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Small city vehicles are particularly vulnerable to crosswinds due to their lightweight
design and higher center of gravity, which reduce stability. Additionally, their
aerodynamic shapes can generate lift, making them more susceptible to being pushed
off course in windy conditions. This study investigates the aerodynamics of small city
vehicles using Computational Fluid Dynamics (CFD) with the Reynolds-Averaged
Navier-Stokes (RANS) approach in ANSYS Fluent. The focus is on analyzing the
aerodynamic performance of a small city vehicle at a constant speed while subjected
to four different crosswind angles: 15°, 30°, 45°, and 60°. A mesh refinement study is
conducted to validate the simulations, comparing results from three different mesh
configurations to ensure accuracy and reliability. The results indicate that the side
force coefficient increases from 1.5 to 5 as the crosswind angle reaches 60°.
Additionally, the drag coefficientis observed to be highest at the 30° crosswind angle
and decreases to its minimum at the highest crosswind angle. Flow structures show
significant complexity at higher crosswind angles. These findings highlight the intricate
interactions between the vehicle and crosswinds, providing valuable insights for
optimizing the aerodynamic design of small city vehicles to enhance their stability and
performance in urban environments.

1. Introduction

The aerodynamic design of a vehicle significantly affects its interaction with air, influencing key
factors such as drag, stability, and fuel efficiency. In urban environments, where small vehicles are
increasingly preferred for their compactness and agility, optimizing aerodynamic performance is
essential for improving energy efficiency and enhancing driving safety. Small city vehicles face diverse
aerodynamic challengesthat necessitate careful design considerations to minimize dragand improve
overall performance. For example, the aerodynamic development of vehicles such as the Ford Kuga
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highlights the specific challenges faced by smaller vehicles [1]. These challenges are especially
important in electric vehicles, which have unique architectural and operational demands that require
specialized aerodynamic optimization.

The influence of aerodynamics on vehicle stability and safety is a critical consideration in vehicle
design. Poor aerodynamic configurations can lead to increased lift at high speeds, potentially causing
instability and reducing traction, which is essential for safe handling on the road. Wu and Wen [2]
emphasize that aerodynamic lift can counteract the vehicle's weight, thereby reducing tire-road
adhesion, a crucial factor for maintaining control and stability. Additionally, Nath et al., [3] observe
that aerodynamic drag is a significant contributor to a vehicle's energy consumption, accounting for
approximately 50% of the power required at highway speeds. The growing popularity of small city
vehicles is driven by several factors, including increasing traffic congestion and environmental
concerns, further underscoring the importance of optimizing their aerodynamic performance.

Crosswinds or lateral winds that affect vehicle stability can significantly influence vehicle
performance, particularly at high speeds or on open roads. The interaction between a vehicle and
crosswinds generates aerodynamic forces that may lead to loss of control, especially for smaller
vehicles. The aerodynamic response of a vehicle to crosswinds is characterized by various forces and
moments, including side forces, yaw moments, and rolling moments, which can vary nonlinearly
depending on the vehicle's speed and the intensity of the wind [4-6].

Small city vehicles, due to their lighter weight and compact size, face unique challenges under
crosswind conditions. These vehicles typically have a higher center of gravity and a smaller
aerodynamic profile compared to larger vehicles, making them more susceptible to being influenced
by lateral winds [5,7]. The aerodynamic characteristics of small vehicles can lead to significant side
forces that affect the driver's ability to maintain control, particularly at higher speeds where the
impact of crosswinds is amplified [5,6,8]. The stability of these vehicles can be further compromised
by their design, which may not be optimized for handling crosswind forces, increasing the likelihood
of skidding or rolling over in extreme conditions [9,10].

Safety hazards associated with crosswinds are particularly pronounced at higher speeds or on
open roads where the vehicle is more exposed to gusts of wind. Studies have shown that
aerodynamic forces acting on vehicles can lead to a reduction in stability, increasing the risk of
accidents [6,11,12]. For instance, vehicles can experience sudden lateral shifts, which mayresultina
loss of control, especially if the driver is unprepared for the sudden change in handling dynamics [13-
15]. This risk is particularly critical for small city vehicles, which may not have the same structural
integrity or weight to counteract these forces as larger vehicles [10], a factor contributing to the
growing demand for more compact, energy-efficient transportation solutions.

While considerable research has been conducted on vehicle aerodynamics under steady, normal
wind conditions, there remains a gap in studies specifically addressing how crosswinds impact the
aerodynamic performance of small city vehicles. Small vehicles, due to their compact size and
lightweight structure, exhibit unique aerodynamic behavior compared to larger vehicles, particularly
under crosswind conditions. Existing aerodynamic models often fail to account for the specific
challenges posed by crosswind-induced forces, which can significantly alter vehicle stability, drag,
and driver comfort. This gap emphasizes the need for more focused research to explore the effects
of crosswinds on small city vehicles, with the goal of developing more accurate and better design
solutions. The primary aim of this study is to analyze the aerodynamic performance of small city
vehicles under crosswind conditions.
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2. Methodology
2.1 Geometry Modelling

In this study, a full-scale model of a simplified small city vehicle concept was developed, inspired
by the Podbike e-bike car, designed by Per Hassel Sgrensen. The Podbike is renowned for its compact
and efficient design, merging the features of a bicycle and a car to create an innovative urban
transport solution [16]. The model was created using SolidWorks 3D modelling software, capturing
the key characteristics of the original vehicle. With dimensions of 2.3 meters in length, 0.8 meters in
width, and 1.5 meters in height (as shown in Figure 1), the model reflects the vehicle's compact
nature and suitability for urban environments. By simplifying the design, the study focuses on the
most critical performance aspects while preserving essential geometric and aerodynamic features.
This reduction in complexity enables more efficient simulations, conserving both time and
computational resources.

L 0.8m ..|

1.5m

2.3m

Fig. 1. Dimensions of the simplified small city vehicle designed in SolidWorks
2.2 Boundary Conditions and Simulation Setup

The computational domain was defined to include the full-scale vehicle model and be sufficiently
large in all directions to reduce the impact of boundary effects on the results [17]. Figure 2 displays
the computational domain employed in the current study.

The simulation's boundary conditions were set up to produce accurate and relevant results for
small city vehicles scenarios. A constant velocity inlet at 30m/s was applied to the upstream
boundary, and the crosswind angle was set to 15°, 30°, 45°, and 60°. A pressure outlet condition at
the downstream barrier allowed the flow to escape freely, with atmospheric pressure set to replicate
anopen environment [18]. The vehicle'ssurface was modelled as a no-slip wall, assuring zero relative
fluid velocity and accurate capture of boundary layer growth and drag forces. The ground plane was
also considered as a no-slip wall, with a steady ground condition because the interaction between
the vehicle and the road surface is minimal [19]. In addition, the side and roof walls of the domain
were considered as symmetry boundary requirements [20].
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Fig. 2. Computational domain including the dimensions

Reynolds-Averaged Navier-Stokes (RANS) methods were used in this study to accurately portray
the effects of turbulence in the flow surrounding the small city vehicles model. The details of the
solver settings are shown in Table 1. For the steady-state simulations, the standard k-epsilon model
was used with standard wall functions to treat the near-wall region [21]. The SIMPLE algorithm was
employed for pressure-velocity coupling, ensuring stable and convergent solutions [22]. Spatial
discretization for gradients was performed using the Green-Gauss cell-based method. The SIMPLE
algorithm was also used for pressure-velocity coupling.

Table 1
The turbulence modelling parameters for Reynolds-Averaged Navier-Stokes (RANS) approach used in the

simulations

Parameter RANS

Model k-epsilon

Type Standard

Wall treatment Standard wall functions
Solver type Steady

Number of Iterations / Time Steps 1000

Pressure velocity coupling SIMPLE

Spatial discretization (Gradient) Green-Gauss cell based
Pressure Second order
Momentum Second order upwind
Turbulent kinetic energy First order upwind
Turbulent dissipation rate First order upwind
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2.3 Mesh Independence Study

In the Ansys Advanced meshing module, the computational domain surrounding the vehicle was
meshed using a Cartesiangrid to break down the geometry into smaller parts. The meshing approach
is intended to achieve a balance between resolution and computing efficiency. Mesh independence
research was performed to determine the sensitivity of simulation results to mesh resolution
modifications. This study involved systematically refining the mesh and examining how drag
coefficients converged as mesh refinement increased. Table 2 contains the details of the meshing
approach and associated meshing parameters.

Table 2

Meshing parameter descriptions

Parameters Mesh 1 Mesh 2 Mesh 3
Number of elements 313794 675082 2811807
Total nodes 368874 763202 2946133
Element size (mm) 128 64 32

Face size (mm) 4 2 1

Drag Coefficient, Cq 0.568 0.546 0.541

Simulations were run using a coarse mesh with an element size of 128 mm, and the results were
analysed. Figure 3 shows how the mesh was improved gradually, reducing the element size
consistently across three different resolutions. Surface mesh sizes ranged from 4 mm for the coarsest
mesh (Mesh 1) to 1 mm for the finest mesh (Mesh 3), with a total of 2.8 million elements in Mesh 3.
Meanwhile, for all cases, the orthogonal mesh quality exceeded 0.75. The drag coefficient results
showed consistent changes when the mesh was adjusted. The percentage inaccuracy between Mesh
1 and Mesh 2 was around 4%, demonstrating a significant improvement with finer resolution. Further
refining between Mesh 2 and Mesh 3 demonstrated less than 1% inaccuracy.

Based on these findings, Mesh 2 was identified as sufficient for predicting aerodynamic loads, as
it provided accurate results with minimal computational expense compared to Mesh 3. This approach
ensures that the simulation setup is optimized for efficiency while maintaining reliability in predicting
the small city vehicle model's aerodynamic performance. Based on these findings, Mesh 2 was
determined to be sufficient for estimating aerodynamic loads because it produced accurate
estimations at a lower computational cost than Mesh 3. This approach ensures that the simulation
setup is optimized for efficiency while accurately predicting the aerodynamic performance of the
small city car model.
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Fig. 3. Three different mesh resolutions; (a) mesﬁ 1, (b) mesh 2 andr (c) mesh 3, (d) detail mesh

3. Results
3.1 Aerodynamic Forces

In this section, we present a detailed comparison of the aerodynamic force coefficients,
specifically drag, side, lift and rolling moment values calculated at four different crosswind angles:
15°, 30°, 45°, and 60°. We evaluate these coefficients using the traditional RANS (Reynolds-Averaged
Navier-Stokes) model shown in Figure 4. The RANS model used in this study is the k-g, which relies
on time-averaged Navier-Stokes equations and turbulence closure relationships to predict
aerodynamic forces.

At 15°, Cqis measured at 0.713, indicating moderate drag. With anincrease in crosswind angle to
30°, Cq slightly increases to 0.737, suggesting that this crosswind angle produces slightly higher
aerodynamic resistance. However, as the angle increases to 45°, Cq drops to 0.539, indicating a
reduction in drag possibly due to changes in the vehicle's aerodynamic profile as the crosswind
redirects airflow around the vehicle differently. Notably, at a 60° crosswind, C4 becomes negative,
measured at -0.007, which could indicate a change in the vehicle’s aerodynamic flow that results in
an unusual reduction in drag or a slight thrust effect from the crosswind direction.

At a 15° crosswind angle, Csis 1.557, indicating moderate lateral force. As the angle rises to 30°,
Cs increases significantly to 2.727, showing that crosswinds create stronger lateral forces that could
impact vehicle stability. At 45°, Cs reaches 3.905, marking a further escalation in side force and
emphasizing the vehicle's increased susceptibility to lateral displacement in higher crosswinds.
Finally, at 60°, Cs peaks at 5.017, highlighting that high crosswind angles substantially increase side
forces, which could lead to control challenges, especially at higher vehicle speeds or in lightweight
vehicles [23].
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At a crosswind angle of 15°, Ciis recorded at 0.307, indicating a small lift effect. When the angle
increases to 30°, Cinearly doubles to 0.712, suggesting a higher lift due to the crosswind, which could
reduce tire contact with the road and compromise stability. As the angle reaches 45°, C|increases
further to 0.921, signifying a considerable lift effect that could impact vertical stability and handling.
However, at 60°, Cidecreases to 0.626, reflecting a reduction in lift that could enhance stability by
lowering the lift effect on the vehicle, potentially improving road grip and control at this extreme
angle.

At 15°, Cim is 0.681, indicating a moderate potential for rolling. As the crosswind angle increases
to 30°, Crm slightly rises to 0.699, showing an incremental increase in the rolling effect due to
crosswind. However, at 45°, Crm decreases to 0.475, suggesting that aerodynamic changes at this
angle may reduce the rolling moment, thereby enhancing the vehicle's stability. At 60°, Crm further
decreases to 0.294, indicating a significant reduction in the rolling moment at high crosswind angles,
due to flow separation effects around the vehicle, leading to a decrease in lateral rolling forces.
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Fig. 4. Drag, side, lift and rolling moment coefficient at different crosswind angle s for RANS
3.2 Three-Dimensional Vortex Core

Figure 5 shows a series of flow visualizations around the vehicle model for different crosswind
angles. At a crosswind angle of 15°, the vortex cores are relatively small and stable. In the rear view,
minor vortex structures are visible around the rear edges and lower sections of the vehicle, with
velocity concentrated in the lower range. From the front view, the vortex structures are
predominantly concentrated around the lower front and sides, indicating that the airflow remains
attached to the vehicle body, with minimal disruption. These characteristics imply stable flow
behaviour with minimal vortex-induced drag and lift, contributing to improved vehicle stability under
mild crosswind conditions. With a 30° crosswind, the vortex core regions around the vehicle become
more pronounced and complex. In the rear view, larger vortex structures are observed near the rear
and side sections, with a noticeable increase in velocity indicated by the shift to green and yellow
colours. These stronger vortex cores suggest greater aerodynamic disturbance as the crosswind angle
rises, generating higher drag and lift forces. The front view shows the vortices extending along the
side surfaces, with vortex cores developing near the front and roof areas. These vortices reflect
increased airflow separation due to the higher crosswind angle, resulting in amplified side forces and
potential instability as the vortices create additional aerodynamic load on the vehicle's surfaces.

At 45°, the vortex cores are significantly larger, with high-velocity regions forming around the
sides and rear sections in the rear view. This increase in velocity and vortex intensity highlights the
amplified aerodynamic interference as the crosswind angle becomes steeper. The vortex cores
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extend further away from the vehicle body, indicating intensified flow separation, which contributes
to asubstantial risein dragand liftforces. In the front view, the vortex cores appear more prominent,
with complex swirling patterns along the sides and top of the vehicle. This substantial vortex
development around the front and roof areas demonstrates heightened lateral aerodynamic loads,
potentially leading to instability as the crosswind disrupts the airflow, generating turbulent wake
zones. At the extreme crosswind angle of 60°, the vortex cores exhibit the most extensive and intense
patterns, with substantial high-velocity zones. The rear view revealslarge, detached vortex structures
that extend significantly behind the vehicle, signifying pronounced flow separation and turbulent
wake formation. This dramatic separation of vortex cores from the vehicle body leads to a
considerable increase in drag and a potential reduction in aerodynamic stability. From the front, the
vortex structures are highly developed along the entire side profile, with complex swirling regions
that stretch from the front to the rear. These prominent vortex patterns indicate that the vehicle
experiences substantial lateral and lift forces under extreme crosswind conditions, which could lead
to significant stability challenges for the driver.

Velocity
Vortex Core Region 1 [m s?-1]
o 7 <% % oy
Isometric view from the rear Isometric view from the front

152

30°

45°

60°

Fig. 5. Iso surface of the Q-criterion coloured with velocity for vehicle

As the crosswind angle increases to 45°, the vortex cores become larger and more intense,
especially around the rear and side sections. This intensification reflects greater aerodynamic
interference, with more pronounced flow separation and higher lateral forces, which could affect
vehicle stability. At the extreme crosswind angle of 60°, the vortex structures are extensive and
detached from the vehicle, creating a turbulent wake zone. This detachment results in significant
drag and increased lateral and lift forces, potentially compromising control and stability.
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3.3 Velocity Characteristics around the Vehicle

Figure 6 presents a detailed comparison between different crosswind angles for flow around a
simplified vehicle geometry at plane y=-0.2. It highlights the velocity field in the flow plane and the
streamline at three different crosswind angles: 15°, 30°, 45°, and 60°. It illustrates the flow
acceleration over the vehicle and deceleration in the wake region. The streamlines in the figure

indicate the flow direction and behaviour, providing a clear visualization of the aerodynamic
performance under different conditions.

Velocity

Fig. 6. Comparison of the velocity field in the flow plane and streamline on the vehicle surface
at four different crosswind angles y=-0.2

At a crosswind angle of 15°, the flow structure around the vehicle remains relatively smooth and
attached, with minimal flow separation. The streamlines in the wake region display an orderly
pattern, with minor circulation visible near the rear. The low-velocity regionis confined close to the
vehicle’s leeward side, with a gradual transition to higher velocities in the surrounding flow. This
relatively stable and low-separation flow pattern indicates that the vehicle experiences minimal
aerodynamic disturbance at a 15° crosswind angle, resulting in lower drag and reduced lateral forces,
contributing to stable vehicle handling. As the crosswind angle increases to 30°, the flow structure
becomes more complex, with the development of larger vortices and an increase in flow separation.
The streamlines show notable recirculation near the rear, with more pronounced low-velocity
regions on the leeward side, suggesting that the flow is beginning to detach from the vehicle surface.
The wake zone behind the vehicle becomes more turbulent, as seen by the swirling streamline
patterns, which indicate the formation of vortices. This increased flow separation contributes to
higher drag and side forces, potentially impacting the vehicle's aerodynamic stability and making it
more susceptible to lateral displacement by crosswinds.

At a 45° crosswind angle, the flow separation becomes even more pronounced, with large, well-
defined vortices forming in the wake region. The streamlines reveal a significant increase in
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recirculation zones, with low-velocity areas expanding around the leeward side and wake. The
intense swirling motion in the wake indicates higher aerodynamic interference, as the airflow
detaches more significantly from the vehicle’s surface. The high turbulence in the wake zone
increases drag and side forces, likely resulting in substantial lateral instability. At this angle, the
aerodynamic loads on the vehicle are considerable, making the vehicle more vulnerable to crosswind
effects and necessitating better control measures to maintain stability [24]. At the extreme angle of
60°, the flow structure exhibits maximum separation and turbulence, with extensive vortex
formation in the wake region. The streamline patterns show large recirculation zones and low-
velocity regions that extend far behind and to the side of the vehicle, reflecting substantial flow
detachment. The strong swirling vortices indicate intense aerodynamic disturbances, leading to very
high drag and lateral forces. This degree of flow separation and turbulence severely impacts vehicle
stability, creating substantial aerodynamic loads that make the vehicle difficult to control under
extreme crosswind conditions. At this angle, the vehicle's design would need to account for
significant lateral and lift forces to counteract the instability caused by the pronounced flow
separation. As the crosswind angle increases from 15° to 60°, the flow structure around the vehicle
becomes increasingly separated, with larger and more intense vortices forming in the wake region.
Lower crosswind angles (15° and 30°) show relatively stable and attached flow patterns, contributing
to reduced aerodynamic disturbance. At higher crosswind angles (45° and 60°), the flow separation
intensifies, with extensive vortex formation and low-velocity regions, resulting in higher drag, side
forces, and lateral instability.

Furthermore, Figure 7 illustrates the surface pressure distribution on a vehicle subjected to
different angles, specifically 15°, 30°, 45°, and 60°. Each row represents a different orientation,
showing the left and right sides of the vehicle to highlight pressure variations. At a 15° orientation,
the pressure distribution is mostly even across the vehicle’s surface. On the left side, there is a
gradual pressure gradient, with a higher pressure at the front that smoothly decreases toward the
rear. This gradual transition suggests that airflow remains stable along the surface without significant
disruptions, which would indicate minimal drag forces. On the right side, a similar distribution is
observed, showing a consistent decreasein pressure fromthe front to the rear. The minimal pressure
gradient and lack of abrupt changes in pressure imply low drag and stable aerodynamic behaviour,
which are desirable for fuel efficiency and vehicle stability. When the angle increases to 30°, the
pressure distribution shows a noticeable high-pressure region at the front, highlighted in red and
orange. This high-pressure area indicates a stronger aerodynamic impact, which results inincreased
drag. Moving toward the rear, the pressure gradient becomes steeper, suggesting that airflow may
begin to separate from the surface, potentially leading to turbulence. On the right side, the pattern
is consistent, with a strong pressure build up at the front and a quick drop toward the rear. The
intensified pressure gradient at this angle implies a higher aerodynamic drag compared to the 15°
orientation, which can reduce fuel efficiency and slightly impact stability due to turbulent airflow
patterns.

At a 45° orientation, the vehicle experiences a more significant aerodynamic impact. The high-
pressure region at the front becomes larger and more intense, with the red and orange areas
extending further along the surface. This intense pressure distribution at the front causes substantial
drag, as the airflow faces greater resistance. The sharp pressure drop toward the rear suggests more
extensive flow separation, creating a larger wake region and increasing turbulence. This distribution
on the right side also shows a similar trend, with a strong high-pressure zone at the front and an
abrupt gradient toward the back. The pronounced flow separation and large wake area at this angle
indicate reduced aerodynamic efficiency and a higher likelihood of instability due to turbulent
airflow. Finally, at a 60° orientation, the pressure distribution reaches its peak in terms of
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aerodynamic impact. The high-pressure region at the front is the most saturated and extensive,
covering a larger area than in any other orientation. This suggests that the vehicle experiences
maximum drag at this angle. The right side mirrors this pattern, showing a strong high-pressure front
and an abrupt drop in pressure as airflow moves toward the rear. This sharp transition indicates
severe flow separation and a large wake region, contributing to high aerodynamic dragand increased
turbulence. At this orientation, the vehicle’s stability and efficiency would be the most compromised
due to the intense aerodynamic forces acting on it.

Pressure
Contour 1 [Pa]
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Fig. 7. Comparison of surface pressure distribution on vehicle at
four different crosswind angles

4. Conclusions

This study evaluated the aerodynamic performance of a simplified small city vehicle under varying
crosswind conditions using the Reynolds-Averaged Navier-Stokes (RANS) model.

The results revealed significant variations in aerodynamic forces: drag, side force, lift, and rolling
moment at different crosswind angles. As the crosswind angle increased from 15° to 60°, drag forces
initiallyincreased before decreasing at higher angles, with the most notable changes occurringin side
forces and lift, which escalated under stronger crosswinds. The vortex core analysis further
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highlighted the growing intensity of flow separation and turbulence with increasing crosswind angles,
contributing to higher drag and lateral instability.

In practical terms, the findings suggest that the vehicle’s aerodynamic design is more sensitive to
high crosswinds, which can significantly affect its stability and performance, particularly in urban
environments. The results emphasize the importance of considering crosswind effects in the design
of small city vehicles, where stability and energy efficiency are essential. Future work could explore
design modifications aimed at mitigating the aerodynamic challenges posed by crosswinds.
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