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Abstract - Current development of modern vehicles requires rigorous aerodynamic study due to
the complexity of the flow field around a car which is influenced by geometric design of vehida
That makes research on the aerodynamic drag force on vehicles very inarmm. This study aimed to
analyze the effect of active flow control by suction and variations on front geomeiry towards the
reduction of aerodynamic drag as well as pressure coefficients on vehicle models. The research was
conducted in computational and experimental approaches. Frontal slant angle variations (0) of 257,
30°and 35°were applied in the study. Computational approach used k-epsilon standard turbulence
model. Upstream and suction velocity vah used werel6.7 misand 0.5 m/s, respectively. Load cells
were used in the experimental approach to validate the reduction of aerodynamic drag obtained
from computational approach. Results indicate that active flow control by suction aa variations on
Jront geometry give significant impact to the increasing on pressure coefficients and the reduction of
aerodynamic drag on vehicle models. While the largest increasing on pressure coefficients occurred
on the vehicle model with 6=35°at 26 .50 the largest reduction of aerodynamic drag occurred on
the same model with the value of 14.74 for computational approach and 13.57 for experimental
approan while the reductions of aerodynamic drag coefficients of the two approaches differ about
1.17%. Copyright ©@ 2018 Praise Worthy Prize S.r.l. - All rights reserved.
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Model
Nomenclature Therefore, the reduction of aerodynamic d force
. becomes a solution to achieve fuel efficiency. For most
Cd Drag coefficient road vehicles, improvements toffthe wake flow
Cp Pressure coeffiEgnt characteristics could give significant drag reduction. The

Fd P'?“““ drag force [N] main contributions to aerodynamic drag arise from
h Height of test model [m] separated flows in the rear, causing pressure recovery

[ l‘c“th of test model [m] losses and the creation of vortex in the wake [1]-[5].
P Density [kg/m’] In addition, the current development of modern
0 Front slant angle [*] vehicles also requires rigorous aerodynamic study due to
Re Reynolds number the complexity of the flow field around a car that is
N Cross section area [lﬂ']’ influenced by the geometric design of the car. This makes
T, PEBll shear stress [N/m’] research on the aerodynamic drag force on the vehicle
. Suction velocity [m/s] very important. Therefore, the current research related to
u, Upstream velocity [m/s] the subject has been conducted extensively [6], [7]. [8],

u Viscosity [N s/m7] [9].

w Width of test model [m] In emsl studies in the field of vehicle aerodynamics,
simple vehicle models that can produce relevant features
. in the flow around real vehicles were mostly employed
I.  Introduction [11, [10], [11]. [12], [13]. [14]. One of the techniques
In many developing countries with high population under development to reduce aerodynamic drag on
levels, the growth rate of passenger vehicle production has vehicles is by adding an active flow control. The active
increased significantly, making the transport sector the control strategy involves the addition of energy which

world's major fuel oil user. aims to control (prevent or delay) the occurrence of flow
The amount of fuel consumption of motor vehicles separation that may lead to backflow on the surface of the
§E3h as the type of family vehicle is influenced by the ~ vehicle without changing the shape of vehicles [15].

magnitude of the aerodynamic drag force experienced by Many active control techniques have been developed
fhe vehicle. by focusing on local intervention in wall turbulence deal
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with steady blowing or suction [16],[17], [18]. Brunn A.
et al. [19] conducted numerical and experimental research
on active controls on generic model vehicles. In this study,
the generic vehicle model uses the basic design of the
Ahmed model that has a size of '4 of the original Ahmed
body geometry. The investigated Ahmed 3D model had a
slope angle on the back 25° and 35°. Numerical analysis in
this study used LES turbulence model. The experimental
and numerical approaches using constant blowing show
that the resulting vortices become weak. However, overall
the total drag change ()blilil]c(m very small, only about
2.5% due to the weakening of vortices and increasing the
separation flow region on the slant side of the Ahmed
model.

Rouméas et al. [15] condud®el} numerical research
using the Ahmed model as a test model with a slant angle
of 25° to the horizontal reference. C()uliuuouﬂlcli()n isa
flow control which is used and placed on the back side of
the fastback car. The results show that the effect of the
suction provides reattachment effect on the smoothed
stream on Ahmed body slant wall with 17% drag force
njucti()n. Harinaldi et al. [20] conducted research using a
modified/reversed Ahmed body. The model was equipped
with active ()w control by suction. Drag reduction
obtained by 24% for computational approach and 14.8%
for experimental approach. This study aimed to analyze
83 effect of active control by suction and variations on
front geometry towards the reduction aerodynamic drag
on vehicle models. Better reduction of aerodynamic drag
can reduce flow separation that will lead to energy
efficiency. The understanding of aerodynamic drag
reduction and pressure coefficient are expected to
improve the design method of future vehicles.

II. Methodology

The study investigates the drag reduction occuring in a
bluff body of van model adapted from Ahmed model, in
which flow streams in reversed direction to the original
model (reversed Ahmed model) [20], [21], [22], [23]. The
van model was equipped with an active control by
applying sucam. Reversed Ahmed body model was used
because it represents a typical form of family wvan
commonly produced by car manufacturer. The van model
was used both in the computational methods (CFD) and
experimental.

"

Fig. 1. Vehicle model “reversed Ahmed model™

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

Figure 1 shows the vehicle model used in the
mvestigation. The geometric ratio of van model employed
in the study to the original Ahmed body model [1] was
0.25.

Henhe vehicle model geometry was defined by its
length (/= 0.2@Hn). width (w = 009725 m) and its height
(h =0.072 m). In this configuration, the front part of body
was inclined with slant angles () of 25°, 30%nd 35° to
the horizontal reference.

The amount of viscous drag force and pressure drag
force F,i1s presented in following equation:

Fyq = [twsin6d5+ [pcosﬂds (1)
Drag coefficient Cyis expressed as:
Cd=flrw sin 8dS + J €y cos bas 2)
ZPVES S
where 1, = p(duldy), is the wall shear stress which is

evaluated from the velocity gradient at the wall and C, =
(p-p_,_.)f[pV,_.E!Z) 1s pressure coefficient which 1s evaluated
from pressure distribution at the wall.

Tta3D computational domain is shown in Figure 2
with dimensions of length (L) = 8/, width (W) = 2/, and
height (H) = 2[ (I = length of model in x-axis). Typn)f
meshing was tetra’hybrid element with hex core type. The
boundary condition was inlet velocity of 16.7 m/s.

Average free stream at far upstream region was
assumed in a steady state and unif() condition. The
suction velocity was set 05 m/s. Reynolds number
corresponding to the length of the test model was Re =
2.98 x 10°. The details of computational conditions are
given in Table I.

TABLE 1
CoMPUTATIONAL CONDITION

Computational condition

Vehicle model 3D, steady state

0=25" 0=30" andB=35"

Fluid Air
Fluid properties Density 1.225 kg/m®
WViscosity 0.000017894 kg/m-s
Boundary condition without  Vehicle Wall
active flow control maodel
Pressure Pressure outlet
outlet
Velocity Velocity inlet
inlet
Wall Wall
Boundary condition with WVehicle Wall
active flow control by model
suction Pressure Pressure outlet
outlet
Velocity Velocity inlet
inlet
Wall Wall
Suction | Velocity inlet
§i0Nion2 WVelocity inlet
Upstream velocity 16.7 m/s
Suction velocity 0.5 m/fs

129
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Fig. 2. The 3D computational domain

The model experimental tests were carried out in a
controlled low speed wind tunnel, The tests employed van
model made of acrylic material with a 0.25 scale to the
original Ahmed body model [1]. The van models
consisted of two test models which were model without
flow control and model with active flow control by
suction. The suction was configured inside the body of the
model at the area where the flow separation was predicted
to cause a significant drag based on the computational
results. The sufSlon was conducted by using a vacuum
pump. Sucti()nEocity was set at 0.5 m/s. Both models
were placed in a low speed wind tunnel test section with
free stream air flow.

The parameter to nvestigated was the aerodynamic
drag force measured by using a load cell as smrn in Fig.
3. The measurement scheme of aerodynamic drag force is
as shown in Fig. 4.

Display monitor

vehiclemodel

13 M () 0

loadcell

Fig.3.Sketch of vehicle model placement to the load cell and calibration

Before the main experiments, the load cell was
calibrated using a digital balance and then a preliminary
measurement was performed to determine the statistical
uncertainty of force measurement. The statistical
uncertainty was pifffdl-ted at about + 2%.

Dimensionless drag coefficient related to drag force
acting on the bluff body is then defined as follow:

Fyq

Cqg= —
%prS

3
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where, p is air density, V., is free stream velocity. § is cross
sectional area and Fj is total drag force which works on
vehicle models measured by a load cell.

Fig. 4. Experimental setup for the aerodynamic drag force measurement

III. Results and Discussion

Patterns of pressure coefficient distribution are
presented in the form of graphs of y/h toward €. The ratio
y/h is the ratio of height of grid to height of vehicle model
while C, 1s the pressure coefficient. It is also shown in the
graph lines that expressed pressure coefficient distribution
patterns of rear part of vehicle models on z/w direction,
where z/w is the ratio of width of grid to the width of
vehicle models. Figures 5 show pressure coefficient
distribution (C,) on rear part of vehicle models with
variations of slant angle (8) of 25°, 30%and 35° and
upstream velocity of 16.7 m/s.

\J\‘; ,
= S 0.8
I i
- ziw=_12 . .\.-.. 06
——zw=.1/4 =
——zw=0 . 04
. ziw=174 . 02
zw= -~ a -
0.0
16 -14 -12 -10 08 06 -04 02 00 02
Cp
(a) 0 =25
——a 10
i i".‘_i .
e . 0.8
—a—ziw=_1/2 1““:\1 06
2= 114 I
——ziw=0 | 04>
»—zw=14 - 02
z'w=1/2 LS
0.0
16 -14 -12 -10 08 06 04 02 00 02
cp
(b) 0 =30
1.0
0,8
0.6
04 =
0,2
0,0
-6 -14 -11 -10 058 06 04 02 00 02
Cp
(c) 0 =35

Figs. 5. Pressure coefficient distribution without active flow control
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TABLEII
THE MINIMUM VALUE OF PRESSURE COEFFICIENT
WITHOUT ACTIVE FLOW CONTROL

Vehicle Pressure
model coefficient, Cp yh oW
0=25" -1.1148 1 -1/ and 0
0=30" -1.0716 1 0
0=33" -1,3556 1 0
Table II shows minimum values of pressure

coefficients on respective test model. Minimum values of
pressure coefficients of models occurred at y/h=1, at the
edge of upper side of rear part of respective vehicle
models. With variations of slant angle of each vehicle
models, it is shown that the largest pressure coefficient
occurred on vehicle model with slant angle on front part of
30° compared to that on models with 25° and 35° slant
anfpeR .

Flow separation occurring on rear part of wvehicle
models will cause back flow on the rear part of vehicle
models and in turn will cause reduction of pressure
coefficient. The phenomenon has confirmed research
conducted by Anderson et al. [24].

Figures 6 show the distributions of pressure
coefficients with upstream speed U, = 16.7 m/s and
suction speed U, = 0.5 m/s on the vehicle model with the
slant angle at the front of 25°, 30° and 35° respectively.

~—e 1.0
= 0.8
a— ziw=.1/2
—a— zw=-1/4 L’ 0.6 =
—e— zw=0 . 04 Lad
+ zw=14 N
Zw=12 02
0.0
16 <14 412 210 08 06 04 02 00 02
Cp
(@) 0= 25
[ 10
e
= 0.8
II .. 06 =
=
i J 04
el 02
S :
0.0
-6 14 -1 -10 08 06 04 02 00 02
Cp
(k) 0= 30"
PO 10
.
S
. s ~aas 08
ziw=-1/2
— ziww-1/4 E O:Gi
—a—zw=0 -~ ﬁ 04
+—rw=1/4 L -
4 02
zw=1121
0.0
16 -14 12 -10 08 06 04 02 00 02
Cp
(c) 0= 35"

Figs. 6. Pressure coefficient distribution with active flow control
by suction
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a Figure 6 shows that with the active control suction, the
value of the pressure coefficient has increased. The value
of the pressure coefficient changes positively at yh=0.6
toyh=1.

This shows that on the upper side of the rear part of
each test model there is an increasing of pressure
coefficient.

With the active control of suction, the low pressure
stream due to shape factor and air friction with the test
model wall can be reduced so that 1()w separation can
also be reduced or kept away from the rear part of the test
model.

The minimum values of the pressure coefficient
distribution with suction velocity U, = 05 m/s and
upstream velocity U, = 16.7 m/s are summarized in Table
1.

Table III shows that the pressure coelficient
distribution in each vehicle model with the variation of
slant angle at the front was the smallest on the test model
with a 307 front slant angle relative to the test model with
257 and 35° slant angle.

TABLE Il
THE MINIMUM V ALUE OF PRESSURE COEFFICIENT
WITH ACTIVE FLOW CONTROL BY SUCTION

Vehicle Pressure

model coefficient, Cp ¥h w
0=25" -0.9616 1 -1/ and 1/4
0=30" L0442 1 0 and - 1/4
0=335" -0.9964 1 -1/4

Table IV shows that the effect of addition@Z8ctive
control by suction with U, = 0.5 m/s can reduce the flow
separation at the rear of each wvehicle model. Reduced
separation of the flow will increase the pressure
coefficients occurring in each vehicle model [25].

The effect of adding active control by suction which
increases the test pressure coefficient occurs in all vehicle
models. The largest increasing percentage of pressure
coefficient with the addition of active control by suction
occurred in the test model with the slant angle of the front
of 357 at 26.50%.

TABLE IV
INCREASING PRESSURE COEFFICIENT WITH ACTIVE FLOW CONTROL
BY SUCTION
Pressure
Vehicle coefficient, Cp . )
model Without active flow With Increasing Cp, (%)
control suction
0=25" -1.1148 -0.9616 13.74
0=30" 10716 -1.0442 257
0=35" -1.3556 -0.9964 26.50
Hi.l. The Computational Approach

Table V shows aerodynamic drag coefficient for
computational approach on the three vehicle models with
front slant angle of #=25°, #=30° and #=35° without
active control and with active control with suction speed
U,. of 0.5 m/s and upstream velocity U, of 16.7 m/s.

On the other hand, the relationship of aerodynamic
drag and slant angle is presented in Figure 7.

International Review of Mechanical Engineering, Vol . 12, N. 2
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TABLE V
AERODYNAMIC DRAG COEFFICIENT BY COMPUTATIONAL APPROACH

H1.2. The Experimental Approach

Aerodynamic drag coefficient, Cy

Table VII shows aerodynamic drag coefficients from

Vehicle model Without active flow With suction experimental approach on three vehicle models, the same
control model used for computational approach. The relationship
0=25" 1.7752 1.5248 . . g s -
=10 L6709 15434 of aerodynamic drag coefficients to slant angle of front
0=35" 1.7556 1.4968 part of vehicle is presented in Figure 8.
p 3 1 T — TABLE VIl
- AERODYNAMIC DRAG COEFFICIENT BY EXPERIMENTAL APPROACH
18 Without flow Aerodynamic drag coefficient, Cd
16 . " - control Vehicle model Without active flow S
= L - — . e With suction control With suction
0=25" 1.6237 1.4071
12 0=30" 1.5173 14160
- . 0=35" 1.5655 1.3530
20 25 30 35 40
PY. J—
LIV
175 4 ——
Fig. 7. Relationship of aerodynamic drag and slant angle of front part of 1.50 - centrel
vehicle model by computational approach = = — —s— With snction
125 1
From Table VI and Figure 7, some information are 1,00 1
obtained that, in vehicle model without active control, the 075 .
smallest aerodynamic drag coefficient is gained in model 0 23 30 33 40
with slant angle 0=30° with the value of 1.6709 while on o)

the models with 0=25° and 6=30° aerodynamic drag
coefficients were 1.7752 and 1.7556 respectively. With
the addition of active control by suction, it is shown that
the aerodynamic drag coefficients on each model were
decreasing.

The smallest drag coefficient occurred in the model
with applied active control by suction with 0=35° with the
value of 1.4968 while for models with 8=25° and 6=30°
were 1.5248 and 1.5434 respectively.

TABLE VI
AERODYNAMIC DRAG REDUCTION WITH ACTIVE FLOW CONTROL By
SucTION BY COMPUTATIONAL APPROACH

Fig. 8. Relationship of acrodynamic drag and slant angle of front part of
vehicle model by experimental approach

Information obtained from Table VII and Figure 8 is
that on vehicle models without flow control, the smallest
aerodynamic drag coefficients occured in the model with
#=30° with the value of 1.5173 while on vehicle models
with #=25° and #=30° the coefficients were 1.6237 and
1.5655 respectively.

Additional active control by suction give results that all
models underwent reduction of aerodynamic drag
coefficients. The smallest aerodynamic drag coefficients

occured in the model with #=35° with the value of 1.3530

Vehicle model Aerodynamic drag reduction, %
0=25" 14.11
09=30" 7.63
0=35" 14.74

while on vehicle models with #=25° and #=30° the
coefficients 14071 and 1.4160 respectively. Obtained

From Table VI, information is obtained that the
reduction of the largest aerodynamic drag as the effect of
active control by suction with suction velocity U,=0.5
m/s and upstream velocity U, = 16.7 m/s on vehicle model
with @ of 35° was 14.74% while for the vehicle model
with #=25°and 30° the reduction were 14.11% and 7.63%
respectively.

The value of aerodynamic drag on test model with slant
angle at front #=35° as the effect of active control by
suction application 1s capable to increase pressure
coefficient on rear part of vehicle model to 26.50%. The
increasing of pressure coefficient on rear part on vehicle
model can reduce the aerodynamic drag. Results obtained
from the research has confirmed the results gained by
other researchers [15], [20], [21], [22] where the
application of active control by suction can decrease
aerodynamic drag on vehicle models.

Copyright © 2018 Praise Worthy Prize S.rl. - All rights reserved

value from experiments have similar tendency to that from
computational approach.

The reduction of aerodynamic drag on models with
active control by suction is shown on Table VIII. From the
table, it is obvious that the smallest reduction of
acrodynamic drag by active control with suction speed
U, of 0.5 m/s and upstream velocity U, of 16.7 m/s
occurred on the model with #=35° giving the reduction of
13.57% while on models with #=25° and #=30° the
reductions were 13.34% and 6.68% respectively.

TABLE VIII
AERODYNAMIC DRAG REDUCTION WITH ACTIVE FLOW CONTROL BY
SUCTION BYEXPERIMENTAL APPROACH

Vehicle model Aerodynamic drag reduction, %
0=25" 13.34
0=30" 6.68
0=35" 13.57

The comparison of aerodynamic drag coefficients
obtained from computational and experimental approach

International Review of Mechanical Engineering, Vol . 12, N. 2
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from vehicle models with #=25°, #=30" and #=35° are
shown on Tables IX, X and XI respectively.

The comparison of aerodynamic drag coefficient from
computational and experimental approach for 0=25°
model is shown in Table IX.

TABLEIX
COMPARISON AERODYNAMIC DRAG COEFFICIENT (CD) FOR VEHICLE
MODEL WiTH 0=25"

TABLE XI
COMPARISON AERODYNAMIC DRAG COEFFICIENT (CD) FOR VEHICLE
MobEL WITH 0=35"

Aerodynamic drag coefficient, Aerody namic

Aerodynamic drag coefficient.

Descrinti (Cd) drag coefficient
scription . With flow (Cd) reduction
Without flow )
control by (%)
control 5
suction

Computational 1.7556 1.4968 1474

Experiment 15635 1.3530 1357

Difference 10 82 % 9.601% 1.17

IV. Conclusion

Aerodynamic

Description () _ drag coefficiem

’ Without flow ‘With flow (Cd) reduction
control coum_)l by (%)

Suction

Computational 1.7752 1.5248 14.11
Experiment 16237 14071 1334
Difference 8.53% 772% 077

From the analysis of pressure coefficients and drag
reduction on vehicle models with frontal slant angles (0)
of 25°, 30° and 35° due to the application of active flow

It can be seen that the coefficients of aerodynamic
drags of the two approaches for models without flow
control differ in about 8.53%. For models with active
control by suction at suction speed of 0.5 m/s, the two
approaches give 7.72% difference in aerodynamic drag
coefficient values. It is also shown that the reduction of
aerodynamic drag coefficient for the two approaches
differs only 0.77%.

The comparison of acrodynamic drag coefficient for
vehicle model with 6=30° is shown in Table X. The
comparison of aerodynamic drag coefficient from
computational and experimental approaches for 6=30°
model is shown in Table X.

The coefficients of aerodynamic drag of the two
approaches for models without flow control have 9.19%
differences. For vehicle models with active control by
suction at suction speed of 0.5 m/s, the two approaches
give 8.25% difference in aerodynamic drag coefficient
values.

The table also shows that the reduction of aerodynamic
drag  coefficients  between  computational  and
experimental approaches differ on only 0.95%.

TABLE X
COMPARISON AERODYNAMIC DRAG COEFFICIENT (CD) FOR VEHICLE
MoDEL WiTH 0=30"

control by suction it can be concluded:

a. Active flow control by suction and variations on front
geometry give significant impact to the increasing of
pressure coefficients and reduction of aerodynamic
drag.

b. The largest increasing on pressure coefficients
occurred on vehicle model with 6=35° with the value
of 26.50%, where pressure coefficients without and
with active control by suction on 0.5 m/s speed were
-1.3556 and -0.99064 respectively.

¢. The largest reduction of aerodynamic drag occurred on
vehicle model with 6=35° with the value of 14.74 for
computational approach and 13.57 for experimental
approach, while the reductions of acrodynamic drag
coefficients of the two approaches differ about 1.17%.
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