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ABSTRACT

Aerodynamic drag force is one of the main obstacles on
moving a vehicle. This force significantly reduces a vehicle's
speed and, as a result, its fuel efficiency. In today’s scenario,
fuel efficiency is a prime concern in vehicle design, so a
reduction in aerodynamic drag force is highly important.
Road vehicles are designed to pass through surrounding air
and displace it as efficiently as possible. Due to the rear
shape of a car, airflow suddenly separates from the vehicle
at a point near the rear windscreen. This flow separation at
the rear end of the car is responsible for the drag force, which
is the main opposition to the vehicle's forward motion. This
drag force is proportional to the square of the velocity of the

car and, as a result, increases significantly after certain
speeds. To reduce the drag force, the flow separation at the
rear end needs to be avoided. In hatch-back type cars, to
avoid this separation, a vortex generator (VG) can be used.
VG creates the vortex at the rear end of the car, which delays
the flow separation and, ultimately, drag is reduced
significantly. In this work, the effect of a VG on the pressure
distribution, velocity destitution and aerodynamic drag on the
hatchback type car, is studied by the numerical simulation.
The numerical simulations are carried out using the ANSYS
FLUENT® software. The simulation setup is validated with
wind tunnel test results.

KEYWORDS: Drag force; Vortex generator (VG); Aerodynamics forces; Flow separation; Velocity distribution; Pressure distribution; CFD.

Introduction

Aerodynamics is a branch of fluid dynamics that
studies interactions between the air and solid bodies
moving through it. The aerodynamic forces exerted on a
vehicle by the air due to the relative motion of the air and
the vehicle when it goes forward. This causes the
resistance to vehicle's moment [1-2]. The motion of air
around the vehicle is called a "flow field," which is an
analysis by using various properties like velocity,
pressure, density, and temperature. These properties are
a function of position and time and can be calculated by
using equations for the conservation of mass, momentum,
and energy [3].

When a vehicle is moving, lift and drag are the two
primary aerodynamic forces acting on the vehicle. The lift
force is acting in the vertical direction on the vehicle body.
As the effect of lift force is produced, up-thrust or down-
thrust depends upon the shape of the vehicle. Up-thrust is
undesirable as it reduces the tyres' ground grips, whereas
down-trust enhances the tyre’s road-holding [4-6]. The lift
force is represented by,

Fi=2pV?CiA (1)
Where,

Fr= Lift force
Cyr, = Lift coefficient

A= Frontal area of the vehicle
V= Wind velocity
p = Air density

The lift coefficient Cy, is a dimensionless quantity that
is a measure of the difference in pressure created above
and below of vehicle body, it is also used to compare the
different vehicle shapes [5, 8].

From an energy-saving point of view, the aerodynamic
drag force receives special attention [1-2]. The drag force
acts in the opposite direction of car movement. Due to
constraints created by boot space, rear windscreen, size of
car, regulations, etc., cars end up being somewhat
obliquely and boxy shaped. Such a shape is responsible for
creating the low pressure zone behind a car in a forward
motion [5]. This low pressure zone is called the "wake
region" [6, 9]. During the airflow over the surface of the
vehicle, in the wake region, there are some points when
the change in velocity comes to stall and the air starts
flowing in the reverse direction. This phenomenon is
called "separation" of the flow field, which is undesirable
in vehicle motion [7-8]. Ultimately, this airflow separation
pulls the car from behind and opposes the forward motion
of the car. This is called the "drag force." To avoid this flow
separation, the transitions of the airflows from the roof to
the rear window need to be smoother [7-9].
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The drag force is represented by,

Fp= > pV2CpA l2)
Fp = Lift force
Cp = Lift Coefficient

The drag performance of vehicles is characterized by
the drag coefficient (Cp) This non-dimensional coefficient
allows the drag performance between different vehicles
and different setups of the same vehicle to be compared
directly [5, 8].

Various kinds of literature are available in the public
domain on active and passive systems to minimise the
drag force. In case of the active system, jets are used to
create vortices, while on passive systems, a modified
shape is used to reduce the wake region. The studies by
Abdellah Ait Moussa et al. [13] worked on the reduction of
aerodynamic drag in generic trucks using optimised
geometry of rear cabin bumps. Damjanovic et al. [14]
investigated the use of a spoiler to reduce race car
aerodynamic drag. Computational analysis of flow
separation to reduce the drag force vehicle is performed by
Rouméas et al. [15]. Wang et al. [16] studied the active
system for drag reduction, even with wheel-vehicle
interaction drag force can be reduced. A Steady Jet Flow
(SJF) system is reduced the pressure difference at the rear
end, this system was used in works by Pastoor et al. [17]
for drag reduction. C.H. Bruneau et al. [19] used a
combination of jet actuation and a porous top layer on the
Ahmed body and presented numerical results showing a
remarkable drag reduction of around 31%. Salati et al.
[20] examined VG in a truck model with both numerical
models and wind tunnel tests and concluded the
advantageous effects, besides drag and overturning
moment reduction. Lee et al. [21] stated that the spoiler
can reduce the vehicle's drag by 3.1%. Zhigang Yang [2]
worked on the aerodynamics of pick-up trucks and
described the geometrical aspects to reduce drag force.
Xin-kai Li et al. [23] examined the offset between two
delta-shaped winglets and concluded the maximum drag
reduction was achieved at a 5 offset distance/VG height
ratio. To the author’s best knowledge, less exposure has
been observed in the study of the effects of various
numbers of VG on the pressure contours, velocity vector,
and aerodynamic drag force in the case of a hatchback
type car.

This paper is structured as follows. The finite volume
numerical simulations are performed on ANSYS FLUENT
software. The numerical simulation setup is validated
with a wind tunnel test in Section 2. A similar set-up has
been used in section 3 to analyse the effect of VGs on the
aerodynamic characteristics of a hatchback car, namely,
velocity destitution, pressure distribution, velocity
vectors, and drag force. First, a car model without VGs is
considered the baseline configuration, and using
numerical simulation, the aerodynamic characteristics of
the baseline model are evaluated. Second, on the same
setup, one to five number of VGs are attached at the rear
end of the car and evaluate aerodynamic characteristics.
Furthermore, these aerodynamic characteristics are
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compared with each other and with the baseline
configuration.

Experimental Validation of Simulation Setup
Vortex Generator

In various car models, VG is used to reduce the drag
force. The rear end of hatchback cars is somewhat
obliquely and boxy. As discussed in section 1 flow
separation takes place at the rear end of the car and air
starts moving in the reverse direction, which causes the
drag force as shown in figure 1 [8, 21]. A VG is one of the
solutions to this problem [17,21]. A VG is an aerodynamic
surface made up of a small vane or bump that is attached
to the back of the car because of its shape and position,
which creates a vortex [20].VG controls the boundary
layer transition by creating a vortex at the rear end, which
delays the flow separation and, ultimately, drag is reduced
significantly [19, 21, 22].

Fig. 1. Flow of air at rear end of car.
Experimental Setup on Wind tunnel test

The validation of the numerical simulation setup is to
be done by using the wind tunnel test ring. The airfoil
model, having a chord length of C=100 mm and a length
of L= 300 mm, is placed in the wind tunnel at an angle of
attack of a=50 with the free stream direction. The
upstream velocity V= 15m/s and the density p is 1.2kg/m3.
The air velocity is assumed to be steady state, inviscid,
and uniform. A piezometer is used to measure the
pressure difference AP along the length of the airfoil
model. The experimental setup is shown in figure 2.

Fig. 2. Wind tunnel experimental setup.
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The elemental pressure force per unit span of airfoil is
can be expressed as,
df= AP dl, N E:))
Due to airfoil model angle of attack this element
pressure is divided into two component, and they are
calculated by,
df,= AP dy veen(d)
df,= AP dx .oe(B)
Therefore, total force in X and Y direction is can be
evaluated by integrating the element force along the Y and
X direction respectively. This is to be done by measuring
the pressure using piezometer along curtain interval in
the X and Y direction of airfoil model so,
Fe=[4Pdy ..... (6)
Fy=[AP dx ....(T)
Dynamic pressure on airfoil model is obtained by,

F=— pV’C e (8)

Where C is force coefficient which is have two
component in X and Y direction which are,
_ [aray

Co= 2 = .9

GPV?) Gpv?) ©)
_ Fy _ Japax

Conp =T e (10)

For airfoil angle of attack a=5° and piezometer angle of
inclination 6=0° the Cp and Cy, are calculated by,
Cp=Cysin® +Cycosa ... (11)
CL=Cycosa-Cysin® ... (12)

Numerical Simulation setup on CFD software

To validate the numerical simulation setup, all
parameter values like velocity, the density of air, size of
airfoil model, etc. are taken as the same as used in the
wind tunnel experimental test in section 2.2. The airfoil
3D model is created in the SolidWork software and import
into the ANSYS software for further analysis. The
necessary boundary conditions like inlet velocity, outlet
velocity, and wall movements are applied, and the model
is mesh with an element size of 1.5. Figure 3 (a) and (b)
show the velocity distribution and streamline flow around
an airfoil. The Cp and Cy, are obtained from simulation and
compared with wind tunnel test results in Table 1.

Fig. 3 (a) Velocity distribution around airfoil.
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Fig. 3 (b). Velo. streamline around airfoil.
TABLE 1

Experimental and simulation results comparison

Sr. Parameter Wind tunnel | Numerical |Percentage
No. aramete experimental | Simulation| Error

1 |[Drag Coefficient (Cp) 0.213 0.197 9.2%

2 |Lift Coefficient (Cy) 0.197 0.174 8.8%

It has been observed that the absolute error between
the wind tunnel experimental test and the CFD
simulation of Cp and Cp, is less than 10% and they are
considerably closer to each other. Hence, the above-
mentioned simulation setup is considered in the present
work for further study of the car model with VG and
without VG.

Numerical Simulation

The hatchback car model shown in Figure 4 was
selected for the study. The 3D geometrical model of the car
is created in the SolidWork software and has an overall
length of 3765mm, an overall height of 1500mm, and an
overall width of 1690mm. As per the many kinds of
literature, the optimum height of the VG is defined as
being almost equal to the boundary layer thickness [5].
The most favourable size of VG is found to be 25.45 mm X
10mm of a bump-shaped piece with a rear slope angle of
25°. Figure 5 shows the dimension of VG [23,24]. The
location of vortex generators is selected at a point
immediately upstream of the flow separation point and a
point at a distance of 100 mm from the facade of the roof
end.

Fig. 4. Hatchback car base model.
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25.45
G 10mMmm

Fig. 5. Dimensions of Vortex generator.

A further computational analysis is carried out in the
ANSYS FLUENT software. The car model is imported into
ANSYS software. For the computational simulation, it has
been assumed that the airflow is a steady-state with
constant velocity at the inlet, constant pressure outlet, no-
slip wall boundary conditions at the car's body, and
inviscid flow wall boundary conditions at the car's surface,
roof, and sidewall. The enclosure size is based on
literature [21], and dimensions in X, Y, and Z directions
are 6L X 2L X 2L, m, respectively. The necessary boundary
conduction like inlet velocity, outlet velocity, and wall
movement is applied in simulation. The model is
discretized with triangular elements of size 1.5. The other
simulation parameters are given in table 2, and the
ANSYS simulation setup is shown in figure 6.

TABLE 2
Simulation Parameters.
Sr. Parameter
Parameter Boundary conditions
No Values
o Magnitude measured
1 [Velocity inlet 60 km/hr
normal to boundary
Gauge pressure magnitude |0 Pa
. . Normal to
Gauge pressure direction
boundary
2 |Pressure outlet|Turbulence specification  |Intensity &
method viscosity
Backflow turbulence
) _ 10%
intensity
Fluid type Air
3 Fluid Density (p) 1.175 (kg/m3)
properties 1.7894 x 10-5
Kinematic viscosity (V)
(kg/(m s))

To analyse the effect of VG on drag force, the first
simulation (simulation 1) is performed without VG by
taking the above-said parameter. During the simulation
process, drag force, lift force, drag coefficient, and lift
coefficient were tracked. Simulation 2 is carried out by
taking the 1 number of VG mounted at the centre of the
roof. The simulation parameters for simulation 2 and
further simulations are kept the same as in simulation
number 1. Similarly, simulations 3 to 6 are performed by

taking the 2 to 5 number of VGs, respectively. For all
simulations, the above-mentioned parameter values are
obtained. The pressure distribution, velocity distribution,
and velocity vector of all 6 simulations are plotted to
analyse the flow separation. A detailed comparison of CFD
results is discussed in the following section.

Fig. 6. ANSYS simulation setup.

Result and Discussion

All the simulations mentioned in the previous section
are performed and their results, like pressure
distribution, velocity distribution, velocity streamline,
and value of drag force, are obtained and discussed in
detail in the following subsections.

Pressure Distribution

The pressure distribution around the car model for all
simulations is as expected. The high-pressure zone is
depicted in red in Figures 7(a-f), and the low-pressure
zone is depicted in blue.

It was observed that the pressure distribution in
different areas behaves differently because of the way air
particles interact with a certain portion of the car. At the
front of the car, there is a direct collision of air partials, so
for all simulations at the front, there is a high-pressure
zone. On the other hand, at the rear end, the pressure is
considerably lower. As discussed earlier, the low-pressure
zone at the rear end is the main factor in creating the drag
force. Figure 7 (a) shows that the low-pressure zone blue
spots are more prevalent at the rear end of Simulation 1
(without VG) than in the other figures. While, in figures 7
(e) and (f) (simulations 5, and 6), low-pressure zones, blue
spots are observed on the roof of the car. Low-pressure
zone spots in figures 7(b) and (c) (Simulations 2 and 3) are
comparable to fewer in other figures. As the number of VG
increases, as in figures 7 (e) and (f) (simulations 5 and 6),
low-pressure zones are observed at the roof of the car,
which increases drag force at the roof of the car.

Velocity Distribution

Figure 8 (a to 1) depicts the velocity distribution and
velocity vectors of all simulations at a symmetry plan.
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Fig. 7 (a) Pressure distribution of sim. 1. Fig. 7 (b) Pressure distribution of sim. 2.

Fig. 7 (¢) Pressure distribution of sim. 3 Fig. 7 (d) Pressure distribution of sim. 4
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Fig. 7 (e) Pressure distribution of sim. 5 Fig. 7 (f) Pressure distribution of sim. 6

V-

Fig. 8(a) Velocity distribution of sim.1 Fig. 8(b) Vel. vectors distribution of sim.1

T

Fig. 8(c) Velocity distribution of sim.2

s

— —

Fig. 8(e) Velocity distribution of sim.3 Fig. 8(f) Vel. vectors distribution of sim.3
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Fig. 8(g) Velocity distribution of sim.4

Fig. 8(k) Velocity distribution of sim.6

From the figures, it has been found that there were
recirculation zones behind the rear end of the vehicle. This
is due to the created low-pressure zone at the rear end, as
discussed in 4.1. By comparing the simulation figures, it
is seen that the recirculation zone behind the rear end of
simulation 1 (without VG, figure 8 (a and b)) is much
closer to the rear end of the car compared to other
simulations. It indicates the reverse flow of air occurs very
near the rear end of the car. This reverse flow ultimately
creates drag force. In the simulations 2 and 3 (figures 8 (c)
to 8 (f)), as velocity vectors reversed away from the rear end
of the car, the drag force decreased. On the other hand, it is
seen from the velocity vectors of simulations 4, 5, and 6
(figure 8 (h), (j) and (1)) that at the roof of the car, air flow is
also getting reversed, which increases the drag force.

Drag Coefficient

The values of the drag coefficient of all simulations are
tabulated in table 3. Figure 9 shows the variation in drag
coefficient over the number of VG.

TABLE 3
Drag Coefficient Simulation Results
Simulation Number | Number of VG | Drag Coefficient (Cp)

1 Without VG 0.2468
2 1 0.2183
3 2 0.2210
4 3 0.2319
5 4 0.2440
6 5 0.2442

Fig. 8(1) Vel. vectors distribution of sim.6

0.25
0.24
0.23
0.22

0.21
0 1 2 3 4 5

Number of VG

Drag Coeeficent

Fig. 9. Number of VG versus drag coefficient.

From table 3 as well as from figure 9, the drag
coefficient of a car without VGs is higher compared to a
car with 1 or 2 number of VGs. Further, with 4, 5, and 6
number of VGs, the drag coefficient increases. As
discussed in sections 4.1 and 4.2, for simulation no. 1, low-
pressure zones in the rear-end cause the reverse flow of
air in that region and eventually the drag force created in
this region.

With the 1 or 2 number VGs on the car, the low-
pressure zone gets shifted away from the rear end. Hence,
velocity is getting revered away from the rear end. It
results in a drag coefficient in these cases being lower than
in others.

The 4, 5, or 6 number VGs on the car act as a blunt
body in a flow of air. That creates a low-pressure zone at
the roof of the car, which results in bad aerodynamics and
increases the pressure drag coefficient.
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Conclusion

Numerical simulations have been performed on the
hatchback car model without and with an increasing
number of VGs. Its effects on pressure distribution,
velocity distribution, and drag coefficient are investigated
in this work. The low-pressure zone behind the moving
vehicle is responsible for aerodynamic drag. A VGs were
installed to control the low-pressure zone. It was found
that without VG, a low-velocity zone is created near the
rear end of the car, which causes a high drag force on the
car.

The low-velocity zone is shifted away from the rear end
of the car when VGs are used, resulting in a decreased
drag coefficient. In this study, utilising 1 and 2 numbers
of VGs lowered the drag coefficient by up to 11% as
compared to without VG.

This study also gives insight on the effects of a number
of VGs. It was observed that a greater number of VGs were
behaving as blunt bodies in airflow in hatchback cars. This
has an adversely effect on the pressure distribution on the
car roof. As a result, the drag coefficient of five VGs is
higher than the drag coefficient of one VG.
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