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This study investigates standard vehicles' flow behavior and drag during crosswind 

conditions by a numerical approach. The model is a half-scaled Ahmed body with a slant angle 

of 25°. Reynolds Average Navier-Stokes equations with turbulent model k-ω SST is applied to 

solve Navier Stokes equation by discrete method. Experimental data validated the numerical 

results at the same flow conditions. The results indicated that the model's drag increases with 

yaw angles, which is connected with the development of the longitudinal vortex on the 

windward side. However, the lift coefficient and pressure drag acting on the slant showed a 

maximum value at a yaw angle of around 35° before they dropped again. The drop of those 

coefficients results in the moving upward of the longitudinal vortex above the slant. The 

complex vortex structures around the base in both cross-sectional and symmetric planes are 

analyzed. The skin-friction pattern and pressure distribution on the slant are exposed to 

understand the effect of the yaw angle on aerodynamic forces. 
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1. Introduction 

Reducing air resistance and improving the 

aerodynamic performance of flying objects and 

vehicles are crucial tasks recently. So far, most 

energy sources are from fuel oil, which creates a 

large of dangerous emissions during the operation 

of the vehicles. This problem is significant in the 

urban area, where the population is high. 

Although electric vehicles are designed, the 

vehicles are in the developing process with 

limited use. Since the aerodynamic force is 

proposed to be the square of vehicles’ velocity, 

reducing aerodynamic force is an essential 

approach for decreasing drag on highways in 

comparison to using a more powerful engine. By 

an estimation, reducing 50% drag results in saving 

4% fuel consumption [1].  

To investigate the aerodynamics of vehicles, 

many models have been built and used widely 

[2]–[4]. The Ahmed body, which was developed 

by Ahmed in 1984 [2], has become a standard 

model for studying aerodynamic characteristics. 

The model has a simple rectangular shape of the 

main body and a changeable slant angle at the rear 

part. Since the slant angle can be changed, flow is 

highly modified [5]. Additionally, the model is 

characterized by different types of vehicles. With 

a slant angle of 25°, the flow on the slant surface 

of Ahmed’s body is characterized by a large 

separation flow around the middle plane, two 
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longitudinal vortexes, and a large wake flow. The 

large structure of the separation bubble and the 

longitudinal vortexes form a low-pressure region 

on the slant, which contributes to a high drag 

level. As the slant angle continues to increase, the 

separation bubble and longitudinal vortexes can 

break down, resulting in a sudden drag reduction 

[2], [6]. The generation and interaction between 

the separation bubble and the longitudinal 

vortexes have been focused on in various previous 

studies for understanding the drag behavior and 

proposing a control strategy [6]–[9]. 

The other issue for a vehicle is its moving in 

crosswind conditions. Generally, the crosswind 

occurs on every road and can become significant 

in critical conditions. Moving at a velocity of 100 

km/s and crosswind of 8 angles, the cross velocity 

is around 20 km/h, which likely occurs practically 

[10]. The effect of crosswind on aerodynamic drag 

of vehicles has been studied widely by [6], [11], 

[12].  Millan et al. [11] measured the drag of 

Ahmed’s body with yaw angles from 0 to 90° by a 

step of 5. They observed that the drag increases up 

to a yaw angle of 60°, then remained nearly 

constant before it increases at the yaw angle above 

75°. However, the other aerodynamic parameters 

such as lift, side force, and flow behavior, were not 

investigated. By a small step of yaw angles and a 

global skin-friction measurement technique, Tran 

et al. [9] observed that the drag remains constant 

for yaw angles below 5°, and then it increases 

again. The constant value of drag is connected 

with a small change in the flow on the slant. At 

high yaw angles, the longitudinal vortex formed 

on the root upper surface is mixed with the 

longitudinal vortexes on the slant at the 

windward side to form a large separation flow 

with high aerodynamic drag. The flow above the 

slant and wake structure was studied by Tunay et 

al. [13] using both experimental and numerical 

methods, and Meile et al. [14] by particle image 

velocimetry measurements. However, since the 

experimental setup is complicated, measurements 

were conducted on some surfaces for limited 

parameters, such as force, pressure, or surface 

flow. Additionally, the oil flow visualization 

technique was mainly used by experimental 

methods for analyzing surface flow. 

Recently, with the development of technology, 

computational fluid dynamics has become an 

important tool for solving fluid mechanics 

problems. Many mathematical models have been 

developed to solve the Navier-Stokes equation by 

discrete methods and provide different levels of 

accuracy. Although direct numerical simulation 

provides the highest accuracy level, the 

requirement for mesh size and step time prevents 

using it in real applications. Alternatively, 

Reynolds averaged Navier-Stokes equations 

provide acceptable results with saving numerical 

times although the turbulent model and 

parameters should be carefully adjusted. The 

RANS is, therefore, applied widely in many 

current studies [8], [15]. 

A summary of the previous studies for the 25° 

Ahmed body during yaw angle is summarized in 

Table 1. As reviews, although many studies were 

conducted for the Ahmed body, the experiments 

were conducted for limited cases with some 

limited parameters. Numerical study allows to 

extend results. However, the RANS method can 

not capture well the surface flow on the 25° 

Ahmed body [16], [17]. The modification of the 

RANS simulation with suitable numerical 

parameters should be developed. Additionally, 

simulation in a wide range of yaw angles should 

be conducted to fully understand the drag trend 

and related flow behavior, pressure distribution 

on the slant, and wake flow of the model.  

In this study, we applied a simulation method 

for analyzing flow on the slant surface of the 

Ahmed body in a wide range of yaw angles. The 

main purpose of the study is to select parameters 

for the 25° Ahmed body and to analyze flow on a 

slant in a wide range of yaw angles. RANS 

turbulent model k - ω SST with modification of 

numerical parameters is applied for visualizing 

surface flow and exposing the aerodynamic 

characteristics of the model. The results indicated 

that by modification of parameters, the method 

can provide sufficiently accurate surface flow. The 

drag of the model increases with yaw angles. 

However, the lift increases to yaw angles around 

35° and decreases at higher angles. The trend of 

pressure drag acting on the slant shows a similar 

pattern to the lift, which is shown first time in this 

study. The flow fields and pressure distribution 

on the slant are extracted for a detailed 

understanding of the drag trend and related flow 

behavior. This study provides systematic results 

and the relation between drag and flow behavior 

for a wide range of yaw angles, which were not 
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presented previously by experimental and 

numerical studies. We also present that the lift of 

the model and pressure drag acting on the slant 

decrease at a yaw angle above 35°, which is due to 

the movement of longitudinal vortexes and flow 

behavior at the upper surface. Additionally, with 

increasing yaw angles, it was found that the 

separation bubble decreases in size at disappears 

at the yaw angles of 40°. 

 

2. Model Geometry and Numerical 

Method 

2.1. Model and meshing  

The model used in this study is a half-scaled 

Ahmed body, which is the same as the previous 

experimental study by Tran et al. [9]. The use of a 

model is helpful for the validation and 

comparison of the results. The based-height 

Reynolds number of the model in the current 

study is Re= 2 × 105. Although the size of the model 

is smaller than the standard Ahmed body, the 

characteristics of flow are similar for Reynolds 

numbers higher than 2 × 105. The dimension of the 

model is shown in Figure 1. In both experimental 

tests and numerical studies, the model is 

supported in the ground by four legs at the bottom 

position. 

The numerical domain is shown in Figure 1b. 

The numerical domain has a size of 47.4 H × 18.0 

H × 9.3 H in length, width, and height to capture 

detailed flow structure around the model at a 

range of yaw angles from 0 to 45°. A total of 11 

yaw angles was used in this study to understand 

the drag trend and flow behavior around the slant 

surfaces and to obtain the aerodynamic drag trend 

of the model. The inlet is set up at velocity-inlet, 

and the outlet is set up at pressure outlet. Other 

regions are chosen as wall functions. Since the 

velocity is low, the air density and viscosity are 

considered constant values. 

Unstructured poly mesh is used in this study. 

The mesh is generated by Meshing software by 

Ansys Company. Around the model, 15 uniform 

layers are used to capture the boundary layer. The 

thickness of the first layer is 0.1 mm. Far the model, 

the mesh volume increases to reduce the total 

mesh size. The mesh volume increases for the 

model to reduce the total mesh size. The structure 

of the mesh around the model is shown in Figure 

2. The maximum value of y+ is around 4.0 in this 

study (Figure 2b).  
 

Table 1. Previous studies of the Ahmed body in cross-wind conditions 

Investigators 

Slant 

angle  

φ (°) 

Yaw 

angle 

β (°) 

Reynolds 

number, 

ReH 

Measurement 

technique 
Main results of drag and flow 

Tsai et al. [18] Car 

model 

0 2.7 × 104 Numerical 

simulation, RANS 

Deflector reduces lift and noise 

Meile et al. 

[14] 

25, 35 -25–25 7.53 × 105 Force balance, 

pressure 

measurement 

Drag remains constant at φ = 25° and 

β = −25–25° 

Tunay et al. 

[19] 

25, 35 0–15 1.4 × 104 Flow 

visualization, PIV 

Wake flow with a high turbulence 

rate is sensitive to crosswind. 

Bello-Millan et 

al. [11] 

25 0–90  Force 

measurement 

Drag increases with β, but only force 

was measured 

Rao et al. [20]  25, 35 0–15 5.5 × 105 Numerical 

simulation 

A large low-pressure region is formed 

on the slant surface during crosswind 

conditions. 

Low pressure occurs on the 

windward side at β = 10° 

Nakashima et 

al. [21] 

32 0–15 

step 1 

8.3 × 104, 

3.0 × 105 

PIV, force balance A sudden increase in drag occurs at β 

between 5° and 10° 

Cheng et al. 

[22] 

35 0–12 

step 2 

7.45 × 105 Force balance, 

pressure 

measurement 

The deflector changes pressure near 

the shoulder. 

Viswanathan 

[23] 

35 0, 4, 8 7.45×105 Numerical 

simulation, RANS 

Vortex generators reduce drag by 

around 8.5% at yaw conditions. 

Tran et al. [9] 25 
0, 3, 5, 

8 
2.0 × 105 

Force balance, 

GLOF 
Drag increases at β > 5°. 
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Figure 1. Numerical model and numerical domain (unit in mm): (a) Numerical model; (b) Numerical domain 

 

2.2. Numerical Conditions  

The numerical simulation is conducted in this 

study by using Ansys Fluent software. Reynolds 

averaged Navier-Stokes equations (RANS) with 

turbulent model k-ω SST is used in this study for 

a discrete scheme. Although the RANS allows 

only averaged flow fields, it is sufficient for 

obtaining the drag of the model. The method was 

widely applied in previous studies.  Here, the 

turbulent model k-ω SST is mixed between the k-

ω model for the flow close to the surface and k- ɛ 

for the flow far from the model. Consequently, 

this numerical model is capable of operating as a 

low-Reynolds turbulence model without the need 

for extra damping functions. Moreover, the 

formulation seamlessly shifts to the k-ε behavior 

for the far-field flow, effectively resolving the 

issue in k-ω models where sensitivity to the 

turbulence characteristics of the incoming flow. 

Note that since the flow velocity in this study is 

low, the energy equations were ignored in the 

numerical process to save numerical time. 

However, the accuracy of the numerical method 

was ensured as shown later by the validation 

process. 

The coupled scheme for pressure velocity 

coupling solver (COUPLED) with a secondary 

order of accuracy was used in this study for the 

high accuracy of the results. In this numerical 

scheme, all variables of continuity, momentum, 

and turbulence equations are solved 

simultaneously, which shows a high efficiency, 

and numerical stability for the results. Since 

numerical simulation is conducted at low velocity, 

the air density is considered at zero value. The 

inlet velocity is set at 20 m/s, providing a based-

height Reynolds number of 2 × 105. The freestream 

velocity, Reynolds number, and models are the 

same as experimental data by Tran et al. [9]. 

 

2.3. Mesh Independence Study 

The effect of mesh size on the aerodynamic 

drag of the model is investigated for calculating 

mesh. Here, the initial thickness of the mesh 

around the model remains the same for all cases, 

while the other position is changed. The results of 

the mesh independence study are shown in Table 

2. As can be seen the drag increases and becomes 

stable when the size of the mesh is above 2.0 

million cells. The mesh with around 2.4 million 

cells is selected for all cases to save numerical time 

and accurate results. Note that the reasonable 

mesh size for studying flow around Ahmed body 

by RANS methods is around 2-3 million cells. A 

similar mesh size was also studied by 

Viswanathan [23]. 
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Figure 2. Mesh distribution around the model and y+ distribution.  

 

Table 2. Effect of mesh size on aerodynamic drag and 

maximum y+ of the model 

Cell number (× 106) y+ CD 

0.380 2.5 0.4029 

0.642 2 0.3901 

0.815 2 0.3900 

1.041 1.5 0.3651 

1.470 1.3 0.3648 

2.108 1.3 0.3651 

 

2.4. Adjustment of the Numerical Parameter  

It should be noted that previous studies failed 

to capture flow structure on slant surfaces by the 

RANS model [16], [17]. Guilmineau et al. [16], who 

examined the different simulation models, for 

example, indicated that the RANS methods 

cannot show good results for surface flow on the 

slant of the Ahmed body. The reason for that 

problem is the overestimation of eddy viscosity in 

the high reversed flow region. Consequently, the 

fully separated flow is often observed for the 25° 

Ahmed body in simulation studies [17]. 

Generally, high accurate numerical scheme, such 

as a large eddy simulation, should be used to 

capture correct the flow structure on the slant. In 

this study, the turbulent model k-ω SST is applied 

for the simulation. In this model, additional 

equations are used for determining the turbulent 

kinetic energy k and the specific dissipation rate ω. 

The system equations for k and ω can be written 

as Eq. (1).  

As the two parameters k and ω are found (Eq. 

(1)), the eddy-viscosity νt calculated as Eq. (2).   
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𝜕(𝜌𝑘)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝑘)

𝜕𝑥𝑗
= 𝑃 − 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
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𝜕(𝜌𝜔)

𝜕𝑡
+
𝜕(𝜌𝑢𝑗𝜔)
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𝛾
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𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2(1 − 𝐹1)

𝜌𝜎𝜔2
𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
 

 

𝑣𝑡 =
𝑎1𝑘

max⁡(𝑎1𝜔;Ω𝐹2
 (2) 

Where,  

𝐹2 = 𝑡𝑎𝑛ℎ [[𝑚𝑎𝑥 (
2√𝑘

𝛽𝜔𝑦
,
500𝑣

𝑦2𝜔
)]

2

] (3) 

 

𝑃𝑘 = min(𝜏𝑖𝑗
𝜕𝑈𝑖

𝜕𝑥𝑗
, 10𝛽𝑘𝜔) (4) 

 

𝐹1 = 𝑡𝑎𝑛ℎ {{𝑚𝑖𝑛 [𝑚𝑎𝑥 (
√𝑘

𝛽𝜔𝑦
,
500𝑣

𝑦2𝜔
) ,

4𝜎𝜔2𝑘

𝐶𝐷𝑘𝜔𝑦2
]}

4

} (5) 

 

𝐶𝐷𝑘𝜔 = max(2𝜌𝜎𝜔2
1

𝜔

𝜕𝑘

𝜕𝑥𝑖

𝜕𝜔

𝜕𝑥𝑖
, 10−10) (6) 

 

𝜙 = 𝜙1𝐹1 + 𝜙2(1 − 𝐹1) (7) 

 

In the above equations, σk, σω2, β, β*, κ, and γ are 

model constant parameters. The criteria for 

selecting those numbers were presented in 

previous studies by Menter [24]. Those 

parameters are determined as follows: 

 
𝛼1 

=
5

9
 

𝛽1 
=

3

40
 

𝛼2 = 0.44 𝛽2 = 0.0828 
𝜎𝑘1 = 0.85 𝛽∗ = 0.09 
𝜎𝑘2 = 1 𝜎𝜔1 = 0.5 

  𝜎𝜔2 = 0.856 

 

Literature showed that the viscosity νt can be 

changed widely in separation flow [25], [26]. 

Consequently, the accurate prediction of eddy 

viscosity is essential to capture the flow separation 

under a strong pressure gradient. From Eq. (2) we 

see that the coefficient a1 may change the value of 

the viscosity νt. Jonson-King [25] proposed a 

relation νt = ρa1k for the shear-stress formulation to 

avoid the excessive value in adverse pressure 

gradient regions. The modification of parameter a1 

was found to better predict the nozzle flow by 

Chiebi et al. [27], and flow over airfoil by 

Matyushenko and Garbaruk [26] Notably, a 

similar approach by Jonson-King [25] was used by 

Menter [24] to estimate the turbulent viscosity in 

SST k-ω model, which was resulted in the failed 

prediction of the flow separation on the Ahmed 

body, previously. In our initial calculation with 

standard parameters, the turbulent model k-ω SST 

model overestimates flow behavior around the 

Ahmed body. Consequently, it is suggested that 

increasing coefficient a1 in simulation is a way to 

improve the numerical results [27].  

In this study, the coefficient a1 is changed from 

0.31 to 2.00 for exanimating the results. The effect 

of coefficient a1 on flow on the slant and drag of 

the model at zero yaw angle is shown in Figure 3 

and Figure 4. Here, the x-axis was normalized by 

the width W of the model. The position y/W = 0 is 

at the centerline of the model as shown in Figure 1. 

The y-axis presents the position of the model on 

the slant surface. S means the total length of the 

slant. The coefficient a1 has a strong effect on the 

flow at the upper surface while the drag 

coefficient changes little. At a high coefficient, the 

length of the separation bubble on the surface is 

short, which is different from experimental data. 

The initial test is also conducted for different yaw 

angles between 0 and 15°. The a1 = 0.36 is selected 

for calculation because the results are reasonable 

and comparable to experimental data. Note that at 

a1 = 0.36, the difference of drag between the 

current and previous experimental data by Tran et 

al. [9] is at around 0.73%.  
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Figure 3. Effect of coefficient a1 on skin-friction fields on the slant: (a) 0.31; (b) 0.33; (c) 0.35; (d) 0.36; (e) 

0.40; (f) 0.50; (g) 1.00; (h) 2.00 

 

3. Results and Discussion 

3.1. Aerodynamic Force of the Model 

Figure 5 shows the aerodynamic drag of the 

model for different yaw angles. The experimental 

results by Tran et al. [9] at the same flow 

conditions were also added for comparison. The 

numerical results are close to experimental data at 

low yaw angles. The aerodynamic drag quickly 

increases with yaw angles and different results 

were observed for numerical and experimental 

methods. This is probably due to the slight 

difference in the flow and experimental setup 

between experiments and numerical studies. 

However, the trend of drag with increasing yaw  
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Figure 4. Effect of coefficient a1 on aerodynamic 

drag of the model (the square black point shows 

the experimental results by Tran et al. [7]) 

 

angles is similar in both methods. At yaw angles 

of around 15°, the aerodynamic drag increases 

double and it reaches three times at yaw angles of 

around 25°. The results are similar to the previous 

observation by Millan et al. [11], who measured 

the drag of the Ahmed body for yaw angles from 

0 to 90°. The increasing yaw angles also lead to the 

growth of upside force and lift of the models. 

However, only the drag coefficient was measured 

in the previous study [11] due to the limitation of 

the facility. The advantage of computational 

simulation allows to extract all three components 

of the force and provides more detailed 

information. 

Interestingly, the lift of the model increases to 

yaw angles of around 30° then it drops for higher 

yaw angles. Detailed analysis for skin-friction 

fields shown later in Figure 7 and Figure 8 indicates 

that the separation bubble disappears at an angle 

above 30°. Additionally, the pressure distribution 

on the slant will be analyzed to understand the 

reason for decreasing lift. We will show that the 

main reason for reducing lift is connected to the 

development of the longitudinal vortex on the 

windward side (Figure 8), which changes the 

pressure distribution on the slant as shown in 

Figure 9, and pressure drag acting on the slant 

(Figure 6). Here, the trend of the lift coefficient was 

not presented in the previous study [11].  

Previously, Tran et al. [9] showed that the 

increasing drag of the model is mainly associated 

with increasing pressure drag acting on the slant 

and base surfaces. In this study, we present the 

pressure drag acting on the slant to understand its 

effect on the total drag. The results of pressure 

drag acting on the slant, which were integrated 

from the pressure distribution on the surface, for 

different yaw angles are drawn in Figure 6. It is 

interestingly that the drag increases with yaw 

angles up to. However, the values decrease for 

higher yaw angles. The flow phenomenon on the 

slant will be analyzed in more detail. Note that the  

 

 

Figure 5. Aerodynamic forces of the model as a function of yaw angles: (a) Drag coefficient; (b) Side 

coefficient; (c) Lift coefficient 
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Figure 6. Pressure drag acting on the slant surface 

 

measurement drag component is sufficiently 

complicated for experimental studies. Tran et al. 

[28], for example, used pressure taps to integrate 

pressure drag components. However, due to the 

limitation of pressure tap numbers, the results 

may have some level of uncertainty. The pressure 

drag acting on the slant extracted in this study 

allows to understand the detailed reason for the 

lift trend at high yaw angles.   

 

3.2. Skin-friction Fields on the Slant 

Figure 7 shows the skin friction fields on the 

slant for different yaw angles. At the yaw angle of 

0°, the flow shows highly symmetric concerning 

the line y= 0 with a large separation bubble on the 

surface. The structure and length of the separation 

bubble are similar to experimental results 

obtained by Tran et al. [7] and other previous 

studies. The numerical results also confirm that 

the flow is separated behind the leading edge of 

the slant. Generally, the RANS with k-ω SST 

turbulent model provides over-estimated results 

for the flow on the slant as shown by other 

previous studies. However, with some 

adjustments shown in section 2.3, the current 

method can provide sufficiently good results of 

the surface flow. The flow structure on the slant 

for a yaw angle of 4° is similar to the case of 0°, 

except for the decrease’s region with reversed 

flow on the windward side. The length of the 

separation bubble at the centerline and flow 

structure on the leeward side is comparable to the 

baseline case. For yaw angles above 4°, the flow 

structure on the slant is highly modified. In detail, 

the separation bubble moves to the leeward side 

and its structure becomes smaller in both length 

and width. At yaw angles above 30°, the 

separation bubble almost disappears on the slant. 

The longitudinal vortex on the windward 

develops and becomes remarkably with 

increasing yaw angles. The pattern of this skin-

friction results is shown firstly in the current 

study. It is suggested to select those numerical 

parameters for the surface flow on the slant of the 

Ahmed body. 

 

3.3. Flow Structure around the Slant 

To understand the structure of the longitudinal 

vortexes on the slant, the skin-friction streamlines 

around the back of the model are shown in Figure 

8. Clearly, the change of flow with the yaw angle 

occurs from the roof surfaces. A longitudinal 

vortex is generated on the root surface at the 

windward side for the yaw angle of 8°. This 

structure develops and can be seen clearly at yaw 

angles above 15°. The longitudinal vortex strongly 

affects flow on the slant and base surfaces. At yaw 

angles of 35°, the longitudinal vortex develops on 

the total leading edge of the slant. Inside the 

longitudinal vortex on the windward side, a large 

secondary separation and reattachment flow can 

be observed. This structure flow is significantly 

large, which results in changing flow on the slant 

surface. However, the flow on the vertical bases is 

slightly changed for yaw angles from 8° to 35°. At 

the yaw angle of 45°, the structure of base flow 

changes from horizontal to vertical directions. 

 

3.4. Mean Pressure Coefficient on the Slant  

Figure 9 shows the mean pressure coefficient on 

the slant for different yaw angles. The low-

pressure region on the surface is connected to the 

generation of the longitudinal vortexes and the 

separation bubble on the slant. The low-pressure 

region extends on the windward side and moves 

inboard with increasing yaw angles. Generally, 

the pressure is significantly low around the 

leading edges of the slant. At the yaw angle of 

around 35°, the region with low pressure on the 

slant reaches maximum. Interestingly, at the yaw 

angle of 40°, the pressure becomes a flat 

distribution and the low-pressure region 

disappears. It is expected that the longitudinal 

vortex on the windward side moves upward, 

which has little effect on the flow at the upper 

surface. The change of the pressure coefficient on 

the slant for different yaw angles is similar to 

previous observation by Tran et al. [6], [9]. 

However, previous studies were conducted for 

only yaw angles up to 15°. By applying numerical  
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Figure 7. Skin-friction streamlines on the slant surface with β: (a) 0°; (b) 4°; (c) 8°; (d) 12°; (e) 15°; (f) 20°; 

(g) 25°; (h) 30°; (i) 35°; (j) 40° 
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Figure 8. Skin friction streamlines around the rear surface with β: (a) 0°; (b) 8°; (c) 15°; (d) 25°; (e) 35°; 

(f) 45° 

 

simulation, this study extracts the flow feature on 

the slant for higher yaw angles, which is up to 40°. 

The difference trend with previous observation 

occurs for the yaw angle of 40° and it stands for 

the novel result of the current study. Note that 

studying the flow around slant at sufficient high 

yaw angles is important because critical weather 

conditions may occur in real engineering 

applications and have a strong effect on the 

performance of the vehicles. 

 

3.5. Wake Flow at Different Yaw Angles 

Figure 10 shows the averaged wake structure 

on the symmetric plane of the model. At zero yaw 

angle, the wake structure is featured by two 

vortexes at the base, which is similar to other 

previous studies by Tran et al. [6], [9]. With 

increasing yaw angles up to 25°, the length of the 

near wake becomes shorter. The wake structure 

changes for yaw angles above 30°. At the yaw 

angle of 40°, the separation flow occurs above the 
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Figure 9. Mean pressure coefficient on the slant for different yaw angle with β: (a) 0°; (b) 4°; (c) 8°; (d) 

12°; (e) 15°; (f) 20°; (g) 25°; (h) 30°; (i) 35°; (j) 40° 
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Figure 10. Wake at the centerline of the model with yaw angles with β: (a) 0°; (b) 4°; (c) 8°; (d) 12°; (e) 

15°; (f) 20°; (g) 25°; (h) 30°; (i) 35°; (j) 40° 
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slant, resulting in a large wake structure. The large 

wake structure is a reason for the increasing drag 

of the model. The wake structure at high yaw 

angles is an interesting phenomenon, which 

should be further investigated for more detailed 

understanding, particularly for unsteady flow 

behavior.  

Figure 11 shows the flow on the cross-sectional 

plane at x/L = 1.2 of the model for different yaw 

angles mapping with vorticity values. Here, ω is 

the two-component vorticity in the cross-section 

plane, which is calculated by Eq. (8) and ω* is the 

maximum value of the vorticity for the model at 

the yaw angle of zero degree. At zero yaw angle, 

the flow structure shows high symmetry with 

respect to the line z/H = 0. Two vortice pairs are 

observed around the model at the upper and 

lower surfaces. The strength of the vortexes pair at 

the upper surface is remarkably high and 

corresponds to the existence of two longitudinal 

vortexes on the slant surface. This feature was 

highly consistent with previous observations by 

Tunay et al. [7], [19] in zero yaw angle. The vortex 

center on the windward side moves upward with 

yaw angles. The upward movement of the 

longitudinal vortex on the windward side is the 

reason for increased pressure on the slant as a 

result. The strength of lower vortexes is small and 

results from the interaction between the model 

and the ground surface. As the yaw angle 

increases, the longitudinal vortex on the 

windward side develops and moves upward 

while the vortex on the leeward side becomes 

small and disappears. On the opposite side, the 

ground vortex on the windward side moves to the 

model while the vortex on the leeward side 

develops with yaw angles. At a yaw angle of 

around 40°, this structure disappears. Note that 

the vortex structure on the cross-sectional plane 

was not taken attention in previous studies for the 

Ahmed body during the yaw conditions. This 

feature was extracted well in the current study by 

the numerical process. 

 

𝜔 =
𝜕𝑣

𝜕𝑧
−
𝜕𝑤

𝜕𝑦
 (8) 

 

4. Conclusion 

Flow around the Ahmed body during 

crosswind conditions was presented in this study. 

The yaw angles were changed from 0 to 45° to 

understand their effect on the flow structure 

around the slant and aerodynamic forces of the 

model. Numerical simulation based on the RANS 

k-ω SST model with some adjustments was 

applied in this study for analyzing the complex 

flow. The results indicate that the current method 

shows a good ability to predict flow behavior 

around the model. The numerical results showed 

close results to experimental data for yaw angles 

between 0 and 8°. At high yaw angles, 

longitudinal vortexes develop strongly and move 

upward on the windward side, which results in 

the disappearance of the separation flow on the 

slant surface. The leeward side becomes small and 

disappears with increasing yaw angles. The lift of 

the model and pressure drag acting on the slant 

decrease at a yaw angle above 35°, which results 

from the movement of longitudinal vortexes at the 

upper surface. The results also lead to a change in 

pressure distribution on the surface. The surface 

flow indicates that the size of the separation 

bubble decreases and it disappears at high yaw 

angles.  

This study was conducted for the Reynolds 

number of around 2 × 105, but the results can be 

applied to higher Reynolds numbers. 

Additionally, it is believed that the main features 

should occur for the real vehicles with similar 

slant angles. However, further studies are 

required to confirm the results. Additionally, it is 

suggested that studying the wake flow at high 

yaw angles up to 40° is important because critical 

weather conditions may occur in real engineering 

applications and have a strong effect on the 

performance of the vehicles 

Although the averaged surface flow of the 

slant was captured well by the current RANS 

simulation method, a higher numerical scheme 

should be conducted for the Ahmed body during 

yaw conditions to understand the unsteady 

behavior. Additionally, studies for real vehicles in 

real conditions should be conducted to classify the 

difference between the research and real vehicles. 
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Figure 11. Wake at the cross-sectional plane of the model with yaw angles with β: (a) 0°; (b) 4°; (c) 8°; 

(d) 12°; (e) 15°; (f) 20°; (g) 25°; (h) 30°; (i) 35°; (j) 40° 
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