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lower pressure in the rear area compared to front of vehicle. When vehicle moves
forward, the stagnation point occurs in the front part of vehicle. The airflow then goes
over the vehicle and separate at the back due to adverse pressure gradient. Thus, flow
separation is created in the rear area of vehicle as indicated by the wake. Wake is a low-
pressure region that need to be shrink so that the pressure difference between the front
and rear could be reduced to minimize the drag. Flow control is introduced to delay this
flow separation and it has been categorized as active and passive. Active flow controls
require power input while passive flow controls do not need power input. This review
article will explore those studies on flow controls applied in automobiles and investigate
their working mechanisms along with research gaps detected. Relative comparison of
effectiveness for each flow control is unfeasible as the parameters used differs but this
problem can be resolved. Standard parameters need to be used in future researches in

Keywords: order address the discrepancy of results obtained from numerous studies around the
Aerodynamics; automotive; flow globe. A current flow control technique is proposed to be conducted in UTM Aerolab to
control further investigate this interesting flow field.

1. Introduction

Any moving body in a fluid will subject to drag pressure drag is prevalent due to sub-atmospheric
at the blunt base as explained by Pathan et al., [1] even if it is a streamlined shape like airfoil as
studied by Zohary et al., [2]. That sub-atmospheric pressure caused by the sudden expansion at the
rear vehicle [3]. This shows that rear shape in road vehicles is a significant matter and it is generally
are divided into configuration as shown in Figure 1. These vehicles will have different wake behind
based on the rear shape configuration. Vehicles with backlight angle will have flow as shown in Figure
2 however vehicle that has flat back will have rather symmetric wake as depicted in Figure 3. The

* Corresponding author.
E-mail address: rafigi@graduate.utm.my

https://doi.org/10.37934/arfmts.101.1.1136

11



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 101, Issue 1 (2023) 11-36

differential pressure created between front and rear of vehicles created pressure drag where the
vehicle is pulled in backward direction. Reducing wake is the main focus in reducing drag as this is a
low-pressure region while the front is high pressure region and flow control is the key to resolve this
as it can control the flow separation either by delaying it or reducing its impact [4]. As the airspeed
goes high, the drag force increased exponentially but the coefficient of drag will be reduced and
stable after certain speed [5,6].

(a) Squareback (b) Fastback (¢) Notchback

Fig. 1. Vehicles rear end shapes [7]
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Fig. 2. The wake behind vehicle with backlight angle [8]
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Fig. 3. The wake behind squareback vehicle along
with its vortex shedding as viewed from side [9]
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2. Active Flow Control
2.1 Plasma Actuator

According to Khalighi et al.,, [10] the plasma actuator contains 2 electrodes with a dielectric
material in between as visualized in Figure 4. One of the electrodes located below and fully covered
by dielectric material and the another is exposed to air. The working principle called single dielectric
barrier discharge (SDBD) where large AC voltage amplitude will be applied and it will ionize the air at
the area of greatest electric potential. This typically starts at the edge of electrode that is exposed
and continues over the region projected by covered electrode. Plasma actuator reduce drag by
redirect the air flow around the rear edges, controlling the flow structure in the wake as shown in
Figure 5. Meanwhile Hui et al., [11] stated in their paper that when ions collide with neutral particles
in the gas around the actuator, the local momentum of airflow in the region is increased and ionic
wind is induced thus injecting momentum into the boundary layer.

Induced Flow Plasma
\ Dielectric Layer
—__
voltage —

a.c.
source

A

Actuator location reference

Fig. 4. Schematic drawing of SDBD plasma
actuator [10]

(a) Plasma actuator is off (b) Plasma actuator is on
Fig. 5. Particle flow visualization at the back of Ahmed model installed with plasma
actuator [10]

It was observed that the drag reduction (DR) using this flow control becoming less effective at
higher wind speed due to limitation of increasing actuator voltage. Generally, the voltage required
to produce the same effect (body force) scales as the square of the free-stream velocity
(momentum). These studies usually use Ahmed model and low airspeed is used such as by Shadmani
et al., [12] that tested at 20 m/s.

Besides car, plasma actuator also been tested for truck as reported by Vernet et al., [13] and they
achieved similar result as Khalighi et al., [10] due to similar flatback configuration. Additionally, Kim
and Yun [14] also experimented plasma actuator on the train. Further study on location of these
actuator can be pursued and installation of it on passive flow control also be investigated.
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2.2 Steady Blowing

Steady blowing use steady and continuous jet of air as a deflector of the flow or momentum
injection, same principle as plasma actuator. Important non-dimensional parameter in steady
blowing is blowing ratio (B) and momentum coefficient (C,) or also called as forcing intensity by
Bruneau et al., [15]. These values are calculated using Eq. (1) and Eq. (2).

_Uj
B = v (1)
c _ NjpjUjA; 5
ko qlsé ( )

where Uj and U. means blowing jet velocity and freestream velocity respectively. Whereas Aj is the
area of the jet q is dynamic pressure of freestream, N; is the total number of jets being operated, Is is
the total length of arrays actuated, and 6 is the boundary layer thickness.

Squareback configuration of Windsor model in Figure 4 and Honda Simplified Body (HSB) in Figure
6 and Figure 7 was used by Littlewood and Passmore [16] and McNally et al., [17] respectively to test
steady blowing effect on DR. Both of the investigation concluded that DR will be greater with
increasing momentum coefficient. In addition, Littlewood and Passmore [16] achieved best
performance with the direction of blowing to be 45° angles downward from horizontal axis rather
than other angle including normal to flow field. This is contrary with result by McNally et al., [17] that
better DR was obtained when blowing is normal to the flow rather than tangential to the flow (Figure
8).

Jet Angle
Adaptor

Machined Cavity

Fig. 6. Windsor model with blowing jet at the
top of rear surface [16]
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1

—
Fig. 7. 3D view from rear of Fig. 8. Enlarged figure
Honda Simplified Body of orientation for
(HSB) along with location actuator at rear edge
of actuator [17] of HSB where black

and red arrows
indicate normal and
tangential blowing
respectively [17]

Littlewood and Passmore [16] explained that DR was attributed to smaller wake size due to
deflection of upper flow downwards and smaller velocity in the lower vortex structure close to the
base surface of model. Meanwhile, McNally et al., [17] was working on to make the wake more
symmetric that will cause low-pressure region move away from rear surface of model as
characterized in Figure 9. The control implementation will reduce the difference of strength between
the upper and lower recirculation region and thus normal blowing causes drag reduction while
tangential causes drag increment.
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(a) Normal blowing (b) Tangential blowing
Fig. 9. The wake behind HSB with change of drag coefficient obtained
using steady blowing [17]

Even though high C, leads to high DR, the analysis made by Littlewood and Passmore [16]
revealed that the power efficiency will decrease. Furthermore, the need of using compressor and
storage tank will increase vehicle mass. Vehicle mass increase will create an increase in the tractive
effort required to move the vehicle, and as such the smaller blowing system is needed. Moreover,
they also proposed that no general rule for every bluff body can be applied. Given that there are
researches to reduce the size of the wake in order to reduce drag, yet in certain applications it can
be argued that a stretched wake structure would create lower drag. This may be due to the symmetry
of the wake compensate the large size of the wake in reducing drag.
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Experiment by Littlewood and Passmore [16] is in agreement with the results of the simulation
performed by Rouméas et al., [18]. Both of the studies [16,18] used higher Reynold number (Re) than
[17] and Rouméas et al., [18] explains that the momentum inserted into the flow at 45° angle blowing
acts as a separated element and deflect the streamlines. Because of the main flow, the streamlines
then tend to become realigned with the upstream direction, although a residual deviation angle
remains visible in the wake. That two likeminded studies [16,18] insert blowing at the trailing of sharp
end roof meanwhile McNally et al., [17] use blowing upstream of a curved trailing edge of the roof.
The microjet injection on top surface of model with higher blowing ratio (B = 3) by McNally et al., [17]
created of what seems to be vortices as shown in Figure 10. The characteristics of this blowing jet
was explained in detail though earlier works by New et al., [19] as in Figure 11.

U/U: 0.36 043 0.50 0.57 0.64 0.71 0.79 0.86 0.93 1.00 1.07 1.14 1.21 1.29 1.36 1.43

Fig. 10. Upstream view of microjets interacting with shear layer [17]

Counter-rotating
vortex pair

Wake vortices

- 0 "
Fig. 11. Vortical structure produced by normal blowing jet [19]
2.3 Steady Suction

Steady suction usually applied at rear edge of roof or the slant of rear windscreen by deflecting
the flow downwards and forcing it to stay attached on the rear windscreen. In other words, this flow
control able to reduce flow separation at rear window. In addition, most of the studies incorporate
steady suction with steady blowing. This method suitable for vehicle with backlight angle rather than
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squareback vehicles. This is evident by many of study using this flow control on Ahmed body with
backlight angle [20-22]. The simulation of squareback Ahmed body made by Whiteman and Zhuang
[23] give complete picture about performance of suction, blowing and both together. The findings
are that high ratio of flow speed of suction/blowing to the freestream speed cause high DR and the
value is increased with increasing Re. The method of using only suction give better DR than blowing
only. Whereas combination of them will give better DR and its value is increased with higher Re. The
studies revealed here did not mention about B and C,.

Things to remark are the greatest DR will be obtained using high flow control rate with small
suction area and large blowing area as the wake will be smaller. This is because blowing at the larger
region cause more static pressure recovery in the wake region and thereby it reduces drag. However,
if the suction is lower than certain values, it may lead to the increment of drag. This is due to the fact
that weak suction intensifies the secondary flow on the rear slant surface of the model rather than
affecting free stream.

To conclude, suction in boundary layer was applied in order to delay flow separation by extracting
flow particles with low kinetic energy near the model surface and the sucked air was blown into the
wake of the model to increase the static pressure of the wake region. Hence, suction is usually
combined with blowing method to better reduce the drag. The problem with blowing and suction
techniques is that the power to create the suction or blowing velocities required can be high as
implied by Littlewood [24]. Some authors suggest the use of cooling air flow, or compressed air from
a turbo already available on a vehicle. However, this would require ducting of the fluid to the required
area, and generates losses within the ducting and packaging difficulties. Deep research into these
problems is necessary to improve the ability of steady blowing and suction.

2.4 Pulsed Jet

Pulsed jet works by blowing jet into the flow periodically, unlike steady blowing method that keep
on blowing all the time. This makes pulsed jet is more efficient than steady blowing. Large mass flow
rates used by steady blowing method would be prohibitive to directly implement the techniques to
a production road vehicle. Thus, Littlewood and Passmore [16] recommended applying pulsed jet as
a substitute to reduce the duty cycle of the jet.

Prior to that, Bruneau et al., [15] did simulation study using Ahmed body with squareback
configuration to compare steady blowing with pulsed jet. They used low blowing ratio (B<1) and low
Re, demonstrated that steady blowing achieved better DR than pulsed jet. The efficiency dropped
after B=0.6 for steady blowing proving that DR performance and efficiency is a delicate task to take.
In addition of momentum coefficient and blowing ratio, pulsed jet has another parameter that deal
with its frequency which called as Strouhal number (St) as described by Szodrai [25] in Eq. (3).

St =+ (3)

where Fjis jet frequency, h is height of vehicle and U, is airspeed.

In proceeding years, the squareback of Ahmed body was used again in an experiment to study
performance of pulsed jet by Barros et al., [26]. The pulsed jet blown tangential to the freestream
flow and the system installed along the rear edge of model as sketched in Figure 12. The study
investigates pulsed jet at variety of momentum coefficient and Strouhal number (St) at fixed Re of
3x10°. High frequency used by pulsed jet prevent growth of shear layer and lower the velocity
instability in the wake causing reduced momentum fluid in the recirculation region. DR as much as
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10% was achieved while frequencies close to the natural wake time scales will reduce baseline
pressure.
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Fig. 12. Pulsed jet system attached at rear edges of vehicle [26]

In comparison to other experimental study that used Ahmed body with 35° backlight angle by
Gilliéron and Kourta [27], maximum DR achieved was 20% at fixed Re = 1.4 x10° and frequency of 500
Hz. Meanwhile experimental study by Joseph et al., [28] that used Re ranging in 1.4 x 10° and 2.8 x
10° on Ahmed body with 25° backlight angle obtained DR between 6 and 8%. DR achieved is
depending on the geometric and jet exhaust configurations that show different sensitivity to the
forcing parameters. To conclude, influence of the forcing parameters (non-dimensional frequency,
injected momentum quantity) will affect the ability of pulsed jet and this is practicality limitations of
the active flow control devices. Thus, it is currently ruled out for implementation on a road vehicle
and instead being applied for others application. Besides the hardware system that installed, the
control system also required causing overall system of DR become difficult.

2.5 Synthetic Jet

Synthetic jet is active flow control that does not require ducting and has zero net mass flux. If the
momentum required to influence flow could be generated using this technique, it may offer an
attractive solution to the problem of ducting in blowing and pulsed jet system. Mukut and Abedin
[29] explains that synthetic jet actuator usually consists of orifice, cavity and piezoelectric actuator
or diaphragm where flow moves back and forth through a small opening by the oscillation of
diaphragm. The movement of diaphragm will momentarily suck and blow fluid across the orifice
causing net mass flux in one phase of operation is zero. Therefore, the unique feature of the synthetic
jet when compared to a steady blowing or pulsed jet, is that it is formed entirely from the working
fluid of the flow system, so no net mass is injected across the flow boundary.

This process is often accompanied by the generation of a stream of vortices at the edges of the
orifice/slot which impart finite momentum and vorticity into the surrounding fluid. Interaction of
these vortical structures with the external flow field can trigger instabilities and enhance mixing in
the external flow. From the reviews, there are still lack of the usage for synthetic jet on squareback
model and this is still a relatively new technology worth to be pursued. Synthetic jet usually used on
Ahmed body with backlight angle. For instance, Tounsi et al., [30] used Ahmed model with 25°
backlight angle and obtained maximum DR of 10% which is around the same as others [31][32]. Figure
13 described the setup of synthetic jet used in their experiment and placed it upstream of the edge
between the end of the roof and the top of the rear window. Since this synthetic jet does not require
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ducting and no net mass flux, this flow control became the simplest active flow control to be applied
for drag reduction research.

cavity

oscillating membrane

signal Actuator
generator

Fig. 13. Piezoelectric actuator used in experiment [30]

3. Passive Flow Control
3.1 Spoiler

Spoiler are known for its capability to create strong downforce for vehicle hence increasing grip
and stability at high speed and cornering. Spoiler usually are said to increase drag at expense of
creating downforce. While it is true but, in some cases, careful design of spoiler could potentially
reduce drag while doing its basic work of creating downforce. Spoiler working principle of reducing
drag is different for sedan and squareback vehicles. This is due to the nature of separation flow of
sedan vehicle that is different compared to squareback. Sedan vehicles have two separate
recirculation region which are at rear window and rear trunk unlike squareback that has one big
recirculation region. Addition of spoiler on sedan will prevent recirculation zone at the above of the
rear window due to high pressure created by spoiler and studies related will be discussed in following
paragraphs. According to Computational Fluid Dynamics (CFD) simulation by Rajapaksha et al., [33],
spoilers (Figure 14) used on Tata Manza car reduced drag up to 9% at 100 km/h speed.

Fig. 14. Two design of spoilers that reduced drag on
sedan vehicle [33]
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The recirculation zone at the rear window is prevented using spoiler as illustrated in Figure 15.
The sudden loss of air attached to car rear, result in large vortices. Due to these vortices, there will
be a great pressure drop in the rear end of the car that creates immense pressure drag. Comparing
static pressure contours, it can be observed that addition of spoiler to the car has increased the
pressure at the rear end.

Prevention of
flow separation

i Flow separation
4 regions

(a) Without spoiler (b) With spoiler

Fig. 15. Velocity contour at rear of Tata Manza model with and without
spoiler [33]

Similar conclusions were reached by Saleh and Ali [34] as well using their own designed spoiler
on Kia Pride car as shown in Figure 16 and Figure 17. They revealed that pressure distribution at the
car surface is increasing due to the new stagnation point at the front of the spoiler, while the wake
region pressure behind the car is increased. The spoiler obstructs the flow of air through it, thus
preventing the air from pulling down, which would otherwise generate a low-pressure air envelope
and turbulence behind the car that contributes to the pressure drag.

Fig. 16. The spoiler design used [34] Fig. 17. The location of spoiler on the trunk
of Kia Pride [34]

There are also other spoiler studies that have similar findings [35-37] and such researches have
been pursued since last century like the one made by Mitsubishi Motors Corporation. Fukuda et al.,
[38] designed and developed new trigonal pyramid spoiler to be used on sedan as presented in Figure
18. They provided a detail study using CFD and wind tunnel testing to examine the new spoiler
compared with conventional spoiler with the aim to lower rear lift without increasing drag and front
lift as portrayed in Figure 19.
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Fig. 18. Influence of spoiler dimension
on aerodynamic coefficients of sedan
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Fig. 19. Comparison of performance
between new spoiler with
conventional spoiler [38]

On the other hand, the while spoiler on sedan usually used inverted wing, the spoilers on
squareback vehicle used the upright wing to reduce drag. For instance, the simulation made by Patil
et al., [39] tested spoiler on a generic bus model and achieved 24% DR at speed of 60 km/h. The
spoiler shaped like wing is attached at rear end of roof (Figure 20) deflected the flow over the roof

toward rear surface of bus (Figure 21).

Fig. 20. Spoiler (blue) installed at roof end of bus

mode [39]
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Fig. 21. Velocity plot at the back of bus with
spoiler installed as viewed from side [39]
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To sum up, the ways of spoiler used on sedan and squareback in the previous literatures are
different. The typical spoiler on sedan is not suitable for squareback while the spoiler used for
squareback as simulated by Patil et al, [39] can be tested on sedan. That is the future
recommendation for further research in spoilers’ application on vehicles. Although spoiler is
considered as passive flow control in reducing drag, some high-end cars applied active control on its
spoiler. The active control uses hydraulic wing style spoiler at the rear end of vehicle that adjusted
its height and angle. It was done to optimize the device according to speed and preference of

downforce/drag. Angle and height of spoiler is vital in optimizing the lift to drag ratio. In the light of

the work by Mashud and Das [36], rear spoiler cause airflow to "see" a longer, gentler slope from the
roof to the spoiler, which helps to delay flow separation and the higher pressure in front of the spoiler

can help reduce the lift.
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3.2 Diffuser

Diffuser and underbody (cover plate under body) goes hand in hand in reducing drag and lift.
Diffuser is a flow control device installed at the bottom rear of vehicles that works to diffuse or
decelerate the airflow from bottom of vehicle which will generate pressure recovery. The angle of
diffuser will sweep the flow from bottom upwards. That explains the fact that diffuser on sedan has
better effect than squareback which was demonstrated in the work of Marklund and Lofdahl [40].
The squareback already has a near symmetric wake flow so the upsweep enables a pressure recovery
but it does not straighten the wake.

Marklund [41] explored the effect of diffuser on sedan and wagon as shown in Figure 22. DR of
the sedan car approximately 10% with the best diffuser angle and cover plates over the floor while
best DR for the wagon car was 2—3% and the optimum was at a smaller diffuser angle. Flow analysis
of the wake shows how important it is the wake is balanced. The diffuser generates a pressure
recovery for both sedan and wagon, but for the sedan it also made the wake more symmetric. This
combined effect is why the diffuser generates better drag reduction for the sedan.

[ ; ey - s »
@olmgs  [0CdSedan mACd Wagon < S ‘0 O OACisedan mACIWagon  agig®
0,00 l -
I I I -0,03 -
0,01 \ - E—
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0,03 L . 011 - — _
-0,04 -0,15
No 3¢ 50 ge 100 120 140 No 30 50 ge 100 12¢ 140
diffuser Diffuser angle [*] diffuser Diffuser angle [‘]
(a) Changes of drag coefficient (b) Changes of lift coefficient

Fig. 22. Drag and lift coefficient changes due to diffuser angle [41]

The above drag results for wagon are in accordance with subsequent study by Palaskar [42] where
he inspected the squareback model with rather large 10° diffuser and tapering at rear edges of model.
The result as shown in Figure 23 shows that large angle diffuser actually increases the drag and it was
claimed due to non-cancellation of strong vortices generated because of diffuser and rear wheels of
model. Zuan et al., [43] also experimented with diffuser installation on Proton Persona model and
diffuser angle of 6° yield the lowest coefficient of drag.
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Fig. 23. Drag coefficient for squareback model with and without 10° diffuser
along with tapering [42]

A detailed study using experiment and simulation on Sport Utility Vehicle (SUV) by Wood et al.,
[44] shows how presence of wheel affect the flow under vehicle which subsequently impact the
ability of diffuser. Their Particle Image Velocimetry (PIV) results revealed that the flow stay attached
on the 30° diffusers when the wheels are present. Meanwhile, the flow did separate when the wheel
is absent and the comparison is depicted in Figure 24. Therefore, it can be concluded that diffuser for
squareback vehicles can be further examined about its angle by applying more realistic situation such
as using wheel and moving ground. Unlike other flow control that typically attached on top of vehicle,
diffuser is the only one that is applied at bottom of vehicle. Hence, more realistic approach needed
to test the real capability of diffuser since there is multiple intrusion at bottom compared to upper
part of vehicle.

(a) With wheel (b) without wheel
Fig. 24. PIV result at back of SUV model with wheel and without wheel [44]

Similar as spoiler, high-end cars also applied active control on diffuser to optimize drag reduction
at different speed. An actively moving diffuser where a translating arc-shaped device is installed
under the rear bumper of the passenger car as shown in Figure 25. The device is rounded to maintain
a smooth, streamlined rear underbody shape to obtain a greater diffusion effect when it is fully
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extracted and control the rear flow of the automobile to reduce the aerodynamic drag. The rear flow
of car will change when the diffuser slips out from bumper.

The Actively
Transiating Rear
Diffuser Device

<> slip in & slip out

/////////V//V//

e Py < P

Vv, > Vv,
(Diffusing Process)

Fig. 25. Active diffuser installed under rear bumper of high-
end car [45]

3.3 Rear Extension

This type of passive flow control includes tapering, flap, tail plate, boat tailing and rear fairing. All
these are the same in a way that there is an extension on the rear edge of the vehicle that can delay
flow separation at rear end or redirect the flow into the wake. As mentioned by Altaf et al., [46] the
rear extended plates and flaps installed have similar effect as boat-tail. This act to mimic boat-tailing
making all these are considered as same category. There are some instances where tail plate installed
at roof edge also being considered as spoiler [47][48].

Group of researchers from Loughborough University and associates conducted variety of
experiments about this rear extension on squareback model [49-52]. The investigation used
squareback vehicle such as Windsor model and generic SUV model and tapering is used on the rear
of model such as shown in Figure 26.

Those studies found that angle of 10°-15° yield the best drag reduction depending on the
parameter such as size of the plate, yaw angle, tapered cavity or filled tapered cavity. That angle
works for both upper and side extension. This is as explained by renowned study of Ahmed body
where the freestream flow is stay attached until angle of around 12°. The result matches very well
with recent simulation study in investigating the flap sizes, shapes and its angle while being installed
at the rear edge [53-55]. Hence, any tapering or tail plate installation work best for squareback
vehicle at 10°-15° as it was able to deflect the attached flow into the wake behind the body. However,
tapering of underbody only work to reduce drag at lower angle as discussed in previous chapter about
diffuser.

The way of rear extension work bit different for vehicle with backlight angle. While the tail plate
installed at roof end (plate 1) does reduce drag, but flap installed on the slant edge (plate 4) proved
to be more effective in reducing drag. Experiments on Ahmed body with 30° backlight angle executed
by Beaudoin and Aider [48] gave full understanding of how the drag is changed with different position
and angle of flap on body as in Figure 27. They explained in detail that the side flap blocked the
longitudinal vortices, causing separation bubble to grow freely without great depression of
longitudinal vortex. In short, suppressing the large of longitudinal vortices at the side edge of the
slant section are one of the mechanisms to reduce drag for vehicle with backlight angle as concluded
by Cheng and Mansor [56].
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Fig. 26. Configuration of the Windsor
model with rear extension used in the
studies

Fig. 27. Rear view of the Ahmed model installed with
tail plates at edges [48]

The same conclusion also made by Tian et al., [57] in their CFD simulation for Ahmed body with
backlight angle of 25°. The best drag reduction obtained was 21.2% for flap angle of 80° from slant
surface while Beaudoin and Aider [48] obtained 17.7% maximum DR for flap angle of 75°. The slight
difference may due to different backlight angle and Re used by Beaudoin and Aider [48] is 2.4 x 10°
while Tian et al., [57] used Re of 4.29 x 10°. The experiment by Beaudoin & Aider [48] also combined
all flap configuration and obtained 25.2% drag reduction.
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Addition of other flow control also could enhance the ability of tail plate to deflect more flow at
higher angle. Currently, the tail plate only able to deflect flow at relatively low angle as higher angle
will cause the flow to separate from the surface of tail plate. However, if there is other flow control
added upstream of tail plate, the flow will stay attached on tail plate at higher angle. Hence, more
flow can be deflected to the rear surface of vehicle and reducing size of wake.

Even though a fixed angle of flap could reduce drag at wide range of windspeed, this passive flow
control also subjected to active control system as that of spoiler and diffuser. There are experimental
studies that incorporate servomotor to adjust angle of the flap to better optimize its performance
such that by Beaudoin and Aider [48]. Another instance is where Altaf et al., [46] reported that
incorporating active control on small flap is better than larger flap with no active control. This is due
to the flap need different angle of inclination at different windspeed in order to maximize drag
reduction which is the same concept as spoiler and diffuser. Besides of reducing drag, addition of
these rear fairing may have influence on vortex induced vibration (VIV) as Karman vortex shedding
happens because of the flow separation as reported by Esa et al., [58]. Thus, investigation of this
issue can be carried out in future works.

3.4 Vortex Generator

Vortex generator (VG) is a type of passive flow control that will increase momentum of the flow
in the boundary layer. As its name stands, it creates small streamwise vortices so that the flow will
have enough momentum to prevent adverse pressure gradient and subsequently avoid flow
separation. The ability of VG to delay flow separation is the same for squareback and sedan vehicle.
The streamwise vortices created due to differential pressure between two surfaces and the flow will
spill over to the other side that has lower pressure as shown on Figure 28.

Fig. 28. Formation of vortices by rectangular plate VG
(59]

In 2004, a group of engineers from Mitsubishi published a technical paper about the use of bump-
shaped and delta-shaped VG on Mitsubishi Lancer Evolution VIII [60]. That research found that delta-
shaped VG is the most effective in reducing drag and explained in detail about the mechanism of VG.
They also highlighted that optimized length-to-height ratio of VG is 2 while interval-to-height ratio is
6. Whereas the yaw angle of VG should be 15° which is consistent with subsequent studies. This
technical paper has been cited a lot in other papers showing this study has led lot of researchers to
study delta-shaped VG in depth.

For instance, Yadav et al., [61] modified the delta VG and used CFD to study its effect on Hyundai
i30 hatchback car. In 2019, Selvaraju and Parammasivam [62] explored the effect of delta VG on SUV
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model at different wind speed. VG at different wind speed give different drag reduction, and thus
location of VG on the roof need to move to achieve better result. This result agreed with the outcome
made by Zakher et al., [63] where they placed the VG on the trunk instead of on the roof like many
other studies. The reason behind this is vortex generator need to be placed before point of flow
separation and separation point happen faster when the air speed is high. Therefore, the flow
separation targeted to be reduced by Zakher et al., [63] is the one behind the trunk instead of the
rear windscreen.

Further study about delta VG is about change of its yaw angle made by Rahman and Thiyagarajan
[64] and Shankar et al., [65]. Rahman and Thiyagarajan [64] mentioned that VG diverging to the flow
field is the best configuration to reduce drag. The difference of those papers mentioned are the type
of model used, the wind speed and some slight modification of delta-shaped VG. Moreover, the delta
VG also been combined with other passive flow control such as spoiler [34][66]. Both of the research
agrees that combination of VG with other passive flow control will reduce drag more effectively.

On the other hand, there are few studies about other cross-section shape of VG such as the one
made by Islam et al., [67] where they experimented about hexagon-shaped VG (Figure 29) and by
Pujals et al., [68] which experimented cylinder-shaped VG (Figure 30). Sen et al., [69] also analyzed
four profiles of VG which are parabolic, gothic, delta and rectangular on generic sedan car model. He
concluded that gothic VG is the best type according to CFD and experiments. There were also CFD
study about to reduce drag and prevent flow separation on aircraft wing that used similar VG types
(Figure 31) as Sen et al., [69]. That study by Vinodhini et al., [70] concluded that delta VG yield better
drag reduction. Besides installing VG on roof, VG also been installed at bottom of vehicle to
investigate its influence on ground effect in a series of experiments [71-73].

Vortices will be created when there is disturbance is the flow for example the existence of dimple
in creating vortex also been studied to reduce drag coefficient of a cylinder [74]. Furthermore, some
active flow control also acts as VG such as blowing at certain configuration that will create vorticity
also may be called vortex generator jet [13][17][28]. Latest research on VG incorporated plasma
actuator on its side and the result shown momentum injection of that dual side plasma vortex
generator (DSPVG) is stronger than conventional VG [75]. These shows that the effort of generating
vorticity to enhance boundary layer mixing that leads to delay in flow separation is prevalent in both
active and passive device making it a very interesting field to be pursue.

(a) Hexagon-shaped VG (b) VG attachment of experimental car model
Fig. 29. Hexagon VG used in experimental study [67]
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Fig. 30. Cylindrical VG used at rear roof of an Ahmed
model with backlight angle [68]

Gothic VG
Rectangular VG

Parabolic VG

Triangular VG

Ogive VG

Fig. 31. Example of different profiles
of VG used in research [70]

4. Combination and Comparison of Flow Controls

There are also several authors did combination of flow controls to further reduce the drag on
sedan [34,76-78]. The results proven to be able to reduce more drag on sedan vehicle as shown in
Figure 32 and Figure 33. Review by Mukut and Abedin [29] also agrees with this and it is found that
active flow control has fairly the same ability as passive flow control as shown in Figure 34 indicating
the reason why vehicle on roads nowadays still using passive flow control instead of active one.
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5. Unresolved Issues on Vortex Generator

VG also can be explored more to determine the best shape and it has large application in
controlling the flow everywhere. It is imperative to have the airflow attached in order for the flow
control to work. The passive flow control usually installed at rear end where the flow might already
separate and reducing the performance. Addition of VG also will improve the ability of other flow
control located downstream. Among all shape tested, the airfoil shaped is not yet been tested and
this will be investigated. Furthermore, there are lack of experimental flow visualization of the vehicle
model with VG along with detailed pressure mapping around the model. The reviews found that
experimental pressure mapping of model with VG is not detailed which it is not shown where did the
VG changed pressure distribution around the rear vehicle. Because of that, VG is chosen to be further
examined on a generic squareback model. Besides that, there is still lack of study to investigate the
vortex induced vibration on vehicle. Presence of this flow controls may reduce this VIV and further
research on vibrations in vehicles equipped with flow control is needed.

It is also found that researches about flow control did not incorporate similarity flow or Reynold
sweep in order to compare the results with each other. Low velocities were often used in the studies
as stated in review paper by Szodrai [79], and drag reduction are more significant in low airspeed.
For valid study, Reynolds number must match the driving condition, thus these researches could not
be compared in order to accurately see which flow control is the best in reducing drag as the
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parameters used are different [80]. Besides that, boundary layer also was not considered in most of
experiments. For vehicle to be tested experimentally in a wind tunnel with no moving floor, there
should be a boundary layer scrapper [81] or place the model at a distance above the floor [82] to
ensure the model is outside boundary layer as in real application.

6. UTM Aerolab Research Program

To solve some issues mentioned previously, VG experimental study will be carried out on a
generic squareback model. It is a squareback model introduced for aerodynamic research with
cooperation from Honda R&D firstly introduced by McNally et al., [17] as shown in illustrated in
Figure 35. This model will be used in this research rather than original squareback Ahmed body.
Squareback Ahmed body has sharp trailing edge while this model modified this with using rounded
trailing edge. This curved surface provides Coanda effect and also better resemble real road vehicle.
There will be two types of VG tested which is the typical delta and airfoil NACA0012 shaped as in
Figure 36.

194.5

| _—Front
AN
S
8>

Fig. 35. Technical drawing of HSB with dimensions in mm

(a) Delta VG (b) Airfoil NACA0012 shaped VG
Fig. 36. The attachment of VG on model as viewed from above

The experiment will be carried out in UTM Aerolab wind tunnel with 2 x 1.5 meter test section as
illustrated in Figure 37. The airspeed for the test will be determined from Reynold sweep and yaw
angle is varied with interval of 5°. There are three stages of experiments will be carried out on the
model. The first experiment is the test of only the vehicle model without any VG which is called clean
model. The second experiment is testing with delta VG installed at rear roof of the model. The final
experiment is the testing with airfoil NACAO012 installed at the same position. For each experiment,
several measurement techniques namely force measurement, surface pressure measurement,
pressure mapping and flow visualization will be employed on the model. The results of these three

30



Journal of Advanced Research in Fluid Mechanics and Thermal Sciences
Volume 101, Issue 1 (2023) 11-36

configurations will be compared to obtain the effectiveness of the VG. These experiment procedures
are summarized in Table 1.

Probe Traversing

System (PTS)

Wind Flow

Direction

Fig. 37. Experiment setup in the Universiti Teknologi Malaysia-Low
Speed Tunnel closed circuit

Table 1
The experiment procedures
Experiment test Parameter
Clean model The airspeed will be determined from Reynold sweep
Yaw angle: -20°, -15°, -10°, -5°, 0°, 5°, 10°, 159, 20°
Measurement techniques:
i. Force measurement
ii. Surface pressure measurement
iii. Pressure mapping
iv. Flow visualization
Model with VG The airspeed will be determined from Reynold sweep
Yaw angle: -20°, -15°, -10°, -5°, 0°, 5°, 10°, 159, 20°
Measurement techniques:
i. Force measurement
ii. Surface pressure measurement
iii. Pressure mapping
iv. Flow visualization

7. Conclusion

This review paper summarized the flow controls used in automotive that can reduce pressure
drag. Passive and active flow control technique have their own advantages to reduce drag on
automobile. However, active flow control requires complex control system compared to passive flow
control that work by attaching it on the vehicle. Reducing the size of wake due to flow separation will
reduce drag but making the wake more symmetric also proven to reduce drag. Active flow control
may need further research to prove itself to be superior to passive flow control. These flow control
delay flow separation by momentum injection thus quantification of it need further investigation.
Several issues arisen also been highlighted and suggestion has been mentioned which include the
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use of standard model and Reynold sweep. Selection of model, Reynold number and other design
parameters have influence on the findings of aerodynamic researches. The position of flow control
also can be optimized and combined in order to further reduce the drag. Other than applying flow
control, the drag also been reduced by designing more streamline vehicle, improved engine and
others. Based on the literature review, VG is the most versatile flow control technique that can be
performed on automobile. The data from experiments should provide a very comprehensive results
on the effects of flow control on a generic squareback vehicle model.
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