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Abstract

Transient simulations of the flow aroundthe ASMO model from Daimler Benz have been dore. The model isa
well known geometry that is available for the public on internet. The results from the transient simulations are
compared with experiments obtained from the Volvo model scde windtunnel and from Daimler Benz.
Furthermore comparisons are made with stationary simulations. Transient ssmulations are of course very expensive
anditisafad that atransient simulation takes at least one order of magnitude longer to converge than a stationary
simulation would do on the same mesh. However, a stationary simulation will not always give astabile solution
due to high resolution meshes and well behaved turbulence models that will remind ws about the unstationary flow
that existsin this type of engineaing problems.

Introduction

Today CFD is used in the development of new trucks and cars at Volvo. Typicdly a new car or truck design is
evaluated within 5— 10 days after receiving a CAD database. Block-structured meshes of 2 —4 milli on cdls are
generated with ICEM CFD. The equations are solved with the StarCD flow solver from Computational Dynamics
Ltd. CFD is used to compare different design proposals, to do basic shape studies in the ealy stages of a projed
and to do shape optimization in later stages. The method pedicts trends in drag with high acairacy in most cases
but sometimes fails to do so. If CFD should be used on its own without model tests, the acaracy requirement
incresses and drag and lift must be truthfully simulated in the future.

In previous work by Ramnefors et. a. (1996), the base presaure eror was believed to ariginate from an
erroneous prediction of where the separation line was locaed. This is a fad if the geometry does not have a
separation line that is well defined. However, studies of the flow arounda simplified truck with a sharp trailing
edge showed that even though the separation is geometricaly well defined, similar error levels in the base presaire
occur, seePerzon, §jogren & Jonson (1998) and Perzon, Janson & Hoglin (1999). This indicates that an erroneous
predicting of the wake structure caisesthe eror.

The mesh has been ore of the major isaues in al work concerning acairacy in drag predictions at VVolvo. It is
shown by Ramnefors et. al. (1996) and Axelson et. a. (1998) that mesh quelity may be just as important as mesh
resolution when high acarracy is amed for.

Different turbulence models have been used for stationary time-averaged flow. Some turbulence models mimic
the wake structure well and ahers do not. Reynolds Stress Models have been used in the simulation of the flow
around the Volvo ECC, (Ramnefors et al. 1996). It was own that the qualitative presaure distribution was more
acarrately described bu the base presare level is poorly predicted. However, these complex models are often
numericdly troubdesome, Perzon (1997). Hence the route has been taken towards non-linea eddy viscosity
models and algebraic Reynolds dressmodels ePerzon, Sjégren & Jonson (1998).

Numerical problems often occur when the mesh resolution becomes very fine aound regions where aseparation
is present, e.g. the trailing edge. The separation line tends to move aound when the solution is sought for during
iterations and a fully converged solution may not be possble to find. If the geometry is complex enough so that
poor mesh quality is unavoidable and/or if a cmplex turbulence model is used, the @nvergence problem will get
even worse. It is often afad that the wake is not stationary in redity and the gtempt to solve the problem based on



that assumption, ceae to work at some modeling point. E.g. when the model mimics the flow well enough to
discover this fad. The obvious solution to the @mnvergence problem is to solve the ejuations using a transient
solution methoddogy and that is what the present work will describe.

Transient simulations around vehicles have been presented previously by Summa (1992 and it was used for
testing the vehicle for readions of a pitch oscill ation. The simulation was for demonstrational purposes and it
shows an example of how transient simulations may be gplied in a ca projed. Ancther area of interest is
aeodynamical forces of a vehicle in crosswind gusts. Within that areaonly measurements have been presented
previously, seefor instance Garry et. al. (1994). Thiswould be an excdlent topic in the future for transient CFD. It
would aso be gplicable to problems with passenger comfort in the tail coach of a train, which is known to be
affeded so that it vibrates dowly sideways by the time dependent side force caised by the unsteady wake. The
latter is closely related to the aurrent topic.

Tsubad et. al. (1988) and Kataoka d. a. (1991) presented ealy transient simulations using quasi-dired
numericd simulations, DNS. It isafad that for such high Reynolds number, there is not a computer for sale today
that could solve atrue DNS of the flow arounda ca. Hence when the transient Navier Stokes equations are solved
without any modeling, it should be cadled DNS but since the resolution is way too coarse, it is heredter refered to
as, quasi-DNS. In Tsuboi et. a. (1988) the flow arounda body with a slanted rea was smulated and the aiticd
angle @muld be deteded in the simulations. In Kataoka €. al. (1991), comparisons with forces and surfacepresaures
from experiments agreal very well even for add on ctailing. Yamada and Ito (1993) made a omparison ketween
atransient quasi-DNS, and a stationary simulation wsing the k-€ model. It was sown that the stationary model was
able to predict the flow field quelitatively corred but that it failed with the simulation d acarate forces. The
quasi-DNS method simulated the surfacepresaure distribution poorly but predicted the forces fairly accurate. No
data was presented onthe unstealy behavior of the wake. The fad that forces may be acerately simulated for all
the wrong reasons is mething that is fairly common, see Perzon et. al. (1998). Furthermore, Horinouchi et. al.
(1995), presented some results from a quasi DNS simulation where embedded grids was used. Also in this case,
only stationary data was presented and the method was able to produce very acarate trends on aaodynamica
forces. Aoki et. al. (1993) presented simulations on some test cases using alarge eldy simulation, LES. The trends
in drag were fairly accurately predicted. The aiticd roof slopeisfound in the simulations and some transient data
are shown. LES are till a very expensive but interesting approach in vehicle agodynamics. Murakami (1998)
have dore an excdlent review of the caabiliti es of different LES models on flow over bluff bodes. Perzon and
Davidson (2000) recently did a @mparison between atransient RANS model and a simple LES model on the flow
over a surface mounted cube.

Duell and George (1992 did transient measurements on a threedimensional bluff body in proximity to a ground
plane with and withou a splitter plate in the nea wake. The measurement indicates that the agodynamic drag is
couped to transient effedsin the wake.

Unsteady pressure measurements in the wake have been done recently by Ishihara and Takagi (1999 where
total presaure was measured at frequencies up to 300 Hz with and without moving belt. Comparisons were made
between mean and instantaneous data and the difference were large implying that the wake |arge-scale movement
is considerable for that vehicle.

Computational setup

The model chasen for this work is the well-known ASMO model, see figure 1. The geometry data can be
downloaded form the World User Association, WUA, web page. The name, ASMO, is an abbreviation for
“Aerodynamishes Studien Modell”. This model was creded approximately ten yeas ago in the Daimler Benz
reseach department mainly for two reasons:. to investigate if a body with very low drag could be aeaed; and to
have aneutral body not related to the development of an adual Mercedes car generation for testing CFD-codes.
The daraderistics of the body are: square badk rea, smooth surface boat tailing, underbody diffuser, no presaure
induced boundary layer separation. The shape of the model is gich that it can easily be meshed withou the need
for large cmputer resources. The virtual model were setup as close to the physicd model as possble and the
physicd model was made acording to,

«Frontal area 0.062 m?
*\Whed base: 0.540 m,
eTrack: 0.220 m,
«Length: 0.810m,
*Color: Black



Figure 1. Computational domain. The ASMO model.

The experimental blockage ratio was 6 % based on the cross section in the Volvo model windtunnel which is a
slotted wall windtunnel. However the computational domain describes a virtual 5™ scale solid wall wind tunnel.
The main characteristics are 3.67 m? cross section which gives a blockage ratio of 1.7%. The tunnel length is 9.0m
of which 4m is located upstream of the model. Slip boundary conditions is applied to the tunnel roof, the tunnel
side and to the entrance section of the tunnel floor. The car body and the rest of the tunnelfloor is treated as a
normal wall with no slip boundary condition. Inlet boundary conditions were for velocity V=50 [m/s] and 0.1 %
inlet turbulence intensity.

Slotted walls are more or less impossible to simulate with a reasonable amount of cells. Since the slotted wall
windtunnel is designed for decreasing the effect of a high blockage ratio, it is comparable to a solid wall
windtunnel with a lower blockage ratio and previous studies at Volvo have shown that the choise of the solid wall
windtunnel described aboveisfairly accurate. The computational domain is shown in figure 1.

The mesh used for the simulations was a block structured hexahedral grid. For stationary models, only half the
model is simulated using a symmetry boundary condition and the mesh size is around 380.000 hexahedral cells.
The transient simulations have been done using a twice as large mesh, e.g. 760.000 cells, since the model is
mirrored around the symmetry plane. The solver that has been used is StarCD and advection is discretized using
the QUICK scheme for momentum and a first order upwind scheme for the turbulence quantities. The time
descretization scheme is the second order accurate Crank-Nicholson scheme and the time step was constant,
At=0.0005 [g]. It corresponds to a maximum Courant number of around 5.

Three turbulence models have been tested on the stationary simulations and they are the standard k-& model of
Launder and Spalding (1974), the nonlinear quadratic k- model of Shi, Zhu and Lumley (1993), the SZL-model,
and the nonlinear cubic k- model of Lien, Chen and Leschziner (1996), the LCL-model. Wall functions were used
with all models. In the transient simulations, the standard k-€ model and the SZL-model were used.

Results

Instantaneous velocity vectors of the flow behind the rear wheel segments in the diffuser region are shown in
figure 2. It is shown that the flow is highly unsteady in this region and the wake from the wheel segments spreads
towards the symmetry plane occasionally and periodically which indicates probable cause for dirt problems on the
rear screen. Since this phenomenon occurs only sporadicly, atime averaged result would not give the proper result.
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Figure 2. Velocity vectors at instantsin time. The planeislocaed 15 mm above the tunnel floor which around helf
the ride height, (33.5 mm), for the vehicle. (The transient SZL-model)

The oscill ating whed wake seemsto be the reason for averticd vortex formation that is formed periodicdly at the
traili ng edge of the diffuser and sheds off when the whed wake reades the symmetry plane. The vortex formation
have been naed previously by Ndlting et. al. (1997).
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Figure 3. Presaure distribution for the diff erent models over the front region in the symmetry plane. It is plotted
against the verticd Z-coordinate. Note the stagnation point which is zoomed in to the right.
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Figure 4. Pressure distribution over the roof along the symmetry plane on the ASMO using different turbulence
models, stationary simulations (top) and transient simulations (bottom). The X coordinate isin the flow direction
and the car spans from the front at X=0 to the rear screen at X=0.81[m].

The pressure distribution along the front on the symmetry plane is shown in figure 3 for &l cases. All models
performs well except for the k- model which predicts the stagnation pressure too high which is true for both the
transient and the stationary model. The transient SZL model is not more accurate than the stationary model in this
region. Figure 4 shows the pressure distribution along the hood, over the front screen and over the roof of the
vehicle in the symmetry plane. All models performs surprisingly well and the only clear difference between the
themisin the latter part of the pressure recovery region close to the trailing edge. It is however the most important
area since the boundary layer growth in this region sets the prerequisite for the base pressure level in the upper part
of the body. The base pressureis shown in figure 5 and it is overpredicted by many of the models. The proper level
of the base pressure for the simulated windtunnel is not known for sure as one can see from the deviation between
the two experiments. It is however probably a fact that the Volvo model scale wind tunnel is more close to the
simulated wind tunnel in terms of blockage, boundary layer thickness on the tunnel floor below the vehicle etc.
The transient models seems to have lower base pressure than the stationary models. All stationary models and the
transient k-€ model shows a higher pressure locally in the center of the base indicating that there is a loca
stagnation point at around Z=0.12, see figure 5. The experiments indicates that thisis not afact. The transient SZL
model seems to mimic the wake structure correctly in this sence. Note that there is a big difference between the
transient and the stationary simulation based on the SZL model. Furthermore, the base pressure level seems to be
fairly well predicted when the transient SZL model is used.
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Figure 5. Base pressure distribution along the symmetry plane for stationary models, (top), and transient models,
(bottom).

The pressure distribution along the underbody is shown in figure 6 and none of the models are able to capture
the fairly steep pressure rize after the front radius. There is a very large difference between the two experimentsin
this region which indicates that the model is very sensitive to the prerequisites in this region. A very small
deviation in the approaching velocity profile, a tiny error when mounting the model or a very small geometry
defect may be the reason for the discrepancy between the experiments. Calculated velocity profiles immediately
upstream of the car close to the wind tunnel floor corresponds well with PIV data of ditto which rules out that as a
possible cause. Furthermore the model has been mounted several times in order to double check the data and no
errors were found. When the model was intentionally mounted erroneous, it was found that the model is extremely
sensitive to angle of attack. The ASMO geometry have been measured at Volvo and the result of this will be
compared to the CAD database used for creating the mesh. Unfortunately, the measurement of the model is not
fully completed yet and the comparison will thus not be included in this work.

The drag force have been calculated for al models and the result is shown in table 1. The deviation from
experiments are significant for all models. The k-€ models, transient or not, consistently predicts the drag very
high. The main reason for thisis the stagnation pressure which is simulated too large.
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Figure 6. Pressure distribution along the car underbody along the symmetry plane on the ASMO using different
turbulence models, stationary simulations (top) and transient simulations (bottom).

Model Drag, Cy, (time averaged for the transient models)

Experiments, Volvo 0.158
Experiments, Daimler Benz 0.153
Stationary k-€ model 0.185
Stationary SZL-model 0.171
Stationary LCL-model 0.169
Transient k-€ model 0.195
Transient SZL-model 0.176

Table 1. Calculated forces for different models

Conclusions

Transient ssimulations based on the Reynolds equations using a turbulence model can be used within vehicle
aerodynamics. The computation time increases by at least one order of magnitude. However, there is aways a
solution. More elaborate stress-strain relationships such as the SZL model have been used with success and the
wake structure is simulated well with this model while the corresponding stationary model did not show this
benefits. Future work will investigate the poor performance in the underbody region.
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