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1. Introduction 

In order to save fuel, reduction of aerodynamic 

drag has always been concerned by car-body design engi-

neer, but little attention was paid to aerodynamic lift. How-

ever, in terms of automobile aerodynamic lift being propor-

tional to the second-order of speed, the reduction of tire 

gripping capacity could be caused by the increasing speed, 

which would bring the vehicle handling and stability prob-

lems. The aerodynamic lift of transient changing character-

istics is considered as the inducement for all kinds of traffic 

accidents under high speed or speeding in an instant, even 

known as the life-line of high-speed automobiles [1]. How-

ever, for many years the attention of automobile aerody-

namic lift is devoted largely to steady state, while the tran-

sient characteristics research is rarely presented. 

Based on the theory of the aircraft aerodynamic 

lift, the steady-state theory of automobile aerodynamic lift 

suggests that the air flowing velocity through the upper is 

faster than the bottom because the upper surface of car-body 

is longer than the bottom surface. According to the Ber-

noulli equation, the pressure on the upper surface is smaller 

than that on the bottom surface. It is believed that the pres-

sure difference between the upper and the bottom surface 

brings about the aerodynamic lift [1]. But, in reality, car-

body is a three-dimension geometry entity with protrusive 

objects and air flow surrounding the car is easy to be sepa-

rated. Due to the phenomena of the ground effects, the aer-

odynamic lift of some car-body models is negative, which 

implies the 2D path steady-state theory is insufficient to ex-

plain the real situation. 

Wind tunnel investigations on car-body aerody-

namic lift have been performed by Joel A. Walte [2], Ger-

hard Wickern [3], B. Hetherington [4], Christoffer Land-

strom [5], Ding Ning, et al [6]. These studies show that the 

car lift is very sensitive to the bottom airflow state, as well 

as the boundary layer suction rate and the model installation 

misalignment. In order to study the influence of the moving 

floor on aerodynamic force in wind tunnel investigations, S. 

Krajnovic [7] calculated the aerodynamic lift of the Ahmed 

body model for slant angle of 25 degrees using finite volume 

method. The calculation error was around 14% between the 

simulated results and the wind tunnel test data. Yoshihiro 

Okada et al. [8] calculated aerodynamic lift using the finite 

volume method to get unstructured tetrahedron mesh of the 

model, whose results suggested that the conventional aero-

dynamic evaluation method focusing on steady aerody-

namic lift coefficient is insufficient to evaluate automobile 

straight-ahead stability at high speed. A new aerodynamic 

evaluation method for automobile stability was proposed to 

indicate the rear of the car playing the most important role 

in aerodynamic lift. 

However, these studies mentioned above were re-

stricted from the disadvantages of the steady state simula-

tions in finite volume method. In general, the meshing de-

pends on experience to unavoidably bring about the abnor-

mal grid on the complicated surface of vehicle body，espe-

cially the fixed and equal thickness boundary layer mesh. It 

could be clearly seen in Fig.1, the mesh model was divided 

in ANSYS14.0-ICEM.Due to aerodynamic lift being very 

sensitive to car body boundary layer, it is thought that the 

precision of the simulation results for aerodynamic lift 

would be limited by the reasons mentioned above, while the 

simulation results of aerodynamic drag usually could meet 

the request of practice application, testified by the most of 

cases. 
 

 
 

Fig. 1 Mesh model of the finite volume method for MIRA 

in the longitudinal symmetry plane 

 

The air flow field around the car body is always 

changing and the transient characteristics of automobile aer-

odynamic lift at high speeds are rarely reported in the liter-

ature. Because of those, it is necessary to study the transient 

aerodynamic lift without referring to the mesh approach. 

Different from the finite volume method, the Lattice Boltz-

mann Method (LBM) divides the macroscopic fluid into a 

series of fluid particles, which would act as collision and 

migration in the discrete grid model node [9]. From the mac-

roscopic, the particles are controlled by Navier-Stokes (N-

S) equation using statistical method [10]. It is worth men-

tioning that making discrete space in LBM does not need to 

mesh the model, avoiding the calculated error caused by the 

distortion gird. Instead of that, the particle is considered as 

interpolation node to improve the calculation accuracy by 
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controlling its density to realistically simulate the boundary 

layer.  

LBM was originally developed from the Lattice 

Gas Automata (LGA) [11]. Recent research led to major im-

provements on this approach [12–15]. Some studies using 

commercial software such as Power Flow, XFLOW, etc., 

have indicated that the LBM method could offer a better de-

scription of situations and fluid flow mechanism [16, 17]. 

This paper was devoted to study transient automo-

bile aerodynamic lift based on the LBM method. The 

D3Q27 model is implemented to obtain the discrete parti-

cles for international standard model. The adaptive wake re-

finement feature is employed to obtain a series of regular 

fluid particles for macroscopic fluid and the large eddy sim-

ulation (LES) combined with wale-viscosity model is car-

ried on studying the transient characteristics of automobile 

aerodynamic lift. The simulate results are compared with the 

experimental results obtained from the HD-2 wind tunnel in 

Hunan University. The temporal and spatial characteristics 

of rear velocity field and vorticity field are contrasted to the 

PIV testing data as well.  

2. Numerical methods 

2.1. Lattice Boltzmann method 

The standard LBM equation is defined as follow-

ing [18]: 

 

 

    ,

f r + dr, + adt,t + dt drd =

f r, ,t dr + Q r, ,t dr

 

   

 
(1)

 

 

where f is the distribution function, Q is collision opera-

tor, r  is the position vector of one particle, is the particle 

velocity along a certain direction. 

Q is usually expressed by the BGK model, which 

can be written as following: 
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here eq
f  is the local equilibrium distribution function, τ is 

the relaxation time spent on the particles collision to achieve 

equilibrium. It has been proved that, if the discrete speed set 

is symmetrical, equation (1) and the N-S equations can be 

unified by equations (3-4) like this [17,18]. 
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Here 𝐶𝑠 is the speed of sound.Because the space 

direction can be statistical, the D3Q27 discrete grid model, 

as the highest precision at present, is used for spatial dis-

cretization. When e is equal to 26, the model is shown in 

Fig. 2. In Eqs. (3), (4) and (5), it could be greater than or 

equal 0 and less than or equal 26. 
 

 
 

Fig. 2 D3Q27 model 

 

Finally, the macroscopic viscosity is written as a 

function of the relaxation parameter as: 
 

2
( 0.5)

s
C   . (6) 

 

For a positive viscosity, the relaxation time must 

be greater than 0.5 [18,19]. 

 

2.2. Turbulence model  

 

Because of the LBM constructing to describe the 

transient motion and clashing of the microscopic particle, 

the turbulence model of the LES fits well with this purpose. 

In LES, large scale eddies can be solved directly, 

and sub-grid scale model was applied to solve small scale 

eddies. Various studies have shown that LES is an effective 

method. Taking consideration of local eddy-viscosity and 

near wall behaviours, the wall-adapting local eddy viscosity 

model is used. 

The turbulent eddy viscosity is expressed as: 
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where k  is Karman constant, d  is distance from the wall 

and the constant C
 is 0.325. Uniform non-equilibrium 

wall function is used to simulate the boundary layer [20]. 

 

3. Simulation and conditions 

3.1. The geometry model 

In order to present a representative case, the in-

clined back MIRA model is used. MIRA model is the inter-

national standard model widely used in fundamental re-

search of automotive aerodynamics. The length (L), width 
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(W), and height (H) of the model body is 1389 mm, 542 mm 

and 474 mm. The real model as shown in Fig. 3 is located 

in the Hunan University HD-2 wind tunnel. 

 

 
 

Fig. 3 MIRA in HD-2 wind tunnel 

3.2. Spatial discretization 

D3Q27 discrete grid model is used for spatial dis-

cretization based on the commercial software XFLOW 

2013.Build9.0. In order to get a sound, result within a rea-

sonable time, the spacing size of initial particle around far 

field is taken as 0.01 m, while the resolution near the body 

wall and trailing vortex is 0.003125 m. The lattice structure 

can be modified later by the solver in order to adapt to the 

flow patterns. The adaptive wake refinement feature is 

based on the module of the vortices field. To eliminate the 

effects of wall interference on the calculation process, the 

virtual wind tunnel should be ten times length, seven times 

width and five times height of the MIRA model. The dis-

tance from the entrance to the car is three times length. Fi-

nally, the length, width and height of the calculation domain 

size is 13890 mm, 3794 mm and 2370 mm, and the blocking 

ratio is 2.86%. The number of the initial particle element is 

9 million. The initial discrete particle distribution is shown 

in Fig. 4. 

 

4. Results and discussion 

4.1. Drag and lift coefficient 

The computer configurations include 64-bit Win-

dows 7 system, Intel Xeon (RE) with 8 cores, dual CPU 

(2.80 GHz), and RAM of 48.0 GB. According to the com-

putational domain length and inlet velocity boundary condi-

tion, the time of transient flow field analysis is 0.4 seconds, 

and time step t is taken as 0.001s. After taking around 

149 h to solve this model in XFLOW 2013.Build9.0, the 

number of particle amounts to 50.82 million. The final dis-

crete particle distribution is shown in Fig. 5. The curve of 

drag and lift coefficient of the MIRA model at all step times 

are shown in Figs. 6 and 7. 

 

Fig. 5 The finally discrete particle distribution 

As shown in Fig. 6, the aerodynamic drag coeffi-

cient cd decreases rapidly from the maximum during the in-

itial stage. After a while, the oscillation amplitude in a 

larger scope appears among the next 0.2 s. Then, oscillation 

starts to disappear and the aerodynamic drag coefficient cd 

quickly becomes to be stabilized with the amplitude staying 

from 0.278 to 0.286. The average cd is 0.283 between 0.25 s 

and 0.4 s, which is comparable to the experimental result 

0.277 obtained from the HD-2wind tunnel of Hunan Uni-

versity. In addition, the IVK automotive model wind tunnel 

of Stuttgart University data is 0.278 [21], and the TJ-3 

Boundary Layer Wind Tunnel of Tong Ji University is 

0.274 [22]. The deviation of the simulated result based on 

the LBM between them is 0.006, 0.005 and 0.009 respec-

tively. It is shown that this method is satisfactory. 
 

 

 

Fig. 4 The initial discrete particle distribution 

 

3.3. Boundary condition 

 

The boundary of the computational domain con-

ditions is shown in Table 1. 

 

Table1 

Boundary setting of the computational domain 

Boundary setting Remarks 

Inlet velocity Velocity ϑ=35m/s, Turbulence in-

tensity I=0.5% 

Outlet pressure  Pressure p=101325 Pa, Turbu-

lence intensity I=0.5% 

Ground Velocity boundary, ϑ=35m/s 

Top Wall boundary 

The body surface Wall boundary with no slip 

 

 

Fig. 6 The drag coefficient (cd) variation with times 

However, the aerodynamic lift coefficient cl with 

time shown in Fig. 7 is obviously different from the aerody-

namic drag coefficient cd time history. At the initial stage, cl 

increases suddenly from the least negative value to the 

maxi-mum positive value. Then, the irregular fluctuation 

appears. Starting from 0.25 s, the aerodynamic lift coeffi-

cient cl becomes stable and its amplitude stays in the range 

of -0.003 and 0.075. The average value cl is 0.057 between 

0.25 s and 0.4 s. Due to the absence of aerodynamic lift ex-
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periment data for a unified standard car model, this simu-

lated result is compared with the test data obtained from 

HD-2 wind tunnel. The deviation of the two results is around 

0.009 when the tested result of the aerodynamic lift coeffi-

cient cl is 0.048. This error may be attributed to the measur-

ing inaccuracy of aerodynamic lift in wind tunnel or data 

processing method. It could be believed that the error 0.009 

is smaller, and acceptable. 

 
 

Fig. 7 The lift coefficient (cl) variation with times 

4.2. Velocity field and vorticity field 

In order to further explain the phenomenon of non-

periodical oscillation for the aerodynamic lift coefficient cl, 

the transient temporal and spatial characteristics of the auto 

body turbulent vorticity and rear velocity vector were stud-

ied. The car-body turbulence vorticity at 0.365 s is shown in 

the Fig. 8, and seven vertical sections are also intercepted 

behind the model. The section A is located at 1/4 width of 

the car, and the section B is at the end wall of the car, while 

the other section C, D, E, F, G are located parallel at 1/4, 

1/2, 1, 5/4/, 9/4 times length of the car, respectively. Six sec-

tions instantaneous velocity vector diagrams at 0.365 s are 

showing in Fig. 9, and six transients (respectively at 0.340 

s, 0.345 s, 0.350 s, 0.355 s, 0.360 s, 0.365 s) velocity vector 

diagrams of section A are shown in Fig. 10. 

 
 

Fig. 8 Vorticity field surrounding car body at 0.365 

At the same time, to verify the reliability of the 

method presented in this paper, the particle image velocity 

(PIV) experiment about trailing vortex was implemented in 

the HD-2 wind tunnel, while the particles analysis system 

was MicroVecV3.3.2. ND-YAG double pulsed laser. Its sin-

gle pulse energy is 500 MJ and 532nm, and it is green light, 

and the maximum working frequency is 10 Hz. The CCD 

digital camera with pixels of spatial resolution 4000 and 

2672, and the collection rate 5 frames per second and the 

microPulse725 type synchronous controller with delay time 

precision 10ns are both shown in Fig. 11. System connection 

schematic diagram is shown in Fig. 12 and the HD-2 wind 

tunnel is shown in Fig. 13. The six continuous instantaneous 

automobile rear velocity vector images for the section A 

based on particle image velocimetry are shown in Fig. 14. 

Combining the LBM method with the adaptive 

wake refinement feature and LES with wale-viscosity 

model, a detailed and explicit simulation of flow field 

around the model automobile is shown in Fig. 8. 

  

 
 

Fig. 9 Velocity vector field of different rear sections at 

0.365 s  

 

According to the results shown in Fig. 9, the car 

rear flow field still shows a pair of inward twisting vortex 

system, such as two black circles (I and II) in each figures. 

But the boundary of the pair of vortex system becomes less 

sharp, irregular and asymmetric. Different scales of eddies 

crush and drag with each other appear in different positions. 

Judging by the evolving of motion vortex, six different po-

sitions are shown in Fig. 10, which has the same character-

istics. The phenomenon of squeezing and dragging becomes 

more pronounced. At the time of 0.340 s, there is a large 

clockwise vortex (A) at the rear upper position of the lug-

gage chamber, but with a counterclockwise vortex (B) in 

rear lower position. When the time passing away 0.005 s, 

the interactions between the vortex A and B in the original 

location result in the disorder air flow, and the originally 

large clockwise vortex A forms a new small vortex (A2) af-

ter crushing, which is then being pushed to the rear. At the 

next time, two new vortex cores appear in the rear. There 

are also two vortex patches with opposite revolving direc-

tion at the time of 0.355 s, but the position is further back-

wards. In the following 0.005 second, two new vortex cores 

(A and B) with opposite revolving direction also appear near 

the rear of the luggage chamber, but a large clockwise vor-

tex (A2) is set on behind A. Then, at the last moment, be-

cause of crushing and dragging, the air flow is disorder 

again at the opposite of A2, and a mature turbulence vortex 

appears near the luggage chamber. In conclusion, the migra-

tion of the vorticity is clearly revealed in the six instantane-

ous velocity vector diagrams of section as shown in Fig. 10. 

The generation, migration, development and vanish of the 

vortex core evolves to be non-periodical but random shed-

ding and oscillation. 
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Fig. 10 Transient velocity vector field of section A at differ-

ent instants 

Furthermore, the six continuous instantaneous im-

ages are collected once every 0.2 seconds based on PIV, 

which are shown in Fig. 14. There is a large clockwise vor-

tex (A) in the rear upper position of the luggage chamber, 

and a small eddy (B) in rear lower position in the first pic-

ture. In the second picture, flow filed of A and B is ex-

tremely turbulent. In the third picture, two new vortex cores 

(A and B) also appear in the rear. In the fourth picture, it is 

confusing again, but after crushing, and it is being pushed to 

the rear, with a small vortex (B2) setting on behind B. In the 

fifth picture, it's similar with the first picture extremely. In 

the sixth image, air flow is disorder again.  

 

 
 

Fig. 11 PIV experiment instruments 

 
 

Fig. 12 PIV experimental principle 

 
 

Fig. 13 The HD-2 wind tunnel 

Comparing the simulated result shown in Fig. 10 

with the tested results shown in Fig. 14, this two results 

could not ensure synchronization in space and time, because 

the PIV is limited by the frame rate of CCD and LBM 

method is based on particle motion belonging to the La-

grange method. However, both of them show that the tran-

sient motion of the rear vortex is non-periodical turbulence. 

There is a high similarity in the description of the vortex 

transient characteristics between the simulated results and 

the experiment results obtained from the PIV wind tunnel 

test around the rear of the car. Both of them show that the 

generation, migration, development and vanish of the vortex 

core evolves to be non-periodical but random shedding and 

oscillation. This phenomenon is closer to real situation. It is 

concluded that this simulation method is applicable. 
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Fig. 14 Transient different times PIV velocity vector of sec-

tion A 

Combining the simulated and experimental re-

sults, it could be seen that the flow around car tail is a highly 

separating 3D turbulent flow. There is strong non-periodical 

pressure pulsation at different position. According to the ex-

isting research conclusions of automobile aerodynamic lift 

[22], it is shown that the automobile tail is a major area of 

turbulent kinetic energy dissipation. Because of the tail flow 

field of the car being significant effect on aerodynamic lift, 

it is concluded that the asymmetric, unstable oscillations 

vortex results in the unstable aerodynamic lift. This is con-

sistent with the non-periodical change of the aerodynamic 

lift coefficient as discussed above. 

5. Conclusions 

According to the data analysis and discussion, fol-

lowing conclusion are made. 

1. The LBM method combining with adaptive 

wake refinement feature and LES with wale-viscosity model 

brings about more elaborate information of flow field 

around automobiles. The simulation results show agreement 

with the experimental data from wind tunnel test. 

2. Transient simulation using the method presented 

in this paper showed significant difference from the steady 

calculation based on the classic finite volume method. The 

rear flow field of the car has a pair of irregular and asym-

metric inward twisting vortex system, which is close to real 

flow station. It is clearly shown that the instability of aero-

dynamic lift is caused by the asymmetric and unstable oscil-

lations rear vortex. 
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TRANSIENT SIMULATION RESEARCH  

ON AUTOMOBILE AERODYNAMIC LIFT  

BASED ON LBM METHOD 

S u m m a r y 

In order to improve the limitation of steady-state 

automobile aerodynamic lift characteristics in finite volume 

method, the Lattice Boltzmann Method (LBM) was con-

ducted on transient simulation of automobile aerodynamic 

lift. This proposed method utilized adaptive wake refine-

ment feature to obtain a series of regular fluid particles for 

macroscopic fluid and combined large eddy simulation 

(LES) with wale-viscosity model to study the transient char-

acteristics of automobile aerodynamic lift. In this numerical 

investigation, using the international standard automobile 

MIRA model, the temporal and spatial characteristics of rear 

velocity field and vorticity field were analyzed, whose re-

sults had agreement with the wind tunnel test data. It was 

showed that the elaborate information of flow field around 

the car-body and the aerodynamic lift could be more accu-

rately described. A pair of asymmetric non-periodical and 

inward twisting rear vortexes in the car rear flow field was 

found, while it squeezed and dragged each other in different 

eddy scales. This result also indicated the aerodynamic lift 

to oscillate in a certain amplitude scope, markedly different 

from the simulated result of steady state automobile aerody-

namic lift, which is more close to real driving conditions. 

 

Keywords: Automobile aerodynamic lift, Lattice Boltz-

mann Method, Transient, MIRA model, Flow field. 
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