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Abstract - This study uses Computational Fluid Dynamics (CFD) 

to investigate the aerodynamic characteristics of a passenger car 

under crosswind conditions, both in isolation and when traveling 

alongside a container truck. Simulations were performed by keeping 

the resultant freestream velocity magnitude constant at 120 km/h, 

while changing the inlet-flow direction to impose yaw angles of 0°, 

15°, 30°, 45°, and 60°. The drag coefficient (𝐶𝐷), lift coefficient 

(𝐶𝐿), side force coefficient (𝐶𝑆), and yaw moment coefficient (𝐶𝑛) 

were evaluated. The results show that, 𝐶𝐷 increased monotonically 

with yaw angle in both cases. 𝐶𝐿 reached its maximum at 45°, while 

𝐶𝑆 reached its largest magnitude around 30°-45°. 𝐶𝑛 increased up to 

45° before decreasing at 60°. In the case of traveling alongside a 

container truck, the aerodynamic coefficients were generally lower 

due to the shielding effect of the container truck. 

 Tóm tắt - Nghiên cứu này sử dụng Động lực học lưu chất tính 

toán (CFD) để khảo sát các đặc tính khí động học của xe con dưới 

điều kiện gió ngang, trong hai trường hợp đơn lẻ và khi di chuyển 

song song với xe container. Các mô phỏng được thực hiện trong 

điều kiện cố định độ lớn vận tốc ở 120 km/h, đồng thời thay đổi 

hướng dòng vào để tạo các góc lệch hướng gió 0°, 15°, 30°, 45° 

và 60°. Hệ số cản khí động (𝐶𝐷), hệ số lực nâng (𝐶𝐿), hệ số lực 

ngang (𝐶𝑆)  và hệ số mô men quay đầu (𝐶𝑛)  được đánh giá. Kết 

quả cho thấy, 𝐶𝐷 tăng đơn điệu theo góc lệch hướng gió trong cả 

hai trường hợp. 𝐶𝐿  đạt giá trị lớn nhất tại 45°, trong khi 𝐶𝑆  đạt độ 

lớn lớn nhất trong khoảng 30°–45°. 𝐶𝑛  tăng đến 45° trước khi 

giảm tại 60°. Trong trường hợp di chuyển song song với xe 

container, hệ số khí động học nhìn chung thấp hơn do hiệu ứng 

che chắn của xe container. 
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interaction; CFD simulation 
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1. Introduction 

When a vehicle travels on the road, the interaction 

between the airflow and the vehicle body generates 

aerodynamic forces and moments that directly affect 

driving stability, safety, and energy consumption. At high 

speeds, aerodynamic drag becomes a dominant component 

of the total resistance, while lift and side forces 

significantly influence vehicle handling and stability, 

particularly under crosswind conditions. 

Over the past decades, vehicle aerodynamics has been 

extensively studied using both experimental and numerical 

approaches [1, 2]. Traditionally, wind tunnel experiments 

have been the primary method for evaluating aerodynamic 

performance and deriving empirical correlations for 

different vehicle geometries. However, with the rapid 

advancement of computational resources, Computational 

Fluid Dynamics (CFD) has become a standard tool for 

predicting aerodynamic characteristics with high flexibility 

and reduced cost. In particular, Reynolds-Averaged Navier–

Stokes (RANS) models are widely used in automotive 

aerodynamics due to their balance between computational 

efficiency and acceptable accuracy for turbulent flows [3-5]. 

Recent research has focused on improving aerodynamic 

performance through geometric optimization and flow 

control strategies. A significant number of studies have 

demonstrated that reducing flow separation and vortex 

structures in the rear region of the vehicle is critical for 

minimizing pressure drag [6, 7]. Additionally, the influence 

of the front-end design, including the windshield inclination, 

hood curvature, and air intake regions, has been widely 

investigated [8, 9]. More recently, attention has also been 

directed toward underbody flow, wheel aerodynamics, and 

surface details, as these factors can substantially alter the 

overall flow structure around the vehicle [10, 11]. 

In addition to single-vehicle aerodynamics, increasing 

attention has been given to the aerodynamic interaction 

between multiple vehicles. Several studies have 

investigated the effects of vehicle proximity, overtaking 

maneuvers, and platooning configurations on aerodynamic 

forces [12, 13]. These studies indicate that the wake 

generated by a leading vehicle can significantly influence 

the flow field of a following vehicle, leading to variations 

in drag reduction or amplification depending on the relative 

position and spacing. Moreover, when two vehicles travel 

side by side, strong flow acceleration and pressure 

gradients may occur in the gap region, resulting in 

increased lateral forces and potential stability issues [14]. 

Crosswind effects represent another critical aspect of 

vehicle aerodynamics. Under crosswind conditions, the 

flow becomes highly asymmetric, leading to increased side 

force and yawing moment. Previous studies have shown 

that crosswind can induce significant changes in 

aerodynamic coefficients, especially for bluff bodies and 

high-profile vehicles such as trucks and buses [15, 16]. The 
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magnitude of these effects strongly depends on the yaw 

angle, vehicle geometry, and flow conditions. 

Despite the substantial body of research on vehicle 

aerodynamics, studies that simultaneously consider both 

crosswind effects and aerodynamic interaction between 

different types of vehicles - such as passenger cars and 

heavy-duty container trucks - remain relatively limited. In 

real highway conditions, passenger cars frequently operate 

in close proximity to large vehicles, where the combined 

effects of wake interaction, pressure asymmetry, and 

crosswind can significantly alter the aerodynamic loads 

acting on the car. These complex interactions may lead to 

increased lateral instability and safety risks, especially at 

high speeds. 

In Vietnam, several studies have applied CFD 

techniques to analyze the aerodynamic characteristics of 

various vehicle types, including buses, electric vehicles, 

and container trucks [17-20]. While these studies provide 

valuable insights into flow structures and aerodynamic 

coefficients, they primarily focus on isolated vehicles and 

do not fully address multi-vehicle interaction under 

crosswind conditions. 

Therefore, this study aims to investigate the 

aerodynamic characteristics of a passenger car traveling in 

proximity to a container truck under crosswind conditions 

using CFD simulations in SolidWorks. The analysis 

focuses on key aerodynamic coefficients, including drag 

(CD), lift (CL), side force (CS), and the yaw moment 

coefficient (Cₙ) of the passenger car. These parameters are 

evaluated to quantify the combined effects of vehicle 

interaction and crosswind on aerodynamic performance, 

lateral stability, and yawing behavior. 

2. Methodology 

2.1. Vehicle Geometry and Simplified Models 

The passenger car is represented by its actual geometry. 

The 3D CAD model is created based on the manufacturer's 

specifications and is simplified by removing minor details 

such as door handles, side mirrors, and antennae (Figure 

1). These features have a negligible impact on the overall 

aerodynamic forces but can significantly increase 

computational costs. The model has overall dimensions of 

approximately 4.17 meters in length, 1.67 meters in width, 

and 1.50 meters in height. 

 

Figure 1. Simplified geometrical model of the passenger car 

The container truck is represented by a simplified 

geometric model based on a heavy vehicle design. This 

model features a rectangular bluff body with rounded front 

corners and a box-shaped rear container truck, as illustrated 

in Figure 2. This simplified representation effectively 

captures the key aerodynamic characteristics of heavy 

vehicles, including the presence of large wake regions, 

significant exposure of side surfaces to crosswinds, and the 

effects of underbody flow. The dimensions of the container 

truck are a total length of 15.90 meters, a width of 2.55 

meters, and a height of 4.10 meters. 

 

Figure 2. Simplified geometrical model of the container truck 

2.2. Computational Domain and Boundary Conditions 

The computational domain is constructed as a three-

dimensional rectangular enclosure surrounding both the 

passenger car and the container truck, as shown in Figure 

3. The domain dimensions are defined explicitly based on 

the global coordinate system used in the simulation. In the 

present setup, the domain extends 12 m upstream, 24 m 

downstream, 5 m in the lateral direction, and 22 m in the 

vertical direction, ensuring sufficient space for flow 

development while minimizing blockage effects and 

artificial acceleration of the flow. 

 

Figure 3. Computational domain and boundary condition setup 

Within the computational domain, the relative 

positioning of the vehicles is defined to represent a realistic 

highway driving condition. The lateral spacing between the 

passenger car and the container truck is fixed at 1.5 m. In 

addition, the container truck is positioned at a distance of 

1.0 m from the road barrier, representing the influence of 

roadside constraints on the flow field. This configuration 

ensures consistent geometric conditions for evaluating 

aerodynamic interaction between the two vehicles. 

A velocity-inlet boundary condition was applied at the 

upstream boundary of the computational domain. In this 

study, the velocity of 120 km/h refers to the resultant 

freestream velocity magnitude rather than the longitudinal 

vehicle speed. The yaw angle (ψ) is defined as the angle 

between the inlet velocity vector and the longitudinal axis of 
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the passenger car. For each prescribed ψ, the inlet velocity 

vector was decomposed into lateral and longitudinal 

components, while the magnitude V = 120 km/h was kept 

constant for all simulation cases. This boundary treatment 

supports a stable and consistent comparative simulation of 

airflow interaction between the passenger car and the 

container truck under crosswind conditions. 

The outlet boundary is specified as a pressure outlet 

with ambient static pressure of 101325 Pa, allowing the 

flow to exit the computational domain without artificial 

reflection. All vehicle surfaces, including both the 

passenger car and the container truck, as well as the road 

barrier, are treated as no-slip walls, ensuring zero velocity 

at the surface and enabling accurate prediction of boundary 

layer development and flow separation. The road surface is 

modeled as a stationary wall with a no-slip condition. 

Although a moving ground condition can provide higher 

fidelity, the stationary ground assumption is adopted in this 

study to reduce computational complexity while 

maintaining acceptable accuracy for comparative 

aerodynamic analysis. 

The upper and lateral boundaries of the computational 

domain are defined as far-field or symmetry-equivalent 

conditions to minimize boundary-induced disturbances and 

approximate an open external-flow environment. This 

configuration ensures a stable and physically 

representative simulation of airflow interaction between 

the passenger car and the container truck under crosswind 

conditions. 

2.3. Mesh Generation 

The computational mesh is generated using the 

automatic meshing scheme in SolidWorks Flow 

Simulation, with a global mesh level set to 6. Local mesh 

refinement is applied to selected faces of the vehicle 

surfaces and interaction regions between the passenger car 

and the container truck. The local refinement level is set to 

7, with additional channel refinement enabled to improve 

resolution in narrow gaps and underbody flow regions. 

Advanced refinement is activated with a minimum gap 

size of approximately 3.76 × 10−4m and a refinement 

angle of about 0.318 rad, allowing better capture of sharp 

gradients and flow separation near geometric features. 

These settings ensure enhanced accuracy in predicting 

vortex structures and wake development. The influence of 

mesh density on the predicted aerodynamic quantities was 

further evaluated through a mesh independence study. 

2.4. Turbulence Model and Solver Settings 

The working fluid is defined as air and modeled as an 

incompressible ideal gas under standard atmospheric 

conditions, with a reference pressure of 101325 Pa and 

temperature of 293.2 K. 

The numerical simulations were performed using a 

steady-state Reynolds-Averaged Navier–Stokes (RANS) 

approach implemented in SolidWorks Flow Simulation. 

Turbulence effects were modeled using the built-in 

modified k-ε turbulence model, which is suitable for 

external aerodynamic applications involving separated 

turbulent flows. 

The governing equations were discretized using the finite 

volume method on a Cartesian-based computational mesh 

with local mesh refinement in regions of strong flow 

interaction and wake development. Automatic adaptive 

refinement was employed to improve the resolution of 

velocity gradients and vortex structures. The inlet turbulence 

intensity and turbulence length scale were specified as 0.1% 

and 0.016 m, respectively, representing low ambient 

turbulence conditions typical of highway environments. 

2.5. Simulation Cases 

To evaluate the aerodynamic behavior of a passenger 

car under crosswind conditions, a structured set of 

numerical simulations is conducted. The study focuses on 

two main scenarios: (i) an isolated passenger car and (ii) a 

passenger car interacting with a container truck in a side-

by-side configuration. 

In the first scenario, the passenger car is modeled as a 

single vehicle subjected to crosswind angles (𝜓) of 0°, 15°, 

30°, 45°, and 60°. These cases provide baseline 

aerodynamic characteristics for comparison. In the second 

scenario, the passenger car travels parallel to a container 

truck, representing a typical side-by-side driving condition 

on highways. The same set of crosswind angles (0°, 15°, 

30°, 45°, and 60°) is applied to ensure consistency and 

enable direct comparison with the baseline case. 

All simulations were conducted using an inlet velocity 

of 120 km/h. The yaw angles of 0°, 15°, 30°, 45°, and 60° 

were imposed by changing the direction of the inlet 

velocity vector, enabling direct comparison between the 

isolated-car and car–container truck interaction cases 

under comparable dynamic-pressure conditions. 

2.6. Convergence Criteria and Evaluation Parameters 

To ensure the reliability and accuracy of the numerical 

simulations, appropriate convergence criteria are established 

for all cases. The solution is considered converged when the 

residuals of the governing equations are sufficiently 

reduced, and the monitored aerodynamic quantities exhibit 

stable behavior over successive iterations. 

In addition to residual monitoring, the convergence of 

key aerodynamic coefficients is carefully evaluated. 

Specifically, the 𝐶𝐷, 𝐶𝐿 , 𝐶𝑆 and 𝐶𝑛 of the passenger car are 

tracked throughout the simulation process. Convergence is 

assumed when the variations of these coefficients fall 

below 0.5% over several consecutive iterations. 

Since the incoming flow is inclined with respect to the 

vehicle's longitudinal axis under crosswind conditions, the 

drag and side forces are not directly taken as the force 

components along the global coordinate axes. Instead, the 

resultant aerodynamic force is projected onto the 

freestream direction and the lateral direction normal to the 

freestream. Therefore, the aerodynamic coefficients are 

defined as follows: 

 𝐶𝐷 =
−𝐹𝑋sin 𝜓 + 𝐹𝑍cos 𝜓

1
2

𝜌𝑉2𝐴
 (1) 

 𝐶𝐿 =
𝐹𝑌

1
2

𝜌𝑉2𝐴
 (2) 
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 𝐶𝑆 =
𝐹𝑋cos 𝜓 − 𝐹𝑍sin 𝜓

1
2

𝜌𝑉2𝐴
 (3) 

 𝐶𝑛 =
𝑀𝑌

1
2

𝜌𝑉2𝐴𝐿
 (4) 

where 𝐹𝑋, 𝐹𝑌, and 𝐹𝑍 are the aerodynamic force 

components along the lateral, vertical, and longitudinal 

directions, respectively (N); 𝑀𝑌 is the yaw moment about 

the vertical axis (N.m); 𝜓 is the yaw angle (deg) (Figure 

4); 𝜌 is the air density (kg/m³); 𝑉 is the inlet velocity 

magnitude (m/s); 𝐴 is the reference frontal area of the 

passenger car (m²); and 𝐿 is the characteristic vehicle 

length (m). The frontal area 𝐴 is determined from the 

projected frontal area of the passenger car model, while 𝐿 

is taken as the overall vehicle length. All aerodynamic 

coefficients are dimensionless. 

 

Figure 4. Coordinate system and yaw angle (ψ) for  

the passenger car under crosswind conditions 

3. Results and Discussion 

3.1. Numerical Validation and Convergence Analysis 

3.1.1. Validation of the Numerical Model 

To evaluate the reliability of the numerical 

methodology, the predicted aerodynamic characteristics of 

the isolated passenger car were compared with previously 

published CFD studies on passenger vehicles. In particular, 

the validation focused on the 𝐶𝐷, which is one of the most 

commonly used parameters for aerodynamic assessment 

and numerical verification in automotive applications [1, 

21, 22]. Table 1 summarizes the comparison between the 

present study and selected published results reported in the 

literature. 

Table 1. Comparison of 𝐶𝐷with previously published studies 

Study Vehicle model / condition 𝑪𝑫 

Wang, et al. [1] 
Typical passenger vehicle 

models 
0.28–0.38 

Yuan, et al. [21] 
Passenger vehicle under 

crosswind 
0.40–0.46 

Zhou, et al. [22] 
Ahmed body with 

wheelhouse configurations 
0.423–0.442 

Present study Isolated passenger car 0.437 

The results indicate that the predicted 𝐶𝐷is consistent 

with previously reported values for passenger vehicle 

aerodynamics under crosswind conditions. Minor 

discrepancies are mainly due to differences in vehicle 

geometry, mesh resolution, turbulence modeling, and flow 

conditions, confirming the reliability of the adopted 

numerical approach. 

3.1.2. Mesh Independence and Convergence Behavior 

To ensure the reliability of the numerical simulations, 

both mesh independence and convergence behavior were 

carefully examined for the passenger car–container truck 

interaction case under crosswind conditions. A mesh 

independence study was conducted using three different 

mesh densities, namely coarse, medium, and fine meshes. 

The comparison was performed at a yaw angle of 60°, 

representing the most critical aerodynamic condition 

considered in this study. The 𝐶𝐷  of the passenger car was 

selected as the primary evaluation parameter due to its 

relatively stable behavior and widespread use in vehicle 

aerodynamic validation. 

The results in Table 2 indicate that the predicted drag 

coefficient gradually converges with increasing mesh 

density. The relative difference between the medium and 

fine meshes was approximately 4.54%, indicating that the 

numerical solution became reasonably stable with mesh 

refinement. Therefore, the medium mesh configuration 

was selected for all subsequent simulations to achieve a 

reasonable balance between computational accuracy and 

computational cost. 

Table 2. Mesh independence study for the passenger  

car–container truck interaction case at ψ = 60° 

Mesh 

level 

Global 

mesh level 

Total 

cells 
CD 

Relative 

difference (%) 

Coarse 5 62363 0.893 2.06 

Medium 6 157116 0.875 4.54 

Fine 7 420177 0.837 ̶ 

 

Figure 5. Convergence histories of the aerodynamic coefficients 

of the passenger car in the passenger car–container truck 

interaction case: (a): 𝐶𝐷; (b): 𝐶𝐿; (c): 𝐶𝑆; and (d): 𝐶𝑛 at 𝜓 = 60∘ 

In addition to mesh independence, the convergence 

behavior of the numerical solution was also examined. 

Figure 5 presents the convergence histories of the 

aerodynamic coefficients acting on the passenger car in the 

passenger car–container truck interaction case at a yaw 

angle of 60°. At the initial stage of the simulation (first 50–

100 iterations), all monitored coefficients exhibit 
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significant fluctuations due to the rapid adjustment of the 

flow field from the initial conditions. In particular, 

𝐶𝐷 shows a sharp decrease from a high initial value before 

stabilizing, while 𝐶𝐿 and 𝐶𝑆 experience noticeable transient 

oscillations. 𝐶𝑛 also varies significantly during this stage, 

reflecting the sensitivity of moment-related quantities to 

the evolving pressure distribution. 

After approximately 100 iterations, all coefficients 

gradually converge toward steady values. From 200 

iterations onward, only minor fluctuations around the mean 

values are observed, indicating that the flow field has 

reached a stable state. Among the monitored quantities, the 

drag coefficient stabilizes more rapidly, whereas the yaw 

moment coefficient requires slightly more iterations to 

converge due to its higher sensitivity to small variations in 

the flow structure. 

Overall, the convergence behavior demonstrates that 

the numerical setup is stable and capable of producing 

reliable aerodynamic predictions. The same convergence 

criteria are consistently applied to all simulation cases, 

ensuring the comparability of the results presented in this 

study. 

3.2. Effect of Crosswind Angle on Aerodynamic Coefficients 

The aerodynamic coefficients of the passenger car 

under different crosswind angles for both the isolated and 

passenger car–container truck interaction cases are 

summarized in Table 3. 

Table 3. Comparison of aerodynamic coefficients under 

different crosswind angles 

Coefficient Case 0° 15° 30° 45° 60° 

CD 

Isolated 0.437 0.638 0.936 1.229 1.419 

Interaction 0.353 0.443 0.604 0.743 0.875 

ΔCD (%) -19.3 -30.5 -35.4 -39.5 -38.3 

CL 

Isolated 0.099 0.359 0.716 0.869 0.541 

Interaction 0.067 0.175 0.378 0.573 0.463 

ΔCL (%) -32.8 -51.2 -47.2 -34.1 -14.3 

CS 

Isolated 0.016 -0.751 -1.231 -1.229 -0.859 

Interaction 0.030 -0.439 -0.763 -0.743 -0.488 

ΔCS (%) 89.7 -41.6 -38.0 -39.5 -43.1 

Cn  

Isolated -0.0031 0.107 0.196 0.215 0.162 

Interaction -0.0033 0.065 0.128 0.153 0.120 

ΔCn (%) 6.5 -39.1 -34.6 -28.9 -26.0 

For both simulation cases, 𝐶𝐷  generally increases with 

increasing yaw angle due to the enlarged projected frontal 

area and intensified flow separation under crosswind 

conditions. This trend can be attributed to the stronger 

impingement of the incoming flow on the side surface of 

the passenger car, which increases the effective area 

exposed to the flow and may enlarge the separated wake 

region. Consequently, the pressure-drag contribution 

becomes more pronounced, which is consistent with the 

increasing trend of 𝐶𝐷  under larger yaw angles. 

In the isolated-car case, 𝐶𝐷 rises from 0.437 at 0∘ to 

1.419 at 60∘. A similar trend is observed in the interaction 

case, where 𝐶𝐷  increases from 0.353 to 0.875 over the 

same yaw-angle range. However, the presence of the 

container truck significantly reduces 𝐶𝐷 at all investigated 

yaw angles. Compared with the isolated-car case, 𝐶𝐷 

decreases by approximately 19.3%–39.5%, with the largest 

reduction occurring at 45∘. This behavior indicates that the 

truck generates a pronounced shielding effect that partially 

protects the passenger car from direct crosswind exposure. 

The lift coefficient also exhibits a nonlinear variation 

with yaw angle. This behavior can be attributed to the yaw-

induced redistribution of surface pressure around the car 

body, which modifies the vertical pressure imbalance and 

hence the net lift force. In the isolated-car case, 

𝐶𝐿  increases from 0.099 at 0∘ to a peak value of 0.869 at 

45∘, before decreasing to 0.541 at 60∘. A similar trend is 

observed in the interaction case, where 𝐶𝐿 reaches a 

maximum value of 0.573 at 45∘. Compared with the 

isolated-car case, the interaction configuration decreases 

𝐶𝐿  by approximately 14.3%–51.2%, depending on the yaw 

angle. This reduction may be associated with the modified 

wake and pressure field generated by the container truck, 

which can reduce the vertical pressure imbalance around 

the passenger car and consequently lower the vertical 

aerodynamic loading. 

The side-force coefficient shows strong sensitivity to 

crosswind conditions. Because 𝐶𝑆 takes negative values for 

most yaw-angle cases in the present coordinate system, the 

physical severity of lateral aerodynamic loading should be 

interpreted using its magnitude. In the isolated-car case, 

𝐶𝑆  rapidly changes from 0.016 at 0∘ to −1.231  at 30∘, 

indicating substantial lateral aerodynamic loading under 

moderate crosswind conditions. This large side-force 

magnitude is mainly associated with the pressure 

imbalance between the windward and leeward sides of the 

passenger car under yawed incoming flow. In the 

interaction case, the magnitude of 𝐶𝑆 is consistently smaller 

for 𝜓 from 15∘ to 60∘. The largest reduction is observed at 

60∘, where 𝐶𝑆 decreases by approximately 43.1% 

compared with the isolated-car case. This behavior 

indicates that the container truck modifies the surrounding 

flow field and generates a shielding effect that reduces 

direct crosswind impact on the passenger car. As a result, 

the lateral pressure difference across the passenger car is 

weakened, leading to a lower side-force magnitude in the 

interaction case. At 𝜓 = 0∘, 𝐶𝑆  remains close to zero in 

both cases, and the observed variation mainly results from 

numerical asymmetry and wake interaction effects. 

The yaw moment coefficient is closely related to the 

side-force behavior but is also affected by the location of 

the resultant aerodynamic force relative to the vehicle 

reference point. In the isolated-car case, 𝐶𝑛 increases from 

nearly zero at 0∘ to a maximum value of 0.215 at 45∘, 

before decreasing slightly to 0.162 at 60∘. This trend may 

be associated with the combined effects of lateral-force 

magnitude, pressure-center displacement, and the 

corresponding aerodynamic moment arm. At ψ = 45°, the 

combined effect of strong lateral loading and an increased 

pressure-center offset produces the largest yawing 

moment. In the interaction case, 𝐶𝑛 remains consistently 

lower at all investigated crosswind angles above 0∘. 

Compared with the isolated-car case, 𝐶𝑛 decreases by 

approximately 26.0%–39.1%, indicating that the 
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aerodynamic interaction with the container truck alleviates 

the yawing tendency induced by crosswind. This reduction 

can be attributed to the weakened pressure asymmetry 

around the passenger car caused by the wake and shielding 

effects generated by the upstream truck. 

3.3. Flow Field Analysis and Aerodynamic Interaction 

The variations in the aerodynamic coefficients are 

closely related to the evolution of the flow field structure, 

as illustrated by the velocity streamlines and pressure 

distributions in Figures 6 and 7. The results show that the 

container truck significantly modifies the surrounding flow 

field and influences the aerodynamic behavior of the 

passenger car under crosswind conditions. 

 

Figure 6. Flow field and velocity distribution around a passenger 

car under different crosswind angles: (a) isolated passenger car 

case (b): passenger car–container truck interaction case 

 

Figure 7. Surface pressure on the passenger car under different 

crosswind angles: (a): isolated passenger car case  

(b): passenger car–container truck interaction case 

At 0∘, the flow field remains nearly symmetric in both 

cases. The streamlines indicate relatively attached flow 

with a small wake region behind the vehicle, while the 

pressure contours show a typical distribution with a high-

pressure region at the frontal surface and relatively uniform 

pressure along the side surfaces. In the interaction case, the 

truck produces only a minor influence on the passenger car 

because the crosswind effect is weak. 

As the yaw angle increases from 15∘ to 30∘, the flow 

field becomes increasingly asymmetric. In the isolated-car 

case, larger wake regions and stronger flow separation 

develop on the leeward side, accompanied by intensified 

pressure differences between the windward and leeward 

surfaces. The velocity streamlines exhibit significant 

lateral deflection, indicating the increasing influence of 

crosswind. In contrast, the interaction case shows weaker 

wake structures and reduced pressure asymmetry around 

the passenger car because part of the incoming airflow is 

blocked by the container truck. 

At high yaw angles of 45∘and 60∘, strong flow 

separation and large-scale vortex structures dominate the 

flow field. In the isolated-car case, extensive low-pressure 

regions form on the side and rear surfaces, resulting in 

significant increases in aerodynamic loading. However, in 

the interaction case, the container truck generates a 

pronounced wake region that partially shields the 

passenger car from direct crosswind exposure. As shown 

in Figures 6(b) and 7(b), the reduced velocity magnitude 

and weaker pressure asymmetry around the passenger car 

are consistent with the reductions observed in 𝐶𝐷, 𝐶𝐿, 𝐶𝑆, 

and 𝐶𝑛. The shielding effect becomes particularly evident 

at 60∘, where the truck wake strongly modifies the 

surrounding flow structure and reduces the aerodynamic 

loads acting on the passenger car. 

In the interaction case, increasing yaw angle leads to 

stronger flow separation, larger wake regions, and more 

complex vortex structures around the passenger car–truck 

system. These flow characteristics intensify aerodynamic 

disturbances and may adversely affect vehicle stability and 

controllability under strong crosswind conditions. 

However, compared with the isolated-car case, the 

container truck generates a shielding effect that partially 

reduces direct crosswind exposure and weakens the 

aerodynamic loads acting on the passenger car, particularly 

at high yaw angles. 

4. Conclusion 

This study investigated the aerodynamic characteristics 

of a passenger car under crosswind conditions using CFD 

simulations for both isolated-car and passenger car–

container truck interaction cases. The results showed that 

increasing the yaw angle noticeably influenced the 

aerodynamic behavior of the passenger car. 𝐶𝐷 increased 

monotonically with yaw angle in both cases. 𝐶𝐿  reached its 

maximum at 45°, while 𝐶𝑆  reached its largest magnitude 

around 30°– 45°. 𝐶𝑛  increased up to 45° before decreasing 

at 60°. 

Compared with the isolated-car case, the passenger 

car–container truck interaction case generally produced 

lower aerodynamic coefficients due to the shielding effect 

of the container truck. This suggests that the container 

truck partially reduced the direct crosswind exposure of the 

passenger car under the investigated side-by-side 
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configuration. Flow-field analysis also revealed modified 

wake structures, pressure asymmetry, and vortex 

interaction between the two vehicles under crosswind 

conditions. 

There are several limitations to this study. The 

simulations were performed at a fixed resultant 

freestream velocity rather than at a fixed longitudinal 

vehicle speed with an additional lateral wind component. 

Therefore, the results should be interpreted as a 

comparative yawed-flow analysis rather than a direct 

reproduction of all real-road crosswind conditions. The 

simulations did not consider transient wind fluctuations, 

rotating wheels, moving-ground effects, suspension 

motion, or vehicle steering response, all of which may 

influence the unsteady aerodynamic loads under real 

driving conditions. In addition, simplified traffic 

scenarios and fixed relative vehicle positions were 

adopted, which may not fully represent realistic highway 

interactions. Future work should therefore incorporate 

transient simulations, moving vehicle dynamics, moving-

ground and rotating-wheel conditions, and experimental 

validation to improve prediction accuracy under real 

operating conditions. 
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