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Abstract. The purpose of the present study is an investigation of a vehicle running stability 
from viewpoints of steady and unsteady flow characteristics, such as vortex structures and 
their motion, around the vehicle. For this purpose, a numerical method for unsteady vehicle 
aerodynamics using Large-Eddy Simulation (LES) is constructed and validated. Special focus 
is on a pitching stability, which relates to the passengers’ comfort and safety, and influences 
of the forced pitching motion on the vehicle aerodynamics are investigated. Two simplified 
vehicle models, which represent real passenger sedans with different running stability in past 
road tests, are adopted as the objects. First, the simplified models are tested in the stationary 
condition to see whether the same characteristic pressure fluctuations as observed in the real 
sedans are reproduced. Then, aerodynamic characteristics and its relationships with flow 
structures in quasi- and non-stationary conditions are investigated. Particular emphasis is on 
the aerodynamic forces acting on the trunk deck, which are expected to be strongly related to 
the stability of the pitch motion, and they are studied by relating to the steady and unsteady 
wake structures of the vehicle. The result indicates that consideration of the unsteady aerody-
namic characteristics based on the flow structures around the vehicle is important to evaluate 
the vehicle stability as well as the conventional evaluation based on steady aerodynamics. 
Thus, the availability of LES is expected for the evaluation of vehicle aerodynamic stability. 
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1 INTRODUCTION 
With regard to safety and passengers’ comfort, running stability is one of the most impor-

tant characteristics of a road vehicle. While the vehicle stability in the normal running condi-
tion is mainly discussed in terms of the suspension control, more attention is to be paid to the 
aerodynamic forces and its relation to the vehicle stability is going to be discussed especially 
in high-speed running condition, together with recent tendency of body weight reduction for 
fuel economy. Within the last two or three decades, both wind tunnel experiment and compu-
tational fluid dynamics (CFD) technologies have improved vehicle aerodynamics in steady 
state. However, to achieve more sophisticated aerodynamic design for the aerodynamic stabil-
ity, it is expected to consider unsteady flow characteristics and interactions between the flow 
and the vehicle motion. Large Eddy Simulation (LES) has been expected as a better and more 
precise turbulence model for prediction of unsteady vehicle aerodynamics[1]. Because LES 
simulates large and coherent flow structures directly in three-dimensional space with time 
marching, it can reduce the model dependency compared to RANS and be suitable for the un-
steady flow simulations. 

The purposes of the present study are to construct a numerical prediction method for un-
steady vehicle aerodynamics and to investigate unsteady flow characteristics around a vehicle 
relating to the running stability. The LES method constructed is first validated on the ASMO 
model [2], of which reliable wind-tunnel experimental data are available. The conventional 
RANS models with the same computational grid systems are conducted to see the validity of 
LES. Based on the validation, the LES on two simplified vehicle geometries are then con-
ducted. The models are constructed based on the real passenger sedans with different running 
stability in the in-vehicle research [3]. The unsteady flow characteristics around the models in 
the stationary state are investigated toward a study of interaction between the vehicle motion 
and unsteady flow around the vehicle. The predicted flows around the two models are com-
pared and discussed from the viewpoints of flow features, such as vortex structures. 

2 NUMERICAL METHOD 

2.1 Governing Equations and Discretization 
The governing equations adopted in the present LES method for a vehicle aerodynamics 

prediction are the spatially filtered continuity and Navier-Stokes equations as follows; 
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Here, ui, p, r, and n mean flow velocity in i-direction, pressure, density, and dynamic viscosi-
ty of the fluid, respectively. An over-bar ( ) means the spatial filtered value of the physical 
value.  
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Sub-Grid Scale(SGS) eddy viscosity nSGS appeared in Eq. (2) must be modeled by a turbu-
lent model. The standard Smagorinsky model [4] is adopted to estimate nSGS as follows;  

( )2SGS 2 ij ijS dC f S Sn = D  (5) 

Here, D means the spatial filter width that is evaluated by a cubic root of cell volume. Cs is 
the Smagorinsky constant and is given as 0.15, which is the standard value for external flow 
simulations. To represent a damping of SGS eddy viscosity in near-wall region, the Van-
Driest type damping function fd in Eq. (5) is introduced as follows; 

( )1 exp / 25df y+= - - , (6) 

where y+ is the wall unit. 
These governing equations are discretized based on the vertex-centered unstructured finite 

volume method and SMAC algorism. The central finite difference scheme with the second 
order accuracy is adopted for the spatial discretization except for the convective term in which 
5% of the first order upwind component is blended for a numerical stability. The second order 
Adams-Bashforth scheme is adopted for the time integration. 

2.2 Validations of LES for vehicle aerodynamics 
The ability of the LES for vehicle aerodynamics prediction had been investigated and vali-

dated [5] on the 1/5 scale ASMO model [2] shown in Fig. (1). Three computational grid sys-
tems are applied and they consist of 1.3M, 5.5M and 24M tetrahedral elements, respectively. 
The RANS simulations using standard k-e model (i.e. [6]) are also conducted on the same grid 
systems, though the discretization of a convective term is the third order TVD scheme and is 
different from the LES. The boundaries of floor and body surface are treated artificially, and 
the surface shear stress is estimated with the logarithmic law assuming a fully developed tur-
bulent boundary layer. 

          
                  Fig.1 ASMO model 

In the comparisons with the RANS, the LES results agreed well with the experiment. Fig-
ure (2) shows the base pressure profiles predicted in the simulations. The pressure recovery on 
the base is well predicted in the LES (left graph), though the RANS results cannot reproduce 
the recovery and it conserved to the lower pressure in high spatial resolution case. The prob-
lem in the LES results is the spatial pressure oscillation at the corners of the body, which are 
shown at Z/H= 0.82 and 0.22 in Fig. (2). They are caused by the insufficient spatial resolution 
at the corners and the central difference scheme for the convective term in the LES.  
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270 
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Fig.2 Base pressure profiles on ASMO model 

However, the additional simulations for the validation showed that non-uniform computa-
tional grids clustered to the corner could reduce the spatial pressure oscillation sufficiently. 
The prism layer mesh on the body was also effective for the reduction of the oscillations. Fi-
nally, it was confirmed that the problem of the spatial pressure oscillation around the corner 
could be eliminated by these technique of grid generation. 

3 NUMERICAL SIMULATION OF VEHICLE’S AERODYNAMIC STABILITY  
Based on the validation, we conduct the LES predictions of the aerodynamics of two sim-

plified vehicle geometries in order to investigate an aerodynamic stability of a vehicle in a 
pitch motion. 

3.1 Vehicle aerodynamic stability on the pitching motion 
In the Ref. [2], Okada et al. investigated running stability of two sedan-type vehicles in 

cruising condition. Although their steady or mean aerodynamic characteristics such as a drug 
and a lift coefficients, Cd and Cl, are similar, their running stabilities in a highway condition 
were found to be quite different. In the study, the stability was represented by the difference 
of the dynamic pitch motion measured as a rear ride-height and its stability. Thus, they fo-
cused on the pressure distributions on the trunk decks of the vehicles, and found out a specific 
difference between them. 

For more essential study, Ichimiya et al. [5] constructed the two simplified vehicle models 
and they conducted wind-tunnel experiments. The two models seemingly resemble each other 
and the specific difference appears only in the geometrical shape of front and rear pillars, 
which typically represents the original real sedans. The validity of the simplified models for 
the study of aerodynamic pitching stability was demonstrated in the wind-tunnel measure-
ments by reproducing the specific pressure fluctuation on the trunk decks observed in the real 
vehicles.  Thus, it is expected that the essential flow features around the original sedan, which 
relate to the unsteady flow characteristics, are reproduced by these simplified models. 

Considering these experimental studies, the difference of flow structures around the ve-
hicle, which is caused by the tiny geometrical difference of a pillar curvature, can be expected 
to influence the stability of the vehicle pitch motion and thus the running stability. In this 
study, the simplified models are more intensively studied in the context of flow structures and 
their relationships with the aerodynamic pitching stability. The special focus is over the trunk 
deck where the different flow characteristics were measured in the experiments. 
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3.2 Simplified vehicle model  
The target models are about 1/20 scale of the original passenger sedan. The body size is 

210mm length (L), 80mm width (W), and 65mm height (H). Their differences are mainly ap-
pearing in the curvatures of front and rear pillars as shown in Fig. (4). As previously de-
scribed, the original passenger sedans of these models have different running stabilities in the 
in-vehicle research and these simplified geometries also have the same tendency in the expe-
riment. The vehicle model, which has high stability of the pitch motion in the experiments, is 
shown in a left figure of Fig. (4) and it is called as “Model A” in this paper. The other model, 
which has low stability, is shown in a right of Fig. (4) and is called as “Model B”. 

 

            
Fig.4 Schematic view of the simplified model geometries (Left: Model A, Right: Model B) 

In the present numerical simulations, the simplified model is set into the rectangular duct 
as shown in a left figure of Fig. (5). Clearance under model’s floor is 0.23H. At an inlet boun-
dary, uniform and constant flow velocity U0 = 16.7m/s is assumed. Reynolds number, based 
on a vehicle length and an inlet velocity, is about 2.3 x 105.  

Regarding the boundary conditions, the vehicle body and a part of floor, which is yellow-
colored in the left of Fig. (5), are treated by the wall-model same as the validation on ASMO. 
The green-colored floor, which is treated as free-slip wall boundary, represents a suction of a 
boundary layer developed on the floor. The vehicle model is located 0.14L downstream from 
this suction. The side and top walls are also treated as free-slip boundary. 

The origin and direction of the pitch motion are defined as a right figure of Fig. (5). They 
are based on the experimental geometry in Ref. [6], where cylindrical struts support the mod-
els at the positions of front and rear wheels and the rear struts pushes up the models for the 
pitch motion. Here, the origin is defined at the position of the front strut in the experiment. 

 

       
Fig.5 Schematic view of the computational domain (Left) and the objective geometries (Right). 
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