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Large Eddy Simulation of a Road Vehicle
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The flow around an idealized road vehicle at Reynolds numbers up to 10° has been simulated using large eddy
simulation; the numerical technique is based on the immersed boundary approach, which allows efficient cal-
culations to be carried out on a Cartesian grid. The effect of the Reynolds number and the wake modifications
produced by drag reduction devices attached to the base have been analyzed and compared with available experi-
mental data. Averaged drag coefficient and mean velocity profiles are in good agreement with measurement. The
effect of subgrid-scale modeling (Smagorinsky and dynamic model) has also been studied.

Introduction

EHICLE aerodynamic performance is mainly determined by

drag coefficient, which directly affects engine requirements
and fuel consumption. Drag reduction, however, is not the only
concern; the soiling of the vehiclerear surface and the aerodynamic
noise generated by unsteady flow separationdecrease vehicle safety
and operatingcomfort. The study of unsteady aerodynamiceffectsis
alsorelevantfor the inducedunsteadyforces, which again contribute
to decreasing comfort and safety.

Reynolds-averaged Navier-Stokes (RANS) techniques are usu-
ally adopted to study the aerodynamics of road-vehicle; the main
drawbackis thatonly limited informationcan be obtainedon the flow
and vortex dynamics. In addition, the results are usually strongly de-
pendenton the turbulencemodel adoptedin the simulations.! On the
other hand, large eddy simulation (LES), even if computationally
very expensive, has been successfully used to simulate the unsteady
separated flow around a bluff body? and in an asymmetric diffuser®
yielding accurate results in terms of time-averaged and instanta-
neous quantities.

In this work LES of the flow aroundaroad vehicleis carriedout.In
particular, the Reynolds-number effect and the wake modifications
produced by two drag-reduction devices (a cavity and a boat-tail
attached to the base of the vehicle) are analyzed and compared with
the available experiments. Numerical simulations are carried out
on Cartesian grids that allow the use of simple energy-conservative
finite difference discretization schemes, which are required for re-
alistic LES simulations. To treat arbitrary geometric configurations,
we apply the immersed boundary method in which boundary condi-
tions are assigned independently of the grid, by prescribing suitable
body forces* These forces yield the desired velocity value on a
given surface, which does not coincide with the coordinate lines.
This simplification makes the cost of numerical simulation of the
flow around complex, three-dimensionalgeometry similar to thatin
a rectangular domain discretized by a Cartesian mesh.
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Taking advantage of this technique, we were able to simulate the
flow around a road vehicle with up to 10 million grid points using
lessthan 1 GB of memory. Details of the numericalmethod are in the
second section. In the third and fourth sections the physical problem
and the computational setup are described. Finally, the results are
presented and discussed in the fifth section.

Numerical Method

The present LES technique is based on the solution of the three-
dimensional unsteady filtered Navier-Stokes equations with an ad-
ditionalbody-forceterm f to enforcethe no-slipboundarycondition
on solid surfaces. The anisotropic part of the subgrid-scale stress
(SGS) is modeled using the Smagorinsky subgrid-scalemodel. The
value of the model coefficient in the subgrid-scale turbulent vis-
cosity is determined by a dynamic procedure and does not require
a priori specification of any model constants.>¢ Provided that grid
resolution is adequate in the vicinity of solid walls, the dynamic
model properly accounts for wall proximity without explicit damp-
ing functions (for example, the van Driest function necessary in the
classical Smagorinsky model). This implies that enough grid points
must be clustered near the immersed boundary. The boundary body
force is prescribed at each time step to establish the desired veloc-
ity on an arbitrary surface inside the computational domain.” This
forcing is active only in the flow region where we account for the
presence of the solid body and it is set to zero elsewhere. In general,
the surface of the immersed body does not coincide with the grid;
therefore, the value of the forcing at the node closest to the surface
but outside the solid body is linearly interpolated. This interpolation
procedure is consistent with a centered second-order finite differ-
ence approximation,and the overall accuracy of the scheme remains
second order.’

The filtered Navier—Stokes equations have been spatially dis-
cretized in a Cartesian coordinate system using a staggered cen-
tered second-order finite difference approximation. Details of the
numerical method are given in Ref. 8; only the main features are
summarized here. In a three-dimensional inviscid flow kinetic en-
ergy is conserved, and this feature is retained in the discretized
equations. It has been shown that nondissipativenumerical schemes
are superior to upwind-biased schemes for LES.? The discretized
system is integrated in time using a fractional-step method, where
the viscous terms are advanced in time implicitly and the convec-
tive terms explicitly. The large sparse matrix resulting from the im-
plicit terms is inverted by an approximate factorization technique.
At each time step the momentum equations are provisionally ad-
vanced using the pressure at the previous time step, giving an in-
termediate nonsolenoidal velocity field. A scalar quantity is intro-
duced to project the nonsolenoidal field onto a solenoidal one. The
large-banded matrix associated with the elliptic equation for this
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Fig. 1 Orthogonal views of the body and dimensions (all lengths are made dimensionless with respect to the body height L;y =100 mm): Ly, =1,
Lyx=3.6,Ly,=14,Lsy=0.2,Lsy=1.1,L;,=0.2, Ly =1.32,L, =0.5, AL, =0.08, Ly,(x =0.5, a =9 deg, and Ly, =0.04.

quantity is reduced to a pentadiagonal matrix using trigonometric
expansions [fast Fourier transforms (FFTs)] in the spanwise direc-
tion and then inverted using FISHPACK.!” A hybrid low-storage
third-order Runge—Kutta scheme is used to advance the equations
in time, and the body forces are enforced at each stage of the Runge—
Kutta scheme. The integration of the equations with the body forces
requires only 5% more CPU time than in the absence of forcing.

Problem

In the present work we consider the flow around a body referred
to as the square-back vehicle described in detail in Refs. 11 and
12. The body can be considered as a prototype for small vans and
trucks, and it has been the object of previous numerical and exper-
imental studies. The geometry is intended to match the setup of an
experiment performed at the General Motors Research and Devel-
opment Center, Warren, Michigan. Details of the body geometry
and its dimensions are given in Fig. 1, where all lengths are made
nondimensionalusing the body height (H = Ly, = 100 mm).

Three different configurations are considered. The baseline ge-
ometry has a regular square back with sharp edges (referred to as
SB); the second has an appendix on the tail consisting of a solid
protrusion of 50 mm and a tapered angle of 9 deg (referred to as
boat-tail). The third model has four platesthat form a cavity attached
tothe base (referred to as cavity). These two modified configurations
are effective for pressure recovery in the base of the model, which
in turn results in a decreased pressure drag. Perspective views of the
model and of the three different configurations are given in Fig. 2.

In the original experiment the body was placed in a wind tun-
nel with a uniform stream in the x direction of speed equal to
32 m/s. This velocity yields a Reynolds number (based on the height
of the body) of 2.13 x 10°. Additional particle image velocimetry
measurements are available for the SB geometry at Re = 1.7 x 10°
(Ref. 12), and these will be used to assess the accuracy of the present
simulations.

Preliminary simulations were carried out assuming that the main
features of the flow and the correspondingtrendsin the flow dynam-
ics at the back of the body were independent of Reynolds number
if this were sufficiently high. Accordingly, we fixed the Reynolds
number of the numerical simulationsat Re =2 x 10*; we found that
indeed the numerical simulations showed all of the trends and the

() @

Fig.2 Geometrical models: a) perspective view of the body, b) square-
back body, ¢) cavity, and d) boat-tail back.

flow features observedin the experiments. However, some quantita-
tive differences were present. For this reason, additional simulations
have been performedat Re = 10° showing a much better quantitative
agreement with the experimental data.

Computational Setup

The numerical simulations were carried out in the domain shown
in Fig. 3. To reproduce the experimental setup, the body was placed
at a distance equal 2.7H from the inflow section where a uniform
axial velocity profile was imposed. The domain was extended down-
stream for two body lengths (7.2 H) to allow the developmentof the
body wake. (For the modified configurations this length is 6.7H.)

At the outflow of the domain, a convective boundary condition
for the velocities was used. No-slip boundary conditions were used
on the lower wall. The upper wall was located at the same heightas
in the experiment (3.77H), but in the numerical simulation it was
modeled as a free-slip wall to save computational resources. In the
spanwise direction periodic boundary conditions were assumed to
allow the application of the FFT transform. In the wind tunnel the
model was confined in the spanwise direction by solid walls with
a clearance of 2.8 body heights on each side of the model. In the
numerical simulations this distance was halved on account of the
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Fig. 3 Computational domain and boundary conditions (all lengths
are made dimensionless with respect to the body height L; =100 mm):
Lyty =3.77, Lytx =13.5, Ly = 4.2, Ly = 2.7, Lpye = 6.7, and Ly, =1.4.

Fig. 4 Computational grid and geometry of the body in the vertical
plane of symmetry (220 X 140 grid points; only one of every four points
is shown).

fact that periodic boundaries induce less perturbations on the flow
than a wall; additional simulations were carried out to establish the
independence of the solution from the domain size.

The computational grid is uniform in the spanwise direction and
nonuniformin the streamwise and cross-streamdirections with grid
points clustered in the dynamically active flow regions. An exam-
ple of a grid is given in Fig. 4. (Only one of every four lines is
shown.)

To check the grid independence of the results, each simulation
was run on two different grids: a coarser 257 x 88 x 163 points in
the spanwise, cross stream and streamwise directions, respectively,
and a finer 257 x 140 x 220 grid points. The spanwise resolution
was the same in both simulations because from the simulation on
the first grid it was observed that the spanwise direction was already
overresolved.These grid refinement checks were run for the cases at
Re =2 x 10*, whereas no checks were performed for the simulation
at Re = 10° because simulations on a finer grid would have required
too much computingpower. We are aware that this Reynoldsnumber
is probably too high for the underlying grid and that the calculations
might be underresolved; however, it will be shown in the section of
the results that the agreement with the experiments is satisfactory.
In addition, the main aim of this high-Reynolds-numbersimulation
was to determine the Reynolds-number effects. We have placed
around the back of the body and in its wake severalnumerical probes
where the three velocity components and the pressure are recorded
in time; their positions with respect to the body are given in Fig. 5.

The time series are then used to compute mean values, turbu-
lent intensities, and spectra from which the timescales and flow
structures that play a role in the flow evolution can be better ev-
idenced. In addition, comparison of similar quantities computed

for the three different configurations allows elucidation of the flow
changes induced by the drag-reducing devices.

The simulations were carried out in the following way: the flow
was initiated from rest at Re = 3.2 x 103, and it was evolved for 10
time units. The Reynolds number was then set to its final value, and
the SGS model was switched on. The simulation was then continued
for 10 additionaltime units during which the flow adjustedto the new
Reynoldsnumberanda consistentturbulentviscosity coulddevelop.
After this second transient the simulation was continuedfor 60 addi-
tional time units, and data were collectedfor the subsequentanalysis.

The duration of each statistically steady simulationhad to be long
enough to accommodatethe smaller frequenciesof the flow. Accord-
ing to Ref. 13, for a similar configuration the smallest nondimen-
sional frequency was Sr = 0.069; therefore, the present simulation
of 60 time units contained about four periods of the smallest flow
frequency.

For the computation of the mean quantities, all of the fields were
averaged in time; in addition, taking advantage of the vertical sym-
metry plane, a subsequentaverage was performed between geomet-
rically symmetric points. However, it was checked that for every run
time averaging alone reduced the asymmetry of all of the quantities
to at most 5% of its peak value.

The force coefficients were calculated by balancing the momen-
tum in a control volume that includes the body. This yields the force
exerted by the body on the flow, which is equal and opposite to the
force experienced by all of the bodies present. These include also
the no-slip ground; therefore, the drag of an equivalentflat plate has
been subtracted from the total drag. As a further check, three differ-
ent domains were consideredas control volumes, and it was verified
that the correspondingtime-averagedforce coefficients were within
the statistical uncertainty.

Results
Reynolds-Number Effect
The first set of simulations were carried out at Re =2 x 10*, and it
was observedthat the flow is highly unsteady and three-dimensional.

Fig. 5 Sketch of the probe positions with respect to the back of the
body. Probe A is two body heights away from the base; probes B C, D,
C’, and D’ one body height.
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Fig. 6 Streamwise velocity a) streamlines and b) contours in the ver-

tical plane of symmetry for the SB geometry at Re =2 X 10*: left, time-
averaged solution and right, instantaneous snapshots.
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Flow dynamics is controlled by a number of different phenomena
that interact in a complex fashion; the most evident feature is the
formation of a large separationbubble at the base of the body, which
is responsible for most of the drag. This region is confined by four
shearlayers generatedat the edges of the base, which force the recir-
culation region. Similar features were observed also in experiments
although the correspondence was not perfect. In the numerical sim-
ulation a secondary separation was generated on the ground in the
rear vehicleregion, which was notobservedin the experiments. This
discrepancy prompted us to perform additional simulations with the

X 0.6 -0.5-0.4 -04 -03 -0.2 -0.1 0.0

b)

Fig. 7 Streamwise velocity a) streamlines and b) contours in the ver-
tical plane of symmetry for the SB geometry at Re=10°: left, time-
averaged solution and right, instantaneous snapshots.

Reynolds number increased to Re = 10°. Resolution requirements
in this case became more severe, and, as already mentioned, the
available computing capabilitiesdid not allow for a grid-refinement
check. Nevertheless, the comparison of the results with the exper-
iments has shown a good agreement, confirming that Reynolds-
number effects in the range 2 x 10* < Re < 107 are still significant.

In Figs. 6 and 7 instantaneous snapshots and averaged quanti-
ties for the flow in the symmetry plane are reported for the flow at
Re =2 x 10* and 10°, respectively. It can be observed that indeed
the secondary ground recirculation disappears at high Reynolds
number, and the wall jet penetrates the region between the base
recirculation and the ground boundary layer. This difference with
respect to the low-Reynolds-number simulation is compatible with
the concept that boundary layers with adverse pressure gradients
are more sensitive to separation when the Reynolds number is
low.

Quantitative evidence for the preceding observationsis given in
Figs. 8 and 9, where the mean streamwise velocity profiles at several
vertical and horizontal sections in the wake of the body are shown.
It can be noticed that the agreement with the experimental data (for
the high-Reynolds-numbersimulation)is very good for the base re-
circulation;the maximum defect velocity in the separationbubble is
captured very accurately. The wall jet is predicted accurately close
tothebase (uptox/H of 1) butunderestimatedaway from it. Part of
the disagreementcan certainlybe attributedto the differentReynolds
numbers because the experiments are carried out at Re = 1.7 x 10°
while the simulationis at Re = 10°; in addition, the grid resolutionis
limited in the regions away from the body. The same qualitativedif-
ferences were observed in a previous study'? using RANS models.
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Fig.8 Mean profiles of the x velocity component downstream of the body in the symmetry plane: . . . . , numerical simulation at Re =2 X 10%; ——,

simulation at Re = 10°; and O , experimental data.!?
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Fig. 10 Spectra of the x velocity component measured for the SB geometry at Re=10° at different locations downstream of the body. See Fig. 5 for
probe locations.
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The agreement between numerical simulation and experiments
was not as good as thatin Figs. 8 and 9 when the original experimen-
tal data were used. It was found, however, that far from the body the
nondimensional experimental streamwise velocity did not attain a
unitary value, indicating thata velocity different than the freestream
velocity was used for nondimensionalization This point was con-
firmed by the experimentalists (L. Bernal, private communication,
2001), and the velocity profiles have been corrected accordingly.

The averagedrag coefficients are 0.342 and 0.291 for the low- and
high-Reynolds-numbersimulation, respectively; the latter value is
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in agreement with the experiments (0.300 reported in Ref. 12). The
time history of the lift coefficient shows a stronger unsteadiness for
the lower-Reynolds-number case, and this is probably as a result
of the unsteady interaction between the two separated regions. The
side force coefficient, in contrast, has stronger oscillations in the
high-Reynolds case showing a flapping of the wake that is stronger
in the horizontal direction than in the vertical.

Additional information about the flow unsteadiness can be ob-
tained from the analysis of the velocity time series from the probes;
output from probesin the recirculation,in the wake, and in the shear
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Fig. 11 Spectra of velocity and pressure measured by the probe B for the SB geometry at Re = 10°. See Fig. 5 for probe locations.
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Fig. 12 Spectra of velocity and pressure measured by the probe A for the SB geometry at Re = 10°. See Fig. 5 for probe locations.
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Fig. 13 Vorticity contours in the vertical symmetry plane behind the base: a) computations and b) experiments.!!

layers has been analyzed, and their spectraare givenin Fig. 10. The
picture emerging from these data is a pumping axial oscillation with
a period of 14-15 time units yielding a Strouhal number of about
0.07, which is observed also in experiments.>"!3 Qutside the recir-
culation zone this frequency is still present but in combination with
higher modes representing smaller and faster structures. These are
associated with the vertical and horizontal shear layers in which
small-scale vortices are produced by the Kelvin—-Helmholtz-type
instabilities.

Figures 11 and 12 present the spectra for all velocity compo-
nents and pressure respectively for a probe inside the recircula-
tion and in the far wake. It appears that inside the recirculation
the strongest instability is an axial pulsation combined with verti-
cal and horizontal oscillations at higher frequencies. Comparison
of Figs. 10—12 shows that, although the separationbubble has com-
parable vertical and horizontal oscillations the wake, on the other
hand, has a strong vertical flapping while the spanwise motion is
reduced. The presence of small-scale structures can be discerned

from the pressure spectrum showing high-frequency peaks. In par-
ticular, it is noted that in addition to the low-frequency motion of
the separated bubble there are small-scale phenomena occurring at
Strouhal O(1) and its subharmonics. Similar findings are reportedin
Ref. 12, where a frequency of 260 Hz was observedin the shear lay-
ers with a freestream velocity of 26 m/s and a model with a heightof
100 mm.

Instantaneousvorticity contoursin the symmetry plane justdown-
stream of the base are reported in Fig. 13. The rolling up of the
shear layer from the upper surface of the body is clearly similar in
the experimentand in the simulations. In addition, the length of the
separation bubble (L,.,/H = 1.73) is predicted accurately by the
presentcalculations. (The experimental value is 1.6.)

Finally, the comparisonbetween the pressure signals at the center
of the base is reported in Fig. 14 for both the experiments and the
computations. The chaotic nature of the signal is qualitatively very
similar, and in addition the averaged values are in close agreement
(—0.234 calculated, —0.226 measured).
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Fig.15 Streamwise velocity a) streamlines and b) contours in the ver-
tical plane of symmetry for the cavity geometry at Re=2 x 10*: left,
time-averaged solution and right, instantaneous snapshots.

The analysis of the probes for the lower-Reynolds-number sim-
ulation reveals that, although the flow dynamics look quite similar,
in the higher-Reynolds-number flow the low-frequency peaks are
more pronounced and they are three times more intense than in the
low-Reynolds-numbercase.

Drag-Reduction Devices

In Figs. 6 and 7 we have observed that the massive separation
induced by the square-back geometry prevents the pressure from re-
covering in the rear part of the body and this causes a large pressure
drag. Simulations have been performed for the two drag-reduction
devicesintroducedin the computationalsetup section at a Reynolds
number of 2 x 10*. The flowfields are reported in Figs. 15 and 16
for the cavity and the boat-tail configuration,respectively. The main

X
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Fig.16 Streamwise velocity a) streamlines and b) contours in the ver-
tical plane of symmetry for the boat-tail geometry at Re =2 x 10*: left,
time-averaged solution and right, instantaneous snapshots.
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Fig.17 Streamwise velocity a) streamlines and b) contours in the ver-
tical plane of symmetry for the boat-tail geometry at Re = 10°: left, time-
averaged solution and right, instantaneous snapshots.

differenceis the absence of the groundrecirculationatlow Reynolds
number observed with the SB geometry. The high-speed jet emerg-
ing from the vehicle bottom surface is confined by the boat-tail or
the plates and remains closer to the ground.

Time histories of lift and side-force coefficients show that the
plates strongly reduce the flow unsteadinessyielding low-frequency
oscillations with reduced amplitude. In this respect the boat-tail
geometry is less successful even though the oscillation amplitude is
still reduced with respect to the SB configuration.

Thereducedunsteadinessalsohas abeneficial effecton the soiling
of the rearside. In fact, if the separationbubble were perfectly steady
the separator streamline would act as an impenetrable barrier for
the dirt coming from the ground. In contrast, the unsteady pumping
and flapping of the separated region causes the entrainment and
detrainment of external fluid into the bubble and therefore of dust
and dirt.

From a practical point of view, the boat-tail geometry is more
desirable than the SB with plates; the cavity increases the vehicle
length without benefits for the cargo space, the boat-tail in contrast,
given the small taper angle, yields a cargo volume increase, which
is practically proportional to the length increase.

To verify that the drag reduction can be obtained at high Reynolds
number, we carried out an additional simulation of the boat-tail
configuration at Re = 10°. In Fig. 17 flow maps analogous to those
of Fig. 16 are reported. In addition, the comparison of Figs. 16 and
17 (and the corresponding Figs. 6 and 7) shows that the separation
bubble is less intense in the high-Reynolds-number case. This is
because of the higher turbulence level in the shear layers, which
allows an intense momentum flux inside the bubble. This results in
higher pressure levels at the vehicle base and therefore in a lower
drag coefficient C,. The computed numerical value for the Cy is
0.223 in close agreement with the experimental value of 0.23.

These figures, when compared with Fig. 6, show that indeed the
boat-tail geometry produces a pressurerecovery in the back, thus re-
ducing the pressuredrag. In addition, the streamlines show a smaller
recirculation region. Further confirmation of the decreased drag is
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Table1l Computed drag and lift coefficients for the three
configurations analyzed (Re =2 x 10%)

Case Mean Cp rms Cp ACp Mean C, rms Cp,
Square back 0.342 0.0254 —_— —-0.24 0.061
Boat-tail 0.236 0.0197 31% 0.25 0.068
Cavity 0.279 0.0165 18% —0.33 0.031

et

—
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-0.6 -0.5 -0.4 -0.4 -0.3 -0.2 -0.1 0.0

b)

Fig. 18 Streamwise velocity a) streamlines and b) contours in the ver-
tical plane of symmetry for the boat-tail geometry at Re = 10: left, solu-
tion with the Smagorinsky model and right, solution with the dynamic
model.

given in Table 1, where the average and rms drag coefficients for
the different configurations are reported.

Effect of Subgrid-Scale Model

In this section additional simulations performed with a different
SGS model are presented. We have simulated the flow around the
boat-tail configuration at Re = 10° using the Smagorinsky and the
dynamic models. A comparison of the results is given in Fig. 18
showing that there are strong qualitative and quantitative differ-
ences; in particular, the streamwise velocity contours show that the
Smagorinsky model producesa laminar separationin the upperbody
surface and a massive separation starting from the body stand and
including the base and the ground. These features are qualitatively
observed at much lower Reynolds numbers giving evidence of an
overestimated turbulent viscosity.

Indeed the Smagorinsky model is usually implemented in com-
bination with damping functions (for example, that by van Driest)
whose effect is to switch off the model in the proximity of the
wall. In contrast, in the present case this damping was not used,
giving a possible explanation for the wrong prediction of the wall
phenomena.

For the presentcalculation with the Smagorinsky model, we have
used C =0.025, which is clearly too large given the solution ob-
tained. It is evidentthat better results could be obtained by a smaller
value of C; however, it is unlikely that such tuning would be optimal
for the entire flow given its complex nature. In Fig. 18 we can iden-
tify several boundarylayers on the ground and on the lateral surfaces
of the body, shear layers generated at the vehicle edges, a wall jet
producedin the gap between the body and the ground, a recirculat-
ing region and a wake. According to the available literature, any of
these flows would require a different value of C, thus explaining the
poor performance of the Smagorinsky model in complex geometry
flows.

In thisrespectthe dynamic procedureis clearly superiorbecauseit
automatically switches off at the walls (without damping functions)
and it determines automatically the value of C accordingto the local
features of the flow. This allows an adaptivedistributionof turbulent
viscosity that has given good results in canonical flows as well as in
complex geometry flows.

Conclusions

Large eddy simulations of the flow around a road vehicle have
been performed. The numerical techniqueis based on the immersed
boundary approach, which allows the use of underlying Cartesian
grids for the analysis of complex configurations; grids with up to 10
million cells were used to study the effect of the Reynolds number
and of the subgrid-scalemodel. Comparisons with the experimental
data show that time-averaged quantities, as well as flow dynamics,
are accurately predicted. In particular, mean velocity profiles, total
drag, base pressure, low-frequency axial wake pumping, and high-
frequency shear layer instabilities are very close to the measured
values. Two drag-reduction devices have also been studied; these
correspond to a boat-tail extension and a cavity made of four plates
attached to the base. The modifications of the wake structure have
been analyzed, and the overall drag reduction predicted is also in
very good agreement with the experiments.
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