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Abstract:

Drag and lift are two important parameters to evaluate a vehicle's
aerodynamic performance. Aerodynamic resistance (drag force Fq)
prevents the movement of the vehicle and has a value proportional to the
square of the velocity. That is, when the speed increases twice, the
aerodynamic drag will increase fourfold. This article presents a plan to
design a sport utility vehicle model with improved aerodynamics by using
Ansys Fluent software to analyze pressure distribution areas that affect
aerodynamics and the body. Based on the results obtained, the areas of
stress and maximum pressure concentration have been identified. From
this, a plan to improve the vehicle’s exterior design has been proposed.
After many iterations of the design and model optimization process, the
aerodynamic drag coefficient Cp was reduced by 3.06% compared to the
original model. The revised design option is equipped with an airflow
diffuser under the vehicle; the lifting resistance coefficient has been
reduced from 0.0902 to 0.038, equivalent to 58.2%. The new proposed
design of the model has reduced the vehicle's frontal drag by 2.04%. The
research results have determined the aerodynamic coefficients Cp and C; of
the model car. Based on the results received, it is possible to compare them
with the manufacturer's announced parameters and propose new design
options that still ensure aesthetics.

1. INTRODUCTION
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specifically stability and control over the vehicle

When cars run on the highway at 60-80 km/h,
approximately 40-50% of the total energy is
required to overcome aerodynamic drag. In urban
driving conditions, at average speeds 40 km/h,
about 25% of fuel consumption is used to
counteract air resistance. Aerodynamic drag
significantly impacts the energy efficiency of
vehicles. Characterized by the frontal drag
coefficient Cp, which is a parameter that depends on
the aerodynamic shape of the vehicle body.
Advances in automotive technology reveal a trend
toward producing faster, more powerful, and
lighter vehicles. One of the critical criteria in
modern car design is ensuring overall safety,

[1,2]. SUVs face significant challenges with higher
air resistance compared to sedan models. This is
due to the high rake angle, causing the airflow to
separate early at the roof end. This phenomenon
leads to increased drag resistance due to a high
degree of turbulence behind the vehicle [3,4].
Various studies have also been conducted on the
effects of mirrors and rear windshields. In the
research [5], the authors performed to simulate the
influence of geometric parameters on the
aerodynamic drag coefficient Cp. In the research [6]
comparison of design options was performed on a
large SUV model with the aim of finding the optimal
design option. In the research [7] closed and open
cooling apertures for SUVs were studied
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experimentally to know their effect on drag
resistance. The research [8] was carried out for a
Fiat Linea car model with a scale of 1/5 size to
evaluate the influence of model scale on the
pressure distribution area and drag coefficients Cp
were performed. The design problem of adding a
diffuser to the rear of the car was solved by the
authors [9], which resulted in an improvement of
the aerodynamic drag coefficient by about 4%. The
pressure difference between the front and rear
distribution areas is the main factor that creates
drag on SUVs, accounting for more than half of the
aerodynamic drag value [10]. By optimizing the
aerodynamic shape of passenger cars, it is possible
to help reduce aerodynamic drag. In the research
[11], it was shown that the drag coefficient Cp of the
Sonata model was improved after changing the rear
shape of the car. The k-¢ flow models in
aerodynamic research were mentioned in papers
[1,12]. In the research [13], the effects of different
flow types were analyzed using the SolidWorks Flow
tool. The simulation model was performed with
many different truck models and SUVs; these
vehicle models were having an increasing market
share. The purpose of the study was to evaluate the
factors affecting the aerodynamic drag coefficient
Cpb. In the research [14], test measurements of the
truck model were carried out in the wind tunnel, the
ratio of the experimental model and the actual
vehicle was 1/24. In the research [15] it was studied
and proposed aerodynamically optimized exterior
designs of a sport utility vehicle using
computational fluid dynamics analysis based on
Reynolds' steady-state average Navier-Stokes
turbulence models. In research [16] ANSYS Fluent
was used to calculate the vehicle's Drag and Lift
Factor. After simulating the conventional flow, an
Adjoint solver was used to determine its shape
sensitivity in relation to the observed i.e., pulling
and lifting. In the research [17], the first
experimental one was performed design (DoE) was
performed with Large Vortex Simulation (LVS),
involving height geometric parameters for the
radial base function of the front air dam, using the
Sobol algorithm. Then, a multi-objective genetic
algorithm (MOGA) was constructed and applied to
an alternative model, depending on the geometric
parameters of the front windshield. In the research
[18], the connection between the possibility of
reducing the aerodynamic resistance of the vehicle
and the air resistance coefficient was examined.
This drag affects the fuel consumption of the vehicle
because the vehicle speed is higher. There are
actual values evaluated of the vehicle's air

resistance coefficient, devices that can reduce air
resistance, and the effect of selected aerodynamic
devices on reducing drag and reducing fuel
consumption. In the research [19] CFD calculations
and analyses typically specific to high-performance
vehicles were performed and applied to passenger
vehicles such as SUVs and sedans. The results show
that on average, the resistance coefficient
decreases by 16% and the lifting coefficient
decreases by 232% on a large scale [19].

2. THEORETICAL FOUNDATIONS OF AUTOMOTIVE
AERODYNAMICS RESEARCH

2.1. Overview of Car Aerodynamics

There are 6 types of aerodynamics acting on the
car. Aerodynamics influence the car mainly through
aerodynamics and aerodynamic torque.

Driving speed, body shape, and vehicle slip angle
are important factors affecting aerodynamic forces
and aerodynamic torque. Aerodynamic force and
moment are composed of 3 axial forces and
moments around X and Y axis, and Z axis, also
known as 6 aerodynamic component forces, mainly
including drag force Fg, lift force F;, lateral force Fs,
rolling moment Tgy, lifting torque Tem and yawing
moment Tym.

According to ISO standards, the aerodynamic
origin is located at the center of the front and rear
axles. The six aerodynamic component forces are
determined as follows according by equation 1 [20]:

1 1 1
FD = ECDAP‘MZ FL = ECLApuZ FS = ECSApuZ
1 1
TRM = ECRMApLuZ TRM = ECRMApLuZ (1)

1 2
TYM = E CYMApLu

where are: Fpis drag force (N), F; is lifted (N), Fsis
lateral force (N), C. is lift coefficient, Cp is drag
coefficient, Csis lateral force factor, Tgy is moment
rolling (Nm), Teum is the thrust torque (Nm), Tyy is the
rotational torque (Nm), Crumis the torque coefficient
in the X direction, Ceumis the torque coefficient in the
Y direction, Cym is the torque coefficient in the Z
direction, A is the projected area of the car (m?), p
is the air density (kg/m3), L is the wheelbase (m),
and u is the velocity (m/s).

2.2. Flow Model in Research

The k-epsilon model is the simplest turbulent
flow model in its complete form with two
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descriptive equations that are independently solved
based on the transformation equation of
turbulence velocity and turbulence length ratio. The
computational model has the characteristics of
being simple, saving time, and having moderate
accuracy, but because of the calculation for the
turbulence of the flow over a wide range (Reynolds
variation is large), this model is widely used in
industrial calculations. This is a semi-empirical
computational model derived from theoretical
equations combined with an experiment based on
the researcher's experience. Analyzing the
strengths and weaknesses of the computational
model, the simulation model has been chosen for
research.

This model applies independent solving of two
transformation equations: entanglement kinetic
energy (k) and diffusion rate (&) [21]:

2 d 2 e Ok
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where are:

Us- Turbulent viscosity (kg/m:-s);

u:- dynamic viscosity (kg/m-s);

u; - velocity component (m/s);

Gk - Represents the generation of entangled
kinetic energy due to the average velocity gradient
(kg/m-s?);

Gy - Kinetic energy generation due to buoyancy
(kg/m-s?);

Ym - Shows variable expansion in compressible
turbulent flow (kg/m-s3);

Cie, Coe- Constants (C 1= 1.44; C .= 1.92);

Cs:: Shows e's exposure to buoyancy;

Sk, Se- The entanglement coefficients of k and e
(Sk =1;S5:= 1;3);

Sk Se - User-defined function that depends on
the problem condition.

2.3. Methodology and Methods

In this research, Ansys Version R19.2 software
and NX model design software were used to build
and access calculations installed at the School of
Mechanical and Automotive Engineering, Hanoi
University of Industry. Model design parameters are
based on specific objects, and are proposed to be
adjusted with different options to run tests and
obtain results. The methodology used is shown in
Fig. 1.

(2)

The computational approach

Vehicle aerodynamics and FEA

element limitation method

Using a real car, proceed to build a
model

Apply constraints and run the
simulation flow

Collect simulation results (Velocity,

Pressure Distribution and Flow Chart)

Fig. 1. Procedure for analyzing aerodynamic problems

In the computational approach, the model
designed by NX is used for rendering purposes to
make the model realisticc Ansys Fluid Flow
Simulation is then applied for simulation purposes.
Various result viewing options related to Flow
Simulation are applied to analyze the models.
Options for viewing results.

e Shear diagram (Shows pressure distribution,
velocity distribution, etc.)

e Surface diagram (Shows pressure distribution.)

¢ Flow trajectory.

Simulation results of velocity, pressure
distribution, flow trajectory, mesh diagrams,
parameters of displacement of drag coefficients,
and distribution of drag force acting on the vehicle
need to be presented visually.

The simulation process is performed
sequentially with four proposed design options with
the same boundary conditions. The simulation
results have determined the frontal resistance
coefficient Cpand the lift resistance coefficient C:

1. Original car model with 55° front windshield
angle.

2. Improved car model with 60° front windshield
angle.

3. Improved car model with 65° front windshield
angle.

4. Improved vehicle model with air diffuser.

2.4. Analysis of the components of aerodynamic
resistance acting on the vehicle

(a) The resistance force that a flowing fluid
exerts on an object in the direction of flow is called
drag. Resistance is due to the combined effect of
pressure and wall shear in the direction of flow. The
equation determines the tensile force due to the
combined effect of the wall shear stress and the
compressive force [22]:

1
Fd = EpVZCDA (3)
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where are: Fy- Frontal resistance (N); p - air density
(kg/m?3); V - relative speed (m/s); Cp - coefficient of
frontal drag; A - area of the front bumper (m?).
Aerodynamic drag consists of two main
components: frictional resistance and pressure

resistance. Pressure drag accounts for more than 80%

of total drag, and the condition is highly dependent
on the geometry of the vehicle due to the
separation of the boundary layer from the rear
window surface and the formation of a wake-up
zone behind the vehicle.

(b) Lifting air is similar to drag but also creates an
opposing force to drag. It is created when air flows
over a curved surface. The gas pressure in the gas
stream decreases, and outside forms a lift on that
surface, causing an uplift.

The equation for lifting air resistance of the
vehicle can be presented [23]:

F, =3pV2C,A (4)

where are: F, - Lifting force (N); p - air density
(kg/m3), V - relative speed (m/s), C. - system
upgrade and A - raised area (m?).

(c) Streamline: A streamline is an imaginary line
drawn in the flow field such that a tangent drawn at
any point on the line represents the direction of the
velocity vector.

(d) Vorticity: Vorticity is a measurement of the
rotation of a fluid particle. More specifically,
Vorticity is equal to twice the angular velocity of the
liquid particle. For racing cars and other high-speed
aerodynamic vehicles, vortex forces have a greater
effect. The vortex force creates flow leakage. From
the high-pressure side to the low-pressure side.

(e) Computational Fluid Dynamics (CFD) is a
powerful tool in the field of fluid mechanics. Itis one
of its branches that uses numerical methods and
algorithms to solve and analyze problems related to
fluid flow. By providing numerical solutions to the
governing equations of fluid dynamics throughout
the desired flow region, CFD allows for the solution
of complex problems without oversimplification.
This dynamic capability of CFD is a significant
advancement in the field of fluid mechanics, and
understanding its principles is crucial for any
professional or academic in this field.

3. DESIGN AND SIMULATION

3.1 Drawing and Designing The Car Models in
Software

In this research, a reference model of a sports
utility vehicle (SUV) was used. Dimensions of the

vehicle are shown in Fig. 2. The width is 1981 mm,
the height is 1910 mm, the wheelbase length is
2849 mm, and the overall length is 5064 mm.

Lexus LXST0 (2048) P —
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£ \ 05
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\ | —— e,
\ S ey — — - -

Fig. 2. Schematic representation of the vehicle (Linear
distance in millimetres and angle in degrees)

The vehicle shape is referenced based on the
Lexus LX570. Through the actual available
dimensions, an SUV model was constructed for
evaluation. The design model proposed in the
research includes some assumptions that have not
been considered, such as the influence of rearview
mirrors, tyres, and door handles on the vehicle's
aerodynamic properties, Fig. 3.

Fig. 3. Three-dimensional solid model of the model
vehicle in the NX application

3.2 Aerodynamic Analysis of the Original Model

The results in Fig. 4 show the velocity
distribution inside the simulation area of the
aerodynamic tube, mesh and isolation lines to
delineate the internal velocity distribution. The
results are observed in the results bar to the left of
the graph with the original car model with front
windshield angle 55°.

Fig. 4 shows the velocity distribution around the
model. The red region represents the high-velocity
region, the blue region represents the low-velocity
region, and the dark blue region represents zero
velocity.
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Fig. 4. Velocity distribution of elements around the
vehicle model at an angle of 55°

The results show that low air velocity is
distributed in the front and rear areas of the vehicle.
The speed tends to increase, with the top part of the
car's roof reaching the highest speed value. The
airflow velocity over the hood decreases
significantly and remains constant as the airflow
flows toward the rear of the vehicle in the direction
of airflow displacement. In the front area, there are
some areas where the airflow is blocked, so the
velocity of air particles here is lower than on the
roof.

The simulation results in Fig. 5 show the pressure
distribution shown in the aerodynamic duct
simulation area inside the contours. The light blue
area represents low pressure, and the red area is
high pressure. The area in front of the vehicle has a
greater pressure concentration than other areas
because the velocity is small here. In fact, car
manufacturers are always looking for ways to
improve the design of the vehicle's front area to
reduce the value of this high-pressure distribution
area.

Fig. 5. Pressure distribution of the car model at an
angle of 55°

According to the theoretical basis of the
Bernoulli effect, when the difference in pressure
distribution area in front and rear of the vehicle is

too large, it causes 80% of the frontal resistance
value. Therefore, when the vehicle moves, it will
have to consume significant energy to overcome
this resistance. Therefore, the front and rear areas
of the vehicle will be the target locations for
proposing appropriate aerodynamic design options.

The results in Fig. 6 showing the flow trajectory
show that the flow of the flow is not organized with
respect to the shape of the model but needs to be
smooth to maintain a continuous uniform flow. If
the air flow passes completely without obstacles,
the velocity of the model will increase. Therefore,
areas where gas flows encounter obstacles need to
be modified. Specifically, the sharp edges of the
vehicle should be modified to control smooth flow.

Fig. 6. The flow trajectory of the vehicle model at an
angle of 55°

3.3 Target Areas for Modification

From the analysis of the vehicle's aerodynamics,
the survey results discovered certain areas where
high-pressure areas are concentrated, and vortex
flows are formed in Fig. 7. Therefore, these are the
areas that were chosen as the target to modify the
vehicle's appearance. These locations are marked to
consider changing the slope angle and size of the
vehicle in order to optimize the vehicle's shape and
aerodynamics, thereby adjusting the frontal
resistance and lifting resistance values of the car.

Fig. 7. Modification locations
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3.4. Modified Car Model Design

Based on the simulation results in sections 3.2
and 3.3, after determining the areas and locations
that need to be modified, the vehicle's simulation
model will be adjusted to improve the air resistance
coefficient. The vehicle's kinetic energy is Cp and C,.

The calibration of the model is guided by a set of
globally recognized standards for windshield
placement angles. These standards, which are not
confined to a specific region, are designed to ensure
the safety of the driver and passengers during
vehicle operation. They also play a crucial role in
maintaining vehicle anthropometric and
aerodynamic standards. Some of the reference
standards include:

1. American FMVSS standard: (Federal Motor
Vehicle Safety Standards) standard stipulates a
minimum windshield angle of 70° and a minimum
front window glass angle of 25° [24].

2. The European ECE standard (Economic
Commission for Europe) stipulates a minimum
windshield angle of 75° and a minimum front
window glass angle of 65° [25].

3. The Japanese JIS standard: (Japanese
Industrial Standard) standard stipulates a minimum
windshield angle of 70° and a minimum front
window glass angle of 25° [26].

The establishment of these standards is not a
mere formality, but a crucial step in ensuring the
safety of the driver and passengers. They provide a
wide and sufficient field of view, aiding the driver in
assessing the surrounding space of the vehicle. It is
imperative for car manufacturers to adhere to these
standards during the vehicle design process. This is
not only to ensure safety but also to comply with
legal regulations before the vehicle is put into
circulation on the road.

For the front windshield area, increasing the
windshield angle and decreasing the sunlight angle
will reduce the visibility distance. Therefore, the
worst visibility distance is obtained when the
windshield tilt angle is 70> and the sunlight angle is
10°. The windshield angle that achieves the farthest
viewing distance is 55° with a sunlight angle of 30
degrees, giving a viewing distance of approximately
800 m. For an angle of 60° and a sunlight angle of
30°, the viewing distance will be approximately 650
m. With an angle of 65° and a sunlight angle of 30°,
the viewing distance will be approximately 670 m
[27]. Therefore, the calibrated design plan will
select the vehicle's front windshield angle with
three parameter cases: 55°, 60° and 66°.

The vehicle's underbody is equipped with a
diffuser to reduce its lift force. The drawing and
dimensions are shown in Fig. 8.

Iy

4 1_—

et

Fig. 8. Airflow diffuser model and Dimensions of diffuser

The proposed design option to improve car
aerodynamics after adjustment is shown in Fig. 9,
10 and 11.

Fig. 9. Modified car model with 60° front windshield
angle

;-.:*:— 7—_ x , — : J
' // TA\ : /// \l'\_
: | . . |'l . { L . }

Fig. 10. Modified car model with front windshield angle
65°
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Fig. 11. Modified vehicle model with air flow diffuser
4. EVALUATION OF THE PROPOSED DESIGN
4.1 Target Areas for Modification

4.1.1 Modified Car Model with a 60° Front
Windshield Angle

The simulation results in Fig. 12 show that the
velocity distribution on the simulation model
changed when the spectrum of the velocity region
in front of the windshield decreased from dark
yellow to lighter yellow. That means the airflow
velocity decreases from about 22.3 - 29.7 m/s to
15.9 - 23.97 m/s. Similarly, in the area above the
car's roof, the air velocity also tends to decrease.
Simulation results show that design adjustments
will affect the flow distribution and pressure
partition. Therefore, in design, consideration should
be given to adjusting appropriate values based on
standards.

Fig. 12. Velocity distribution of the surrounding airflow
of the vehicle at an angle of 60°

The simulation results shown in Fig. 13 show that
the pressure distribution on the model has been
modified by using aerodynamic properties to
reduce the front windshield, helping to reduce the
concentrated pressure distribution area.
Comparison to the stock model shows that the use
of these aerodynamic edges and revised shape
treatment reduces the impact of pressure on the
revised vehicle profile. The colour diagram

(Magnitude of stress acting on positions on the
vehicle's face) clearly shows the pressure effect on
the surface of the object.

Fig. 13. Model of pressure distribution of the vehicle at
an angle of 60°

Fig. 14 shows the flow trajectory results
representing the modified vehicle velocity. The
results show that the air on the moving path of the
model after improvement is less hindered than in
the original model. The velocity of the flow on the
vehicle tank, which shows the yellow area, is 23.97
m/s. On the hood, the model shows red lines where
the velocity increases and the velocity is 31.97 m/s.
On the back side, there is a green area with a
velocity value of 15.98 m/s.

Fig.14. Airflow trajectory of the vehicle model at an
angle of 60°

4.1.2 Modified Car Model with a 65° Front
Windshield Angle

Analyzing the wind speed distribution results of
the modified model in Fig. 15 shows that the
maximum wind speed has decreased but the total
speed on the car's roof has increased. The frontal
windshield corner resistance area has improved
flow speed. Air resistance is reduced from about
15.9 - 23.97 m/s for 60°, then for 65° to 15.29 -
22.94 m/s which has improved slightly.
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Fig. 15. Velocity distribution of the vehicle's surrounding
air at an angle of 65°

4.2 Comparison and Comments on the
Aerodynamic Improvements of the Car

The simulation process is performed
sequentially with four proposed design options with
the same boundary conditions. The simulation
results have determined the frontal resistance
coefficient Cp and the lift resistance coefficient C,.
These parameters are listed in Table 1.

Table 1. Statistics of coefficients Cp and C; in each case

Attach
- the
coefficient 55° 60° 65° .
airflow
diffuser
Cp 0.5925 | 0.5824 | 0.5744 0.5896
G 0.0902 | 0.0995 | 0.0972 0.0377

Statistical results from Table 1 and Figs. 16 and
17 show that when the front windshield angle
increases from 55° to 65° the Cp coefficient
decreases from 0.5925 to 0.577. However, the C
coefficient is not much affected by this adjustment.
In Fig. 17, the C; coefficient decreases from 0.0902
to 0.0377 when the original design model is
equipped with an airflow diffuser under the vehicle.

0.595
0.59 .59
0.585
0.58 .58
0.575
0.57 0.57
0.565

0.56

55 degrees 60 degrees 65 degrees

Fig 16. Cp coefficient

0.1 0.09
0.08
0.06
0.04 0.03

0.02

Original model Model with diffuser

Fig 17. C; coefficient

The results in Fig. 18 show the frontal
aerodynamic resistance of the three front glass
corners with the same vehicle speed condition of
100 km/h. Frontal drag has been reduced from
561.36 N to 549.87 N.

565
561.36

£ 560
[sTo]
c
o
o 955 552.08
g 549.87
S 550
e}
o
2 545 I

540

55 degrees 60 degrees 65 degrees

Fig 18. Frontal dragin 3 cases at 100 km/h

The results in Fig. 19 show the change in lift force
when equipped with an air diffuser under the rear
of the car from 54.788 N down to 23.089 N. It can
be seen that the shape of the vehicle greatly affects
the vehicle's aerodynamic drag. Through changes at
the front of the vehicle, such as reducing the frontal
contact area of the vehicle, better directing the
airflow and reducing the area of the rear vortex. For
the front glass, the tilt angle can be reduced to
reduce gas concentration at the points from the
hood to the vehicle's windshield, causing
obstructions to the vehicle. For the rear glass, the
tilt angle can be increased to reduce the difference
in vacuum pressure. The large pressure difference is
one of the main factors causing the Bernoulli
principle phenomenon to create vacuum regions.
The larger the area the vacuum pressure area will
create greater resistance, causing the vehicle speed
to be greatly reduced at high-speed ranges, causing
unnecessary fuel wastage. Evaluation results are
shown in statistical Table 1 and Fig. 19.
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60 54.788
g 50
o 40
e
O 30
oo
£ 20

=
=10

23.089

Original model Model with diffuser

Fig 19. Two fields of Lifting force of the vehicle in the
case

Regarding the lift coefficient, an additional
diffuser under the vehicle is proposed to direct air
flows and minimize the formation of turbulent air
flows. Less turbulence of the airflow at the rear and
underbody of the vehicle reduces the effect of the
Bernoulli principle, as demonstrated through
simulation results.

4. CONCLUSION

The main objective of this research is to design a
Sport utility vehicle model with improved
aerodynamics by using Ansys Fluent software to
analyze stress zones affecting aerodynamics and
improve the shape. car model shape. After many
iterations of model design and optimization, the
aerodynamic drag coefficient Cp has been reduced
by 3.0548% compared to the original model. For the
revised design and the addition of an air-flow
diffuser under the vehicle, the lift coefficient has
been reduced from 0.0902 to 0.0377, reducing the
lift coefficient by 58.2%. The new design of the new
model has reduced the vehicle's frontal drag by
2.04%.

This research has found the aerodynamic
coefficients Cp and C; of the model SUV. However,
many shortcomings still need to be further
improved on the surface of speed, airflow, and
pressure distribution around the vehicle to reduce
the aerodynamic coefficient. The research focused
on using the vehicle model going through the tube
when the characteristic kinematics are simulated by
the software. The results of the research have
determined the drag coefficient and proposed an
aerodynamic design that allows for improved Cp
and C; coefficients compared to the original design.

Aerodynamics research is a complex problem,
requiring in-depth research on flow in different
states. In the next studies, the authors will develop
different flow models, combining simulation
research with experimental research.
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