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INTRODUCTION

Effect of Blowing Flow Control and
Front Geometry Towards the Reduction

of Aerodynamic Drag on Vehicle Models
This paper presents analyses of the effect of blowing flow control and
variations on front geometry towards the reduction of aerodynamic drag
on vehicle models. Blowing flow coffol is an alternative measure in
modifying the onset of flow separation in the bofidary layer on the surface
of the vehicle. The modification is expected to reduce the dominating
influence of the separation area on the fotal drag. Conducted in
computational and experimental approaches, the research investigated the
effect of frontal slant angle variations (8) of 255 30° and 35 ° towards the
reduction of aerodynamic drag on vehicle models onfgie application of
hlowing flow control with upstream and blowing speed of 16.7 m/s and 0.5
m/s, respectively. Load cells were used in the experimental method to
validate the reduction of aerodvnamic drag obtained from computational
method. It is indicated that the effects of blowing flow control and
variations on front geometry are significant in the increasing on pressure
coefficients and the reduction of aerodynamic drag on vehicle models. The
largest increase on pressure coefficients of 38.93% is indicated on the
vehicle model with §=35° while the largest reduction of aerodynamic drag
occurred on the same model with the values of 14.81 and 12.54 for
computational and experimental methods, respectively.

Keywords: active flow control, aerodynamic drag reduction, blowing, front

geometry, vehicle model.

vehicle which resulted in the generation of a backflow
around the vehicle is the active flow control application.

As one of the most preferred types of general vehicles,
family car in the form of multi-purpose van (MPV) has
both advantages and drawbacks. Of the drawbacks, one
typical character 1s the demand of relatively larger
capacity engine which means larger fuel consumption
than its more compact counterparts. This type also
generally has the basic shape of the bluff body to
maximize the space volume of the passenger compart-
ment. In terms of a@@dynamics, this form results in
larger aerodynamic drag due to the occurrence of
enormous flow separation in rear parts of the vehicle
body creating higher energy consumption of the vehicle.
The aerodynamic drag contributes about half of
mechanical energy expenditures of vehicles running at
avffle highway speed of around 55 to 60 mph [1].
Ahmed vehicle model is an extremely simplified
bluff-body model frequently used as a benchmark in
vehicle acrodynamics rescarch. A number of experi-
mental research [2-6] and numerical studies [7-12] have
been performed using the Ahmed model. One of the
techniques under development to reduce aerodynamic
drag on vehicles and to modify t§fi}zeneration of flow
separation in the boundary layer on the surface of the
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Active control strategies involve the addition of energy
which aims to control, either in the form of prevention
or inhibiting, the occurrence of flow separation which
may lead to backflow on the surface of the wvehicle
without @inging the shape of vehicles [13].

Some active control techniques have been developed
and focusing on local intervention in wall turbulence
dealing with sty blowing or suction [14-22]. Krentel et
al. modeled a predictive closed-loop actuation approach
for one steady blowing excitation configuration [16].
Harinaldi et al. [23] used a modified or reversed Ahmed
body equipped with active flow control by blowing and
found that the drag reductions achieved by computational
and experimental methods were 13.92% and 11.11%. A
@Bview has also been claborated for methods for the
application of flow conffBl on a square back car model
[24]. This study aimed to analyze the effect of blowing
active control incorporating the variations on front
geometry towards the reduction aerodynamic drag on
vehicle models. Improved reduction of aerodynamic drag
can reduce flow separation which in turns will lead to
energy efficiency. Comprehension of aerodynamic drag
reductions and pressure coefficients are expected to
improve the design method of future vehicles.

2. METHODOLOGY

The study investigates drag reduction occurring in a

bluff body of van model adapted from Ahmed model, in
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which flow streams in reversed direction from the ori-
ginal model or in other names, reversed Ahmed model
[23, 25-28]. The van model was equipped with an active
control by applying blowing techniques. Reversed
Ahmed body model was chosen since it a good
representation of typical forms of popular family van
produced by car manufacturer. The van model was
investigated in both computational method, or CFD, and
experimental method.
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Figure 1. Reversed Ahmed body vehicle model

Figure 1 represents the basic vehicle model emplo-
yed in the research with a 0.25 geometric ratio § the
original Ahmed body model [2]. The vehicle model
geometry was defined by its length (1=0.261m), width
(w=0.09725 m) and its height (h=0.072 m). In this con-
figuration, the front part of model was inclined with
slant angles (0) of 25°, 30° and 35°relative to the hori-
zontal reference.

The value of viscous drag force and pressure drag
force F,is denoted in the equation (1).

Fy —Jr“.sin O(:’S——I;J cos dS (1)
while, drag coefficient C, is expressed in the equation (2).

. Cpcos 0dS
—" sin 0(!5'—f (2)

Ca=[5

2
~pVzS

where 1,, = p(du/dy),, is the wall shear stress which is
assessed from the velocity gradient at the wall and
C, = {p-[:,}_:"{p\’,l.-"'Z] isl pressure coefficient which is
assessed from pressure distribution at the wall.
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Figure 2. The 3D computational domain

The applied 3D Emputational domain is as shown
in figure 2 denoting dimensions of length (L)=8l, width
(W)=2l, and height (H)=2l, where | is the length of
model in x-axis. This computation approach utilizes
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standard k-epsilon turbulence model as described on
equation (3) for kinetic energy and equation (4) for
dissipation rate.
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a. Vehicle model with 8=25"

b. Vehicle model with 6=30°

c. Vehicle model with B=35"

Figure 3. Meshing on models with blowing control

Figure 3 shows the meshing on respective vehicle
models with the application of blowinJpn the rear part
of models. The type of meshing was tetra/hybrid
element with hexcore type, where the number of mesh
volume for the model with 0=25"was 2,321,940, while
for models with 6=30" and 0=35" the number of mesh
were 2274917 and 2,319,492 respectively. Inlet
velocity of 16.7 @ is assigned as the boundary
condition. Average free stream at upstream region was
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assumed to be in a steady state and uniform E¥Mition.
The blowing speed was defined in0.5 m/s. Reynolds
number corresponding to the length of €} test model
was at Re=2.98x10°. The detailed computational
conditions are given in table 1.

Table 1. Description of computational condition

Vehicle model 3D, steady state
0=25" B=30" and6=35"

Fluid Air

Fluid properties Density 1.225 kg/m®
Viscosity  0.000017894 kg/m-s

Boundary condition Vehicle Wall

without an active flow | model

control Bhttet Pressure outlet
Inlet Velocity inlet
Wall 3l

Vehicle Wall

Boundary condition

with blowing flow model
control Outlet Pressure outlet
Inlet Velocity inlet
Wall Wall
Blowingl  Velocity inlet
Powingz Velocity inlet
Upstream velocity 16.7 m/s

Blowing velocity |0.5 m/s

The tests were conducted in a controlled subsonic
wind tunnel supplied with free stream air flow, testing
acrylic van model with a 0.25 scale to the original Ahmed
body model [2]. The wind tunnel has been calibrated
complying manufacturer specification and considering
recommendation by several works [29-31]. The van
models are classified as models without flow control and
models with blowing flow control. The blowing
apparatus was configured at the internal part of the body
of the model where the flow separation was predicted by
computational method to induce a significant drag. The
blowing apparatus was operated by using a mini
compressor with blowing velocity at 0.5 m/s.

The investigated parameter was the aerodynamic
drag force measured by using a load cell. Prior to the
main experiments, the load cell was calibrated by using
a digital balance. A preliminary measurement was
performed to determine the statistical uncertainty of
force measurements which was predicted to range at
about + 2%. The setup for the aerodynamic drag force
measurement is as shown in figure 4.

Figure 4. Experimental setup for the aerodynamic drag
force measurement

554 = VOL. 47, No 3, 2019

Dimensionless drag coefficient relative to drag force
working on %b]uff body is defined in the equation (5):
B
C, = l—d (5)
2
—pV.S
2 °°
where, p is air density, ¥, is free stream velocity, S is
cross sectional area and F,; is the total drag force
working on vehicle models as measured by the load cell.
3. RESULTS AND DISCUSSION

Main results of the research are pressure coefficients
and aerodynamic drags which evaluated in terms of
reduction in the application of blowing active control.
Figure 5 presents contour pathlines coloured by static
pressure for models without active flow control for
respective front slant angles.
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c. Vehicle model with 8=35°

Figure 5. Pathlines colored by static pressure without
active flow control

The relationships of flow characteristics and vehi-
cle’s geometric parameters are presented in consecutive
figures and tables. The first to be discussed is the
expression of the distribution of pressure coefficient C,
in the relation to the so-called y/h ratio which is the
ratio of the height of the grid to the height of vehicle
model. The second will be the patterns of pressure coef-
ficient distribution on the rear part of vehicle models in
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regards with z/w parameter, the ratio of width of grid to
the width of vehicle models. The first one is shown in
figure 6 for vehicle models with slant angle variations
(0) of 257, 30° and 35° and given upstream velocity of
16.7 nv's.
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Figure 6. The distribution of pressure coefficients without
an active flow control

The minimum values of pressure coefficients on
respective test model are presented in table 2 where, as
shown in the table 2, the minimum value of pressure
coefficients occurs at y/h=1, specifically on the edge of
upper side of rear part of respective vehicle mod@EJThe
highest pressure coefficient is recorded on the vehicle
model with a 30° front slant angle as compared to the
coefficients on models with 25°nd 35°frontal slant
angles. It is expected that a flow separation is likely to
occur on the rear part of vehicle models, where the
separation could induce back flow and therefore can
reduce the pressure coefficient. This evidence is in agre-
ement with the opinion of Anderson et al. [32].

Table 2, The minimum value of pressure coefficients
without an active flow control

Vehicle Prgss ure y/h 2w
model coefficient, Cy
§=25" -1.1148 | -1/4 and 0
8=30" -1.0716 1 0
0=35" -1,3556 | 0
FME Transactions
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Figure 7. Pathlines colored by static pressure with blowing
flow control

The presence of active control in the form of blo-
wing was then evaluated based on the same parameter.
Figure 7 presents contour pathlines colored by static
pressure for models with the application of blowing
active flow control for respective front slant angles.
Figure 8 presents the distributions of pressure coeffi-
cients for given 16.7 m/s upstream velocity U, as well
as 0.5 m/s blowing veloci@) Uy all were applied on
vehicle models with frontal slant angles of 25°, 30° and
35° respectively.

The figures show that with the application of
blowing flow control, the pressure coefficient tends to
increase. From around ywh=0.6 to y/h=1, pressure
coefficients start to change in a positive direction. This
finding shows that on the upper side of the rear part of
respective model, pressure coefficient increases. By the
application of blowing flow control, the lower pressure
stream, and considering the shape factor and friction of
air with model’s wall can be reduced therefore the flow
separati@@the rear part of the test model can be reduced
as well. Table 3 summarizes the minimum values of the
pressure coefficient distribution on a 0.5 m/s given
blowing velocity Uy (Rl a 16.7 m/s upstream velocity
U,. The table also shows that the smallest pressure
coefficient distribution was on the model with a 30°
front slant angle when compared to the test model with
25° and 35° slant angles.

VOL. 47, No 3, 2019 = 555




& 10
—
Tee— 0.8
___‘\ ]
—ziw=.12 \\- e .
—zwe.4 4 -
i / 4
—zhw=14 g 5
——zw=12 .}t b
[iXi}
A6 14 <12 -0 08 06 <04 02 00 02

Cp

Vehicle model with 8 = 25°

08
—zw=4]/2 0.6
——zw=-14 5
" 04
—zw=17 1,2
0
A6 -ld -1 -l A8 06 040 02 0.0 02
Cp
Vehicle model with 8 = 30°
—_—— L
.
T
S 0.8
}
W
-z =112 i 06 _
——zw=-1/4 b =
—zw=0 — 04
—zw=1/4 gy N
=1 L 0.2
zw=11 s
00
160 <14 <12 10 08 06 04 0.2 040 0.2

Cp
Vehicle model with 8 = 35°

Figure 8. Pressure coefficient distribution with blowing
w control

Table 3. Minimum values of pressure coefficient with
blowing flow control

Vehicle Pressure ) )
model coefficient, C, y/h HW
6=25" -0.9622 1 1/4
6=30" -1.0285 1 -1/4
8=35" -0.8279 1 -1/4

The effect of additional active control by bl}ing
with Uy=0.5 m/s blowing speed in the reduction of the
flow separation at the rear of each vehicle model is
shown in table 4. The reduced flow separation gives an
effect in the increase of the pressure coefficients on all
vehicle models [33].

Table 4. Increasing pressure coefficient with blowing flow
control

. Pressure coefficient, C,
Vehicle - - Increasing
model Without active With C,. (%)
flow control blowing ’
p=2s5" -1.1148 -0.9622 13.69
8=30" -1.0716 -1.0285 4.02
0=35" -1,3556 -0.8279 38.93

The largest value of increasing of pressure coefficient
with the addition of blowing active control is on the
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model with 35° front slant angle gaining a number of
percentages of 38.93%.

3.1 The computational method

Table 5 presented the aerodynamic drag coefficients for
computational approach on the wvehicle models with
frontal slant angle of 6=25°, 8=30° and 6=35° both for
normal treatment (without flow control) and with the
addition blowing flow control with blowing speed Uy, of
0.5 m/s and upstream velocity U, of 16.7 m/s.

Table 5. Aerodynamic drag coefficient and aerodynamic
drag reduction by computational method

Aerodynamic drag .
Vehicle coeflicient, Cy Aerody naqnc
— drag reduction,
model without active | . . o
) with blowing "o
flow control
g=25" 1.7752 1.5639 11.90
6=30" 1.6709 1.5699 6,04
6=35" 1.7556 1.4953 14.81

Table 5 gives information that, in vehicle model
without active control, the smallest aerodynamic drag
coefficient is obtained in model with a 30° slant angle
with the value of 1.6709 while on the models with 25°
and 35° front slant angles, aerodynamic drag coeffi-
cients were 1.7752 and 1.7556 respectively. It is shown
that the acrodynamic drag coefficients on each model
were decreasing as the effect of the additional blowing
active control while the smallest drag coefficient
occurred in the model with 6=35"where the value of
1.4953. For models with 8=25° and 6=30°, the aero-
dynamic drag coefficients were 1.563%9and 1.5699
respectively.

From the table 5 also, the largest reduction of
aerodynamic drag as the effect of blowing flow control
occurs on vehicle model with 6 of 35° on a given 0.5
m/s blowing welocity Uy and 16.7 m/s upstream
velocity U, with the reduction percentage was 14.81% .
For the vehicle models with slant angles of 25%and 30°,
the reduction were 11.90% and 6.04% respectively, as
shown in table 5. The aerodynamic drag value on
vehicle model with front slant angle 35° is capable to
increase pressure coefficient on rear part of vehicle
model for up to 38.93% as the effect of blowing flow
control. The increasing of pressure coefficient on rear
parts of vehicle models can decrease the acrodynamic
drag. Results obtained from the research have confirmed
the results of other researchers [16, 18, 23, 26, 27]
where the application of active control by blowing can
reduce aerodynamic drag on vehicle models.

3.2 The experimental method

Table 6 presents the aerodynamic drag coefficients
obtained from experimental method on three vehicle
models, which have similar geometric parameters to the
model used for computational method.

Table 6 gives the information that for models with-
out flow control, the smallest aecrodynamic drag coef-
ficients occurs in the 30° front slant angle vehicle model
with 1.5173 value as for models with 6=25°and 6=35°,
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the aerodynamic drag coefficients were 1.6237 and
1.5655 respectively. Additional blowing flow control
for all models gives reduction of aerodynamic drag
coefficients while the smallest aerodynamic drag coeffi-
cients occurred in the model with a 35°front slant angle
with the value of 1.3747% and 1.4480% as well as
1.4313% for vehicle models with 8=25° and 6=30°.

Table 6. Aerodynamic drag coefficient and aerodynamic
drag reduction by experimental method

Aerodynamic drag
Vehicle coeflicient, Cy Acerodynamic
model without dr;g
active flow | with blowing | reduction, %
control
p=25" 1.6237 1.4480 10.82
6=30" 1.5173 1.4313 5.67
0=35" 1.5655 1.3747 12.54

reduction of aerodynamic drag coefficients between
computational and experimental methods differ on only
0.37%.

Table 8. Aerodynamic drag coefficient (Cg4) for vehicle
model with 8=30"

Aerodynamic drag

coefficient, (Cy) Aerodynamic
. drag
Description without coefficient
active with (C,) reduction
flow blowing (%)
control
Computational 1.6709 1.5699 6.04
Experimental 1.5173 1.4313 5.67
Difference 9.19% 8.83% 0.37

Table 9. Aerodynamic drag coefficient (Cd) for vehicle
model with 8=350

From the table 6 also, it is obvious that the smallest
reduction of aerodynamic drag by active control with
blowing speed Uy, of 0.5 m/s and upstream velocity U,
of 16.7 m/s occurred on the model with 0=35° giving
the reduction of 12.54% while on models with 6=25°
dan 6=30° the reductions were 10.82% and 5.67%
respectively.

The comparison of aerodynamic drag coefficients
for vehicle models with 8=25°, 8=30°and 6=35° front
slant angles obtained from both computational method
as well as experimental method are shown on tables 7, 8
and 9 respectively.

Table 7 contains the comparison of aerodynamic
drag coefficient for vehicle model with slant angle
6=25° from computational and experimental methods. It
is shown that the aerodynamic drags coefficients from
the two methods on models without flow control differ
in about 8.53%, as for models with a 0.5 m/s blowing
flow control, the two methods result a 7.41% difference
in the value of aerodynamic drag coefficient. The table
7 also informs that there is a 1.08% slight difference in
the reduction of aerodynamic drag coefficient for the
two methods.

Table 7. Aerodynamic drag coefficient (C4) for vehicle
model with 8=25"

Aerodynamic drag Aerodynamic
coefficient, (Cy) drag
Description without h coefficient
active flow bl: llm (Ca) refucuon
control wing (%)
Computational 1.7752 1.5639 11.90
Experimental 1.6237 1.4480 10.82
Difference 8.53% 7.41% 1.08

Table & shows the comparison of aerodynamic drag
coefficients from both computational and experimental
approaches for wvehicle model with slant angle of
0=30°.The coefficients of aecrodynamic drag of the two
methods for models without flow control differ on
9.19% differences. For vehicle models with blowing
flow control at blowing speed of 0.5 m/s, the two
methods give 8.83% difference in aerodynamic drag
coefficient values. The table 8 also shows that the
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Aerodynamic drag

coefficient, (Cy) Aerodynamic
. drag
Description without ) coefficient
active with (Cy) reduction
flow blowing (%)
control
Computational 1.7556 1.4953 14.81
Experiment 1.5655 1.3706 12.54
Difference 10.82% 8.34% 2.27

Aerodynamic drag coefficients obtained from com-
putational and experimental methods for (=35° model
are listed in table 9. For models without flow control,
the aerodynamic drag coefficients of the two methods
have 10.82% differences. On vehicle models with active
blowing flow control at blowing speed of 0.5 m/s, the
two methods give 8.34% difference in aerodynamic
drag coefficient values. The table 9 also shows that the
reductions of aerodynamic drag coefficients of the two
methods differ about 2.27%.

4. CONCLUSION

Based on the results of pressure coefficients and drag
reduction on reversed Ahmed vehicle models with front
slant angles (0) of 25°, 30° and 35° as well as the
application of blowing flow controffffome conclusion
can be drawn. It is obvious that the active flow control
by blowing and variations on front geometry provide
significant impact to the increasing of pressure coef-
ficients and reduction of aerodynamic drag. The most
significant increase on pressure coefficients occurs on
vehicle model with the 35° front slant angle, gaining
38.93% wvalue, where pressure coefficients with and
without blowing flow control reach -0.8279 and -
1.3556, respectively. In terms of acrodynamic drag
reduction, vehicle model with the 35° front slant angle
also gains the value of 14.81 and 12.54 for compu-
tational and experimental methods, while the reductions
of aerodynamic drag coefficients of the two approaches
have 2.27% difference.
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NOMENCLATURE

Cd drag coefficient

Cp pressure coeffEEnt

Fd pressure drag force [N]
h height of test model [m]
/ length of test model [m]

FME Transactions

P density [kg/m"]

a front slant angle [“]

Re Reynolds number

S cross section area [m’]
Ty wall shear stress [N;"mz]
Uy blowing velocity [m/s]
U, upstream \felocir}r [m/s]
u viscosity [N.s/m”)

w width of test model [m]

YTHLHAJ PET'YJTAIHJE IIPOTOKA JYBAILA H
NPEJILE TEOMETPHIE HA CMAIBEILE
AEPOJJUHAMHYKOI OTIIOPA KOJ MOJEJIA
BO3HIA

P.Tapaka, H.Camnam, lananyaun, M.Mxcan

AHanmzupa ce yTHUA] peryialije IpOTOKA AyBama M
BapHjalLlije NPEABe TIEOMETpPHje Y LHMIbY PeayKLHje
AepOJMHAMUUKOr OTIOPa KOJ Mojena Bosuna. Pery-
JalMja NpOTOKA JyBalka je anTepHATHBHA Mepa 3a
MoanMKALM]y —[OYETKA pasiBajama [pOTOKAa Yy
IPAHHYHOM CI0jy Ha NoBpLIMHK Bo3zuaa. Ouekyje ce na
ce MOAM(MKALM]OM CMAHkH JOMHHAHTAH yTHua) 0bia-
CTH pasjBajama Ha yKymad ortmop. Herpamusame
U3BPIICHO HYMEPHUKHM W EKCHEPUMEHTAIHUM METo-
Jama ce HaBH HCIMTHBAKEM YTHL@Aja BapHjalHja npei-
mer HaruGror yrma on 25", 30" u 35" ma peaykumjy
AepOAMHAMHYKOr OTIOPA KOJ MOJela BO3MIa — IpH
Pery/aldjH  NPOTOKA JyBalka y3nasHo u DpsuHe
nporoka ox 16,7 m/c ogsocro 0,5 m/c. Mepue henuje
cy xopumhene KoJ eKCIEPHMEHTA 3a SBATYALH) Y aepo-
JMHAMHYKOT  OTIIOPA  M3PAauyHaTOr  HYMEPHUYKOM
MetonoM. YTBpheHo je ma perynaiuja mpoToKa JyBatba
U BapHjallije Npefihe IeOMeTPHje HMAjy 3HAYAjaH YTH-
uaj Ha nosehame KoeHUMjEHATA TPHTHCKA H CMABEHE
aepoAMHAMHYKOr OTHOpa Ko Mozena sosuna. Hajsehe
noschame Koeduuujenara npuricka og 38,93% je dwio
KO MOJIeNa ca HarnGHUM yrioM on 35, 10k je Hajsehe
CMAaILEHE AEPOJHHAMMUKOL OTNOpa OMI0 HAa HCTOM
Mogeny: ox 1481 — 1254 npumenoM HyMepHuke
OJIHOCHO EKCTIEPUMEHTATHE METOJIE.
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