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ABSTRACT. We study the influence of the Reynolds number on the Ahmed body flow for the
subcritical incidence o =25°. Large Eddy Simulations (LES) have been performed at low
Reynolds number Re=8322, in agreement with the experiments of Spohn and Gillieron
(2002), for the configuration used by Lienhart et al. (2002) at Re=768000. Our simulations,
based on a spectral Chebyshev collocation-Galerkin Fourier method, have been carried out
with a parallel multi-domain solver. The LES capability is implemented by a Spectral
Vanishing Viscosity (SVV) technique. The results globally point out that the topology of the
flow is essentially determined by the body geometry.

RESUME. Nous étudions l'influence du nombre de Reynolds sur I’écoulement autour du corps
d’Ahmed pour 'incidence sous-critique a. = 25°. Des simulations des grandes échelles (LES)
sont présentées a bas nombre de Reynolds Re = 8322, conformément aux expérimentations de
Spohn et Gillieron (2002), dans la configuration utilisée par Lienhart et al. (2002) a
Re = 768000. Nos simulations, utilisant une méthode d’ordre élevé de type collocation
Chebyshev-Galerkin Fourier, sont réalisées a l’aide un solveur multidomaine parallélisé. La
LES est introduite par une technique de viscosité spectrale évanescente (SVV). Les résultats
montrent que la topologie globale de 1’écoulement est essentiellement déterminée par la
géométrie du corps.
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1. Introduction

The understanding and the control of flows over vehicle models is of major im-
portance, e.g. to improve fuel consumption o resolve stability problems. The Ahmed
body; firstly introduced by Ahmed et al. (1984), constitutes a simplified reference ca
model commonly used in the automotive industry. In spite of the relative simpli city
of the geometry of this bluff body, the flow developing aroundappeas fully turbu-
lent and complex (strongtime-dependence, redrculation zones, thin boundary layers).
Then, rare ae the methods and the models able to corredly describe this flow. Conse-
quently, thisgeometry is subjed to large acalemicd studies and constitutes atest case
for the computational fluid dyramic (CFD) models.

The pionea experimental study, whose dm was to evaluate the influence of the
rea part of the body onthe agodyramic coefficients, has pointed ou a aiticd inci-
dence angle (o« = 30°) for which the topdogy o the flow dramaticaly changes. For
sub-criti cd incidences (o < 30°) the flow onthe slant badk of the vehicleis controlled
by two strong contra-rotative vortices forcing the fluid to stay attached or confining
apartial redrculation onthe slant. At the difference, for over-criticd incidences, the
two traili ng vartices are no more strongenoughand consequently the fluid detaches at
the leading edge of the slant and orly reatachesin the nea wake.

Within the framework of two European benchmarks, ERCOFTAC (see Manceau
and Bonret (2000) and DFG-CNRS program (LESfor complexflows), the CFD com-
munity has found an interest in computing the flow over the Ahmed body for two
charaderistic dant angles, o = 25° and o = 35°, at Reyndds number Re = 768000
(where Re isdefined from the bulk velocity U, andthe Ahmed body reight /). At the
moment of the 9*" and 10*» ERCOFTAC Workshops on Refined Turbulence Mode-
ling, many numericd RAN S-methoddogies (for only one LES) have been tested and
compared to the reference experimental results of Lienhart et al. (2002 with diff erent
acaracy levels. If al themethods agreed with the referenceresultsfor the over-criticd
angle, large divergences are reported for the sub-criti cd i ncidencein the 10t* ERCOF-
TAC Workshops report of Menter (seeManceal and Bonret, (2000). Eff orts are still
made today to improve andtest existent turbulence models onthe Ahmed body b the
last RANS attempts dill failed for the incidence o = 25°, as reported in Guilmineau
(2007). In this sirit, hybrid approaches have been tested onthe Ahmed body corfi-
guration as Detached-Eddy Simulation (DES), Menter and Kuntz (2003, Kapadia et
al. (2003, but small differencesin separation prediction (and pessbly redtachment)
remain. More recantly, an origina Lattice Boltzmann method, Fares (2006, has all o-
wed to recover the expeded topdogy o the mean flow despite dight discrepancies are
still observed onturbulence statistics profilesin the symmetry plane. Hopefully, recent
LES results, Hinterberger et al. (2004, Minguez et al. (2008 at Re = 768000 and
Krajnovic and Davidson (2004, at Re = 200000 provided at least aglobal agreement
with the experimental observations of Lienhart et al. (2002, which is very encoura-
gingfor the LES approach.
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The present numericd study focuses ontheinfluence of the Reynolds number. The
LES hasbeen performed usingahighly acairate spedral method, efficiently stabili zed
by a spedral vanishing viscosity (SVV) technique. The SVV gabili zation provides
LES solutionsthat converge to the DNS (Dired Numericd Simulation) solution o the
Navier-Stokes equations when increasing the SVV threshold and moreover preserves
the spedral acarragy for smooth solutions. For o = 25°, we investigate the influence
of the Reynd ds number onthetopdogy o theflow by providingresultsat Re = 8322,
in agreement with the experimental work of Spohnand Gilli eron (1999. Beyondthe
qualit ative observations, we provide quantitative results and comparisons with former
results obtained at Re = 768000 with the same methoddogy, see Minguez et al.
(2008.

2. Physical and mathematical model

The geometry of the ca model conforms with the experiments of Lienhart et
al. (2002. The Ahmed body of length! = 1044 mm, height h = 288 mm, widthw =
389 mm and o slant incidence o = 25°, isplaced at d = 50 mm from the ground
as presented in Figure 1. The fluid damain is constituted of a tunnel of redanguar
sedion, 1370 mm x 1000 mm (in the z-spanwise and y-verticd diredions), spreading
on 4lengths [ of the bluff body, which is locaed at the distancel from the inlet. In
agreament with the experiments of Spohnand Gilli eron (2002 the Reynolds number
is taken equal to Re = 8322 (inlet velocity 0.1m/s < U, < 0.3m/s, body reight
h = 81 mm and water kinematic viscosity v ~ 10~% m? /s in the experiments).

Inflow Outflow
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Y

Figure 1. Schematic of the computationd domain with physical characteristics

The flow is governed by the incompresshble threedimensiond Navier-Stokes
equations written in primitive variables, and made dimensionless using the Ahmed
body reight ~ and the imposed inlet velocity U, as charaderistic scdes for length
and \elocity, respedively. Heredter, al the quantities are thus dimensionless The
boundary and initial condtions assciated to the governing equation are the follo-
wing. At the initial time, the fluid is at rest. Boundary condtions are only required
for the velocity : They are of no dip type & the ground(y = 0) and aroundthe bluff
body. The upper part of the domain (y = 3.47) is treaed as a freedlip surface as
e.g. proposed for the 10" ERCOFTAC Workshops on Refined Turbulence Modeling
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(seeManceai and Bonnret (2000), and periodicity is assumed in the spanwise direc
tion. Inlet and oulet boundry condtions are more tricky. At the inlet, the velocity
is constant in time and show a tiff variation to vanish at the ground At the outlet
convedive boundxry condtions at the mean flow velocity are goplied.

3. Numerical model

For the paper to be self contained, this Sedion hriefly describes the numericd
method More detail s may be foundelsewhere, espedally in Minguezet al. (2007).

3.1. Spatial and time approximation

The numericd method is based on a multi-domain Chebyshev-Fourier approxi-
mation. In the streamwise diredion, the computational domain is decompaosed in non
overlapping sub-domains of diff erent lengths depending onthe flow region. The corti-
nuity of the solution at the sub-domain interfaces is ensured by wsing an influence
matrix technique, as in Sabbah and Pasquetti (1998. In ead sub-domain, a mlloca
tion Chebyshev method is used in the verticd and streamwise diredions wheress a
Fourier-Galerkin methodis used in the spanwise periodic diredion.

The GaussL obatto-Chebyshev (GLC) mesh is espedally adapted when boundry
layers occur at the boundary of the computational domain, since GLC points acamu-
late & the end-poaints of the referenceinterval (—1,1). Conseguently, to take cae of
the boundxry layers which develop aroundthe bluff body, we use amapping to acas-
mulate grid-points at the roof of the ca model in the verticd y-diredion, seeFigure
2. In the streamwise z-diredion we use the natura refinement of the GLC points by
locding sub-domain interfaces predsely at the front andrea parts of the Ahmed body
cf. Figure 2. Moreover, a sub-domain interface &so coincides with the beginning o
the slant in order to corredly describe the flow at the detachment line.

Figure 2. Mesh grid aroundthe Ahmed body
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The discretizationin time is based onafradiona step method Globally 27 order
acaurate it makes use of the following threesteps, as detailed in Cousin and Pasquetti
(2009 and references herein :

— An explicit transport step, based on an Operator Integration Fador (OIF) semi
Lagrangian method and a 4*" order Runge-Kutta scheme to hande the nonlinea
conwedive term.

— An implicit diffusion step, to handle the linea viscous term. Time derivatives
of the velocity comporents are gpproximated at the resolutiontime t,,; with second
order badkward differences and the presaure is expressd at time ¢, using the
so-cdled Goda scheme, to oktain a provisional velocity.

— A projedion step, to ohtain a divergence free velocity field. It is based on an
unique grid “Py — Px_5" approximation, so that no boundry condtions are requi-
red for the presaure. It isindead a Darcy type problem rather than a Poisson ore which
is olved at this gep. In our implementation, the Py — P _o approximation, where
the paynomial degreefor the presaure istwo degreeslessthan for the velocity compo-
nents, has been extended to the case of our multi-domain approximation : Unknown
values of the presaure ae considered at al the inner grid-points, including the sub-
domain interfacepaints.

3.2. Spectral vanishing viscosity methodology for LES

In the frame of spedral approximations, which are much lessdiffusive than
low order ones, high-Reynalds number flows are difficult to compute. The acumu-
lation o energy in the high spatial frequency range generally leals to a divergence
of the computations. As a solution, a spedral vanishing viscosity (SVV) techniqueis
propaosed as an efficient stabili zation method o ahighly acairate spedral approxima-
tion. It consists in modifying the Navier-Stokes equations, by introducing a viscous
term ading orly on the highest resolved-frequencies, to oltain a new set of equa-
tions more anenable to approximate the exad solution. Contrarily to many stabili za
tiontedhniques, that generally destroy the spedra acairagy of the dgorithm, seee.g.
Guermond (2004, SVV possesses the property of preserving the spedral acairragy.

First introduced by Tadmor (1989 to solve nontlinea hyperbolic equations, typi-
cdly the Burgers equation, using standard Fourier spedrad methods, the SVV method
for the LES (SVV-LES) of incompressble turbulent flows has dready shown itseffec
tivenessthrough dff erent works, seee.g. Karamanos and Karniadakis (2000, Kirby
and Karniadakis (2002, Pasguetti (2006-a) and more recently Severacet al. (2007).

In ou implementation, the SVV term is introduced in the Navier-Stokes equa-
tions through a new viscous term Agyv/, so that the numericd approximation, say
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(un, pn—2), solves (in the oollocaion Chebyshev-Galerkin Fourier sense) the semi-
discrete system :

Ouy +uny.Vuy = —Vpy_2 + vAgyyuy [1]

V-uy=0 [2]
with v for the inverse of the Reynalds number and where Agy v isdefined as:

Agvy =V -S5yV (3l

andwhere S isthe diagoral operator :

Ni i

~Qy, [4
with the subscript 7 to dencte the i-diredion (we use here z; for x, y and z) and
where gpea the amplitude coefficient and spedral viscosity operator, e and Q
in 1D, as introduced in the periodic case (Fourier approximation) by Tadmor (1989
andin the non-periodic case (Legendre goproximation) by Maday et al. (1993. Let us
recdl that e isusualy aO(1/N) coefficient and the operator () ;v ads on the upper
part of the Fourier, Legendre or Chebyshev spedrum of the spedral approximation :
With e.g. ¢, for the Legendre poynomia of degreek, if v = "7 Oxps, then
Qn(w) = XN o Qudrpr, With 1 > Qp > 0if k > my and Q;, = 0if k < my,
with eg. my = V/N. In pradice we use the formula introduced by Maday et al.
(1993, Qi = exp(—(k — N)2/(k — my)?) if k > my. As mentioned ealier, to
refine the mesh aroundthe bluff body a mapping is required. Since the paynomial
approximation hdds in the reference domain, say €2, with the mapping f : Q — ,
the operator Sy isdefined asfollows:

Sy = diag{Si }, Sk, =1+ =

Sy (Vu) = Sy(Va) @ [5]

where G isthe Jacobian matrix of f~! anda = u o f.

The pradicd implementation o the operator Agy v is based onthe introduction
of SVV modified diff erentiation matrices. From the previous definitions of Sy and
Agyy weindeel have :

[Asvvu]i = [V . SN(VU)]l = Zﬁj(éjui) [6]

where d; = (1 + v~ ey, Q?Vj) 9.

The first theoreticd works of Tadmor (1989 have pointed ou admissble ranges
for the SVV-parameters. Additionally, in the LES frame these values must correspond
to a compromise between the acarragy of the SVV solution and the stability of the
numerica scheme. In the present study, out of the boundxry layers developing around
the bluff body, the SVV parameters have been chasen isotropic independently of the
spatial (z,v, ) diredionsas: e = 1/N andmy = v'N.
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3.3. Obstacle modeling

The Ahmed Body is modeled using a volume penali zation methodwhich consists
in introdwing an additional term cancding (approximately) the velocity field in the
volume of the obstade. The main advantage of such atechnique is that complex geo-
metries may be cmnsidered with simple meshes, so that very efficient solvers can be
used. Using the standard volume penalization method, the Navier-Stokes equations
are penalized asfollow :

Onuny +uy - Vuy = —Vpn_o + vAgyyuy — Cx(x)un [7]

where C' isapenali zation constant and x (x) the charaderistic function o the obstade,
equal to 1inside the bluff bodyand Oelsewhere.

This approach has motivated alot of numericd aswell theoreticd studies, see eg.
Anga et al. (1999 or Khadraet al. (2000. The main problem is that the penalty term
may indwce astability problem, if handed explicitly, or ill condtioned systems of
equations, if handled implicitly. To overcome this difficulty, the pseudo-penalization
method described in Pasguetti et al. (2008 is implemented. To introduce this tech-
nique, let us restart from the Navier-Stokes g/stem (momentum and continuity equa-
tions) and assume that the linea diff usive term is treaed impli citly, whereas the non
linea convedive term istreaed expli citly. Then the foll owing semi-discrete equations
must be solved at eat time-step :

Z/Asvvun+1 - %u}(ﬁ'l 7Vp?[+_12 = fn+1 n [8]
Voupt =0 (9

where n is the time index, 7 the time-step and o a scheme dependent coefficient
(a=3/2 for a second-order badkward finite diff erence scheme). The pair (u}y, pi_
isthe numerica approximation o (u, p) at time ¢,, and f**! is an easily identifiable
sourceterm, which also depends on the time scheme.

The obstade, defined by the charaderistic function y, being embedded in the com-
putational domain 2 the pseudo-penali zation method consistsin solving:

vAgyyulstt — %u}(,“ —Vp = (1= 0)f*t in Q [10]
Voupt =0 [11]

where y is aregularized charaaeristic function, in pradice obtained from locd ave-
rage of the function y and allowing to we&ken the expeded Gibhbs phenomenon Ho-
wever, asdetail ed in Minguezet al. (2008, for fully turbulent flows better results may
be obtained withou regularization, i.c. x = x, and numericd tests have shown that,
due to the SVV, no Gibbs phenomenonimpairs the solution.
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3.4. Near-wall correction

At very high Reynolds number, boundary layers developing aroundthe bluff body
become too thin to be resolved at a reasonable computational cost. Consequently,
sincethe last decale large dfort are made to develop rea-wall models. Piomelli and
Ballaras (2002 present a nonexhaustive listing o log-law traditionally used with
successwith finite volume methodin some acalemicd cases. However, in the frame
of spedral methods and penali zation techniques the nea-wall treagment appeasasan
open and challenging problem.

In order to capture & the best the turbulent production prenomena locdized in
the nea-wall region, keeping the global stahbility of the solution, we have relaxed in
the boundxry layers the threshold parameter my, in order to diminish the range of
frequencies on which the SVV ads. This nea-wall corredion is introduced with a
new charaderistic function x z1,(x), equal to 1in the nea wall (NW) regionandto O
outside. The Navier-Stokes equations are consequently reformulated as :

Oiuy +uy - Vuy = =Vpn_o + vAgyyvuy — Cxun + fp, (12
with BL for Boundary Layer and where :
fpr = xprv(ASE uy — Asyyuy). [13]

The operator ABL,, is defined like Agyy but makes use of a greaer value of m .
Note that a smaller value of ¢y is aso posshble to modify the influence of the
SVV terms, but would be more drastic. Moreover, in order to take into acourt the
strong anisotropy o the flow in this region, the distribution of grid-points in the
three diredions and the stability of the computation, the operator AEL,, is aniso-
tropic. Thus, the values of the parameter m differ, depending on the diredion :
my = {2v/Ng,5y/Ny,4\/N./2} in (z,y, z) diredions and again ey = 1/N. The
correspondng spedral kernels ), of the SVV operator are shown in Figure 3, for two
different values of m andfor N = 170.

Thefpy, forcetermistreaed explicitly, usingasecond ader Adams-Bashforth ex-
trapalation consistent with the acairacy of thetime discretization. It shoud be mentio-
ned that this explicit treament has never induced extra numericd stability constraint,
certainly dueto thelocd effed of theterm f .

The resolution in the nea-wall region around the bluff body and at the ground
has been estimated using the wall coordinates (z*, 3™, ™), which make use of the
ratio v /u., for referencelength. The friction velocity u., has been cdculated from the
simplified boundaxry layer equation (Tennekes and Lumley (1972) :

< —u'v' > +vd,U = u? [14]

where y is the wall normal coordinate, U =< u > the mean streamwise velocity,
u’, v’ the fluctuations of the x and y comporents of the velocity, respedively. When
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Figure 3. Spedral kernel of the one-dimensiond SVV operator for different values of
the threshald frequency mpy, N = 170
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Figure 4. Resolution onthe roof of the Ahmed body. Calculation of y* along the
streamwise diredion in the symnetry plane z = 0 at Re = 8322. Here d,,, corres-
pondsto 9,

taking into acourt the SVV stabili zationit is however relevant to substitute to d,, in
[14], the SVV modified diff erentiation operator 0,,, as defined in Sedion 32.

The wall normal coordinate of the first grid pant over the rodf of the body are
presented in Figure 4. From the SVV modified expresson o u.., oneobtainsy™ ~ 4,
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which is nat so bad. At the ground the value of 4T, nat presented here but close to
0.2, indicaes that the boundary layer iswell resolved.

4, Computational details and performances

The solver is paralelized using the MPI library and ogimized on a NEC SX8
parall el-vedorial computer. The computational domain is decompased in height sub-
domains in the z-streanwise diredion, eat of them being associated to a vedorial-
processor and dscretized in N = {N,, N,, N.} grid-points. Three subdamains are
locdized aroundthe Ahmed body with ore of them dedicated to the slant region, cf.
Figure 2.

Performance tests have been caried out for four meshes : N; = {11,61,100},
Ny, = {21,91,160}, N3 = {31,131,240}, N, = {41,191,340}. Computational
costs and memory sizes are detailed in Table 1.

Table 1. Computationd performances

Preprocessngtime CPU time/ iteration ~ Memory Spedl
Ny 2.506 s 1.934 s 1.738 GB 8.332 GFlops
Ny 10.065 s 3.760 s 3.261 GB  24.692 GFlops
N3 41.169 s 6.653 s 7.806 GB  49.307 GFlops
Ny 178.618 s 9.695 s 19.607 GB  85.429 GFlops

The SVV-LES results presented heredter have been oltained with the mesh N,
i.e. with about 21.10° paints. This mesh was the one used for our computations at
Re = 768000. The statistics have been oltained after gettingafully turbulent solution
and have been then converged owver the time length T = 12, with a time step of
2.10~3 (6000iterations). The referencetime being equal to h/U.,, T corresponds to
8.7.10~2s. The CPU timewas 9.695 s for onetime-step, i.e. approximately 9, 5.1085s
per iteration and degreeof freedom. Globally, the computations have required abou
150 CPU hours and the fine grid cdculations about 19.6 Gigabytes of memory.

5. Resultsand discussion

SVV-LES results have been oltained at Re = 8322 and are compared bah to the
experimental observations of Spohnand Gilli eron (1999 andto our former results at
Re = 768000 (Minguezet al. (2008). Instantaneous and mean quantities as well as
turbulence statistics are presented in this Sedion. For information, the experimental
results of Lienhart et al. (2002 have been included in Figure 9 and 1Q They compare
favorably with the SVV-LES results, as detailed in Minguezet al. (2007).
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5.1. Flow structures

Globally, the flow structures at Re = 8322 compare well with those found at
Re = 768000. Thetopdogy d theflow is shown by wsing the mean two-dimensional
streamlines in the symmetry plane z = 0 in Figure 5.

Figure 5. Mean two-dimensiond streamlines over the body in the symmetry plane
z = 0 at Re = 8322, (a), and & Re = 768000 (Minguez et al. 2008, (b). The
geometry is dretched in vertical diredionto better visudize the redrculation zones

Inthefront part of the body, the flow separates at the beginning of the upper panel,
at x = —3.3, andredtadesfarther, at = —2.35 for Re = 8322 andat = = —2.6 for
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Re = 768000. Theredrculation zone induces vortex shedding, as shown in Figure 6.
Simil ar phenomena, nat visiblein Figure 5, occur onthe lateral sides. In thisfront part
of the bluff body, the laminar/turbulent transition is observable in Figure 6a and 6h
The laminar redrculation gves birth to large spanwise structures, shown by the iso-
surfaceof the presaure (Figure 6a), which then achieve aturbulent transition and form
aturbulent wake, as pointed ou by the iso-surfaceof the presaure fluctuations (Figure
6b)). All these flow redrculations have been observed experimentally by Spohnand
Gilli eron (1999. As expeded, at the higher viscosity the redrculation zones appea
longer (I, = 0.95 instead of [, = 0.7 on the rodf) and thicker than those described
at Re = 768000 in Minguezet al. (2008. Farther behind this detachment a turbulent
boundxry layer develops on the roof upto the sharp edge of the slant.

At the beginning o the slant, again the flow partial y separates and then redtaches
on the panel, but farther than at Re = 768000. Moreover, the redrculation bubbe is
larger than at the higher Reynolds number, seeFigure 5. In the spanwise diredion, the
slant-redrculation appeas divided in two foci, as also observed by Spohnand Gilli e-
ron (1999 (seeFigure 6a). Alongthe slant, as for Re = 768000 vortica structures
reminiscent of hairpin vortices develop in the shea layer of the slant-redrculation,
seeFigure 6. This partial dlant-detachment is confined by two large courter rotating
cone-like trailing vartices coming from the two edges, between the slant and the la-
teral surfaces of the body, and spreading farther in the wake, see Figure 7a,c,e. In
addition, in the nea wake helica structures roll up aroundthese traili ng vartices (see
Figure 6b). With resped to the high Reynalds flow, the mean flow vorticesin the wake
appea both wedker and reaer of the ground as shown by the location o the vortices
center in Figure 7e/f.

For Re = 8322, strongtrailing vatices, locdized at the front part and onead
side, developaongthe body, Figure 8a. Such traili ng vartices, nat redly remarkable &
Re = 768000 (Figure 7b,d,f), disappea quickly in the nea wake (Figure 7a,c,e). The
SVV-LESresultshere dlightly differ from the experiments, sincesuch traili ng vatices
are nat reported by Spohnand Gilieron (2000 but may be discerned in the results
of Lienhart et a. (2002. They have dso been oltained by Krgnovic and Davidson
(2001, in aLES of the flow over a shape like bus at Re = 210000.

Finally, just behind the bluff body; two contra-rotative bubldes develop within the
lower part, as shown in the symmetry planein Figure 5. Thelength of thisredrculation
bubbe, [, =~ 0.6, is close to the one observed at Re = 768000 (see Minguez et
al. (2008, Lienhart et al. (2002) but the lowest vortex is here of wedker intensity,
certainly due to the thicker boundry layer developing under the body (report Sedion
5.2).

5.2. Statistics of the turbulence

Mean quantities are presented in this Sedion in the symmetry plane z = 0, a
different streanwise locaions over the slant and in the wake. Moreover, additional
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Figure®6. Iso-surfaceof theinstantaneous presaure (a) and d the presaure fluctuations
(b) colored by the instantaneous dreamwise veocity u, Re = 8322

upstream profiles of the dimensionlessturbulent kinetic energy k (referencevalue U2.)
are plotted and dscussd.

At the beginning o the roof, the laminar/turbulent transition appeas together with
the upstrean detachment, as shown by Figure 9a. The redrculation prenomenonin-
volves a turbulent wake which thickens in the y-diredion along the roof. This fegure
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freestream velocity (for given fluid and Huff body). In the nea wall regionalongthe
roof, athin turbulent boundry layer devel ops, with adimensionlessturbulent intensity

seems more obvious than at high Reynalds number, certainly due to the lower mean
wedker than at Re = 768000 but with the same thickness seeFigure 10.

The boundry layer over the slant thickens and pertially separates due to the slant

768000. The fluid

redtaches nea the end o the dant, at = = 0.08, i.e, farther than found byMinguezet
al. (2009 at Re = 768000, asalready mentioned in Sedion 5.1. Thislarger separation

moves the production o turbulence downstrean to the second helf part of the panel.

incidence Its thickness compares to the one obtained at Re
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Figure 8. Iso-surface of the mean () criterium colored by the mean streamwise veo-
city over the Ahmed body respedivey at Re = 768000, (a), and & Re = 8322, (b).
Q isdefined as Q = %(< Q><Q>— <8 >< 8 >),with S the symnetrical
part of Vu and(? its anti-symnetrical part

More predsely, in the symmetry plane z = 0 only 15% of the turbulent kinetic energy
k is produced within the upper half part of the slant, against 45% in Lienhart et al.
(2002 and 30% in Minguez et al. (2007). These quantities have been oltained by
summing numericdly the turbulent kinetic energy within the nea wall region ower the
dlant, using the basic method d redangles.

Under the Ahmed body the laminar/turbulent transitionappeasat abou = ~ —1.5
(Figure 9), whereas at Re = 768000 the ground boundry layer which immediately
turbulent and with alarger intensity.
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Figure 9. Profiles of turbulent kinetic energy k in the symmetry plane z = 0 over the
Ahmed body at Re = 8322 onthe front part (a), onthe slant andin the near wake (b)
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Figure 10. Profiles of mean streamwise veocity over the slant andin the wake

5.3. Dissipation rate

On the oontrary to implicit LES or low order LES approacdhes, in the frame of
the present high arder SVV-LES one can clealy discern the contribution o the vis-
cous and stabili zation (subgid) terms. It becomes then passble to provide arelevant
computation o the disdpation rate  of the turbulent kinetic energy.
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The expresson o ¢ is deduced from the SVV stabili zed Navier-Stokes equations,
as detail ed in Pasguetti (2006b). Keeping the” natation for the SVV modified diffe-
rentiation operators (cf Sedion 32), the disgpationrate of the turbulent kinetic energy
writesas :

e=2w(<8:8>-<S><85>). [15]

In this expresdon S isthe usual strain rate tensor, so that :

Sij = (&u] +8jui)/27 Sij = (81’&] +8J’Uq)/2 [16]
2 T T T T T T
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Figure1l. Disspationrate of the turbulent kinetic energy vasusthe vetical diredion
in the symmetry plane at x = 1.51 : Comparison o the viscous and dobd SVV
disgpation rates at Re = 8322 (a); Comparison o the SVV disspation for Re =
8322 and Re = 768000 (b)

The profiles of the disgpation rates in the wake (seeFigure 11a) are mherent with
the profiles of the turbulent kinetic energy. Indeed, the maximum of the disspation
corresponds to the maximum of k. Moreover, the Reynolds number being lower than
in Minguez et al. (2008, despite the fad that the resolutions are the same (same
mesh) the balance viscous/global disdpation is much well-adjusted. In the present
simulation, the SVV and viscous disspationratesare rougHy inratio 2 at thelocation
x = 1.51, as hown in Figure 11a, and this tendency is recmvered everywhere in
the wake & over the Ahmed body On the contrary, the SVV-disspation at Re =
768000 wasin Minguezet al. (2008 two orders of magnitude larger than the viscous
one. The present low Reynads number results are then certainly more reliable than
those obtained at the higher Reynalds number, which was not tadkled with a finer
mesh for computational cost reasons. The SVV-disdpation rates at Re = 8322 and at
Re = 768000 are compared in Figure 11h Of course, we present here dimensonless
quantiti es. The referencevalue being equal to U3 / h, the dimensioned quantiti es may
differ by afactor (8322/768000)% = 1.3.1076.
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6. Concluding remarks

The flow over a smplified car model has been computed using a SVV-LES
methoddogy. This investigation constitutes the first LES of Ahmed bodyflow at mo-
derate Reyndds number, Re = 8322. The results complete the ones that we obtained
at the higher Reynalds number Re = 768000, using the same mesh, i.e. with abou
21.10° grid-paints.

The numericd results have well remvered the topdogy pdnted ou experimen-
tally by Spohnand Gilli eron (1999 at the same Reynalds number, particularly the
slant-redrculation dvided in two foci. Quantitative and quelitative comparisons, both
with the LES-results of Minguezet al. (2008 and the experimental measurements of
Lienhart et al. (2002 (for more details £eMinguezet al. (2008) at higher Reynolds
(Re = 768000), have pointed ou the we&k influence of the viscosity on this flow,
sincethe topdogy is globally the same for the two Reynalds numbers. That confirms
the observations of Kragjnovic and Davidson (2004 at Re = 200000 and shows a
stronger dependence of the flow on the geometry (a) than onthe Reynadds number
(Re). As expeded, the low Reynaold flow shows redrculation zones of larger size and
wedker dimensionlessturbulent intensity. Finaly, the results have shown large vorticd
structures coming from the lower front corners of the latera wall and spreadingalong
the bluff bodywhich were not reported in Spohnand Gilli eron (1999.
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