Journal of Advanced Research in Applied Sciences and Engineering Technology 30, Issue 2 (2023) 75-91

Journal homepage:

SEMARAK ILMU https://semarakilmu.com.my/journals/index.php/applied_sciences_eng_tech/index
LPUBLISHING ISSN: 2462-1943

Journal of Advanced Research in Applied

ENGINEERING TECHNOLOGY

Sciences and Engineering Technology

An Analysis of Urban Vehicle Body Aerodynamics Using Computational
Fluid Dynamics for the Shell Eco-Marathon Challenge

Harris Fadzillah Zainal Abidin®, Md Tasyrif Abdul Rahman®*, Abdul Hamid Adom?2, Mohd Ridzuan
Mohd Jamir?l, Sufi Suraya Halim?!, Mohd Al Hafiz Mohd Nawi

1 Faculty of Mechanical Engineering & Technology, Universiti Malaysia Perlis, Pauh Putra Campus, 02600 Arau, Perlis, Malaysia
2 Faculty of Electrical Engineering and Technology, Universiti Malaysia Perlis, Pauh Putra Campus, 02600 Arau, Perlis, Malaysia

ARTICLE INFO ABSTRACT

Article history: The Shell Eco-Marathon challenge is an annual competition held to challenge students
Received 15 November 2022 in innovating the most fuel efficiency vehicle for either a prototype or an urban
Received in revised form 10 March 2023 concept vehicle. An urban concept vehicle is designed for fuel efficiency using

Accepted 20 March 2023

- ! g electricity as source of power. Apart from the use of electricity as an alternative to
Available online 6 April 2023

internal combustion engines, the design of the vehicle is also crucial for efficiency. The
car bodywork design needs to be aerodynamically designed to minimise drag and
subsequently use less energy to move. The design must also incorporate structural
integrity to protect the driver as well as providing airflow for sufficient ventilation both
inside the passenger and the engine compartment. Five models for the rear and front
designs were produced using CATIA and analysed using Computational Fluid Dynamics
in ANSYS Fluent. The models underwent a virtual wind tunnel on three different air
velocity speeds, 20 km/h, 30 km/h and 40 km/h to generate a force report of drag
force and coefficient on each design. The front design is chosen based on the lowest

Keywords: drag coefficient and force while the rear design is selected based on a balanced
Aerodynamics; urban vehicle; shell eco downforce while achieving the lowest practical drag force. The results demonstrated
marathon; bodywork; computational that the air resistance faced by a car was highly influenced by both front and rear
fluid dynamics; fuel efficiency design of the body.

1. Introduction

The Shell Eco-Marathon challenge is an annual competition held worldwide to high school and
university students as a platform for them to innovate a way to improve vehicle fuel efficiency. The
efficiency is measured by testing the designed vehicle farthest distance travelled using the least
amount of fuel. Shell Eco-marathon Urban Concept challenge focuses on designing a maximum
energy efficiency car with city driving elements such as a luggage compartment included. Urban
vehicles are vastly used in densely populated city where the vehicles are required to maneuver
amidst heavy traffic. The current focus for urban areas vehicles focuses on clean energy and
efficiency. The Urban Concept Vehicle was created to design, test and build an energy-efficient
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concept city car and is typically tested through five subgroups: chassis-suspension, drive train,
electrical, safety-braking-steering, and fairing-ergonomics.

To improve engine optimization, modifications towards the engine operative inlet were done to
create a leaner air-fuel mixture for better combustion and efficiency [1]. Remote diagnostics are also
implemented by applying Internet of Things (loT) for better analysis in an urban setting [2-8].

Fuel consumption reduction methods do not necessarily focus on engine modifications [9]. While
a lightweight body will reduce the mass and consequently reduce the energy required to move the
vehicle, the body shape itself also plays a role in reducing fuel consumption through overcoming
forces. The forces that affect fuel consumption on bodyworks by acting opposed to the car includes
drag force and downforce.

1.1 Drag Force
An object that moves in a fluid, whether liquid or gas, will experience force around it which can
be classified in a certain angle [10-11]. One of the forces is drag force which is the force that acts

oppositely to the object that resists the movement of the object [12], as shown in Figure 1. In a car
body, the drag force will reduce its speed by increasing the load applied on the body [13].
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Fig. 1. Drag force on a car [14]

A high drag force can cause a car to lose up to 50% of the energy consumption to overcome the
load which requires 13% of the fuel energy [15-17]. Therefore, the drag force needs to be as low as
practically possible to increase the energy efficiency of the car. Drag force can be determined from
the equation below:

Fp = pV2CpA (1)
where

Fo = Drag Force (N)

p = Density of the fluid (air) (kg/m3)

v = Velocity of the object (m/s)

Co = Drag Coefficient

A = Cross-sectional Area (m?)

The drag coefficients shown above are the way to measure the effectiveness of aerodynamics.
The drag coefficient usually associates with the frontal area of the car where drag coefficient is
multiplied by the cross-sectional area to acquire the drag force of a car [17]. Therefore, a smaller
frontal area with a low drag coefficient can help reduce the drag force of a car [18].
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1.2 Downforce

Lift is a force acting on an object that pushes the object upwards which is created by differences
of air pressure between high pressure that acts on the front part and low pressure on the rear end
of the object which results in generating lift [11], as shown in Figure 2. Lift and drag force will both
affect an object to move in a particular direction depending on the flow [10].

Fig. 2. Force acting on a car [19]

Lift force can be explained by the following equation

Ly =pV2CLA (2)
where

Lp = Lift Force (N)

P = Density of the fluid (air) (kg/m?3)

% = Velocity of the object (m/s)

G = Lift Coefficient

A = Cross-sectional area (m?)

Lift is mostly applied in an aerial vehicle type during elevation. However, in automobiles, the lift
is generated oppositely and is called downforce. Downforce is crucial for stability in a car when
maneuvering on a road, especially during cornering [17].

Downforce will increase the car’s weight if it is too high. An increase of downforce will lead to
greater friction between the car wheel with the road which ultimately increases the drag force [20].
A higher drag force will lower the performance for energy efficiency. Therefore, for energy efficiency
mileage purposes, the downforce should be low as to not generate too much load on the car but not
too low until stability is compromised [21].

However, a very low downforce has an adverse effect on energy efficiency since it will reduce the
grip between the car wheel and road [20,22]. A low grip requires more energy to move the car
forward as it does not have an adequate amount of contact with the road [20]. Therefore, the
downforce should not be too high nor too low to ensure the car stability and increase its energy
efficiency [23-24].

1.3 Body Shape Concept

The body shape of a car has diversified a lot to due to factors such as aesthetics and mobility. The
consideration for the body shape selection is based on vehicle’s purpose.
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1.3.1 Streamlined shape

A streamlined shape as shown in Figure 3 has a similar design to a teardrop shape by having a
small round front with a long pointy rear end. It is a shape that presents very little resistance to
airflow or water which increases the speed and mobility of an object.
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Fig. 3. Streamlined shaped [25]

The streamlined shape helps to reduce the drag force efficiently as it has a very low drag
coefficient, Cp of 0.04 [19]. This is due to the streamline’s practically small frontal area that results in
a low drag force and coefficient [26]. Drag coefficients can be calculated using the following equation:

Cp = 7—= (3)
T (o)

where

Co = Drag Coefficient

D = Drag of the object (N)

P = Density of the fluid (air) (kg/m?3)
A = Reference area (m?)

% = Velocity of the object (m/s)

Reference area, A is closely related to the drag coefficient, Cp where a low reference area can
lower a drag coefficient of an object which explains the low drag force of a streamlined shape [26].
However, even though streamlined shape can help lower the drag force of a car, it is too lengthy.
Regulations have stated that the vehicle should not exceed 3500 mm hence disqualifying of
applicating this shape unless the length can be shortened [27-28].

1.3.2 Hatchback shape
A hatchback car contains a cargo area in the back that is practically smaller than a sedan car. It
has a cargo door at the rear of the car which opens upwards. Hatchback cars are usually designed to

be small and short in size as shown in Figure 4. The small size is possible due to the cargo area being
reduced and usually shares the space with the passenger area.
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Fig. 4. Hatchback car concept [23]

Hatchback design is a viable choice since it has the advantages of the streamlined design while
overcoming the length problem. A shape similar to a teardrop with a hatchback rear end design can
reduce the drag force on a car [28]. This is due to the streamline long length inability to eliminate
concentrated airflow that occurred along the body. When the rear end is cut off into a hatchback
concept, it can stop the concentrated airflow along the body at the hatchback end as shown in Figure
5.

§
8222

(@) o)
Fig. 5. Simulation on hatchback car airflow (a) Body airflow (b) Rear end flow [16]

A wide range of studies, utilizing simulation, have been carried out to investigate the body shape
effects on air resistance. As evidenced from the literature, a hatchback design is the most suited
choice as the fundamental shape for an urban vehicle. Due to this reason, this paper focuses on the
drag coefficient and downforce occurring on the simulated body.

2. Methodology

The methodology is separated into two sections which are i) Design and ii) Analysis. The design
method is conducted using CATIA where five designs for each front and rear car end are modelled.
The analysis procedure is conducted using ANSYS Fluent to measure the drag force, coefficient and
lift force for each design. The design with the lowest drag force and balanced lift force will be chosen.
The best design will be analyzed for its overall airflow applied around the car.

2.1 CATIA Modelling

The first step is to create a model of each design using CATIA software. The modelling is intended
to better understand about the flow characteristics of the vehicle. The materials used for the model
is carbon fiber. Wheels were not modelled in the scope of the bodywork since the main objective
was to create the basic bodywork of the vehicle. A simplified model also increases computational
efficiency for the simulation [29].
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2.1.1 Front design

To achieve a front design with the lowest drag coefficient, all the designs will be developed with
the same rear design. This is done to identify how each design influence the airflow when the rear
design is fixed.

From Figure 6, a total of five frontal designs were generated from CATIA. Each design was made
with alterations to their corner shapes, from curvy to sharp edges. The shapes that were considered
include smooth streamlined shape, top half streamline shape with a sharp end, and eliminating the
bottom part. The different designs were made to test for the best aerodynamical shape with low drag
forces during high velocity.

Front design .
1 e Fixedrear
design

(b)

()

(d) (e)

Fig. 6. Front designs (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5

2.1.2 Rear design

Figure 7 shows the rear designs modelled with a base front design, with the best frontal design
selected to be the base. Each design was made with a different focus, from size reduction to airflow
concentration shifting and elimination,

While the front design works to assist the flow above the vehicle and along the body, the flow
cannot follow a sharp downward turn in the rear. Having a long pointy rear will put the airflow back
together, reducing drag but since vehicles should be kept short, a shorter and rounder rear works for
reducing drag.
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Fixed front
design

Rear design

(b) (c)

(e)
Fig. 7. Rear designs (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5

2.2 Computational Fluid Dynamics Simulation Analysis

The analysis was conducted using ANSYS Workbench and Fluent. This program is used to simulate
the model in a virtual environment to provide reliable and efficient results more quickly and cost-
effectively.

The model was imported in .STEP file type and generated into the workspace. An enclosure of 1
m space was created as in Figure 8(a) to represent a wind tunnel for conducting the analysis. The
software would recognize the enclosure and apply the appropriate boundary conditions
automatically. Extra spaces were provided inside the enclosure at the front and rear end of the
vehicle to capture the airflow characteristics in greater detail.

Mesh was generated for the model to divide the whole component into a finite number of small
elements. As shown in Figure 8(b), the meshing is done to the whole enclosure to limit the mesh
sizing within that control volume so that the mesh quality can be changed only within the region
where the high-resolution mesh is needed instead of having to fine mesh the entire domain; this
reduces the time required to run the simulation [30].

1sm 0000 500 5200 ()
200 150 N0

(a) (b)

Fig. 8. Model analysis (a) Model enclosure (b) Generated mesh
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For the boundary condition, the inlet velocity is set as 20 km/h (5.56 m/s), 30 km/h (8.333 m/s),
40 km/h (11.11 m/s). Each of the analysis will be done separately. Hence, each design will have three
separate analyses for 3 different air velocity. While the inlet temperature of the air is set to 306.15 K
(35°C).

A force report is created by calculating drag, lift and downforce. Drag force report is created with
the force vector acting oppositely to the model. Lift force has vectors acting towards the top of the
model while downforce acts oppositely towards the bottom of the model instead. The force and
coefficient values will then be generated. The whole activities are shown through the Figure 9 below.

Front CAD design Rear design
selection

F

Drag force and down
Import to ANSYS force comparison
‘Workbench r'y
v Generate force report
Run analysis with 20, ry
30, 40mis inlet velocity

Run analysis with 20,
30, 40mis inlet velocity

h A A

Generate force report

Import to ANSYS
Workbench

A

h A

Drag force
assessment

Front design selection

Rear CAD design

Fig. 9. Flowchart

3. Results and Discussions

The generated force report obtained for each design from the analysis procedure in methodology
are compared and discussed. The results are based on the boundary condition that has been set while
conducting the analysis. Comparison is done for each design based on the pressure generated, drag
force and coefficient to validate the best design.

3.1 Frontal Design
The frontal designs that were made using CATIA and underwent ANSYS Fluent simulation analysis

are compared and discussed. The component having the largest influence on the car design will be
the frontal area as the front profile influences the rest on the design.
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3.1.1 Velocity streamline

Figure 10 below shows all the designs have an air accumulation on top of the car resulting in a
downforce that pushes the car downwards, increasing the load of the car. Design 1 from Figure 10(a)
is the only design that has a windshield profile that is curved inwards, albeit slightly. Although a large
concentrated accumulated air occurred, the velocity magnitude of the accumulated air is the lowest
among all the designs. The high accumulation may still lead to high downforce pressure despite
having a low velocity magnitude.
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Fig. 10. Front designs velocity streamline (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5

A rounded leading shape like Design 2 in Figure 10(b) assists in preventing flow separation and
turbulence due to the aerodynamic shape directing the oncoming wind to a better flow. The design
resulted in less wind accumulation. Although the pressure of accumulated air is not concentrated in
a small area, the magnitude velocity of said air is the highest among all designs.

Design 3 in Figure 10(c) has a similar design to Design 1 except that the curve joining to the bottom
is replaced with a sharp angle instead. A sharp edge performs well when the force is coming from
one direction, combining it with a smooth top for keeping the airflow laminar. It resulted in achieving
the lowest velocity magnitude of accumulated air on top of the car along with Design 4. Design 4 has
a similar result to Design 3 despite having a longer and rounded front.
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Design 5 has a semi teardrop shape which should have a low drag force by supposedly minimizing
the detachment of flow which leads to drag from turbulence. The airflow has become more
condensed and less dispersed throughout the body. While the velocity of accumulated air is gradually
built up, a high concentration occurs at where the rear end is supposed to begin.

3.1.2 Pressure contour

From Figure 11 shown below, all the designs experienced high frontal pressure. The frontal
pressure is developed from the compression of wind going against the car during speeding. The wind

air molecules moving near the vehicle body boundary tend to move slower due to the boundary
effect and generate resistance against the vehicle.
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Fig. 11. Front designs pressure contour (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5
Design 1 in Figure 11(a) has pressure generated on the lower half of the body, facing upwards.
While it may reduce the downforce load, a high lift force will cause instability during high speed. In a
rounded design like Design 2 in Figure 11(b), the pressure envelops the curve with a concentration
on the rounded edge. Since this design experienced the highest velocity magnitude, it experienced a
high pressure of 85 Pa throughout the front nose.

Designs with sharp corners, specifically Design 3 from Figure 11(c), experienced a larger frontal

pressure area due to the flat shape facing the oncoming air. Having a rounded corner design will
smoothen the airflow which will reduce wind resistance towards the body to reduce airflow
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turbulence. However, Design 3 managed to achieve the second-lowest pressure force acting on the
body with 56.1 Pa.

Figure 11(d) shows the Design 4 where the rounded design has managed to achieve the lowest
pressure magnitude of 55.4 Pa. Since the rounded front is positioned higher compared to Design 2,
this design has also experienced the pressure force from below, generating a lift force. Design 5 of
Figure 11(e) has a small, concentrated pressure contour but has the highest magnitude of 88.1 Pa.
This may lead to a failure or fracture in that body area in the long run.

3.1.3 Drag force and coefficient

From Figure 12, the drag force acting on a vehicle varies in a parabolic manner with velocity,
directly and exponentially increasing with speed. Design 3 has the lowest drag force among all the
designs analyzed by generating 3.73 N, 7.85 N and 13.33 N for each velocity, respectively.

The highest drag force was generated in Design 4 with 4 N, 8.44 N and 14.33 N. This proves that
having a rounded front does not necessarily increase the aerodynamic efficiency of design despite
having the lowest velocity and pressure magnitude.
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Fig. 12. Front designs drag force on different velocity

According to Eq. (2), drag coefficient is directly proportional to the drag force, so from Table 1,
the lowest coefficient is Design 3 with 0.213. The coefficient has a considerable variation with the
change in the body shape. While aerofoil shapes tend to have a rounded front to enhance the stall
characteristics, if the main purpose is to reduce drag and not generate lift, a slender symmetrical
shape may produce the least aerodynamic drag. Therefore, Design 3 is the best design where both
drag coefficient and drag force are the lowest among all the designs.

Table 1
Front designs drag coefficient
Design Drag Coefficient, Cp

0.221

0.251

0.213

0.272

0.235

U b WN -
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3.2 Rear Design

The analysis was extended further to improve the aerodynamics on the effect of rear end on the
vehicle.

3.2.1 Velocity streamline

While the front design works to assist the flow above the vehicle and along the body, the flow
cannot follow a sharp downward turn in the rear. By having a long pointy rear will put the airflow
back together, reducing drag by allowing the air molecules to converge back into the vacuum
smoothly along the body. Since vehicles should be kept short, a shorter and rounder rear works for
reducing drag.

When a pointy rear end has a sharp and sudden slant to converge to the bottom as in Design 1
from Figure 13(a), a vacuum is generated due to the hole developed in the air from the movement
of the vehicle. This is because the air cannot occupy the space displaced by the vehicle at the same
rate. At high speed, all these factors can affect the performance and acceleration of the vehicle.
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Fig. 13. Rear design velocity streamlines (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5
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Design 2 and 5 (Figure 13(a) and (e)) shares a similar slanted curve profile with Design 2 has a
higher inclination and larger radius. Design 2 developed a small, concentrated velocity magnitude
area where the curve begins while Design 5 has a more dispersed magnitude due to a longer length
leading to a smoother transition. However, Design 2 has developed the highest velocity of the
accumulated air.

Rear design which quickly converges or cut off, such as Design 3 and 4 in Figure 13(c)(d), forces
the airflow into turbulence and generates a great deal of drag. Similar to Design 1, a vacuum is
generated from the since the airflow along the body is suddenly interrupted and does not have a

proper flow to channel air into that space. A high velocity magnitude is developed onto the car roof
slightly before where the rear end is about to converge.

3.2.2 Pressure contour

Despite having a fixed front design for this analysis, the rear designs still influenced the pressure
developed in the frontal area, as shown in Figure 14. The pressure for Design 1, 2 and 5 had spread
out and enveloped the front nose, this is due to the low air accumulation in these designs.

The high air accumulation on top of the car in Design 3 and 4 had resulted in a low pressure
generated towards it and at the below of the car frontal area. The pressure concentrated at the
frontal area has become focused on a smaller area. Despite not having the highest pressure
magnitude, it is not practical to have pressure focused on a small area.
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Fig. 14. Rear design pressure contour (a) Design 1 (b) Design 2 (c) Design 3 (d) Design 4 (e) Design 5
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3.2.3 Drag and down force vs velocity

The drag force acting on a vehicle varies in a parabolic manner with velocity, directly and
exponentially increasing with speed as can be observed from the Figure 15(a). Design 4 has the lowest
drag force among the designs while Design 1 developed the highest. While a smoother design may
have less drag, it does not necessarily mean it will be more aerodynamically efficient, depending on
the purpose of the vehicle.

The downforce is directly proportional to the velocity as seen in Figure 15(b). The gap differences
of downforce between the designs had grown exponentially as the velocity increases. Downforce is
necessary in maintaining high speeds through the corners and forces the car to the track. It does not
make the car have more mass to accelerate or manoeuvre. A speeding car can have an air build up
underneath it, creating a lift that affects the traction. Downforce makes the car act heavier and with
the adequate amount, can be used to counter the air build up.
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Fig. 15. Forces on rear design for different velocities (a) Drag force
(b) Down force
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The best selection should be made for the optimum or balanced amount of downforce. While
Design 4 has the lowest drag force, the downforce developed is too low and might not be the best
choice to be implemented. The most balanced choice is Design 2 since it has the second lowest drag
force while having an optimum amount of downforce. Hence, the selected rear design is Design 2.

Since the front profile influences the rest of the body, the front design selection criteria are the
lowest drag force and coefficient. The rear design is selected based on balance and stability while
achieving the lowest practical drag force.

4. Conclusions

A study to improve the aerodynamic bodywork of urban concept car has been presented choosing
the lowest drag coefficient and downforce. The aerodynamic improvement is done as an alternate
approach for fuel consumption reduction since drag contributes almost 50% of energy consumption
to overcome the load which requires 13% of the fuel energy. Reducing the aerodynamic drag offers
an inexpensive solution to improve fuel efficiency. The bodywork improvement is done by
redesigning it using computer-aided drawings and analysed through simulations.

The bodyworks analysis is based on Computational Fluid Dynamics to simulate a car and analyse
the aerodynamic properties by using a virtual wind tunnel. The aerodynamics design will be made
according to the simulation result that is run in different velocities. The car aerodynamic properties
such as drag force are to be calculated as low as possible according to the design provided to reduce
load acting on the car which resulting in energy efficiency.

The selection criteria for front and rear profile differs since both components plays different roles
in aerodynamic. The front profile is prominent since it will face the oncoming air resistance while also
influencing the rest of the body, the selection will be made based on the lowest drag force and
coefficient. The rear design, however, prioritizes on balance and utilize downforce in achieving it.
Although a low drag force is important, traction and stability are essential for the rear design
selection.

In conclusion, the study highlighted the CFD analysis in improving the aerodynamic properties of
a car body. This work was carried out since fuel consumption efficiency needs to be increased and
the drag developed on the body proves to have a large part on it. The body improvements are focused
on the front and rear profile since it faces air resistance the most. Correspondingly, future work will
involve implementing side profile improvements and assessing their effects for the body
aerodynamics.
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