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ABSTRACT 
In the present study, unsteady aerodynamic forces acting on 

a simplified heavy duty truck in strong wind gust and their 

effects on the truck’s motion were investigated by using a 

coupled analysis. Unsteady fluid dynamics simulation was 

applied to numerically reproduce unsteady aerodynamic forces 

acting on the truck under sudden crosswind condition. Taking 

account of vehicle’s motion, moving boundary techniques were 

introduced. Motions of the truck were simulated by a vehicle 

dynamics simulation including a driver’s reaction. The 

equations of motion of the truck in longitudinal, lateral, and 

yaw-rotational directions were numerically solved. These 

aerodynamics and vehicle dynamics simulations were coupled 

by exchanging the aerodynamic forces and the vehicle’s motion. 

In order to investigate effects of the unsteady vehicle 

aerodynamics on the vehicle’s motion, conventional analysis of 

the vehicle’s motion using quasi-steady aerodynamic forces and 

one-way coupled analysis with fixed vehicle attitude were also 

conducted. The numerical results of these simulations were 

compared with each other, and the effects of the two kinds of 

unsteady aerodynamics were discussed separately and totally. In 

the sudden crosswind condition, the unsteady aerodynamics 

effected significantly on the truck’s motion. An effect of 

transient aerodynamics as the truck ran into a sudden crosswind 

was greater than an effect of unsteady aerodynamics caused by 

unsteady vehicle’s motion, while both of the effects showed 

significance. 

INTRODUCTION 
In recent years, unsteady vehicle aerodynamics under real 

driving conditions has attracted much attention. Many research 

groups (1-3) in a field of vehicle aerodynamics research have 

reported the importance of unsteady aerodynamics. One of the 

typical phenomena regarding such unsteady aerodynamics of 

vehicle is a sudden crosswind. A number of researches of 

vehicle aerodynamics under sudden crosswind conditions (4-6) 

have been conducted for the last several decades. For example, 

the significant unsteadiness of aerodynamic forces acting on a 

vehicle subjects to sudden crosswind have been reported (5). 

However, the effects of such unsteady aerodynamics on 

vehicle’s motion have not been clarified quantitatively enough. 

In vehicle dynamics research today (7), aerodynamic forces are 

still considered quasi-steadily, because the unsteady 

aerodynamics is difficult to estimate, especially in a design 

process before a real vehicle has been produced. 

Therefore, the purpose of this study is to investigate how 

unsteady aerodynamic forces act on a vehicle subjects to a 

sudden crosswind, and how such transient forces affect the 

running or driving stability of the vehicle. Coupled numerical 

simulation of unsteady aerodynamics and vehicle dynamics was 

applied to a heavy duty truck subjects to a sudden crosswind. 
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An importance of the unsteady aerodynamics of commercial 

trucks is greater than the one of general passenger car. It is 

explained by considering the large lateral area and aspect ratio 

of the long body of a truck, which enhance the effect of 

unsteady aerodynamic forces and moments of crosswind.  

As a numerical technique for the coupled simulation, large-

eddy simulation (LES) for unsteady aerodynamics simulation 

with moving boundary techniques and vehicle dynamics 

simulation with a driver’s reaction model were simultaneously 

conducted and fully coupled with each other. The LES 

technique for turbulence modeling is more suitable than 

conventional method based on the Reynolds averaged Navier–

Stokes equations, because LES is a fundamentally unsteady 

modeling approach for turbulence. The vehicle dynamics 

simulation was conducted by using the aerodynamic force and 

moment calculated in the LES. On the other hand, vehicle’s 

motion simulated in the vehicle dynamics simulation was taken 

into account in the LES by applying the moving boundary 

techniques. In order to extract effects of unsteady aerodynamics 

on vehicle’s motion, the fully coupled simulation results were 

compared with another types of simulations based on quasi-

steady aerodynamics or one-way coupled simulation with fixed 

vehicle attitude. Comparing aerodynamic forces and vehicle 

motions predicted in these simulations, effects of the unsteady 

aerodynamics on vehicle’s motion were discussed totally and 

separately. A transient aerodynamics when the truck ran into the 

crosswind and unsteady aerodynamics caused by a unsteady 

motion of the truck were investigated and discussed. 

NOMENCLATURE 

 

(Overbar) :  A spatially filtered value. 

A : An angle of the steering wheel [deg.]. 

C : An equivalent damping coefficient of a steering 

system [N m s/rad]. 

Cp : A pressure coefficient [-]. 

CSm : A model coefficient of Smagorinsky model for SGS 

turbulence model [-]. 

CS : A lateral force coefficient of the vehicle [-]. 
Cym : A yawing moment coefficient of the vehicle [-]. 

lf, lm, lr : Distances from the gravity center to front, middle, 

and rear axles of the vehicle [m], respectively. 

df, dm, dr : Wheel tracks of front, middle, and rear axles of 

the vehicle [m], respectively. 

Fd  :Steering force of a driver [N]. (Fd = H 
Fxij, Fyij : Tire forces [N] in longitudinal and lateral 

directions of the tire. The subscript i indicates the front, 

middle, and rear axles and the subscript j indicates the left 

and right tires. For example, Fx11 is longitudinal force on 

a front left tire and Fy32 is lateral force on a rear right tire. 

Fx’ij, Fy’ij : Tire forces [N] in longitudinal and lateral 

directions of the vehicle. Definitions of the subscripts are 

the same as Fxij and Fyij. 

Fw  : Aerodynamic lateral force acting on the vehicle [N]. 

fri : Inertial force on a non-inertial reference frame in i-th 

direction [m/s
2
]. 

H  : Model constant of a driver's reaction model [N]. 

I : Equivalent inertia moment of the steering system  

[kg m
2
/rad]. 

Iz : Inertia moment of the vehicle around its gravity 

center [kg m
2
]. 

Kst : Equivalent elastic coefficient of the steering system. 

Lwheel : Wheelbase of a vehicle [m] 

Mw  : Aerodynamic yaw moment acting on a vehicle [Nm]. 

n  : The inverse of steering ratio [-]. 

P  : Spatially filtered pressure;  iiii uuuupP  31 . 

p  : Pressure [Pa]. 

r : Radius of the steering wheel [m]. 

ijS

 

: Spatially filtered strain tensor; 

 
jiijij xuxuS  21 .

 
S  : The frontal area of the vehicle [m

2
]. 

ui  : Flow velocity in i-th direction [m/s]. 

ugi : Grid deformation velocity in i-th direction [m/s]. 

t : Time [s]. 

Tr :Time interval for a delay of human reaction [s]. 

TSA :Self aligning torque of the tire [Nm]. 

U  : Longitudinal velocity of the vehicle [m/s]. 

V  : Lateral velocity of the vehicle [m/s]. 

VCW : Crosswind velocity [m/s]. 

VCW,max : The maxmum crosswind velocity [m/s]. 

VR  : Relative velocity between the air and a vehicle [m/s]. 

xi : Coordinates in i-th direction on a non-inertial 

reference frame for the fluid dynamics simulation [m]. 

X, Y : Absolute coordinates of vehicle’s gravity center [m]. 

y
+
  : Wall distance [-]. 

w  : Aerodynamic yaw angle [rad.] 

 : Steering angle of front wheels of the vehicle [rad.]. 

 : Dynamic viscosity of the air [m
2
/s]. 

SGS : Sub-grid scale eddy viscosity [m
2
/s]. 

 :Yaw angle of the vehicle [rad.]. 

 Predictable course deviation [m]. 

 Predictable time [s]. 

TARGET TRUCK AND CONDITIONS 
As target vehicle geometry, a simplified truck model 

developed in our previous study (8) was adopted. This 

geometry was based on a real commercial truck and its details, 

such as small parts, was removed from the body to reduce 

computational cost for a coupled simulation of unsteady 

aerodynamics and vehicle’s motion. The steady aerodynamics 

of the simplified truck was validated by comparisons with the 

aerodynamics of a real heavy duty truck under the same 

conditions (8). Orthogonal views of the simplified geometry are 

shown in Fig.1. The weight of the simplified truck was set to be 

9,000 kg under no-load condition. The mechanical 

characteristics of suspension and damper were determined from 

the characteristics of the original commercial truck. 
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Fig. 1 Orthogonal views of the target truck with a 

simplified geometry 

Coordinate Systems 
Figure 2 shows definitions of coordinate systems for 

present numerical simulations of fluid dynamics and vehicle 

dynamics.  

 
Fig. 2  Definition of variables for vehicle dynamics 

simulation. 

Target Conditions 
As a running condition of the target truck, a constant 

running speed was assumed to be 25.1 m/s. The Reynolds 

number based on the running speed and the length of the truck 

was 2.0 × 10
7
. A straight track was set in X direction as Y = 0 

and a gusty crosswind region with step-like velocity profile was 

allocated on the track as a disturbance. Width of the crosswind 

region was 50.3 m and the velocity profile is shown in Fig.3. 

The time-series of crosswind velocity was obtained in the 

present numerical simulation at a point above the gravity center 

of the truck, as shown in Fig.3. The maximum crosswind 

   

Fig.3 Crosswind profile and its measure point. 

velocity is defined as the same value as the constant running 

speed of the truck and the aerodynamic yaw angle becomes 45 

degrees. 

GOVERNING EQUATION 
For the coupled simulation of fluid dynamics around the 

truck and vehicle dynamics of the truck, the governing 

equations of each dynamics were numerically analyzed and they 

were coupled by exchanging the aerodynamic forces and the 

vehicle’s attitude at every time-step of both the simulations. 

Fluid Dynamics 
For the fluid dynamics simulation, a non-inertial reference 

frame fixed on the vehicle was adopted to represent vehicle’s 

translational motion. Then, a rotational motion of the vehicle 

was reproduced by the deformation of the computational grid. 

The governing equations for a large-eddy simulation with 

incompressible assumption become the spatially filtered 

conservation equation of mass and momentum. Considering the 

inertial force on the referenced frame and the velocity of grid-

deformation based on the Arbitrary Lagrangian-Eulerian (ALE) 

method (9), the governing equations assuming sub-grid scale 

(SGS) turbulent eddy viscosity become as follows; 

0
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
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2 . (2) 

The sub-grid scale eddy viscosity SGS in equation 2 must 

be modeled by an SGS turbulent model, and the standard 

Smagorinsky model (10) 

  ijijdSmSGS SSfC 2
2

 , (3) 

is applied in the present simulation. Here, the model constant 

CSm is set to be 0.15, which is a generally suitable value for 

external flows. The damping of the turbulent effect near a wall 

boundary is explained by the Van Driest-type damping function 

as follows: 

 26exp1  yfd
. (4) 
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Vehicle Dynamics 
    For a vehicle dynamics simulation, we adopted governing 

equations that had been introduced and validated for a vehicle 

motion of a compact car by Maruyama et al. (7). In the present 

study, the evaluation of aerodynamics was extended by using 

unsteady aerodynamic force and moment predicted by the LES. 

Motion Equations 
To simplify the problem, vertical motion of the truck was 

neglected and the pitching and rolling motion assumed to be 

balanced statically. Then, only the horizontal motion of the 

vehicle was treated. The equations of motion in the 

longitudinal, lateral, and yaw-rotation directions of the vehicle 

becomes 

 

,

sincos

,

'















ji

ij

i j

ijij

Fx

FyFx
dt

d
V

dt

dU
m 


 

(5) 

 

,

cossin

,

'

w

ji

ij

w

i j

ijij

FFy

FFyFx
dt

d
U

dt

dV
m















 


 
(6) 

   

   

    ,
2

2

2

32
'

31
'

32
'

31
'

22
'

21
'

22
'

21
'

12
'

11
'

12
'

11
'

2

2

w
r

r

m

m

f

fz

M
d

FxFxlFyFy

d
FxFxlFyFy

d
FxFxlFyFy

dt

d
I








 
(7) 

respectively. The tire forces in their lateral direction Fyij depend 

on load and side-slip angle, and their relations were determined 

by referencing the experimental database of the real tire for a 

heavy duty truck. Here, the loads on tire were calculated from 

the mass of the truck and the static balances in its pitch and roll 

directions. Their sideslip angles were calculated from U, V, , 

and . The steering angle of front tire  was calculated by the 

motion equation of the steering system with a driver’s reaction 

model, which are described below. 

On the other hand, it is assumed that the driver only 

controls the steering and does not control the acceleration for 

simplicity. Based on this assumption, the tire forces in its 

longitudinal direction Fxij were assumed more simply to be 

zero. 

Driver’s Reaction Model and Steering System 
In order to represent a driver's reaction when the truck runs 

off the track, the second-order predictable correction model 

proposed by Yoshimoto (11) was adopted to determine a 

steering action of the driver. In this model, the lateral position 

of the vehicle after seconds Y(t + ) is evaluated from the 

position, velocity, and acceleration of the vehicle at the present 

time t : 

        .
!2

1 2

2

2

  tY
dt

d
tY

dt

d
tYtY  (8) 

The driver's reaction appears as a steering force Fd to correct 

the course and Fd is proportional to the predictable course 

deviation  with proportionality factor H: Fd = H. In this study, 

a predictable course deviation  becomes Y (t because the 

straight track Y=0 was assumed. To represent a time delay in 

human reaction, the reaction is assumed to be discrete (11) and 

the steering force was evaluated at interval of Tr seconds. 

The steering force is substitute into a rotational motion 

equation of a steering system given as follows: 

  .
2

2

n

rF
nAK

dt

dA
nC

dt

Ad
nI d

st    (9) 

Finally, the steering angle of the front wheel is evaluated as 

follows: 

.
2

nA
K

T

st

SA   
(10) 

Here, TSA was also determined by the function of the load and 

the sideslip angle as well as the tire force in its lateral direction. 

NUMERICAL SETUP AND METHODS 

Fluid Dynamics Simulation 

Boundary Conditions 
The computational domain was defined as a rectangular 

duct shown in Fig.4. A uniform streamwise and lateral 

velocities, which represent the relative velocity between still air 

and a vehicle motion, were imposed on the front and side 

boundaries of the domain as a Dirichlet condition. Both 

streamwise and lateral velocities were time varying and their 

variations were given by the translational vehicle motion 

calculated in the motion equation at every time step. In order to 

reproduce sudden crosswind acting on the track, a crosswind 

profile mentioned above was added to the uniform velocity in 

the lateral direction and the combined velocity profile convects 

with the streamwise velocity. Details of this numerical 

technique to reproduce sudden crosswind conditions were given 

in our previous reports (12, 13). Top and bottom boundaries of 

the domain were treated as free-slip wall and a downstream 

boundary behind the truck was treated as a free-outlet boundary 

with a gradient-free condition. 

Numerical Schemes and Analysis Software 
The governing equations are spatially discretized by a 

vertex-centered unstructured finite volume method. The SMAC 

algorism was employed for the pressure-velocity coupling. A 

second-order central difference scheme was applied for the 

spatial derivative and blended with 5% convective flux of a 

first-order upwind scheme for the convective term in the  
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Fig.4 Computational domain (14) 

 

conservation equation of momentum to avoid numerical 

oscillation. Additionally, the third order upwind scheme was 

applied only in a region upwind side of the truck, in order to 

avoid an overshoot of the step-like crosswind profile before it 

contacts with the truck. The second-order Adams–Bashforth 

scheme was adopted for time discretization and the time 

interval was set at 5.0×10
–5

 s. Figure 5 shows the computational 

grid of the present simulation. The number of vertexes is about 

3.3 million and the number of elements is about 18.7 million. 

Numerical simulations were conducted using the same LES 

code FrontFlow/red. This code was developed as part of the 

Frontier Simulation Software for Industrial Science (FSIS) 

project (15) and was optimized for HPC as part of the 

Revolutionary Simulation Software 21 (RSS21) project (16) 

supported by the Ministry of Education, Culture, Sports, 

Science and Technology (MEXT), Japan. Furthermore, the code 

was optimized for unsteady vehicle aerodynamics simulations 

and was extended for a coupled simulation with vehicle 

dynamics in a project supported by the Industrial Technology 

Research Grant Program in 2007 from the New Energy and 

Industrial Technology Development Organization of Japan (17). 

The simulations were conducted on 16 nodes / 256 CPUs 

of a supercomputer SR11000 developed by HITACH. The 

coupled simulation of the fluid and vehicle dynamics for 20 

seconds of physical time took about 200 hours of wall-clock 

time. 

 

 
Fig.5 Computational grids on boundary surfaces (14) 

Vehicle Dynamics Simulation 

Numerical Schemes 
The fourth-order Runge–Kutta method was adopted for the 

numerical integration of the governing equations 5, 6, and 7. 

The equation 9 for a steering system was also numerically 

integrated by the same method. The discretized time period was 

5.0 × 10
–5

 s, as in the aerodynamics simulations. 

Model Parameters 
The parameters of the truck, such as geometry, mass, and 

inertia moment, were given by characteristics of the simplified 

truck model, which was developed from the real heavy duty 

truck. The parameters of the steering system were obtained by 

upscaling and modifying parameters for a compact car used by 

Maruyama et al. (7). On the basis of general values of the 

steering radius and steering ratio, the equivalent inertia moment 

and the equivalent damping coefficient are set to be 4.8 times 

the values for the compact car. The equivalent elastic coefficient 

is twice that of the compact car. The parameters of the driver’s 

reaction model are set as the same values used in Maruyama et 

al. (7). Evaluation of driver’s reaction began when the course 

deviation  became larger than 0.5 m. The parameter values are 

listed in Table 1. 

 

Table 1. Parameters for the dynamics of a steering 

system and a driver’s reaction model 

Parameter Value 

r  [m] 

n  [–] 

I  [N m s
2
/rad] 

C  [N m s/rad] 

Kst  [N m/rad] 

H  [N] 

  [s] 

T  [s] 

0.24 

0.032 (=1/31) 

5.7 × 10
1
 

4.2 × 10
3
 

9.7 × 10
4
 

3.9 

2.0 

0.60 

 

Coupling Methods between the Fluid and Vehicle 

Dynamics Simulations 
The numerical simulations of fluid dynamics and vehicle 

dynamics were conducted with the same time interval of the 

discretizations, as previously described. Their results are 

explicitly exchanged with each other at every time step. 

Evaluation of Vehicle Motion in the Fluid 

Dynamics Simulation 
    In the fluid dynamics simulation, the inertial forces fri in X 

and Y directions are given by the motion equation of the 

vehicle. They are opposed in sign to the translational 

accelerations of the vehicle, which are in the left hand side of 

equations 5 and 6 of the motion equations of the vehicle. 

Yaw angle of the truck and the angular rate are also given 

by the motion equation and they are reproduced in the fluid 
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dynamics simulation by the Arbitrary Lagrangean-Eularian 

(ALE) Method (9). The computational grids were deformed by 

assuming edges of the computational grids as spring, and the 

grid deformation velocity ugi was considered in the fluid 

dynamics simulation. 

Evaluation of Aerodynamic Forces in the Vehicle 

Dynamics Simulation 
    In the vehicle dynamics simulation, the aerodynamic 

lateral force and yaw moment are given by the fluid dynamics 

simulation. They are simply evaluated by numerical integrations 

of the lateral component of a surface pressure and the yaw 

moment acting on the truck’s body. The integrated values are 

substituted into Fw in equation 6 and Mw in equation 7 for the 

vehicle dynamics simulation at every time step. 

ADDITIONAL SIMULATIONS FOR COMPARISONS 

Vehicle Dynamics Simulation Based on a Quasi-

steady Aerodynamics 
For a comparison with the coupled analysis to extract and 

clarify unsteady aerodynamics effects, conventional approach 

(7) based on a quasi-steady assumption, was also applied to 

evaluate the aerodynamic force and moment. The aerodynamic 

lateral force and yawing moment are given as 

  2

2

1
RwSw SVCF   (11) 

  2

2

1
Rwheelwymw VSLCM   (12) 

A crosswind velocity and aerodynamic yaw angle was observed 

above the center of gravity of the truck in the fluid dynamics 

simulation without a consideration of unsteady vehicle motion.  

The coefficients of the lateral force and yawing moment in 

equations 11 and 12 are calculated from approximate 

polynomials of w, which was constructed from results of fluid 

dynamics simulations under several steady conditions of w 

from 0° to 45° in our previous study (14). In the previous 

simulations, the velocity imposed on the front and side 

boundaries were constant and the other numerical conditions, 

setup, and numerical code were the same as the present coupled 

simulation. Based on their result, the polynomial expressions 

became as follows: 

 

w

wwwSC













1

3659

101.0042+                                                       

109.3349+10-4.9269  
(13) 

 

w

wwwymC







 

2-

36510

10 5.8404+                                                       

107.5480-108.1104  
(14) 

These approximate functions are drawn in Fig. 6 with plots of 

the results of the steady aerodynamics simulations. 

 

 

  
Fig. 6 Quasi-steady aerodynamic coefficients CS and 

Cym and their approximate polynomials (14). 

One-way Coupled Simulation 
The other additional simulation was a one-way coupled 

simulation that considered interactions only in one-way from 

unsteady aerodynamics to vehicle’s motion. The result can be 

applied to a comparison with the fully coupled analysis to 

extract an effect of unsteady aerodynamics caused by unsteady 

vehicle’s motion. Therefore, vehicle’s motion caused by the 

aerodynamics was neglected and the truck kept its constant 

speed and straight track in the fluid dynamics simulation, while 

the trajectory went off the track in the vehicle dynamics 

simulation. This one-way coupled simulation has been 

conducted and discussed in our previous study (13) and the 

modified simulation with higher order upwind scheme in the 

upstream region was newly conducted to reproduce more sharp-

edge profile in the present study. 

RESULTS AND DISCUSSIONS 
    At first, results of the fully coupled simulation of unsteady 

aerodynamics and vehicle dynamics of the truck subjects to 

sudden crosswind are mentioned and they are compared with 

the results of the additional simulation based on quasi-steady 

aerodynamics. 

Aerodynamics 
    As a result of the fluid dynamics simulation in the fully 

coupled simulation, time-series of aerodynamic lateral force and 

yaw moment are shown in Fig.7. Results of the simulation with 

quasi-steady aerodynamics are also plotted in the graph.  

The lateral forces Fw in Fig.7 (a) show similar profile in 

the two simulations, though they have a little time lag. The 

force monotonically increases as the truck runs into the 

crosswind region, and it decreases to zero as the truck goes out 

from the region. The time lags of the increase and the decrease 

between the two simulations are caused by a difference of 

aerodynamics evaluation. In the simulation with quasi-steady 

aerodynamics, the crosswind velocity and its direction are 

determined at the point above the gravity center of the vehicle, 

and the crosswind effect appears after the gravity center goes 

into the crosswind. While the truck is running in the crosswind, 

the force decreases gradually because the truck is pushed by the 

crosswind and the relative velocity of the crosswind is 

decreased by the vehicle motion.  
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(a) Lateral force Fw 

 
(b) Yaw moment Mw 

Fig. 7 Time-series of aerodynamic force Fw and 

moment Mw acting on the truck 

 

    On the other hand, the yaw moments Mw in Fig.7 (b) are 

quite different between each simulation. In the fully coupled 

simulation considering the transient phenomena as the truck 

drives into the crosswind, the yaw moment has high positive 

and negative peaks as the truck drives into and out from the 

crosswinds, respectively. However, in the simulation with quasi-

steady aerodynamics, the yawing moment shows almost 

monotonic increase and decrease. The peaks in the coupled 

simulation appear when the crosswind acts on the front half or 

rear half of the truck.  

Figure 8 shows snapshots of the pressure and velocity 

fields around the truck and Fig. 9 shows the surface pressure on 

the lateral surface of the truck in the fully coupled simulation. 

Both figures give values at typical instances from 1.8 to 6.3 s. 

The trends of the pressure and velocity variations are 

qualitatively similar to those in the case of the fixed vehicle 

attitude, which has been simulated in the additional simulation 

and also in our previous study (14). The pressure distribution 

caused by the crosswind spreads widely on the container toward 

the rear. In the still air at 1.8 s, the pressure and velocity fields 

are almost symmetric and the truck on the track Y = 0, which is 

shown as white dotted lines in the figures. When the front half 

of the truck is subjected to the crosswind, which is shown as a 

high velocity magnitude, at 2.4 s, the asymmetric pressure 

distribution around the cabin appears although the separation on 

the leeward side has not been enhanced. This pressure 

distribution causes the high peak of aerodynamic yaw moment 

and it moves the track in yaw direction. The pressure also 

pushes the truck in lateral direction at this moment. When the 

entire truck is subjected to the crosswind at 3.3 s, a large 

separation region appears on the leeward side and a fluctuating 

pressure distribution is observed on that side of the lateral 

surface. The high pressure region on the windward side of the 

truck spreads widely on the container. When the front half of 

the truck is exiting the crosswind at t = 4.5 s, pressure on the 

cabin recovers its symmetric property, though the fluctuating 

low pressure on the leeward side caused by a remaining 

separation of flow. The high pressure on the windward side of 

the container also remains. Finally, at t = 6.3 s, both pressure 

and velocity fields recover their symmetrical property, while the 

lateral displacement from the track remains yet. 

 

  

 
(a) t = 1.8 s 

 
(b) t = 2.4 s 

 
(c) t = 3.3 s 

 
(d) t = 4.5 s 

 
(e) t = 6.3 sec 

Fig. 8 Snapshots of the pressure coefficient Cp (right)  

and the spanwise velocity u2 (left) distributions. 
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(a) t = 1.8 sec 

 
(b) t = 2.4 sec 

 
(c) t = 3.3 sec 

 
(d) t = 4.5 sec 

 
(e) t = 6.3 sec 

Fig. 9 Snapshots of the pressure coefficient Cp 

distribution on the lateral surface of the truck. 

(Left: leeward side. Right: windward side.) 

Vehicle Motion 
As a result of the vehicle dynamics simulation in the fully 

coupled simulation, Fig.10 shows time series of the lateral 

course deviation Y and yaw angle  of the truck. The results of 

the fully coupled simulation and the simulation with quasi-

steady aerodynamics show qualitative difference, especially in 

yaw motion. The yaw motion was directly affected by the 

aerodynamic yawing moment, which shows particularly 

unsteadiness. The first responses to the crosswind had opposing 

directions in the yaw motion. The coupled analysis predicted 

positive yaw motion due to the unsteady aerodynamic yawing 

moment, which had a positive peak, when the vehicle is half-

way into the crosswind. On the contrary, the simulation with 

quasi-steady aerodynamics predicted negative yaw motion due 

to a negative yawing moment without a high peak in the 

transitional situation. Regarding the lateral displacement, the 

first responses were also different, and the truck drifts to 

downstream of the crosswind more rapidly in the coupled 

simulation. Therefore, a trajectory of the truck in the simulation 

with quasi-stationary aerodynamics is smoother than the 

coupled simulation though the second peak of the displacement 

becomes larger. Quantitative difference of the maximum 

deviations was about 20% and the simulation with quasi-steady 

aerodynamics showed greater deviation. These differences of 

lateral displacement and yaw motion indicate the effect of 

unsteady aerodynamics on vehicle motion. They are significant 

in the vehicle motion and the fact explains an importance to 

consider the unsteady aerodynamics.  

 

 

 
Fig. 10 Time series of the lateral course deviations 

(top) and yaw angles (bottom). 

Discussion about Unsteady Aerodynamics Effects 
In the unsteady aerodynamics under crosswind condition, 

there are at least two kinds of phenomena related to the 

unsteady aerodynamics. The one is the transient aerodynamics 

as the truck ran into the crosswind and the other is the unsteady 

aerodynamics caused by unsteady vehicle’s motion. In order to 

clarify a contribution of each phenomenon, additional 

simulations and comparisons were conducted. 

Effect of Transient Aerodynamics 
    In order to discuss an effect of the transient aerodynamics, 

the one-way coupled simulation from unsteady aerodynamics to 

vehicle dynamics was conducted. In the one-way coupled 

simulation, time variation of truck’s attitude was not considered 

in evaluations of the crosswind velocity and direction. 

Therefore, only the effect of transient aerodynamics as the truck 

drives into the crosswind can be extracted and investigated. 

Additionally, vehicle dynamics simulation with quasi-steady 

aerodynamics was also conducted under the same assumption in 

the crosswind velocity and direction. 

     The lateral displacement and yaw angles predicted in 

these simulations are shown in Fig.11. As same as the 

simulations considering the time variation of the vehicle’s 

attitude, the displacement and yaw angle are different 
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qualitatively between the simulations with unsteady and quasi-

steady aerodynamics. Magnitude relations of two positive peaks 

in the displacements are completely different in their results. 

Yaw angles are also different quantitatively, such as the first 

response to the crosswind, and the differences between the 

results based on the unsteady and quasi-steady aerodynamics 

are greater than the cases considering time variation of vehicle’s 

attitude. This fact indicates that the transient aerodynamics as 

the truck drives into and out from the crosswind affects enough 

to the trajectory and yaw motion of the truck. 

 

 

 
Fig. 11 Time series of the lateral course deviations 

(top) and yaw angles (bottom) in one-way coupled 

simulation from aerodynamics to vehicle dynamics. 

Effect of the aerodynamics induced by the 

vehicle’s motion 
On the other hand, comparing results of the fully coupled 

simulation and the one-way coupled simulation, an effect of the 

unsteady aerodynamics induced by the unsteady vehicle motion 

can be discussed. Only one difference of the two simulations 

was consideration of the unsteady vehicle motion in the 

aerodynamics simulation. The comparisons of the lateral 

displacement and yaw angle in the two simulations are shown in 

Fig.12. The yaw angles show quantitative difference between 

the two simulations while the lateral displacements show 

smaller difference than the other comparisons mentioned above. 

Therefore, the unsteady aerodynamics induced by the unsteady 

vehicle motion had smaller effect on the vehicle’s motion than 

the other unsteady aerodynamic force and moment, though it 

also significantly affects to the yaw motion of the truck. 

In both time-series of the displacement and yaw angle, the 

fully coupled simulation shows smoother profiles. In that 

simulation, the vehicle’s attitude is changed by the aerodynamic 

force and moment to reduce their effect, as well as the 

aerodynamic damping effect. Figure 13 shows the time-series of 

aerodynamic moment Mw calculated in both the simulations. 

While the truck is running in the crosswind region, the 

magnitude of moment in fully coupled simulation becomes 

smaller than the moment in the one-way coupled simulation. 

This difference is caused by the lateral and yaw motions of the 

track pushed by the crosswind. Since the motions decrease the 

relative crosswind velocity and the aerodynamic yaw angle, the 

aerodynamic force and moment are reduced in the fully coupled 

simulation. 

 

 

 

 
Fig. 12 Comparisons of the lateral course deviations 

(top) and yaw angles (bottom) between the fully 

coupled and one-way coupled simulations. 
 

 

 
Fig. 13 Comparisons of the aerodynamic yaw moment 

Mw between the fully coupled and one-way coupled 

simulations. 
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CONCLUSIONS 
In the present study, in order to investigate how unsteady 

aerodynamic forces act on a vehicle subjects to a sudden 

crosswind, and how such transient forces affect the running or 

driving stability of the vehicle, the fully coupled analysis of 

unsteady aerodynamics and vehicle dynamics on a heavy duty 

truck subjected to sudden crosswinds was conducted. Large-

eddy simulation with moving boundary techniques was applied 

to evaluate the unsteady external forces acting on the truck. The 

vehicle dynamics was simulated by considering horizontal 

motion with steering control of a driver. The results of the fully 

coupled simulation indicated that: 

 The unsteady aerodynamics effected significantly on the 

motion of the truck.  

The results were compared with additional simulations 

based on quasi-steady aerodynamics or a fixed vehicle attitude 

in the aerodynamics simulation. They indicated that: 

 Both effects of transient aerodynamics as the truck ran into 

the sudden crosswind and unsteady aerodynamics induced 

by the unsteady vehicle’s motion contributed to change the 

vehicle motion.  

 The former effect was greater than the latter one. 

As a future work for more realistic coupled simulation of 

the vehicle dynamics and the unsteady aerodynamics, the 

vehicle motion should be considered in six-degrees-of-freedom 

including pitch, roll, and heave motions. 
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