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Abstract. The crosswind is one of the factors that can lead to a car accident. Crosswind is defined as a side force that 
causes a vehicle to become unstable and deviate from its desired path. This article focuses on evaluating the flow 
behaviour and aerodynamic loads that affect vehicle stability when driving in a steady crosswind. In this study, a 
numerical approach is used with the ANSYS Fluent software as a platform to run the simulation. In this research, the 
crosswind flow angle (Ψ) is varied from 0° to 90°. The incompressible flow surrounding the vehicle is solved using the 
Reynolds-Averaged Navier-Stokes (RANS) equations in conjunctions with the k-ε turbulence model. The Reynolds 
number is utilized depending on the velocity of the vehicle which are 2.8×106 for high Reynolds number and 7.2×105 for 
low Reynolds number respectively. According to the findings, the crosswind has a significant quantitative and qualitative 
impact on aerodynamics. In terms of aerodynamic load, the side coefficient (Cs) increases as the crosswind yaw angle 
increases. When the crosswind yaw angle reaches 60°, there is a significant drop, but it remains almost constant when the 
crosswind yaw angle reaches 90°. In terms of flow structure, as the crosswind yaw angle increases, the vortex formation 
on the leeward region expands, increasing the vehicle stability imbalance. Finally, there is no significant difference in the 
quantitative aerodynamic characteristics of high and low Reynolds numbers. 
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INTRODUCTION  

Human introduces vehicles is to allow people to get a shield from wind, rain, and dust when people travel in a 
car. Road vehicles play an important role in society today. Vehicles have many advantages, such as economic and 
technological advancements, but they also have a negative impact. The most concerning issue reflects the negative 
impact on the vehicles involved in the accident, which may occur as a result of high demand for transportation and 
unsafe operation. The transportation demand is concerned with the type of traffic exposure, such as a high volume of 
traffic and traffic overcrowding. The unsafe operation, on the other hand, is concerned with highly risky vehicle 
operations, such as the driver, vehicle condition, road, and environmental factors [1], [2]. Strong wind is one of the 
environmental factors that has raised concerns about the safety of road vehicles [1], [3], [4]. 

A headwind, crosswind, or tailwind occurs when the natural wind is combined with the direction of travel. 
Headwinds and tailwinds effect longitudinal vehicle speed primarily by pushing back or forward; they do not create 
a substantial safety risk [1]. Furthermore, there are two types of crosswind effects on vehicle performance: 
crosswind aerodynamic and crosswind stability. The crosswind aerodynamics emphasized the significance of time-
related changes in the aerodynamic forces operating on vehicles, whereas the crosswind aerodynamics solely 
focused on the influence of the crosswind on the aerodynamic forces and flow field surrounding the vehicle [4]. 
Surprisingly, the dominance of the aerodynamics force on vehicle performance is largely ignored. The crosswind 
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stability focus is on the vehicle motion and dynamic response under the influence of the crosswind. This impact 
became more significant on the vehicle, which has a large flat surface and a high center of gravity (COG) [1]. 

Several studies on the effects of crosswinds on heavy ground vehicles have been carried out [5]–[8]. The heavy 
grounded vehicles such as trains, trucks, and buses since their vast lateral surfaces render them particularly 
vulnerable to the impacts of crosswind gusts [9]–[11]. Moreover, crosswinds can be especially damaging to heavy 
trucks. As a result, the improvement in the automotive aerodynamics characteristic alters the researcher's 
attentiveness to studying the influence of crosswinds not only on heavy vehicles but also on light vehicles such as 
passenger cars [5].  

When driving a small car on the road, external crosswinds have an impact on the driver's ability to control the 
vehicle. Crosswind conditions are, in general, always present on open roads, and their impact on driving stability 
increases as vehicle speed increases [12]. The side force and the yaw moment are two aerodynamic parameters that 
are commonly used to characterize a vehicle's crosswind characteristics. The faster acceleration of vehicle systems 
has resulted in high energy losses and a decrease in vehicle performance. Therefore, it is necessary to investigate the 
crosswind stability of a small-sized car in order to evaluate its aerodynamic characteristics by analyzing flow around 
vehicles and aerodynamic loads. Aerodynamic loads and flow structures around the vehicle are commonly studied in 
a wind tunnel. Because wind tunnel facilities are rare, much research has focused on modelling aerodynamic loads 
during crosswind conditions using computational fluid dynamics (CFD) simulations. As a result, the CFD technique 
was also used in the current study. As a result, the CFD technique was also used in the current study.  

This article is organized as follows: an introduction, a material and method section that explains the CFD setup 
and simulation details, then section 3 describes the results and discussion, and a conclusion at the end.   

MATERIALS AND METHODS  

Before running the simulation, the first step in performing the CFD analysis is to create a 3D model. The type of 
simplified vehicle model utilized in this is an A-segment vehicle. Figure 1 shows the detailed geometry and the 
dimension of this car. The vehicle model of A-segment car is imported and modified in SOLIDWORKS, before 
being transferred to ANSYS Design Modeler. Due to modelling methodology constraints, such as avoiding the 
influence of rotational motion and tire wake, the tires and exterior parts are ignored. The computational domain, also 
known as the enclosure, is defined as the simulation of airflow in a confined area. This is to confirm the flow 
simulation that will occur inside the enclosure boundary. The fundamental parameters for the validation case on the 
distances of the length between the inlet and the vehicle, the outlet, and the vehicle are based on the most recent 
studies [13]–[15]. Before beginning the meshing process, the enclosure must be effective enough to ensure that the 
computational domain is the optimal size. 

 
 

 

 
 

FIGURE 1. Dimensions of the small-sized car used in the current study 
 
The vehicle boundary conditions, including velocity inlet, pressure outlet, vehicle surface, ground, and roof, as 

well as the computational domain, are exhibited in Figure 2. The boundary conditions are applied for the no 
crosswind and crosswind conditions. For the current study, a total of 7 yaw angles conditions are considered. The 
wind speed was 8 ms-1 with vehicle speed being 30ms-1. Additionally, the stationary wall boundary condition was 
chosen for the ground. After configuring the boundary conditions, turbulence model, initialization, and number of 
iterations, the simulation process can begin, collecting all necessary data and performing data analysis. The 
Reynolds number that applies in this study were 2.8×106 and 7.2×105 which represents the high and low Reynolds 
number respectively [16]. Aside from that, the current study used the Reynolds-Averaged Navier-Stokes (RANS) 
with the k-ε turbulence model as it is a computationally efficient technique for CFD analysis.  

W= 1596mm L= 2403mm 

H= 1390mm 
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FIGURE 2. Boundary conditions for the numerical analysis 
 

Both numerical simulation and mesh are generated by the Commercial Ansys Fluent Software. One of the most 
critical and important steps in any type of CFD analysis is generating appropriate meshes and achieving grid 
independence [17], [18]. As a result, a grid independence test was conducted for the current study utilizing a grid 
convergence study. Six different curvature variations normal angles with varying mesh resolutions were considered 
for this purpose. Table 1 displays the meshing parameters and drag coefficient values for six different cases. 

 
TABLE 1. The different meshing and curvature normal angles with drag coefficient value 

Case 1 2 3 4 5 6 
Curvature normal angles (°) 18 15 12 9 6 3 
Number of Nodes 57,137 61,486 67,407 75,118 86,134 105,031 
Drag Coefficient (Cd) 0.30 0.29 0.29 0.29 0.29 0.29 

 
According to the simulation data, the drag coefficient value (Cd) for the A-segment car was 0.29. Figure 3 

depicts a graph of the drag coefficient considering the number of nodes. The graph shows that the value of the drag 
coefficient did not improve after the second case. This means that the drag coefficient achieves convergence at 
61,486 nodes. As a result, the number of nodes 61,486 was chosen based on the grid-independent test results to carry 
out the real case simulation. Figure 4 depicts the selected mesh results from the grid independence test. 

 
FIGURE 3. Graph of drag coefficient (Cd) against different mesh resolutions 
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FIGURE 4. Mesh resolution chosen based on grid convergence study 

RESULTS AND DISCUSSION 

Aerodynamics Loads of the Vehicle 

The results of the numerical analysis of the vehicle's aerodynamic loads are presented in this section. Figure 5(a) 
depicts the drag coefficient versus different crosswind conditions for two different Reynolds numbers. Based on the 
observations, both Reynolds numbers produce similar results, with the exception of the high yaw angles. 
Furthermore, for a high crosswind condition, the drag coefficient has a low value. At Ψ = 30°, the drag coefficient 
for the high Reynold number and low Reynold number is the peak value. Unfortunately, the trend of the drag 
coefficient decreases drastically from 30° to 60° yaw angle. Lastly, the trend of the drag coefficient (Cd) had 
dropped to the lowest at 90° yaw angle.  

 
  

(a) (b) 

 

(c) 
FIGURE 5. Graph of different aerodynamics loads against different crosswind conditions (a) Drag coefficient (b) Lift 

coefficient (c) Side coefficient 
 
Figure 5(b) depicts the graph behaviour of the lift coefficient in the presence of various crosswind conditions. In 

general, both high and low Reynolds numbers behaved similarly as the crosswind yaw angle increased, reaching a 
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maximum at 90° yaw angle. When the crosswind angle is less than 45°, the lift coefficient is negative, whereas it is 
positive when the crosswind angle is greater than 45°. The negative and positive values of the lift coefficient 
indicated that the resulting pressure was pointing downwards and upwards, respectively. As a result, the entire body 
of the vehicle model has a role and significant impact in defining the magnitude of lift coefficient in this range of 
crosswind yaw angles. 

The side coefficient is one of the factors that cause the vehicle to deviate from its direction of travel. Figure 5(c) 
demonstrated that the difference in Reynolds numbers does not affect the side coefficient value. The maximum point 
of the side coefficient (Cs) for the high Reynolds number at 60° and the low Reynolds number at 45° yaw angle are 
0.779 and 0.786, respectively. Furthermore, the initial point of the side coefficient is zero because the flow is 
symmetrical to the vehicle body. Lastly, the side coefficient (Cs) exhibits a modest inclining trend when the 
crosswind conditions increase from 60° to 90° yaw angle. 

Flow Structure around the Vehicle 

Without Crosswind Condition 

The pressure contour with velocity streamlines without crosswind conditions is presented in Figure 6. It is 
observed that high pressure is located on the vehicle's frontal surface. On the other hand, the low pressure is 
projected on the front edge of the windward and leeward area. In addition, the low pressure occurs at the roof top of 
the vehicle which can be seen in Figure 6(b). In terms of the velocity streamline, the streamline begins to divide at 
the frontal surface of the vehicle, which is also known as the stagnation point. The size of the vortices on both sides 
is equally symmetrical, which clarifies why the side force is zero at this wind condition. In addition, due to flow 
separation at both sides of the rear edges, two recirculating vortex bubbles are formed at the rear part of the vehicle. 

 

   

(a) (b) 
FIGURE 6. Top view and side view of pressure contour superimposed with velocity streamline without crosswind conditions 

With Crosswind Condition 

Figure 7 depicts a pressure contour with velocity streamlines in a crosswind condition. At 15° crosswind 
condition, the high-pressure contour had shifted a little right at the frontal surface area of the vehicle compared to 0° 
yaw angle. In addition, the low pressure is projected at the front edge of the leeward area. The vortex bubbles 
formed as a result of flow separation of the streamlines. The flow separation will occur at the front edge of the 
leeward area and both rear edges of the vehicle. As shown in Figure 5, the side coefficient begins to rise in value. 
The pressure difference between the leeward and windward zones causes this unbalanced flow scenario. The high-
pressure region that impacted the vehicle's frontal area gradually migrated to the windward side as yaw angles 
increased from 15° to 90°. In terms of aerodynamic load, however, the increase in the side coefficient shown in 
Figure 5 indicates that the high-pressure region on the windward side is increasing, while the low-pressure region on 
the leeward side is downsizing. 
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Ψ = 15° Ψ = 30° Ψ = 45° 

  

 
Ψ = 60° Ψ = 75° Ψ = 90° 

FIGURE 7. Top view of pressure contour superimposed with velocity streamline with crosswind conditions 
 

The high-pressure region projected on the vehicle model is completely at the center of the windward area at a 
90° yaw angle. Furthermore, the low-pressure area can be found on the front and back edges of the windward area. 
In terms of velocity streamline, the streamline begins to divide at the vehicle's windward surface, where the center 
location of the vehicle model in the windward region is also known as the stagnation point. Besides, due to flow 
separation at the front and back edges of the leeward, recirculating vortex bubbles form entirely on the leeward area. 

Pressure Contour on Vehicle Surface 

A recirculate region forms at 0° yaw angle due to flow separation at both front side edges, resulting in low-
pressure regions on all surfaces near the leading edges. The size of the low-pressure region is determined by the size 
of the generated recirculation region. When the flow is reattached, the pressure on the vehicle's surface is nearly 
zero. As the flow direction changes, the pressure contour on the vehicle surface changes. 

When the yaw angle reaches 15°, the low-pressure zone on the windward surface begins to withdraw and expand 
to the leeward surface. The flow has disengaged from the front windward side edges, causing this effect. As a result 
of the separation emerging from the front windward leading edge, no low-pressure line is visible on the vehicle 
model's side edge. On the leeward side edge, however, the low-pressure line zone is expanding. Aside from that, the 
high-pressure zone that was exerted on the frontal area of the vehicle begins to migrate to the windward side.  

The high pressure exerted on the windward surface increases as the crosswind yaw angle increases. Furthermore, 
as the crosswind yaw angle increases, the low-pressure line appears at the vehicle's rear top and side edge on the 
windward side, as well as the leeward side edge. The appearance of the low-pressure zone line on the windward and 
leeward side edges, which depicts the line vortex, indicates that the vortex is simply not integrating with the leeward 
vortices. 

The high-pressure region had been completely displaced to the windward side at a 60° yaw angle. In this case, 
the vehicle may overturn as it travels, which explains why the lift coefficient (Cl) has a positive behaviour, as shown 
in Figure 5. On the windward side, as the crosswind yaw angle increases from 60° to the maximum of 90°, the low-
pressure line region grows larger and gradually expands from the vehicle's rear side edge to the front side edge. The 
recirculation area forms as a result of flow separation at the front, rear, and top side edges, resulting in low-pressure 
regions on all surfaces near the leading edges. 
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Ψ = 30° Ψ = 45° 
    

Ψ = 60° Ψ = 75° 
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FIGURE 8. Pressure distribution on vehicle surface for different crosswind conditions 

CONCLUSION 

The current study investigated the aerodynamic characteristics of a small-sized car in a steady crosswind using 
CFD analysis. When it comes to crosswinds, all aerodynamic factors, including qualitative and quantitative 
analyses, have a significant impact on the vehicle's dynamic behaviour.  

In terms of drag coefficient (Cd), it can be concluded that there is a significant or critical drop in the range at 
crosswind yaw angles ranging from 30° to 60°. This is because as the crosswind yaw angle increases, so does the 
drag force that affects the vehicle's frontal surface. Furthermore, the lift coefficient (Cl) is increasing as a result of 
the crosswind hitting the vehicle model, causing it to slowly migrate to the windward side. As this occurs, the 
vehicle's overturning becomes more favourable. The side coefficient (Cs) indicates that there is a slight decrease in 
the 75° yaw angle. Subsequently, comparing the behaviour of low and high Reynold numbers reveals that there is 
little variation in aerodynamic load qualities. 
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