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ABSTRACT
Aerodynamic characteristics of a car are important in reducing car accidents caused by wind loading and in lowering fuel economy,
continuing to be a major topic of interest. The restrictions of wind tunnel tests and the rising trend of numerical methods have
been complied with by past researchers to investigate vehicle aerodynamics computationally. This research aims to analyze
comprehensively the effect of crosswinds on a moving vehicle in terms of aerodynamic loadings and flow structures using
commercial fluid dynamic software ANSYS FLUENT. This paper will focus on the CFD-based simplified compact car body developed
in CATIA V5 by neglecting the external parts such as side mirrors and underbody. The implementation of Standard 𝑘 − 𝜀 model
with the inlet velocity, v is setup to 30.56 m/s and Reynolds number equal to 8.89 × 105 by using numerical analysis for this
research. The generic compact car which represents car geometries are expected to influence the aerodynamic characteristics
whereas the crosswind angles are increased, it will cause high values for the coefficient of side forces and rolling moments in
terms of aerodynamic loads due to the existence of the vortices at the leeward region. At Ψ = 0°, the coefficient of side force (Cs)
is close to zero and this is predicted because the flow to the body is aligned to the inlet velocity, v.
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1. Introduction
The majority of car research focuses on improving aerodynamics and safety for environmental
adaptability. The characteristic of a vehicle is determined by cost structure, which differs depending
on the size, segment, and other characteristics of the vehicle as MPVs typically have higher operating
costs than compact cars. The main factors that affect fuel efficiency are car speed and the
aerodynamic design concept [1]. Since years ago, there has been a great interest in the aerodynamics
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of car vehicles. A crosswind is normally considered as the wind that is acting perpendicular to the line
and direction of travel [2]. In the area of automotive transportation, there has been a significant
increase in community awareness of the safety factors especially the crosswind stability of the
vehicle. The crosswind can also cause side slips and rollovers due to the lift force generated [3]. This
could be destructive because it could cause the car to lose traction or turn around [4].
Crosswind force on vehicles can be separated into two vector components. The element of
headwind or tailwind in the direction of travel and the crosswind component is perpendicular to the
former for those elements. Aerodynamic forces and moments that are affected by the crosswind
such as wind direction, yaw angles, drag forces, lift forces, side forces, yawing moments, rolling
moments, and pitching moments are shown in Figure 1 [5][6]. The crosswind aspects can also affect
the safety ride comfort of the vehicle and stability of the car, which can be calculated by using a
simple static analysis based on Batista et al. [7].

Fig. 1. The aerodynamic forces and direction of the moments are attached to the sedan car [6]

Many researchers have recently investigated the study of flow over a vehicle due to its
importance in transportation based on Wang et al., Chaware et al., and others [8]–[12]. In general,
further information is required on how the detailed flow structure of the movement and behavior of
different car segments influence by the crosswind, which impacts the aerodynamic properties of the
vehicle. The different sizes and car segments clearly can enhance the aerodynamic loads of the
vehicle. This outcome will increase the facing surface of the car that is subjected to crosswinds. The
vehicles that travel faster and feature a variety of designs are created and it appears that the study
has raised awareness of crosswind sensitivity as early as the 1950s [13].
The previous findings have explained that the difference in vehicle model geometry is important
and varieties of vehicle designs have been used in experimental and numerical research [14]–[17].
Based on Samy et al., the study on the aerodynamic analysis without crosswind involving a Sport
Utility Vehicle (SUV) focusing on the drag and lift coefficient [17]. Besides, the research from Firdaus
et al., mentioned the important of vehicle aerodynamic analysis of a Multi-Purpose Vehicle
influenced the stability of the car during manocurve [16]. The different design of car geometry will
be affecting the aerodynamic loads due to the Reynolds number. This paper is more focused on the
compact car or known as A-Segment because there is no specific research based on the compact car
that is influenced by the crosswind. This paper may assist to recommend all Automotive companies
to integrate crosswind stabilization safety features, especially in countries that are affected by higher
crosswinds.
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The research aims to investigate the flow characteristics of the generic compact car under the
influenced of crosswind angles. In this study, the Reynolds numbers of 8.89 × 105 is used based on
the dimension of the car and inlet velocity, v of 30.56 m/s. This research also inspects the pressure
surface contours, Turbulent Kinetic Energy (TKE) of the compact car under influence of crosswind.
There are a few sub sections such as the car model, numerical approach, computational domain,
boundary conditions, meshes, validation, compares and analyses flow structures including the
aerodynamic loads for the current investigation.
2. Methodology
2.1 Car Model
The type of simplified car model used in this paper study is a compact car with specifications
between 3500 to 4200 mm in length. The compact car model was imported and modified in CATIA
by neglecting the tires, and side mirror and exported in ANSYS Design Modeller as shown in Figure 2.

Fig. 2. The compact car model geometry uses to run the numerical simulation

The purpose to neglect some of the external parts is due to the limitations in the simulation
technique [18], [19] and to avoid the effect of rotational motion and tires wake [20]. Based on the
study by Han et al. [21], the simplified Aerodynamic Studien Model (ASMO model) is applied due to
the actual model of the car body generally having sophisticated surfaces and part specifics. The
complex model will require extensive computation and processing time. Therefore, the
implementation of generic and simplified vehicle models has become the choice of many researchers
as stated earlier.
2.2 Boundary Condition
The computational domain is defined as the area surrounding the 3D car model that defines the
flow simulation in the restricted area. This defines the area within which the flow simulation will take
place. The effective computational domain is critical for ensuring that the domain is at its optimal
size before beginning the meshing process. The following Figure 3 shows the dimension of the
computational domain from an isometric view in the simulation case.
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Fig. 3. Overview the computational domain from an isometric view

The computational domain is chosen to extend two vehicle lengths (2L) in front of the vehicle
and three lengths (3L) behind the rear of the vehicle on the x-direction. The distance behind the car
should be sufficient to allow fluid flow without interfering with the flow of air in the outlet section
[20]. The distance of the vehicle from the side is selected to enlarge five vehicle lengths (5L) for the
both left and right of the car on the y-direction. Based on Mansor et al. [22], it is critical to ensure
that the flow is completely formed and capture the flow structures for the crosswind situation. The
Standard 𝑘 − 𝜀 model is applied with the inlet velocity, v is setup to 30.56 m/s due to the Malaysian
Institute of Road Safety Research (MIROS) [13] that affected by the topology of Asia’s land. The
Reynolds number equal to 8.89 × 105 according to the dimension of the compact car as shown in
Figure 2 above. The overall computational domain dimensions employed in the study are shown in
Table 1 below. The boundary conditions for all of the modifications are created and the conditions
are specified in Table 2.
Table 1
Dimension of the Computational domain
Axis-coordinates
+𝑥
−𝑥
+𝑦
−𝑦
+𝑧
−𝑧

Configurations (mm)
2L
3L
5L
5L
2L
0.172L

Table 2
Domain setup and boundary condition
Domain setup and boundary condition
Inlet velocity, v
Outlet Pressure
Car body wall
Fluid properties
Density
Turbulence model

Configuration
30.56 m/s
0 Pascal
No-slip (vw=0)
Air
1.225 Kgm-3
Standard 𝑘 − 𝜀 model
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2.3 Computational Validation Study and Meshing
The car model, enclosure, and boundary conditions are described in great detail in the validation
case study. The validation is established by using the Ahmed body model as a vehicle model geometry
with the same values of inlet velocity, the number of iterations, and the same turbulence models but
various computational domains from previous studies [23], [24]. The time-averaged drag force
coefficient, Cd from the numerical analysis is differentiated from the previous researchers by
Salahuddin et. al [25] and Arnold et. al [26]. Tables 3 and 4 illustrate the specific comparison with
previous results by applying the various computational domains and the percentage errors of the
aerodynamic loads.
Table 3
Comparison with existing results
Cases Study
Numerical
Analysis by
Salahuddin et
al. [25]
Wind Tunnel by
Salahuddin et
al. [25]
Current Study
without
Inflation
Current Study
with Inflation

Turbulence
Models
𝑘– 𝜀
model

Number of
Iterations
1,000

Number of Grids

Velocity Inlet, v
(m/s)
40

Coefficient of
Drag Force (Cd)
0.320

𝑘– 𝜀
model

-

-

40

0.295

𝑘– 𝜀
model

200

Approximately
2,000,000

40

0.333

𝑘 − 𝜀
model

200

Approximately
3,000,000

40

0.331

Approximately
583,000

Table 4
The percentage errors of the aerodynamic loads with existing studies
Cases Study
Wind Tunnel by Salahuddin et al. [25]
Current Study without Inflation
Current Study with Inflation

Percentages Error for the Coefficient of Drag Force (Cd)
compared with Numerical Analysis by Salahuddin et al.
[25]
10.9 %
3.9 %
3.3 %

The current research produced the results nearest to the CFD simulation by Salahuddin et al.
[25] with only a 3.3 % difference in percentage errors by applying inflation for drag force coefficient
based on table 4 above. The inflation mesh is designed by "exaggerating" a triangular surface mesh
to create the good quality geometry-aligned elements that capable of resolving boundary layer
growth. When analysing boundary conditions accurately, a finer mesh is created close to the wall or
the boundary, which is when inflation is applied. The specific of the meshing resolutions with the
inflation layers for the compact car are shown in Figure 4. According to the study by M. Lanfrit [27],
the maximum percentage of errors that the external flow involved car will tolerate is about 5%. The
study by Salahuddin et al. [25] produces the least amount of grids, while the current study produces
the most grids. The effectiveness of the results for aerodynamic loads and flow structures can be
impacted by the number of grids, which is a critical factor.
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Fig. 4. Side view of compact car with inflation at the
middle plane cross-section

3. Results
3.1 Aerodynamic Loads
Figure 5 illustrate the major differences in the value of aerodynamic loads when all cases are
simulated to represent the compact car. This is due to the flow field characteristics differing for the
no crosswind and crosswind cases. As can be seen, the side force coefficients, Cs, and rolling moment
coefficients, CRm increases in value as the crosswind conditions increase until at Ѱ = 60°. The pressure
difference between the leeward and windward areas causes this imbalance flow occurs due to the
existence of vortices.
The side force coefficients, Cs, and rolling moment coefficients, CRm are one of the frequent
reasons for cars to roll over and sideslip due to the imbalance of pressure on the sides of the vehicle
as shown in surface pressure contours in Figures 6 below. The drag coefficient indicates a rising until
Ψ = 10° before it approaches zero as the angle increases [28]. The surface area extended by the flow
decreases as the yaw angles increase, which causes the viscous friction of the ground. The lift force
coefficient, Cl illustrate the steady decrease to the maximum value and rising at Ψ = 60°. The pressure
reduction is assumed to generate over the compact car due to the formation of vortices.
3.2 Surface Pressure Contour on Car Body
The difference in the flow field profile develops pressure to emerge. Figures 6 shows surface
pressure contour on the windward and leeward areas of the vehicle at different crosswind angles. As
can be seen, the flow separation at the front edge of the car moves in the direction of the top and
bottom of the vehicle model. As the flow direction increases, the surface pressure is starting to
change in its characteristics.
At Ѱ = 40° and above condition, the low-pressure region on the windward surface zone appears
to vanish and move to the leeward surface zone. The pressure area on the windward surface
enhances due to the presence of crosswind situations. In general, the pressure acting on the
windward surface slightly emerges as the yaw angles increase. It demonstrates that there are larger
vortices sizes generated which increases the aerodynamic loads.
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Drag Force Coefficients, Cd

Lift Force Coefficients, Cl

Side Force Coefficients, Cs

Rolling Moments Coefficients, CRm

Pitching Moments Coefficients, CPm

Yawing Moment Coefficients, CY

Fig. 5. The aerodynamic loads for forces and moements coefficient compact car with different cases
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At Ѱ = 0°,

Windward

Leeward

At Ѱ = 10°,

At Ѱ = 20°,

At Ѱ = 30°,

At Ѱ = 40°,

63

Journal of Advanced Research in Applied Sciences and Engineering Technology
Volume 28, Issue 1 (2022) 56-66

At Ѱ = 50°,

At Ѱ = 60°,

Fig. 6. The surface pressure contour of the compact car with various crosswind angles

3.3 Turbulence Kinetic Energy (TKE)
Turbulence Kinetic Energy (TKE) is the energy content of vortices in turbulent flows that denotes
magnitude and numerical value. As in Figure 7, the large region amount of turbulence can be
identified at the rear and leeward area of the car due to the flow separation. At Ѱ = 0°, the turbulent
kinetic energy (TKE) can be illustrated clearly to rise its highest magnitude at the rear of car segment.
The red colours represented as the maximum turbulent kinetic energy (TKE) while the blue colours
indicated the lowest values for turbulent kinetic energy (TKE) existence.

Ѱ = 0°

Ѱ = 40°

Ѱ = 20°

Ѱ = 60°

Fig. 7. Comparison of the turbulence kinetic energy for no crosswind and crosswind cases
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For crosswind condition from Ѱ = 10° to Ѱ = 60° as shown in Figure 7, the turbulent kinetic
energy (TKE) can be identified clearly moving to the leeward side of the car follow the crosswind
magnitude. It can also be observed that there are significant changes of turbulent kinetic energy (TKE)
structures and the shape on the leeward region seems to enlarge longer due to the high larger
separation. The more kinetic energy is dissipated because there are massive vortices at the back and
sides of the compact car. This will influence the stability of vehicle dynamics, exposing it to overturn
and sideslip when travelling in a forward direction.
4. Conclusions
In the present work, the aerodynamic forces acting on a simplified compact car exposed to
crosswind effects were studied using Computational Fluid Dynamics with performed for a steady
viscous fluid flow using the Standard k-ε turbulence model. The computational validation study is
made for the size of the enclosure and the percentage of errors for the external flow required car
only 3.3 %. The effect of the crosswind angles was determined in terms of aerodynamic loads and
flow structures. Observation can be concluded that the side force coefficients, Cs and rolling
moments, CRm increase in values as the crosswind case until at Ѱ = 60°. It can be explained that the
imbalance flow occurs due to the pressure difference between the leeward and windward zones to
the existence of vortices experienced by the car. The results showed that the side force coefficients
and rolling moments are significant due to one of the factors for cars to roll over and the sideslip. At
crosswind conditions, the low-pressure areas on the windward surface zone start to disappear and
move to the leeward surface zone due to the existence of the larger vortices sizes. The results of the
present simulation concerning the trends for aerodynamic loads and flow structures were found to
be in close agreement with transportation studies results such as lorry and van by the past
researchers.
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