche and Boutoudj have recently published an
experimental investigation of the effect of the blowing
flow rate and the Reynolds number for several incidences
of the airfoil, two inclinations of the Ahmed body rear
window, and a range of flow speeds (15-30 m/s) in a
subsonic wind tunnel. The results came with interesting
improvements in aerodynamic coefficients. For a tilted
20° rear window of Ahmed body model, a reduction in
drag of 3.6% has been confirmed on the application of
blowing with a minimum Cp = 0.28%, and a notable
15% reduction was gained by full blowing at maximum
Cp = 4.79%. At the same study, a high-drag regime
related to a 30° rear window slant has produced a 19%
drag reduction with Cp = 5% [13].

Cerutti et al. conducted an experimental investigation
on the manipulation of the generation of on a square back
car model by four continuously-blowing rectangular slot
jets on Particle Image Velocimetry (pPIV) and
stereoscopic PIV (sPIV) experiments and revealed a
considerable alteration in the maximum drag reduction
configuration on the formation of wake as the jets blow,
while similar wake structure was best compromised [14].

Il. METHOD

The research works on modified Ahmed body, altered
in the orientation of the flow and the dimensional ratio to
the original Ahmed body, set on 0.17 (1:6). The
dimensions of the model are deifned length 174 mm
length (1), 48 mm height (h), and 64.83 mm width (w),
with 35° slant angle of the model’s front geometry. The
upper rear side of the vehicle model is designated as the
area where the blowing active control is located. The
active control is in the form of 5 appertures with a
diameter of 7 mm with a distance between apertures of
10.81 mm. Each circle is defined as By1, By,, B3, Bia,
and B s. The tests have been conducted by setting the

blowing velocity of each apertures (BL), Ug 1=0.5 m/s,
Ug»,=1.0 m/s, and Ug 3=1.5 m/s at the upstream velocity
Uy=16.7 m/s. Furthermore, the definition of the ratio of
suction velocity to upstream velocity is written
UBL1/U0:0.03, UBL2/U0:0.06, and UBL3/U0:0.09. The
details of the test model are shown in Fig. 1.
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Figure 1. Test model

This research covers the flow characteristics passing
through the rear of the vehicle model, the pressure field
(Cp), and aerodynamic drag (Cy). Aerodynamic drag (Cg)
is investigated by computational and by experimental
observations, while for flow characteristics and pressure
field (C,), the investigation is only on numerical
simulation. The data collection on pressure distribution is
at the rear part of the vehicle model, considering the
location is prone for separation of flow and wake to
generate, resulting negative pressures contributing up to
80% of the total drag [15]. On the models’ transversal
axis, the pressure data are taken on 5 different grid lines,
where the ratio of the grid width to the model width is
defined as z/w=-1/2, z/w=-1/4, z/w=0, z/w=1/4, and
z/w=1/2. On the height axis of the model, pressure data
have been obtained on 5 grid lines for models without
control and 4 grid lines for models with blowing active
controls. The ratio of grid height to model height is
written as y/h=0.17, y/h=0.33, y/h=0.50, y/h=0.67, and
y/h=0.83. Details of the pressure field data collection
area are shown in Fig. 2. The pressure field data is
written into the pressure coefficient (Cp) value obtained
through the use of (1) [16].

(P—P
G = 170) (1)
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Fig. 2. C, data probe: (a) without control, (b) with blowing active
control

The computational simulation utilizes Fluent 6.3.26
ANSYS computational fluid dynamic software. The
vehicle model is designed using Autodesk Inventor™
which is then defined into the computational domain as
shown in Fig. 3 and undergone a meshing process using
Gambit™ software as shown in Fig. 4. The
computational conditions are described in table 1.

TABLE 1
COMPUTATIONAL CONDITIONS
Boundary Type Value
condition
Density 1.225 kg/m®
Fluid properties  Viscosity 1.7894 x 10°
kg/m.s
Model boundary ~ Model Wall
conditions Outlet Pressure outlet
without control Inlet Velocity inlet
Wall Wall
Model Wall
Boundary Outlet Pressure outlet
conditions of the  Inlet Velocity inlet
model with Wall Wall
blowing active UgL1 UgLo, Velocity inlet
controls UsLs, UsLa,
UsLs

Figure 4. Computational mesh

Experimental testing has utilized the sub-sonic wind
tunel facility. The measurement of drag uses a load cell
equipped with an Arduino™ device and is directly
connected to a computer. The duration of data retrieval is
120 seconds, generating 120 data for each velocity
(UBL1/U0:0-031 UBL2/U0:0.06, and UBL3/U0:0-09)- The
120 data are then averaged to gain drag values for each
velocity comparison with a high degree of accuracy. The
schematic of experimental setup is depicted in Fig. 5.
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Figure 5. Experimental setup

The drag force is transformed into non-dimensional drag
coefficient (Cq) by (2) [17]:
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I1l.  RESULTS AND DISCUSSION
I11.1. Flow field

The characteristics of the flow pattern of the model
with active control in the ratio of blowing velocity to
upstream velocity, Upg1/Up=0.03, Upg/Uy=0.06 and
Ug3s/Up=0.09 as well as models without control are
shown in Fig. 6. The model without active control shows
a large wake structure caused by flow separation on the
upper side of the rear wall of the vehicle model as shown
in Fig. 6(a). The fluid, which initially flows regularly,
forms backflow and re-circulation areas. This is the main
cause of negative pressure, which creates the
phenomenon of backward pulling. This phenomenon of
re-atraction has been suspected as a major contributor to
the extent of aerodynamic drag on the vehicle, besides
other presumed factor of longitudinal vortex [18].
Visually, the model without active control has a fairly
large longitudinal vortex structure. This is because the
fluid loses momentum to move along the rear body due
to the adhesion friction force, resulting in a difference in
flow velocity between the center and rear side of the
vehicle model. This difference in velocity forces the flow
on the middle side to move sideways to form a
longitudinal vortex.

For models with the application of blowing active
control at the velocity ratio, Ug 1/Uy=0.03, Ug »/U;=0.06
and Ug,3/Uy=0.09, as shown in Figs. 6(b), 6(c) and 6(c)
respectively, the wake structure is smaller than the one
on the model without application of control. This is
because there is a delay in flow separation, where the
separation process is formed in an area far from the rear
wall of the vehicle model so that the intensity of the
backflow interacting with the rear wall can be
minimized. Besides, the longitudinal vortex that is
formed tends to be smaller due to the blowing effect
which forces a portion of the flow on the upper wall to
move straight towards the downstream area. The model
in the velocity ratio Ug s/Uy=0.09 shows smaller wake
formation compared to the model at the velocity
UBL1/U0:0.03 and UBLZ/UO:0.06.
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Figure 6. Flow field

I11.2. Pressure distribution

Table 2 shows the comparison of the minimum
pressure coefficient for the model without active control
and the model with blowing active control at the velocity
ratio UBL1/UO:O-03| U B|_2/U0:0.06, and U B|_3/U0:0.09.



TABLE 2

U
COMPARISON OF THE MINIMUM PRESSURE COEFFICIENT - ‘
zIw Minimum C, 08
Without With blowing active control, y, ju, ——2w=-12 -
control e g =14 RSN 0.6
0.03 0.06 0.09 o N ~
W= L ) £
-1/2 -0.4132 -0.2206 -0.2260 -0.1865 w0 ; 0 "
——zw=14 1 g
-1/4 -0.3769 -0.2147 -0.2143 -0.1865 e /,/,
0 -0.3405 -0.2206 -0.2143 -0.1865 - 0.2
1/4 -0.3405 -0.2206 -0.2143 -0.1865
0
1/2 -0.4132 -0.2206 -0.2260 -0.1865 06 04 02 0 02
Rate -0.3769 -0.2194 -0.2189 -0.1865 p
(c) With blowing active control, Ug »/Uy=0.06
Increase (%) 41.7788 41.9080 50.5248

The lowest average minimum pressure coefficient
value is found in the model without control at a value of
-0.3769. The minimum pressure coefficient is obtained at
the ratio of the grid height to the model height y/h=0.83
as shown in Fig. 7(a). This is because the position
y/h=0.83 is the starting point for the flow separation.
These findings are consistent with an opinion by
Anderson revealing that the pressure coefficient is lower
at the starting point of flow separation [2]. The values for
the respective positions of the ratio of the grid width to
the model width z/w=-1/2, z/w=-1/4, z/w=0, z/w=1/4,
and z/w=1/2 is written as -0.4132, -0.3769, -0.3405, -
0.3405, and -0.4132. These results correlate with the flow
pattern characteristics in Fig. 6(a) which shows that the
model without active control the model with the largest
wake and vortex formation compared to other models.
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Figure 7. Pressure distribution

For the model with velocity Ug 1/Uy=0.03, an increase
in the average minimum pressure coefficient is apparent,
as compared to the model without control. The average
minimum pressure coefficient of -0.2194 is obtained at
the position y/h=0.17 as shown in Fig. 7(b) with an
increase in the percentage of 41.7788%. This is caused
by backflow on the lower part of the rear of the model.
The minimum pressure coefficient value at the z/w
position is written respectively z/w=-1/2 of -0.26086,
z/w=-1/4 of -0.2147, z/w=0 of -0.2206, z/w=1/4 of -
0.2206, and z/w=1/2 of -0.2206.

In addition, the model in the ratio of wvelocity
Ug2/Ug=0.06 also shows an increase in the average
minimum pressure coefficient with the increase is higher
than the model at the velocity of Ug 1/Ug=0.03. This
increase of 41.9080% with an average minimum pressure
coefficient of -0.2189 is obtained at position y/h=0.17
which is shown in Fig. 7(c), where the value at each
position z/w=-1/2, z/w=-1/4, z/w=0, z/w=1/4, and
z/w=1/2 are written -0.2260, -0.2143, -0.2143, -0.2143,
and -0.2260.

A similar phenomenon also occurs in a model with a
velocity of Ug 3/Uy=0.09, where the application of
blowing active control is able to increase the average
minimum pressure coefficient even though the increase is
higher than the model at the velocity Ug, ;/Uy=0.03 and
Ugo/Up=0.06. This increase is 50.5248% with an
average minimum pressure coefficient value of -0.1865
obtained at position y/h=0.17 as shown in figure 7(d),



where the value for each position of the ratio of the grid
width to the model width is written z/w=-1/2 of -0.1865,
zlw=-1/4 of -0.1865, z/w=0 of -0.1865, z/w=1/4 of -
0.1865 and z/w=1/2 of -0.1865.

In overall the application of suction active control
shows an increase in the average minimum pressure
coefficient, where the model with the ratio of velocity
Ug13/Ug=0.09 is a model with the highest average
minimum pressure coefficient increase. This correlates
with the characteristics of the flow pattern in Fig. 6(d)
which shows that the model at Ug 3/Uy=0.09 has the
smallest wake formation that is tighter and more regular
than other models. The research results confirm previous
research which also concluded that the application of
active control in the area where flow separation forms
initially will give a potential development of the pressure
field [19]-[22].

111.3.  Aerodynamic drag

The drag coefficient obtained through the
computational method is shown in table 3. The highest
drag coefficient is found in the model without active
control, which is 1.845. For models with the application
of active control in various comparisons of blowing
velocity to upstream velocity, shows a decrease in the
value of the drag coefficient. The drag coefficient is
written Ug 1/Uy=0.03 of 1.636, Ug »/Uy=0.06 of 1.628,
and UBL3/U0:0.09 of 1.620.

TABLE 3
COMPUTATIONAL METHOD DRAG
COEFFICIENT
Cy
Without UgL1/Uo= UgL2/Uo= | UgLa/Uo=
control 0.03 0.06 0.09
1.845 1636 1628 1.620

In the experimental approach, the highest drag
coefficient value was also obtained in the model without
active control of 1.763. For models with the application
of active control on the ratio of blowing velocity to the
upstream velocity, the drag coefficient decreases. The
value of the drag coefficient at each speed is written as
Up1/Uy=0.03 at 1.563, Ug»/U,=0.06 at 1.561, and
Ugs/U=0.09 at 1.559.

TABLE 4
EXPERIMENTAL METHOD DRAG COEFFICIENT
Cq
Without control UgL/Uo= UgL2/Uo= UgLa/Uo=
0.03 0.06 0.09
1.763 1.563 1.561 1.559

Table 5 shows the comparison of the drag coefficient
of each model, both computationally and experimental.
For the model without active control, the highest drag
coefficient is obtained through both computational and
experimental approaches with the difference in the drag
coefficient of 4.434%. This result correlates with wake
structure and the average minimum pressure coefficient
value, where the model without active control is a model
with the largest wake, vortex, and recirculation zone
formation as shown in Fig. 6(a) and the model with the
value of the lowest average minimum pressure
coefficient as shown in table 2.

From table 5 in the Ug 1/Uy=0.03, the application of
blowing active control gives optimum results both
through computational and experimental methods. The
reduction of each method was written 11.328% and
11.321%, respectively. The reduction for the velocity
ratio Upg »/Uy=0.06, is written as 11.741% for
computation and 11.431% for experimental and for the
ratio of velocity Ug s/U=0.09, written as 12.187% for
the computational approach and 11.556% for the
experimental approach.

Overall, the application of blowing active control has a
positive effect in the form of reduction of aerodynamic
drag as shown in table 5, where the model at
Ug3/U=0.09 is the model with the highest aerodynamic
drag reduction. This correlates with the characteristics of
the flow pattern shown in Fig. 6(d), and the average
minimum pressure coefficient value in table 2, where the
model at Ug 3/Up=0.09. The model with the smallest
wake formation has a tighter and more regular flow line
and the model with the highest average minimum
pressure coefficient increase. The results gives similar
fashion as what has been investigated by Harinaldi et al,
citing that the application of active control could reduce
aerodynamic drag [20].

TABLE 5
COMPARISON OF DRAG COEFFICIENTS
Method Without Ubl/U Reduction Ubl,/U, Reduction Ubls/Ug Reduction (%)
control = (%) = (%) =
0.03 0.06 0.09

Computational 1.845 1.636 11.328 1.628 11.741 1.620 12.187
Experimental 1.763 1.563 11.321 1.561 11.431 1.559 11.556
Difference (%) 4.434 4.428 4.099 - 3.747 -




IV. CONCLUSIONS

The application of blowing active control has positive
effects on the characteristics of the flow pattern, where
there is a delay in the flow separation process, and the
largest reduction in wake formation is obtained in the
model with the ratio of velocity, Ug s/Uy=0.09.

The application of blowing active control also has
positive effects on the minimum pressure coefficient,
where there is an increase in the minimum pressure
coefficient for all blowing velocity. The model with the
ratio of velocity, Ug s/Uy=0.09 is a model with an
increase in the highest minimum pressure coefficient of
50.5248%. The positive effects are also shown on
aerodynamic drag in the form of a reduction in the drag
coefficient both computationally and experimentally. The
highest reduction is obtained in the model with a ratio of
velocity Ug, 3/Uy=0.09 of 12.187% for the computational
approach and 11.556% for the experimental approach.
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Abstract—Aerodynamics related to the generation of drag
due to flow separation that occurs at the rear of the vehicle
is an important consideration in vehicle design. It includes
flow separation, wake area formed, and the pressure, which
in this paper is focused on the rear wall of the vehicle.
Reduction of pressure can be differed significantly between
the front and rear walls of the vehicle. This pressure
difference can generate a phenomenon of backward pull
and an increase in drag on the vehicle. To minimize back
flow as well as to cater increasing pressure on the rear wall
of the vehicle can be obtained by applying active control,
including attaching blowing apparatus. This study aims to
analyze the effect of the application of blowing active
control on the aerodynamics on rear part of vehicles, which
is represented by a modified Ahmed body, reversed in flow
direction and altered dimensions. The research was
conducted using a validated numerical simulation method
with laboratory experimental testing at an upstream
velocity of 16.7 m/s and blowing velocities of 0.5 m/s, 1.0
m/s, and 1.5 m/s, respectively. The results showed that the
use of blowing active control was able to reduce
aerodynamic drag, with the highest reduction is obtained in
the model with a ratio of velocity UBL3/U0=0.09 of
12.187% for the computational approach and 11.556% for
the experimental approach.

Index Terms— aerodynamic drag, blowing active control,
vehicle model

. INTRODUCTION

Aerodynamics related to the generation of drag due to
flow separation that occurs at the rear of the vehicle is an
important consideration in vehicle design. The magnitude
of the aerodynamic drag force, works in contrast to the

Manuscript received July 1, 2012; revised August 1, 2012; accepted
September 1, 2012.
Corresponding author : rustan_tarakka@yahoo.com

relative motion of a moving object, undergone by the
vehicle will affect the vehicles” energy consumption and
their stability [1][2]. This opposing movement occurs
between the fluid and the surface of a solid object [3].
One approximation on amount of fuel consumption to
overcome these adverse aerodynamic drag is about 50-
60% [4]. Reduction of the aerodynamic drag by as small
as 15% will contribute to 5-7% fuel consumption savings
[5].

The aerodynamic drag on a vehicle is extremely
related to the flow characteristics and the pressure
distribution at the rear part of the vehicle, which are also
influenced by flow separation occuring at the upper rear
part of vehicles [6]. The design of this part is then very
important in the effort of reducing aerodynamic drag [7].
The flow separation will cause backflow and decrease
pressure field in the onset area of the separation. The rate
of the flow separation will positively increase the extent
of wake area which at the same time will reduce the
pressure on the back wall area, which results in a
significant difference in pressure between the front and
rear parts, triggering the backward pull phenomenon [8].
Minimizing negative pressure and its intensity at the rear
of the vehicle could reduce the aerodynamic drag of
vehicles [4].

Flow engineering is a method that can be used to
minimize back flow while increasing the pressure on the
rear of the vehicle with a positive effect in delaying
separation and reducing the re-circulation zone. It can be
obtained by the application of active control such as
blowing, or any combination with other forms of control,
either active or passive [7] [9] [10] .

An experimental investigation on the influence of
continuous blowing on the sharp edge between the roof
and the rear window was published by Mestiri et al.,
based on a steady blowing attached in 25° tangent to the
surface of the rear window of the slanted Ahmed body
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model, showing that tangential steady blowing can
increase the separated region on the rear window and
disturbing the appearance of the counter-rotating
longitudinal vortex on the lateral edges of the rear
window. The direct flow control was considere as really
effective on the re-circulation region at the top of the rear
window wall [11].

A study has been conducted on the potential of
reduction of the aerodynamic resistance of a city-car
prototype (a baseline version of the XAM 2.0) employing
air blow and air relief flow control devices embedded
into the vehicle’s wheel, conducted in a dedicated wind
tunnel, with special arrangement to reduce the turbulence
of the front wheel and to cope with the air-flow defection
at the end of the sides of the vehicle’s body. The study
also incorporated a CFD analysis to assess the effects of
the modifications. By validating the drag optimization, a
correlation between wind tunnel and CFD results was
obtained, showing anticipated capabilities of CFD
analysis and a record-breaking drag coefficient [12].

Tebbiche and Boutoudj have recently published an
experimental investigation of the effect of the blowing
flow rate and the Reynolds number for several incidences
of the airfoil, two inclinations of the Ahmed body rear
window, and a range of flow speeds (15-30 m/s) in a
subsonic wind tunnel. The results came with interesting
improvements in aerodynamic coefficients. For a tilted
20° rear window of Ahmed body model, a reduction in
drag of 3.6% has been confirmed on the application of
blowing with a minimum blowing intensity (Cu = 0.28%,
and a notable15% reduction was gained by full blowing
at maximum Cp = 4.79%. At the same study, a high-drag
regimerelated to a 30° rear window slant has produced a
19% drag reduction with Cp. = 5% [13].

Cerutti et al. conducted an experimental investigation
on the manipulation of the generation of on a square back
car model by four continuously-blowing rectangular slot
jets on Particle Image Velocimetry (pPIV) and
stereoscopic PIV (SPIV) experiments and revealed a
considerable alteration in the maximum drag reduction
configuration on the formation of wake as the jets blow,
while similar wake structure was best compromised [14].

Il.  METHOD

|The research works on modified Ahmed body, altered
in the orientation of the flow and the dimensional ratio to
the original Ahmed body, set on 0.17 (1:6). The
dimensions of the model are [defined length 174 mm
length (1), 48 mm height (l), and 64.83 mm width (w),
with 35° slant angle of the model’s front geometry. fThe
upper rear side of the vehicle model is designated as the
area where the blowing active control is located. [The
active control is in the form of 5 [apertures with a

s
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ng active control

Figure 1. Test model

This research covers the flow characteristics passing
through the rear of the vehicle model, the pressure field
(Cyp), and aerodynamic drag (Cq). Aerodynamic drag (Cq)
is investigated by computational and by experimental
observations, while for flow characteristics and pressure
field (Cp), the investigation is only on numerical
simulation using a standard k—epsilon turbulence model
with tetra hedral meshing| The definition of turbulence
model and meshing type is based on previous work of
Harinaldi et al [15]. The data collection on pressure
distribution is at the rear part of the vehicle model,
considering the Tocation is prone for separation of flow
and wake to generate, resulting negative pressures
contributing up to 80% of the total drag [16]. On the
models’ transversal axis, the pressure data are taken on 5
different grid lines, where the ratio of the grid width to
the model width is defined as z/w=-1/2, z/w=-1/4, z/w=0,
z/w=1/4, and z/w=1/2. On the height axis of the model,
pressure data have been obtained on 5 grid lines for
models without control and 4 grid lines for models with
blowing active controls. The ratio of grid height to model
height is written as y/h=0.17, y/h=0.33, y/h=0.50,
y/h=0.67, and y/h=0.83. Details of the pressure field data
collection area are shown in Fig. 2. The pressure field
data is written into the pressure coefficient (Cp) value
obtained through the use of (1) [17].

C, = (P—Po) @)

T
1v2
2PV

diameter of 7 mm with a distance between apertures of
10.81 mm.l Each circle is defined as Bii, Br2, Bis, Bra,
and Bys. The tests have been conducted by setting the
blowing velocity of each apertures (BL), UgL1=0.5 m/s,
Ug2=1.0 m/s, and Ug3=1.5 m/s at the upstream velocity
Uo=16.7 m/s. Furthermore, the definition of the ratio of
[blowingJ velocity to upstream velocity is written
UB|_1/U[J=0.03, UBLz/U():0.0G, and UBL3/U0=0.09. The
details of the test model are shown in Fig. 1.
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The computational simulation utilizes Fluent 6.3.26
ANSYS computational fluid dynamic software. The
vehicle model is designed using Autodesk Inventor™
which is then defined into the computational domain as
shown in Fig. 3 and undergone a meshing process using
Gambit™ software as shown in Fig. 4. [The
computational conditions are described in table 1

TABLE 1
COMPUTATIONAL CONDITIONS
Boundary Type Value
condition
Density 1.225 kg/m®
Fluid properties Viscosity 1.7894 x 10°
ka/m.s
Model boundary ~ Model Wall
conditions Outlet Pressure outlet
without control Inlet Velocity inlet
Wall Wall
Model Wall
Boundary Outlet Pressure outlet
conditions of the _Inlet Velocity inlet
model with Wall Wall
blowing active UsL1 UsL2, Velocity inlet
controls UsLs, UsLa,
UELS

Figure 3. Computational domain

Test model

Figure 4. Computational mesh

The experimental testing has utilized the sub-sonic
wind tunel facility. The measurement of drag uses a load
cell equipped with an Arduino™ device and is directly
connected to a computer. The duration of data retrieval is
120 seconds, generating 120 data for each velocity
(UBLl/U0=0.03, UBLz/Uozo.OG, and UBL3/U0=0.09). The
120 data are then averaged to gain drag values for each
velocity comparison with a high degree of accuracy. The
schematic of experimental setup is depicted in Fig. 5.
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I1l.  RESULTS AND DISCUSSION
1.1, Flow field

The characteristics of the flow pattern of the model
with active control in the ratio of blowing velocity to
upstream  velocity, Ugr1/Uo=0.03, Ug2/Uo=0.06 and
UgL3/Up=0.09 as well as models without control are
shown in Fig. 6. The model without active control shows
a large wake structure caused by flow separation on the
upper side of the rear wall of the vehicle model as shown
in Fig. 6(a). The fluid, which initially flows regularly,
forms backflow and re-circulation areas. This is the main
cause of negative pressure, which creates the
phenomenon of backward pulling. This phenomenon of
re-atraction has been suspected as a major contributor to
the extent of aerodynamic drag on the vehicle, besides
other presumed factor of longitudinal vortex [19].
Visually, the model without active control has a fairly
large longitudinal vortex structure. This is because the
fluid loses momentum to move along the rear body due
to the adhesion friction force, resulting in a difference in
flow velocity between the center and rear side of the
vehicle model. This difference in velocity forces the flow
on the middle side to move sideways to form a
longitudinal vortex.

For models with the application of blowing active
control at the velocity ratio, UgL1/Uo=0.03, Ug2/Uo=0.06
and Ugs/Up=0.09, as shown in Figs. 6(b), 6(c) and [6(d)J
respectively, the wake structure is smaller than the one
on the model without application of control. This is
because there is a delay in flow separation, where the
separation process is formed in an area far from the rear
wall of the vehicle model so that the intensity of the
backflow interacting with the rear wall can be
minimized. Besides, the longitudinal vortex that is
formed tends to be smaller due to the blowing effect
which forces a portion of the flow on the upper wall to
move straight towards the downstream area. The model
in the velocity ratio Ug3/Uo=0.09 shows smaller wake
formation compared to the model at the velocity
UgL1/Up=0.03 and Ug 2/U0=0.06.

I wake

(a) Without control

separation

]

I St wake

n

separation

wake

I e wake e -

(d) With blowing active control, Ug,s/Ug=0.09

Figure 6. Flow field]

111.2. Pressure distribution

Table 2 shows the comparison of the minimum
pressure coefficient for the model without active control
and the model with blowing active control at the velocity
ratio Ug1/Up=0.03, U g12/Up=0.06, and U g 3/Ux=0.09.
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TABLE 2

COMPARISON OF THE MINIMUM PRESSURE COEFFICIENT = .
Minimum C, 08
2w Without With blowing active control, yg, /U, 2w =12 i
control it 06
0.03 0.06 0.09 o
EV/) 104132 | -02206 | -0.2260 | -0.1865 2w =0 1))
" " 04
14 03769 | -0.2147 | 02143 | -0.1865 . e
0 103405 | 02206 | 02143 | -0.1865 o e :
174 0.3405 | -02206 | -0.2143 | -0.1865
172 04132 | -02206 | -0.2260 | -0.1865 = = 2 =$
[Average 10.3769 | -02194 | -02189 | -0.1865 o
(c) With blowing active control, Ug ,/U,=0.06
Increase (%) I 417788 | 41.9080 | 505248

The lowest average minimum pressure coefficient
value is found in the model without control at a value of
-0.3769. The minimum pressure coefficient is obtained at
the ratio of the grid height to the model height y/h=0.83
as shown in Fig. 7(a). This is because the position
y/h=0.83 is the starting point for the flow separation.
These findings are consistent with an opinion by
Anderson revealing that the pressure coefficient is lower
at the starting point of flow separation [2]. The values for
the respective positions of the ratio of the grid width to
the model width z/w=-1/2, z/w=-1/4, z/w=0, z/w=1/4,
and z/w=1/2 is written as -0.4132, -0.3769, -0.3405, -
0.3405, and -0.4132. These results correlate with the flow
pattern characteristics in Fig. 6(a) which shows that the
model without active control is the model with the largest
wake and vortex formation when compared to those in
other models.

06 04 02 0 02
Cp

(a) Without control

06 04 02 0 02

cp
(b) With blowing active control, Ug.1/U,=0.03

[¢]

(d) With blowing active control, Ug 3/Us=0.09

Figure 7. Pressure distribution

For the model with velocity UgL1/U=0.03, an increase
in the average minimum pressure coefficient is apparent,
as compared to the model without control. The average
minimum pressure coefficient of -0.2194 is obtained at
the position y/h=0.17 as shown in Fig. 7(b) with an
increase in the percentage of 41.7788%. This is caused
by backflow on the lower part of the rear of the model.
The minimum pressure coefficient value at the z/w
position is written respectively z/w=-1/2 of -0.2606,
ziw=-1/4 of -0.2147, z/w=0 of -0.2206, z/w=1/4 of -
0.2206, and z/w=1/2 of -0.2206.

In addition, the model in the ratio of velocity
UgL2/Up=0.06 also shows an increase in the average
minimum pressure coefficient with the increase is higher
than the model at the velocity of Ug1/Up=0.03. This
increase of 41.9080% with an average minimum pressure
coefficient of -0.2189 is obtained at position y/h=0.17
which is shown in Fig. 7(c), where the value at each
position z/w=-1/2, z/w=-1/4, z/w=0, z/w=1/4, and
z/w=1/2 are written -0.2260, -0.2143, -0.2143, -0.2143,
and -0.2260.

A similar phenomenon also occurs in a model with a
velocity of Ugs/Ug=0.09, where the application of
blowing active control is able to increase the average
minimum pressure coefficient even though the increase is
higher than the model at the velocity Ug11/Uo=0.03 and
UgL2/Up=0.06. This increase is 50.5248% with an
average minimum pressure coefficient value of -0.1865
obtained at position y/h=0.17 as shown in figure 7(d),
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where the value for each position of the ratio of the grid
width to the model width is written z/w=-1/2 of -0.1865,
z/w=-1/4 of -0.1865, z/w=0 of -0.1865, z/w=1/4 of -
0.1865 and z/w=1/2 of -0.1865.

In overall the application of suction active control
shows an increase in the average minimum pressure
coefficient, where the model with the ratio of velocity
Uga/Up=0.09 is a model with the highest average
minimum pressure coefficient increase. This correlates
with the characteristics of the flow pattern in Fig. 6(d)
which shows that the model at UgL3/Uo=0.09 has the
smallest wake formation that is tighter and more regular
than other models. The research results confirm previous
research which also concluded that the application of
active control in the area where flow separation forms
initially will give a potential development of the pressure
field [20]-[22].

111.3.  Aerodynamic drag

The drag coefficient obtained through the
computational method is shown in table 3. The highest
drag coefficient is found in the model without active
control, which is 1.845. For models with the application
of active control in various comparisons of blowing
velocity to upstream velocity, shows a decrease in the
value of the drag coefficient. The drag coefficient is
written UBL1/U0=0.03 of 1.636, UBLQ/U0=0.06 of 1.628,
and Ug3/U0=0.09 of 1.620.

TABLE 3
COMPUTATIONAL METHOD DRAG
COEFFICIENT
Ca
Without UpL/Up= UBL2/Uo= | UpLs/Uo=
control 0.03 0.06 0.09
1.845 1.636 1.628 1.620

In the experimental approach, the highest drag
coefficient value was also obtained in the model without
active control of 1.763. For models with the application
of active control on the ratio of blowing velocity to the
upstream velocity, the drag coefficient decreases. The
value of the drag coefficient at each speed is written as
UsL1/Up=0.03 at 1.563, Ug2/Up=0.06 at 1.561, and
Ug3/Up=0.09 at 1.559.

TABLE 4
EXPERIMENTAL METHOD DRAG COEFFICIENT
Cs
Without control | Ug; /Us= | UsL/Uo= | UsLa/Uo=

0.03 0.06 0.09
1.763 1.563 1.561 1.559

Table 5 shows the comparison of the drag coefficient
of each model, both computationally and experimental.
For the model without active control, the highest drag
coefficient is obtained through both computational and
experimental approaches with the difference in the drag
coefficient of 4.434%. This result correlates with wake
structure and the average minimum pressure coefficient
value, where the model without active control is a model
with the largest wake, vortex, and recirculation zone
formation as shown in Fig. 6(a) and the model with the
value of the lowest average minimum pressure
coefficient as shown in table 2.

From table 5 in the UgL1/Uo=0.03, the application of
blowing active control gives optimum results both
through computational and experimental methods. The
reduction of each method was written 11.328% and
11.321%, respectively. The reduction for the velocity
ratio UpgL2/Uo=0.06, is written as 11.741% for
computation and 11.431% for experimental and for the
ratio of velocity Ugi3/Uo=0.09, written as 12.187% for
the computational approach and 11.556% for the
experimental approach.

Overall, the application of blowing active control has a
positive effect in the form of reduction of aerodynamic
drag as shown in table 5, where the model at
UgL3/U=0.09 is the model with the highest aerodynamic
drag reduction. This correlates with the characteristics of
the flow pattern shown in Fig. 6(d), and the average
minimum pressure coefficient value in table 2, where the
model at Up3/Up=0.09. The model with the smallest
wake formation has a tighter and more regular flow line
and the model with the highest average minimum
pressure coefficient increase. The results gives similar
fashion as what has been investigated by Harinaldi et al,
citing that the application of active control could reduce
aerodynamic drag [15].

TABLE5
COMPARISON OF DRAG COEFFICIENTS
Method Without Ubl,/U Reduction Ubl,/Uo Reduction Ubly/Uo Reduction (%)
control = (%) = (%) =
0.03 0.06 0.09

Computational 1.845 1.636 11.328 1.628 11.741 1.620 12.187
Experimental 1.763 1.563 11.321 1.561 11.431 1.559 11.556
Difference (%) 4.434 4.428 - 4.099 - 3.747 -




IV. CONCLUSIONS

The application of blowing active control has positive
effects on the characteristics of the flow pattern, where
there is a delay in the flow separation process, and the
largest reduction in wake formation is obtained in the
model with the ratio of velocity, Ugi3/Up=0.09.

The application of blowing active control also has
positive effects on the minimum pressure coefficient,
where there is an increase in the minimum pressure
coefficient for all blowing velocity. The model with the
ratio of velocity, Ug3/Uo=0.09 is a model with an
increase in the highest minimum pressure coefficient of
50.5248%. The positive effects are also shown on
aerodynamic drag in the form of a reduction in the drag
coefficient both computationally and experimentally. The
highest reduction is obtained in the model with a ratio of
velocity Uga/Uo=0.09 of 12.187% for the computational
approach and 11.556% for the experimental approach.]
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Abstract—Aerodynamics related to the generation of drag
due to flow separations that occurs at rear parts of vehicles
is an important consideration in vehicle design. It includes
flow separation, wake area formed, and the pressure,
focusing on the model’s rear wall in this paper.TreRressure
reductions could differ significantly between front and rear
walls of vehicles. This pressure difference can generate a
phenomenon of backward pull and an increase in drag on
the vehicle. To minimize back flow as well as to cater
increasing pressure on vehicles’ rear wall can be achieved by
applying active control, including attaching blowing
apparatus. The paper presents the analysis of the
aerodynamic effect of the application of blowing active
control on the aerodynamics on rear part of vehicles, which
is represented by a modified Ahmed body, reversed in flow
direction and altered dimensions. The research was
conducted using a validated numerical simulation method
with laboratory experiment at an upstream air speed of 16.7
m/s and respective blowing velocities of 0.5 m/s, 1.0 m/s, and
1.5 m/s. Results showed that the application of blowing active
control was capable to reduce aerodynamic drag, with the
highest drag reduction is achieved in the model with a ratio
of velocity UBL3/U0=0.09 of 12.187% for the computational
method and 11.556% for the experimental one.

Index Terms— aerodynamic drag, blowing active control,
vehicle model

l.  INTRODUCTION

Aerodynamics related to the generation of drag due to
flow separations at rear parts of vehicles is an important
consideration in vehicle design.
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The magnitudeof the aerodynamic drag force, works in contrast
to the relative motion of a moving object, undergone by vehicles
will affect vehicles’ energy consumption and stability [1][2]. This
opposing movement occursbetween the fluid and the surface of a
solid object [3]. One approximation on amount of fuel
consumption to overcome these adverse aerodynamic drag is
about 50- 60% [4]. Reduction of the aerodynamic drag by as small
as 15% will contribute to 5-7% fuel consumption savings[5].

The aerodynamic drag on a vehicle is closely related to the
flow characteristics and the pressure distribution at the rear part
of the vehicle, which are also influenced by flow separations
occuring at the upper rear part of vehicles [6]. The design of this
part is then very important in the effort of reducing aerodynamic
drag [7]. The flow separation is expected cause backflow and
decrease pressure field in the onset area of the separation. The rate
of the flow separation will positively increase the extent of wake
area which at the same time will reduce the pressure on the rear
wall area, which results in notable differences in pressure between
front and rear parts, triggering the backward pull phenomenon [8].
Minimizing negative pressure, and the intensity, at the rear area
of vehicles could decrease the aerodynamic drag [4].

Flow engineering is a method that can be used tominimize back
flow and at the same time to increase pressures on the rear of
vehicles with a positive effect in delaying separation and reducing
the re-circulation zone. It can be obtained by the application of
active control such as blowing, or any combination with other
forms of control, either active or passive [7] [9] [10] .

An investigation on the effect of continuous blowing on the
interface of vehicles’ roof and rear window was published by
Mestiri et al., based on an experiment on steady blowing attached
in 25° tangent to the surface of the slanted rear window of an
Ahmed model, showing that tangential steady blowing can
produce the separated area on the rear window and disturbing the
appearance of the counter-rotating longitudinal vortex on the end
side of the rear window. The direct flow control was considere as
really effective on the re-circulation area at the upper area of the
rear window [11].

A study has been conducted on the potential of aerodynamic
drag reductions of a city-car prototype (a baseline version of
the XAM 2.0) employingair blow and air relief flow control
devices embedded into the vehicle’s wheel, conducted in a
dedicated wind tunnel, with special arrangement to reduce
turbulences of the front wheel, and to cope with the air-flow
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disturbance at the end of vehicles’ side body. The study
also incorporated a CFD analysis to evaluate the effects of
the modifications. By validating the drag optimization, a
correlation of experimental results by wind tunnel results
and the CFD results was obtained, showing anticipated
capabilities of CFD analysis, as well as a record-breaking
result of drag coefficient [12].

Tebbiche and Boutoudj have recently published an
experimental investigation of the effect of the various
blowing rates and Reynolds numbers for some incidences
of airfoils, two angles of Ahmed body’s rear windows, and
a set of flow velocities (15-30 m/s) in a subsonic wind
tunnel. The results came with good improvements on the
aerodynamic coefficients. On a 20° tilted rear window of
Ahmed body model, 3.6% drag reduction has been
confirmed on the application of blowing with a minimum
blowing intensity Cu = 0.28%, and a notable 15%
reduction was gained by full blowing at maximum Cp =
4.79%. At the same study, a high-drag regime related to a
30° tilted rear window has produced drag reduction of
19% at Cp = 5% [13].

Cerutti et al. conducted an experiment on the manipulation
of the generation of on a square-back model by four
rectangular jets blowing continuously by means of
standart and stereoscopic Particle Image Velocimetry
(PIV and sPIV). and revealed a considerable alteration in
the maximum drag reduction on the formation of wake as
the jets blow, while similar wake structure was best
compromised [14].

Il. METHOD

The research works on modified Ahmed body, altered
in the orientation of the flow and the dimensional ratio to
the original Ahmed body, set on 0.17 (1:6). The
dimensions of the model are defined length 174 mmlength
(1), 48 mm height (), and 64.83 mm width (w), with 35°
slant angle of the model’s front geometry. The upper rear
side of vehicle models is designated as the area where the
blowing active control is located. The active controls
present in 5 slots with a diameter of 7 mm with a distance
between apertures of 10.81 mm. Each circle is defined as
Bi1, Br2, Bis, B, and Bys. The tests have been
conducted by setting the blowing velocity of each
apertures (BL), Ug1=0.5 m/s, Ug2.=1.0 m/s, and Ug 3=1.5
m/s at the upstream speed of Uy=16.7 m/s. Furthermore,
the definition of the ratio of blowing velocity to upstream
velocity is written UgL1/Up=0.03, Ug2/Uo=0.06, and
UsL3/Up=0.09. The model setup is detailed in Fig. 1.

\on -
= NS
T ~ 35
=
T -
B < “308
l\, (€70
~—_ 7 [
S, 5
%44
) \\\\V >‘ _
Blowing active control
Bo) (Bo) (&o) (Bo) (Bo

Figure 1. Test model

This research covers the flow characteristics passing
through the rear of the model, the pressure field (C,), and
aerodynamic drag (Cq). The aerodynamic drag (Cg) is
investigated by computational and by experimental
observations, while for flow characteristics and pressure
field (Cp), the investigation is only on numerical
simulation using a standard k—epsilon turbulence model
with tetra hedral meshing.. The definition of turbulence
model and meshing type is based on previous work of
Harinaldi et al [15]. The data collection on pressure
distribution have been conducted at model’s rear parts,
considering the location is prone for separation of flow
and wake to generate, resulting negative pressures
contributing up to 80% of the total drag [16]. On the
models’ transversal axis, the pressure data are taken on 5
different grid lines, where grid width to model width ratios
are defined as z/w=-0.5, z/w=-0.25, z/w=0, z/w=0.25, and
z/w=0.5. On the height axis of the model, pressure data
have been obtained on 5 grid lines for models without
control and 4 grid lines for models with blowing active
controls. The grid height to model height ratios | (y/h)
were written as 0.17, 0.33, 0.50, 0.67, and 0.83. The
pressure field data collectionarea are shown in Fig. 2. The
pressure field data is written into the pressure coefficient
(Cp) value obtained through the use of (1) [17].

=2 (1)
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Fig. 2. C,data probe: (a) without control, (b) with blowing active
control

The computational simulation utilizes Fluent 6.3.26
ANSYS computational fluid dynamic software. The

vehicle model is designed using Autodesk Inventor™.

Fig. 3 and table 1 present the computational domain,
while Fig. 4 presents the meshing process in Gambit™
software.

TABLE 1
COMPUTATIONAL CONDITIONS
Boundary Type Value
condition
Density 1.225 kg/m®
Fluid properties Viscosity 1.7894 x 10°
kag/m.s
Model boundary ~ Model Wall
conditions Outlet Pressure outlet
without control Inlet Velocity inlet
Wall Wall
Model Wall
Boundary Outlet Pressure outlet
conditions of the  Inlet Velocity inlet
model with Wall Wall
blowing active UsL1 UsL, Velocity inlet
controls Usis, Uss,
UBL5

Figure 3. Computational domain

Test model

Fiaure 4. Computational mesh

The experimental testing has utilized the sub-sonic
wind tunel facility. The measurement of drag uses a load
cell equipped with an Arduino™ device and is directly
connected to a computer. The duration of data retrieval is
120 seconds, generating 120 data for each velocity
(UBLl/Uo=0.03, UB|_2/Uo=0.06, and UB|_3/U0=0.09). The
120 data are then averaged to gain drag values for each
velocity comparison with a high degree of accuracy. The
schematic of experimental setup is depicted in Fig. 5.

Air flow Outflow

Load cell
E———

Blower

Figure 5. Experimental setup
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The drag force is transformed into non-dimensional drag
coefficient (Cq) by (2) [18]:
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Il1l. RESULTS AND DISCUSSION
I1.1. Flow field

The characteristics of the flow pattern of the test model
with active control in the ratio of blowing velocity to
upstream velocity, Ugi1/Up=0.03, Ug2/Up=0.06 and
UgLa/Up=0.09 as well as models without control are shown
in Fig. 6. The model without active control shows a large
wake structure caused by flow separation on the upper rear
side of the rear wall of the test model as shown in Fig. 6(a).
Air flow, which initially flows uniformly, forms backflow
and re-circulation areas. This is the main cause of negative
pressure, which creates the phenomenon of backward
pulling. This phenomenon of re-atraction has been
suspected as a major contributor to the extent of
aerodynamic drag, besides other presumed factor of
longitudinal vortex [19]. Visually, the model without
active control has a fairly large longitudinal vortex
structure. This is because the fluid loses momentum to
move along the rear body dueto the adhesion friction
force, resulting in differences in flow velocities on the rear
side and the center of the vehicles. This difference in speed
forces the flowon the middle side to flow sidebound to
form a longitudinal vortex.

For models with the blowing at the velocity ratio,
UBL1/Uo:0.O3, UBLz/U()ZO.OG and UBL3/U0:0.09, as
presented in Figs. 6(b), 6(c) and 6(d), the wake structure
is smaller than the one on the model without application
of control. This is because there is a delay in flow
separation, where the separation process is formed in an
area far from the rear wall of the model, and minimize the
intensity of the backflow interacting with the rear wall.
Besides, the longitudinal vortex that is formed tends to be
smaller due to the blowing effect which forces a portion
of the flow on the upper wall to move straight towards the
downstream area. The model in the velocity ratio
UsL3/U=0.09 shows smaller wake formation compared to
the model at the velocity Ug1/Up=0.03 and Ug2/U;=0.06.

separation

wake

(a) Without control

wake

wake

i oo wake _ =
(d) With blowing active control, Ug 3/Uy=0.09

Figure 6. Flow field

I11.2.  Pressure distribution

Table 2 shows the comparison of the minimum pressure
coefficient for the model without and with blowing at the
VE|OCity ratio UpL1/Ug=0.03, Ug»/Up=0.06, and
U B|_3/Uo=0.09.



TABLE 2
COMPARISON OF THE MINIMUM PRESSURE COEFFICIENT

Minimum C,
2w Without With blowing active control, yg, /U,
control
0.03 0.06 0.09
-1/2 -0.4132 -0.2206 -0.2260 -0.1865
-1/4 -0.3769 -0.2147 -0.2143 -0.1865
0 -0.3405 -0.2206 -0.2143 -0.1865
1/4 -0.3405 -0.2206 -0.2143 -0.1865
1/2 -0.4132 -0.2206 -0.2260 -0.1865
Average -0.3769 -0.2194 -0.2189 -0.1865
Increase (%) 41.7788 41.9080 50.5248

The lowest minimum average pressure coefficient
value is found in the model with no blowing controls at
a value of -0.3769. The minimum pressure coefficient has
been achieved at the grid height to model height ratio
y/h=0.83 as shown in Fig. 7(a). This is because the
position with y/h=0.83 is the onset point for the flow
separation. These findings are consistent with an opinion
by Anderson revealing that the pressure coefficient is
lower at the onset point of flow separation [2]. The values
forthe respective positions of the grid width to model
width ratios of z/w=-0.5, z/w=-0.25, z/w=0, z/w=0.25,and
z/w=0.5 is written as -0.4132, -0.3769, -0.3405, - 0.3405,
and -0.4132. These results correlate with the flowpattern
characteristics in Fig. 6(a) which shows that the model
without active control is the one with the most apparent
wake and vortex formation when compared to other
models.
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Figure 7. Pressure distribution

For the model with velocity UgL1/Up=0.03, an increase
in the average minimum pressure coefficient is apparent,
as compared to the those in models without blowing. An
average minimum pressure coefficient of -0.2194 is
obtained at the position y/h=0.17 as shown in Fig. 7(b)
with an increase in the percentage of 41.7788%. This is
caused by backflow on the lower part of the rear of the test
model. Minimum pressure coefficient values at the z/w
position are written respectively z/w=-0.5 of -0.2606,
zIw=-0.25 of -0.2147, z/w=0 of -0.2206, z/w=0.25 of -
0.2206, and z/w=0.5 of -0.2206.

In addition, the model in the ratio of velocity
UsL2/U=0.06 also indicates increasing average minimum
pressure coefficient with the increase is higher than the
model at the velocity of Ug1/Up=0.03. Thisincrease of
41.9080% with an average minimum pressurecoefficient
of -0.2189 is obtained at position y/h=0.17 which is shown
in Fig. 7(c), where the value at each position z/w=-0.5,
z/w=-0.25, z/w=0, z/w=0.25,and z/w=0.5 are written -
0.2260, -0.2143, -0.2143, -0.2143,
and -0.2260.

A similar phenomenon also occurs in a model with a
velocity of UpgLs/Uo=0.09, where the application of
blowing active control has been capable to increase the
average minimum pressure coefficient even though the
increase is higher than the model at the wvelocity
UgL1/Up=0.03 and Ug2/Up=0.06. This increase is
50.5248% with an average minimum pressure coefficient
of -0.1865 obtained at position y/h=0.17 as shown in
figure 7(d),



where the value for particular positions relative to the ratio
of the grid width to the model width is written z/w=-0.5 of
-0.1865, z/w=-0.25 of -0.1865, z/w=0 of -0.1865,
z/w=0.25 of -0.1865 and z/w=0.5 of -0.1865.

In overall the application of active control indicates
increasing average minimum pressure coefficient, where
the model with the ratio of velocity Ugi3/Up=0.09 is the
model producing the highest increase of the average
minimum pressure coefficient. This correlates with the
characteristics of the flow shown in Fig. 6(d) where the
model at Ugr3/Up=0.09 has thesmallest wake formation
that is tighter and more uniform than that of other models.
The research results confirm previous research which also
concluded that the application ofactive control where flow
separation forms initially will give a potential
development of the pressurefield [20]-[22].

I11.3.  Aerodynamic drag

The drag coefficient gained through the computational
method is shown in table 3. The highest drag coefficient is
found in the model without activecontrol, which is 1.845.
Models with the active control in various ratios of blowing
velocity to upstream velocity shows a decrease in drag
coefficients. The drag coefficient is written Ug1/Uo=0.03
of 1.636, UBLz/Uo:0.06 of 1.628, and UBL3/Uo:0.09 of
1.620.

TABLE 3
COMPUTATIONAL METHOD DRAG
COEFFICIENT
Cq
Without UsL/Us= | UsLo/Us= | UsLs/Uo=
control 0.03 0.06 0.09
1.845 1.636 1.628 1.620

In the experimental approach, the highest drag
coefficient value was also achieved in the model without
active control of 1.763. Models with active controls on
respective ratios of blowing velocity to the upstream
velocity give decreases of drag coefficient, for
UgL1/Ug=0.03 at 1.563, for Ug2/Ug=0.06 at 1.561, and for
UgL3/Ug=0.09 at 1.559.

TABLE 4
EXPERIMENTAL METHOD DRAG COEFFICIENT

Cq
Without control UpL1/Up= UgL2/Ug= UgLs/Up=
0.03 0.06 0.09
1.763 1.563 1.561 1.559

Table 5 shows the comparison of the drag coefficient
of each model, both computationally and experimental.
The highest drag coefficient recorded through both
computational and experimental methods is on model with
no blowing controls with a 4.434% difference in drag
coefficients. This result correlates to the wake structure,
and to the average minimum pressure coefficient value,
where the absence of active control creating the apparent
wake, vortex, and recirculation zone formation as shown
in Fig. 6(a) and the model with the value of the lowest
average minimum pressure coefficient as presented in
table 2.

From table 5 in the Ug1/Ug=0.03, the application of
blowing active control gives optimum results both through
computational and experimental methods. The reduction
of each method was written 11.328% and 11.321%,
respectively. The reduction for the wvelocity ratio
UgL2/Uo=0.06, is written as 11.741% for computation and
11.431% for experimental and for the ratio of velocity
UgL3/Up=0.09, written as 12.187% for the computational
method and 11.556% for the experimental one.

Overall, the application of blowing active control has a
positive effect in the form of reduction of aerodynamic
drag as shown in table 5, where the model at Ug3/Uo=0.09
is the model with the highest aerodynamic drag reduction.
This correlates with the flow pattern characteristics shown
in Fig. 6(d), and the averageminimum pressure coefficient
value in table 2, where the model at Ug 3/U;=0.09. The
model with the smallest wake formation shows tighter and
more uniform flow lines. The results gives similar fashion
as what has been investigated by Harinaldi et al, who
showed that active controls could reduce aerodynamic
drag [15].

TABLES
COMPARISON OF DRAG COEFFICIENTS
Method Without Ubl,/U Reduction Ublx/Uo Reduction Ubls/U, Reduction (%)
control = (%) = (%) =

0.03 0.06 0.09
Computational 1.845 1.636 11.328 1.628 11.741 1.620 12.187
Experimental 1.763 1.563 11.321 1.561 11.431 1.559 11.556
Difference (%) 4.434 4.428 4.099 - 3.747




IV. CONCLUSIONS

The application of blowing active control has given
positive effects to the characteristics of flow patterns,
showing delays in the flow separation process, and has
given considerable reduction in wake formation is
obtained in the model with the ratio of velocity,
UBL3/Uo:0.09.

The application of blowing active control also has
positive effects in increasing the minimum pressure
coefficients, for all blowing velocity. The model with the
ratio of velocity, UgL3/Up=0.09 is a model with the highest
increase in minimum pressure coefficient of 50.5248%.
The positive effects are also shown on aerodynamic drag
in the form of a reduction in the drag coefficient both
computationally and experimentally. The highest
reduction is obtained in the model with a ratio of velocity
UgLa/Up=0.09 of 12.187% for the computational method
and 11.556% for the experimental one.
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Abstract—Aerodynamics related to the generation of drag
due to flow separations that occurs at rear parts of vehicles is
an important consideration in vehicle design. It includes flow
separation, wake formation, and pressures, which, in this
paper, are focused on the ones exerted on the model’s rear
wall. The pressure reductions could differ significantly
between vehicles’ front and rear walls. This pressure
difference can generate a phenomenon of backward pull and
an increase in drags. The effort to minimize backflow as well
as to cater increasing pressure on vehicles’ rear wall can be
achieved by applying active control, including attached
blowing apparatus. The paper presents the analysis of the
effect on the application of blowing active control on the
aerodynamics on rear part of vehicles, which is represented
by a modified Ahmed body, reversed in flow direction and
altered dimensions. The research was conducted using a
validated numerical simulation method with laboratory
experiments at an upstream air speed of 16.7 m/s and blowing
velocities of 0.5 m/s, 1.0 m/s, and 1.5 m/s. The results showed
that the application of blowing active control was capable to
reduce aerodynamic drag, with the highest decrease achieved
in the model with a ratio of velocity UBL3/U0=0.09 of
12.187% for the computational method and 11.556% for the
experimental one.

Keywords—aerodynamic drag,
vehicle model

blowing active control,

I.  INTRODUCTION

Aerodynamics related to the generation of drag due to
flow separations at rear parts of vehicles is an important
consideration in vehicle design. The magnitude of the
aerodynamic drag force, works in contrast to the relative
motion of a moving object, undergone by vehicles will
affect vehicles’ energy consumption and stability [1, 2].
This opposing movement usually occurs between the fluid
and the surface of a solid object [3]. One approximation on
amount of fuel consumption to overcome these adverse

Manuscript received September 10, 2022; revised October 4, 2022;
accepted November 30, 2022.
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aerodynamic drag is about 50-60% [4]. Reduction of the
aerodynamic drag by as small as 15% will contribute to 5-
7% fuel consumption savings [5].

The aerodynamic drag on a vehicle is closely related to
the flow characteristics and the pressure distribution at the
rear part, which are also influenced by flow separations
occurring at the upper rear part [6]. The design of this part
is then very important in the effort of reducing
aerodynamic drag [7]. The flow separation is expected to
cause backflow and decrease pressure field in the onset
area of the separation. The rate of the flow separation tends
to increase the extent of the wake area positively and, at
the same time, reduce the pressure on the rear wall region.
This results in notable differences in the pressure exerted
at both front and rear parts, triggering the backward pull
phenomenon [8]. The process of minimizing negative
pressure, and the intensity, at the rear area of vehicles
could decrease the aerodynamic drag [4].

Flow engineering is a method used to minimize
backflow and, at the same time, increase pressures exerted
on the rear parts. As a results, it positively impacts
delaying separation and reducing the re-circulation zone.
Furthermore, flow engineering is realized by the
application of active controls, such as blowing, with a
combination with other forms of control, either active or
passive [7], [9], [10].

An investigation carried out on the effect of continuous
blowing on the interface of vehicles’ roof and rear window
was published by Mestiri et al. Based on an experiment
performed on steady blowing at 25 “tangent to the surface
of the slanted rear window of an Ahmed model, it was
proven that tangential steady blowing produced the
separated area on the rear window as well as disturbed the
appearance of the counter-rotating longitudinal vortex at
the end side. Furthermore, the direct flow control was
considered effective in the re-circulation area at the upper
part of the rear window [11].
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A study has been carried out on the potentials of
aerodynamic drag reductions of a city-car prototype (a
baseline version of the XAM 2.0). It employed air blow
and relief flow control devices embedded into the vehicle’s
wheel, in a dedicated wind tunnel, with special
arrangement to reduce turbulences at the front wheel, and
to cope with the air-flow disturbance at the end of vehicles’
side body. The study further incorporated a CFD analysis
to evaluate the effects of the modifications. By validating
the drag optimization, a correlation of experimental results
by wind tunnel results and the CFD results was obtained,
showing anticipated capabilities of CFD analysis, as well
as a record-breaking outcome in drag coefficients [12].

Tebbiche and Boutoudj have recently published an
experimental investigation carried out to determine the
effect of the various blowing rates and Reynolds numbers
for some incidences of airfoils, two angles of Ahmed
body’s rear windows, and a set of flow velocities (15-30
m/s) in a subsonic wind tunnel. The results showed
improvements in the aerodynamic coefficients. For
example, on a 20°tilted rear window of Ahmed body
model, 3.6% drag reduction was confirmed due to the
application of a minimum blowing intensity Cp = 0.28%.
A notable 15% reduction was gained by maximum Cp =
4.79%. Additionally, a high-drag regime related to a 30°
tilted rear window produced a drag reduction of 19% at Cu
= 5% [13].

Cerutti et al. conducted an experimental research on the
manipulation of the generation of on a square-back model
by four rectangular jets blowing continuously by means of
standart and stereoscopic Particle Image Velocimetry (P1V
and sP1V), and revealed a considerable alteration in the
maximum drag reduction on the formation of wake as the
jets blow, while similar wake structure was best
compromised [14].

Il. METHOD

The present research focuses on the modified Ahmed
body, altered in the orientation of the flow and the
dimensional ratio to the original Ahmed body, set at 0.17
(1:6). The dimensions are 174 mm length (1), 48 mm height
(1), and 64.83 mm width (w), with 35°slant angle of the
model’s front geometry. The upper rear side of the vehicle
model is designated as the area where the blowing active
control is located. The active controls present in 5 slots
with a diameter of 7 mm and a distance of 10.81 mm
between apertures. Each circle is defined as Br1, Bz, Bis,
Bus, and Bys. The tests were carried out by setting the
blowing velocity of each apertures (BL), Ug1=0.5 m/s,
Us2=1.0 m/s, and Ug3=1.5 m/s at the upstream speed of
Uo=16.7 m/s. The ratios of blowing velocity to upstream
velocity are stated as follows Ug1/U=0.03, UgL2/U=0.06,
and UgL3/Uo=0.09. Furthermore, a detailed model setup is
shown in Fig. 1.
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Figure 1. Test model.

This research covers the flow characteristics passing
through the model’s rear, the pressure field (Cp), and
aerodynamic drag (Cg). The aerodynamic drag (Cq) is
investigated by computational and by experimental
observations. For flow characteristics and pressure field
(Cp), the investigations were based only on numerical
simulation using a standard k—epsilon turbulence model
with tetrahedral meshing. The definition of turbulence
model and meshing type is based on previous work of
Harinaldi et al. [15]. The data collection on pressure
distribution have been conducted at model’s rear parts,
considering the location is prone to the separation of flow
and wake to generate, resulting negative pressures
contributing up to 80% of the total drag [16]. On the
models’ transversal axis, the information on pressure are
obtained from five different grid lines, where grid-to-
model width ratios are defined as z/w=-0.5, z/w=-0.25,
z/w=0, z/w=0.25, and z/w=0.5. With respect to model
height axis, pressure data have been obtained from five
grid lines for models without control and four for those
with blowing active controls. The grid-to-model height
ratios | (y/h) are as follows 0.17, 0.33, 0.50, 0.67, and 0.83.
The pressure field data collection area are shown in Fig. 2
and are incorporated into the pressure coefficient (Cp)
value obtained using Eq. (1) [17].

c, =4 (1)
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Figure 2. Cp data probe: (a) without control, (b) with blowing active
control

The simulation utilized Fluent 6.3.26 ANSYS
computational fluid dynamic software. Additionally,
the vehicle model is designed using Autodesk

Inventor™,

Fig. 3 and Table |

depict the

computational domain, while Fig. 4 presents the
meshing process in Gambit™ software.

TABLE I. COMPUTATIONAL CONDITIONS

Boundary
condition

Fluid properties

Model boundary
conditions
without control

Boundary
conditions of the
model with
blowing active
controls

Type Value
Density 1.225 kg/m®
Viscosity 1.7894 x10°
Model Wall
Outlet Pressure outlet
Inlet Velocity inlet

Wall
Model Wall
Outlet Pressure outlet
Inlet Velocity inlet
Wall Wall
UsL1 Uelo, Velocity inlet
UsLs, UsLs,
UsLs
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Figure 3. Computational domain.

Test model

Figure 4. Computational mesh.

The experimental testing has utilized the sub-sonic wind
tunnel facility. The measurement of drag used a load cell
equipped with an Arduino device directly connected to a
computer. The duration of data retrieval is 120 seconds,
generating 120 data for each velocity (UgL1/Uo=0.03,
UgL2/U=0.06, and Ug3/Uo=0.09). This information is then
averaged to gain drag values for each velocity comparison
with high accuracy. The schematic of experimental setup
is depicted in Fig. 5.

Air flow Outflow

Display monitor

Figure 5. Experimental setup.

Blower

The drag force is transformed a into non-dimensional
drag coefficient (Cq) by using Eq. (2) [18]:

Fq
1.2
SPV2A

Cy= )

A. Flow Field

The characteristics of the flow pattern of the test model
with active control in the ratio of blowing velocity to
upstream velocity, Usg11/Up=0.03, Ug2/Uo=0.06 and
UgLs/Ug=0.09 as well as those without control are shown
in Fig. 6. The model without active control shows a large

RESULTS AND DISCUSSION
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wake structure caused by the flow separation on the upper
rear side as shown in Fig. 6(a). The air flow, which initially
flowed uniformly, later formed backflow and re-
circulation areas. This is the main cause of negative
pressure, which leads to the phenomenon of backward
pulling. The re-atraction process has been suspected as a
major contributor to the extent of aerodynamic drag,
besides other presumed factor of longitudinal vortex [19].
Visually, the model without active control has a fairly
large longitudinal vortex structure. This is because the
fluid loses its momentum to move along the rear body due
to the friction force, thereby resulting in differences in
flow velocities on the rear side and the center of the
vehicles. This varying speed forces the flow on the middle
side to flow sidebound to form a longitudinal vortex.

For models with the blowing at the velocity ratio,
UBL1/Uo:0.03, UBL2/Uo:0.06 and UB|_3/Uo:0.09, as
presented in Figs. 6(b), 6(c) and 6(d), the wake structure is
smaller than the one on the model without application of
control. This is because there is a delay in flow separation,
where the separation process is formed in an area far from
the rear wall of the model, and minimize the intensity of
the backflow interacting with the rear wall. The
longitudinal vortex formed tends to be smaller due to the
blowing effect which forces a portion of the flow on the
upper wall to move straight toward the downstream area.
The model in the velocity ratio UgLs/Up=0.09 shows
smaller wake formation compared to those at the velocity
rations Ug1/U¢=0.03 and Ug2/U=0.06.

separation

wake

(&) Without control

&

separation

wake

(b)  With blowing active control, UBL1/U0=0.03.

© 2023 Int. J. Mech. Eng. Rob. Res

87

. Separation

wake

(c)' © With blowing active control, UBL2/U\0\=k0.06.

sepération

wake

(d) With blowing active control, UBL3/U0=(5.09.

Figure 6. Flow field.

B. Pressure Distribution

Table Il shows compares the minimum pressure
coefficient for the model with and without blowing at the
velocity ratios of Ugi1/Up=0.03, Ug2/U¢=0.06, and U
B|_3/Uo:0.09.

TABLE Il. COMPARISON OF THE MINIMUM PRESSURE COEFFICIENT.

Minimum
Cp
zlw Without With blowing active control, yg, /U,
control
0.03 0.06 0.09
-1/2 -0.4132 —0.2206 —0.2260 —0.1865
-1/4 -0.3769 -0.2147 -0.2143 —-0.1865
0 —-0.3405 —-0.2206 -0.2143 —-0.1865
1/4 —0.3405 —-0.2206 —-0.2143 —-0.1865
12 -0.4132 —-0.2206 -0.2260 —-0.1865
Average —-0.3769 —0.2194 —0.2189 —-0.1865
Increase (%) - 41.7788 41.9080 50.5248

The lowest minimum average pressure coefficient of -
0.3769 was found in the model without blowing controls.
It was achieved at the grid- to-model height ratio y/h=0.83
as shown in Fig. 7(a). This is because the position of
y/h=0.83 is the point of onset for the flow separation.
These findings are consistent with a theory that the
pressure coefficient is lower at the onset point of flow
separation [2]. The pressure for grid-to-model width ratios
of z/w=-0.5, z/w=-0.25, z/w=0, z/w=0.25, and z/w=0.5 are
written as -0.4132, -0.3769, -0.3405, -0.3405, and -0.4132.
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These results correlate with the flow pattern characteristics
in Fig. 6(a) which shows that the model without active
control is the one with the most apparent wake and vortex
formation when compared to other models.

+z/w=-0.5 0.9
0.8
oL
Z/w=-0.25 0.7
0.6
Zw=0 0.5 —
047
zZ/w=0.25 03
0.2
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0
-0.5 04 -0.3 -0.2 -0.1 0
CP
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0.8
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(b). With blowing active control, UBL1/U0=0.03
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(d). With blowing active control, UBL3/U0=0.09
Figure 7. Pressure distribution.
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For the model with velocity Ug1/U0=0.03, an increase
in the average minimum pressure coefficient is apparent
compared to the those in models without blowing. An
average minimum pressure coefficient of —0.2194 is
obtained at the position y/h=0.17 as shown in Fig. 7(b)
with an increase in the percentage of 41.7788%. This is
caused by backflow on the lower part of the rear of the test
model. Minimum pressure coefficient values at the z/w
position are written respectively z/w=-0.5 of —0.2606,
z/w= —0.25 of —0.2147, z/w=0 of —0.2206, z/w=0.25 of
—0.2206, and z/w=0.5 of —0.2206.

Additionally, the model in the ratio of velocity
Ug2/Uo=0.06 also indicates an increase in the average
minimum pressure coefficient, and this is greater than the
one with the velocity ratio of UgL1/Uo=0.03. An increase
of 41.9080% with an average minimum pressure
coefficient of -0.2189 is obtained at position y/h=0.17 as
shown in Fig. 7(c), where the value at each position
z/w=-0.5, z/w=—0.25, z/w=0, z/w=0.25, and z/w=0.5 are
written —0.2260, —0.2143, —0.2143, —0.2143, and —0.2260.

A similar phenomenon also occurred in a model with
the velocity ratio of Ug3/U0=0.09, where the application
of blowing active control has been capable of increasing
the average minimum pressure coefficient despite being
higher than the ones with velocity ratios Ug1/U0=0.03 and
UgL2/Uo=0.06. This increase is equivalent 50.5248% with
an average minimum pressure coefficient of -0.1865
obtained at position y/h=0.17 as shown in Fig. 7(d), where
the values of pressure coefficients for particular grid-to-
model width ratios are stated as follows z/w=-0.5 of
—-0.1865, z/w=-0.25 of -0.1865, z/w=0 of —0.1865,
z/w=0.25 of —0.1865 and z/w=0.5 of —0.1865.

Generally, the application of active control indicates
increasing average minimum pressure coefficient, where
the model with the ratio of velocity Ug3/Uo=0.09 is the
model producing the highest increase of the average
minimum pressure coefficient. This correlates with the
characteristics of the flow shown in Fig. 6(d) where the
model at UgL3/Uo=0.09 has the smallest wake formation
that is tighter and more uniform than that of other models.
The research results confirm previous research which also
concluded that the application of active control where flow
separation formed initially leads to the potential
development of the pressure field [20-22].

C. Aerodynamic Drag

The drag coefficient gained through the computational
method is shown in Table I1l. The highest value of 1.845
is found in the model without active control. Meanwhile,
models with the active control in various ratios of blowing
velocity to upstream velocity shows a decrease in drag
coefficients. The drag coefficient is written Ug 1/Uo=0.03
of 1.636, UBL2/Uo:0.06 of 1.628, and UBLg/UOZO.Og of
1.620.

TABLE IIl. COMPUTATIONAL METHOD DRAG COEFFICIENT.

Cq
Without UBL1/Uo= UpL2/Uo= UBLs/Uo=
control 0.03 0.06 0.09
1.845 1.636 1.628 1.620
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In the experimental approach, the highest drag
coefficient value of 1.763 was also achieved in the model
without active control, as shown in Table IV. Models with
active controls on respective ratios of blowing velocity to
the upstream velocity show decreases of drag coefficient,
stated as follows Ug1/Uq=0.03 at 1.563, for Ug2/Ue=0.06
at 1.561, and for Ugs/Uo=0.09 at 1.559.

TABLE IV. EXPERIMENTAL METHOD DRAG COEFFICIENT.

Cy
Without control UgL/Us= UgL2/Uo= UgLa/Uo=
0.03 0.06 0.09
1.763 1.563 1.561 1.559

Table V compares the drag coefficient of each model,
both computationally and experimentally. The model
without blowing controls recorded the highest drag
coefficient through both computational and experimental
methods. It had a difference of 4.434% in drag coefficients,
which correlates to the wake structure and the average
minimum pressure coefficient. The absence of active
control creates the apparent wake, vortex, and re-
circulation zone formation, as shown in Fig. 6(a). In

contrast, the model with the lowest average minimum
pressure coefficient is shown in Table II.

Table V shows that the following ratio of Ug1/U0=0.03,
with the application of blowing active control, gives
optimum results through computational and experimental
methods. The reduction of each method was written
11.328% and 11.321%, respectively. The reduction for the
velocity ratio Ugi2/U0=0.06, is written as 11.741% for
computation and 11.431% for experiments. For the
velocity ratio of Ug3/Uo=0.09, the reduction are written as
12.187% for the computational method and 11.556% for
the experimental one.

Overall, the application of blowing active control
positively reduces aerodynamic drag, as shown in Table V,
where the model at Ug13/Uo=0.09 is the model with the
highest aerodynamic drag reduction. This correlates with
the flow pattern characteristics shown in Fig. 6(d), and the
average minimum pressure coefficient value in Table 11,
where the model at Ug 3/Up=0.09. The model with the
smallest wake formation shows tighter and more uniform
flow lines. The results are in similar fashion to that of
Harinaldi et al., which proved active controls could reduce
aerodynamic drag [15].

TABLE V. COMPARISON OF DRAG COEFFICIENTS.

Without Reduction Reduction Reduction
Ubl1/U= Ubl2/Uo= Ubl3/Up=
Method control 1/U=0.03 %) 2/U0=0.06 %) 3/U0=0.09 %)
Computational 1.845 1.636 11.328 1.628 11.741 1.620 12.187
Experimental 1.763 1.563 11.321 1.561 11.431 1.559 11.556
Difference (%) 4.434 4.428 4.099 3.747

IV. CONCLUSIONS

The application of blowing active control positively
affects the flow pattern characteristics, showing delays in
the flow separation process. A considerable reduction in
wake formation was obtained in the model with the
velocity ratio of UgL3/U=0.09.

The application of blowing active control also positively
increases the minimum pressure coefficients for all
blowing velocities. The model with the velocity ratio of
UgL3/Up=0.09 has the highest increase in minimum
pressure coefficient of 50.5248%.

The positive effects are also shown in the form of
reduced  aerodynamic  drag  coefficient  both
computationally and experimentally. The highest
reduction was obtained in the model with the velocity ratio
of UgLs/U=0.09, 12.187% and 11.556% for computational
and experimental methods, respectively.
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