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e-mail: sinisa@tfd.chalmers.se Flow around a simplified bus is analyzed using large-eddy simulation. At the Reynolds
. number of 0.2k1C, based on the model height and the incoming velocity, the flow
Lars Davidson produces features and aerodynamic forces relevant for the higher (interesting in engineer-
ing) Reynolds number. A detailed survey of both instantaneous and time-averaged flows is
Department of Thermo and Fluid Dynamics, made and a comparison with previous knowledge on similar flows is presented. Besides
Chalmers University of Technology, the coherent structures observed in experimental and previous numerical studies, new
SE-41296 Gothenburg, Sweden smaller-scale structures were registered here. The mechanisms of formation of flow struc-

tures are explained and the difference between instantaneous and time-averaged flow
features found in the experimental observations is confirmed. Aerodynamic forces are
computed and their time history is used to reveal the characteristic frequencies of the flow

motion around the body. A comparison is made of pressure and velocity results with

experimental data and shows fairly good agreeméb©Ol: 10.1115/1.1567305

1 Introduction smaller than 20°underpredicted, resulting in the computed drag
I e eing 30% higher than the measured drdg8]. He also found
un-l(;ztresg)rgg {?L\]/e[r?g:odn::gg atLoeu?r?st(; anr; rllse(];?;;l%k\)lvvsnggol\JArl]r:ilarn%at a flow at the slant angle of the body larger than 30° becomes
‘ : r . ehighly unsteady and cannot be predicted using steady-state RANS
cently been unstudied and still remains unexplored. The aerod mulations
namic properties of the vehicles, such as drag, lift, stability, win Duell and Georgd5,9] made measurements in the wake of a
noise, and the accumulation of water and dirt on the surface \of - . o )4 basgd on Ahmed’s bodg), with a rear slant angle
vehicles are result of transient motions of the flow. Understanding’q . Theyyreported two periodic pro,cesses in the wake ?:orre-
of these processes could lead to better_de5|gn of the aerodynargkggnding to the dimensionless frequencies at Strouhal numbers
and thus _|mprovgd performance. of vehicles. Thus Volvo Car coé'.069 and 1.16. The lower value was attributed to the periodic
ptoraélon IS wqullng ttohgedtherdvvtlth C.halmgrs to de\:jelopt ar&.uqht raction of the upper and lower partitions of the ring vortex in
fhea y tnun;er;lca me Od and 1o gain a deeper understanding i hear wake. The higher value was found to be associated to the
€ unsteady flow around a car. vortex shedding process in the shear layer. The flow around a

Shapes of real cars are too complex to be used for detailed flg ilar body was measured by Barlow et B,10] who studied
studies in experiments and numerical simulations. Although th influence of the aspect ratimodel Width/}nodel heighton

shapes are used in the automotive industry to determine glo aerodynamic forces.

quantities such as drag or lift, they are not amenable to leamingBearmar{ll] presented velocity measurements of the wake of
about the interaction of the flow features around the car respap<... model. Although he reported a pair of time-averaged coun-
sible for its. aerodyngmic properties. Therefore engineers Oft?é}rotating vortices similar to those found (6] and [2], he
sFuc_iy simplified car-like shape$2-35]|, that can produce flow showed that these vortices are formed by a substantial number of
similar to that around a real car. . .instantaneous vortex structures that move randomly in time and
Most studies of these flows were made only in the wake regiQi, e e thus raised the question of whether the wake flow be-
and it was found that the wake consists of a near waparation pin 4 car can be accurately simulated using RANS equations.
bubblg and a pair of counterrotating longitudinal vortices. These Some early attempts to use transient simulations for this kind of
longitudinal vortices were first visualized by Ahmé€], who flow are presented ifl2—14. Although the authors of these pa-
studied the wake structures behind three vehicle shapes with ?J rs denoted their simulations direct numerical simulations

ferent rear-end geometries. Bearman et[&] studied time- ) : .
averaged flow structures in the flow behind a simplified vehicl DNS), [12,13, or large-eddy simulationl.ES), [14], we would

L ; . ify th imulati I LE thus th
body shape and found that the longitudinal vortices are |mportai€55|fy ese simulations as very unresolved LES and thus the

. X curacy of predicted flows is doubtful.
features of the vehicle wakes. The same body was used in t €rhis paper aims to present a LES of the flow studiefPinand
study of the influence of the moving floor on aerodynamic forc

an o §%]. Being a three-dimensional time-dependent technique, LES
anA L(eeagsvi;l-(\gare(;io?]wgihind Ahmed's bodg], with variable should be better suited for this unsteady flow than RANS. It has
base slant anglghe angle between the roof andvthe rear fagas already been applied to various bluff body flods5—17 where it

- - proved to be successful. Our intention is to gain a good under-
studied by Ahmed et a[3]. They found that the tlme""“’er"’“ﬁdstanding of the instantaneous and time-averaged flows around this

wake COT‘SiStS ofa pai_r of horseshoe vortice_s_, situate_d one at_) Y)%Iy. This paper presents not only the drag and lift coefficients
another in the_ separation bubble, and of trailing vortices COMIRGat describe the aerodynamic properties of the body, but also the
off the slant s_lde edges. Héﬁ_] used Reynolds-averaged Nawer-fIOW structures responsible for these properties.

fStokes3 equgtloné??l;lst)ht? tsk:ml#ate t?e f:OW aroungl the body The paper is organized as follows. Section 2 presents the LES
rom [3] an reporte at the Tiow structures are in agreeme@(ﬁuations and the model representing the influence of the small
with those found in experiment§3]. The computed pressure at

th tical f f the bod o b lant | turbulence scales on the large resolved ones. The numerical
e rear vertical face of the body wafor a base slant angle method used in this work is summarized in Section 3. Section 4

describes the body, the computational domain, and the boundary
Contributed by the Fluids Engineering Division for publication in ticeJBNAL conditions used in the simulations and compares them with the
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April 9, 2002; revised manuscript received October 30, 2002. Associate Editor: QN€S used in th_e experimef8,5]. Section 5.1 presents the time-

Marshall. averaged and instantaneous flow around the body that resulted
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Fig. 1 Geometry of the vehicle body and computational domain

from the simulations and compares them with previous knowledgesed by Smagorinskj21]. Although the original Smagorinsky
of this flow. The influence of the flow on the body through thenodel has some drawbacK0], it is used in this paper for its
aerodynamic forces is considered in Section 5.2. Section 5.3 psanplicity and low computational cost. The Smagorinsky model
sents a comparison of the velocity field in the near wake from tliepresents the anisotropic part of the SGS stress tensors
simulations with the one from hot-wire measuremdm$]. The

numerical accuracy is discussed in Section 6. Finally, some con- — E S Ti=—2p 5 (5)
cluding remarks are made in Section 7 and some problems with g T Tkk S9s7

the simulations are discussed. where ngs:(CsA)2|§| is the SGS viscosity,

2 Governing Equations and Subgrid-Scale Modeling 5 1 ©)
172

the resolved rate-of-strain tensor afff{=(2S;S;)"% The

magorinsky constan€, must be adjusted for different flows.

The value ofC,=0.1 previously used for bluff-body flow$15—

au Jd 1dp au; aT;; 17], is used in this work. This value @& is inappropriate in the

at + o Uiy b X +v XX ax. (1) laminar shear flows since the SGS stresses are zero here, and thus
] : 177 ] the Smagorinsky coefficient &€,=0 should be used in this re-

and gion, [22]. The formation of a turbulent boundary layer in the

experiment was ensured with boundary layer trip wires mounted
=0. (2) at the front of the model. Because of this there is no laminar
IXi boundary layer on the body and the assumption of nonzero SGS

Here, T, and; are the resolved velocity and pressure, respedlféssesi-e., Cs=0.1) used in our LES is thus C(i/rsrect. The filter
tively, and the bar over the variable denotes filtering. width, A, is defined in this work as =(A;A,A3)™, whereA,
These equations are derived applying a filtering operation are the computational cell sizes in three coordinate directions.

au;  du;
—_ + _
ax; %

The governing large-eddy simulatidhES) equations are the
filtered incompressible Navier-Stokes and the continuity equatiogs
filtered with the spatial filter of characteristic width (A is the S
grid resolution in this work

f(xi):f f(x')G(x; ,x/ )dx' 3) 3 Numerical Method

a Large-eddy simulatiofLES) Egs. (1) and (2) are discretized
on the Navier-Stokes and the continuity equati¢@s]. HereGis using a three-dimensional finite volume method for solving the
a top hat filter function and) represents the entire flow domain.incompressible Navier-Stokes equations using a collocated grid
The filtered variables in the governing Eq4) and (2) are ob- arrangement[23]. Both convective and viscous plus subgrid
tained implicitly through the spatial discretization. fluxes are approximated by central differences of second-order

The derivation of Eqs(1) and(2) from the Navier-Stokes equa- accuracy. The time integration is done using the Crank-Nicolson

tions, the continuity equation and E@) requires that the differ- second-order scheme. The SIMPLEC algorithm is used for the
entiation operations commute with the filtering operator, i.e., pressure-velocity coupling. The code is parallelized using block

— _ decomposition and the PVM and MP| message passing systems,

gt of [24]. Additional details on this code can be found 8] and[24].

e @
The commutation property in E¢4) is valid if the filter widtha 4 Description of the Test Case and Numerical Details

is constant. However, a variable filter width is used in inhomoge- A flow around a bus-shaped body studied[@] and [5] was
neous flow(including the flow studied in this papefThat results computed. The geometry of the computational domain is given in
in a violation of Eq.(4). An analysis of the commutation error,Fig. 1. All the geometric quantities are normalized with the body
[19], shows that the error is of ordé}(A?), and it is thus in this height,H, equal to 0.125 m. A domain with an upstream length of
work of the same order as the discretization error. x1/H=8, a downstream length of,/H=21, and a spanwise
The goal of the filtering is to decompose the fluid motion into aidth of B=5.92H was used for the simulation. Similar values
large-scale component that can be computed exactly and the srf@llupstream and downstream lengths were found sufficient by
subgrid scaldSGS. The influence of the small scales of the turSohankar et al[25] in large-eddy simulationf_ES) of the flow
bulence on the large energy carrying scales in #yappears in around a square cylinder. Although experimental studigg)],
the SGS stress tenset; =u;u; —u;u; , which must be modeled. A were carried out for several different aspect rativg/l), we
large number of models for the SGS stress tensor have been mimeseW/H =1, for which the drag and lift data exist from another
posed in the past four decadesee[20] for a review, most of experiment[4,10] using a similar body. The values of the other
them built on the algebraic eddy viscosity model originally progeometrical quantities are/H=3.68, S’/H=2.46, R/H=0.152,
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r/H=0.1016, and=/H=4. As can be seen from the radi/'H
andr/H the roundness of this model is exaggerated compared
full-scale bus. This is common practice in the experimental stu
ies of reduced scale modeld,]. The ground clearance affH
=0.08 is similar to the clearance ratio of buses. The Reynol
number Re=U,H/v was 0.2 10°. As it will be shown later in
the paper, the choice of such a low Reynolds nun{tmv from
vehicle aerodynamics perspectivell have some implications on
the flow around the fore-body of the bus but the LES of the high
Reynolds number flow was not feasible at the time of this work
In the experimental setup, the location of the front side relati
to the inlet was 4.51R and the distance from the test section exi
to the back wall perpendicular to the flow was 14832 mov-
ing ground belt and boundary layer scoop were used to simul
the floor boundary condition and to minimize boundary layer e
fects. The cross section of the tunnel test section, the ground cl
ance, and the position of the model’s cross section with respect to
the tunnel were identical in LES and the experimental setup. Fig. 2 The topology of the fine grid. Note that only O grid and
In the experiments of Duell and Georffé,Q], the inlet mean few blocks around it are shown. One-fourth of the O grid is
velocity was uniform within 1% and the average turbulent interfemoved in this figure.
sity was 0.3%. A uniform velocity profile constant in time was
thus used as the inlet boundary condition in this work. The con-
vective boundary conditiost; /dt+ U, (du; /9x) =0 was used at Vvehicle body(see Fig. 2 The total number of cells was 1.8, 2.1,
the downstream boundary. Het#, was set equal to the incoming and 4.5 million in the coarse, medium, and fine grids, respectively,
mean velocityU... To simulate the moving ground, the velocityresulting in the resolution presented in Table 1.
of the lower wall was set equal 1d.. . The lateral surfaces were The time step was 210 “ in the coarse-grid simulation and

treated as slip surfaces using symmetry conditiong/dz

1x10 % in the medium and fine-grid simulations, giving a maxi-

=dvldz=w=0. No-slip boundary conditions were used on thenal CFL number of approximately 6.5. The CFL number was
wall in fine and medium-grid simulations, while the wall functionsmaller than one in 98% of the cells during the entire simulation.
based on the “instantaneous logarithmic law” are used in thEhe averaging timetU.,/H, in the simulation was 94.49,000

coarse-grid simulation. The implementation of the wall functio

n$me stepg 48 (60,000 time stepsand 62.4(78,000 time steps

in the coarse-grid simulation is as follows: The instantaneours the coarse, medium, and fine-grid simulations, respectively. The

logarithmic law of the form

Iny*
0.4

ut= +5.2 7

is used in the logarithmic regiony{=11.63 wherey"

time-averaged streamlines projected onto pkand downstream

the bus were found to be approximately symmetric with respect to
the planez=0 (not shown in the papgmwhich indicates that the
number of averaging samples and the averaging times were suffi-
cient.

=yu,/v). Here,u"=u/u, and the friction velocity is defined asg Results and Discussion

U= (7yan/p)Y? Pointy™=11.63 is defined as the intersectio

n

point between the near wall linear law and the logarithmic law. 5.1 Description of the Flow. As we will see in this section,

The linear law ¢*<11.63) is of the form
ur=y’. (®)

The approximate boundary condition whgn=11.63 is imple-
mented in the code by adding the artificial viscosity,, result-
ing from the approximate wall boundary condititf to the lami-
nar viscosity on the wall. The friction velocity,, is first
computed from(7). The wall shear stress is then modeled as

2 ey ©
oy %Y

where 7, is the wall shear stress. The artificial viscosity is no
determined from the definition of the friction velocity and Eg)
as

Twaill p=

Vpe=— = = (10)

whereu™ is obtained from7). The homogeneous Neumann con

dition was used for the pressure at all boundaries.
To investigate the influence of the near-wall resolution on t

the instantaneous coherent structures distinguish themselves from
the time-averaged ones. Following the flow along and behind the
body, we present these differences below and also fill in the in-
formation on the vortices that were not observed in the experi-
ments. All results presented in this section are from the fine-grid
computation unless otherwise stated.

Front-End Flow. Although the body has rounded leading
edges, the flow separates at the front lateral and roof edges of the
body (Figs. 3 and 4 The character of the leading-edge fléve.,
attached or detachgds dependent of the leading-edge radii and
the Reynolds numbe26]. As the Reynolds number is decreased,

a more rounded leading edge is needed to avoid separation. The
Yhfluence of the Reynolds number on the optimum radiaslius
that eliminates the flow separation at the front edidessthe edge
of a cubic bodies is discussed j27] and [26]. For example,

Table 1 Spatial resolution expressed in the wall units (e.g.,
AsT=Asu /v, where u, is the friction velocity ). s is the
streamwise direction, n is the wall-normal direction, and [ is the
direction parallel with the surface of the body and normal to the
hgﬁreamwise direction. Values in parentheses are for the separa-

results and to establish the results’ grid independence, we Magg pbubbles close to the frontend.  {.), denotes time averaging.
computations on three different computational grids. The topology

of the grid consists of 24coarse and medium grigand 40(fine
grid) blocks where &coarse and medium gridand 18(fine grid)

Case (As™) (An*) (A7),
oarse 15-580 1.8-18.8 14-217

blocks form arO grid. An additional larger bus surface was madgeqium  15-58030-500 0.%—1.2(0.5) 14-217(21-224
5—

for the outer surface of th@ grid. TheO grid, with a thickness of
0.04H, was created between this surface and the surface of
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Fig. 5 Time-averaged streamlines projected onto plane
=—0.8H. The rotation of U, and U, is counterclockwise and
clockwise, respectively. View from behind of the upper-right
edge of the body.

Fig. 3 The isosurface of the instantaneous second invariant of
the velocity gradient, [35], @Q=11000

roundedness of the fore-body and the operating Reynolds number.
For example for a city bus at operating Reynolds number of 2.2

Hucho et al.[27] found that these radii for Rel0® must be X10° (speed of 40 km/h and height bf=3 meters), the leading
r/H>0.17,[27], and applying Cooper'$26], study to the present e€dge radii must be larger than 0.15 metefH=0.05, [26]) to
geometry, withR/H=0.152 andr/H=0.102, leads to Re0.8 avoid separation. The radii on city buses are smaller than this
% 10° and Re>1.3x 10°, respectively, to avoid the separation. wevalue and the flow after the leading edges is probably detached.
thus conclude that the separated flow on the leading edge &} the other hand there are busses and trucks operating on the
served in our simulation is accurately predicted and in agreemélighway where the fore-body is formed to maintain attached flow.
with previous knowledge. We argue that although the flow is detached on Igadlng edges of
The contribution of the fore-body pressure drag to total drag §t€ vehicles at lower Reynolds number, the flow is probably at-
trucks and buses is small but the generation of the separati@ghed(if the leading-edge radii are large enoligtt higher Rey-
regions with recirculating flow close to the leading edges infilolds numbers when the aerodynamics is of greater importance.
ences the wind generated noise and the accumulation of water &8 additional details on the influence of the fore-body radii and
dirt on the surface of vehicle. Therefore the extrapolation of tH8€ Reynolds number on the flow after leading edges, we refer the
results from the low-Reynolds study in this paper to high Reyeader td27] and[26]. _ _ _
nolds number vehicles on the road is of interest. Unfortunately Vortices parallel with the line of separation are formed in the

this is not a trivial task owing to the variation in the level ofSeparation region and transported downstream. They are lifted fur-
ther back, forming hairpin vortices attached with their two legs to

the surface of the bodyFig. 3). They break down shortly after
their birth, indicating the reattachment to the body. When time-
averaged, they form lateral vorticels,(one on each side of the
body), and one vortex on the roof of the body, (Fig. 4). The
positions of these vortices are visualized in Fig. 4, and the reat-
tachment lengths of the lateral vortices and the roof vorxgy,

and Xg, respectively(Fig. 4) are presented in Table 2. The stag-
nation point,S;, located aty=—0.13H, —0.1H, and —0.1H

in the coarse, medium, and fine-grid simulations is shown in Fig.
4.

Trailing Vortices. Close to the upper lateral edges, we find
four trailing vortices(two on each side of the bud-igure 5 shows
these vortices for one side of the bus. It can be seen that there is
one vortex on each side of the edde,(andU;) and one very
thin separation bubble in the middI€(). These vortices origi-
nate at approximately poiZt in Fig. 4 and exist along the entire
bus. Their foci have approximately same position in thez
plane along the bodysee[28]).

Similar to the trailing vortices at the upper lateral edges, a pair
of trailing vortices is formed around each lower lateral edge of the
bus. The size of the vortices on the underbody side is diminished
by the small ground clearance, and they are much smaller than
those on the lateral side of the ed@evortices in Fig. 6. These
vortices are very thin and are visible only after a very long aver-
aging time as a result of the three-dimensional and unsteady flow
underneath the body.

Here we concentrate on the strong trailing vortices on the lat-

Fig. 4 Time-averaged trace lines on the surface of the body eral side of the lower edge of the bodyig. 6). The right(shown
showing the roof vortex, R, the lateral vortex, L, and the stag-  in Fig. 6) and the left vortices rotate counterclockwise and clock-
nation point, S;. View of the front face of the body. wise, respectively. These vortices are present from the reattach-
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Fig. 6 Time-averaged streamlines projected onto planes: (a) x=—3.36H, (b) x
=—2.88H, (¢) x=—1.68H, (d) x=—0.48H, (e) x=0, and (f) x=0.32H. The direction of
the rotation of this vortex  (T) is counterclockwise. View from behind of the lower-right
edge of the body.

ment of the lateral vorticed, (Fig. 4), atx=—3.36H to approxi- a thin region close to the underbody of the lisse Fig. 7 where
matelyx=0.4H. They are much stronger than the vortices at thine flow moves towards the center plane of the bazy Q).

upper edges of the body. On their way downstreanilthertices . Near-Wake Region With Separation Bubblahe flow sepa-

first grow in diameter, reaching their maximum in the vicinity o
9 g y rates on the rear edges of the body and forms four secondary

the rear face of the bodyxE0), and then shrink further down- ; ) ;
stream(Fig. 6). Although they form at the surface near the reat\-’ort'cesf'B (top, bottom and one on each $|de, see Figs. 9”amd 10
ach with its axes parallel to its separation edge. Velocities near

tachment line, they move away from the body in the lateral dire¢=

tion and towards the channel floor as they pass the IfBidy 6). the rear edge of the bus are small and difficu!t to measure, and
This motion of the vortices can be explained with their directio ese structures were therefore not observed in the experiments.

: . ; ; - imulations show that these vortices are very unsteady and
of the rotation shown in Fig. 7 and according to reasoning similgt|" SIMu Wt / : .
to that in potential theory. As they are formed very close to thg!US cannot be studied in RANS simulatiof8]. These vortices
body surface, they move towards the channel floor in a way si ave approximately the same size except for the one close to the

lar to the potential vortex and its image replacing the body. Cm%ﬁder?:qdy edge,hwhlchhls m'l]Jchf.thlnne(; tr;]an thed.other.threle vor-
to the floor, the vortex image in the floor takes over resulting in es. Figure 9 shows that the fine and the medium simulations

sideward deflection. Haf8] found these vortices near the lower
lateral edges of the Ahmed’s body and concluded that they were
formed due to the viscous interaction between the body and tl
ground-plane boundary layer.

The trailing vortices found in the time-averaged figklg. 6)
are no longer present in the instantaneous velocity figid. 8.
The instantaneous flow is composed of a number of vortex stru
tures that move randomly in time and spdE&. 8).

Flow Underneath a Bus. It is well known that the flow under-

neath a passenger car has a three-dimensional chafagtsimi-

lar to what is valid for our simplified bus, see Fig. 7. Although the
boundary layer is not formed on the moving floor, it is formec =
along the underbody of the bus. The boundary layer retards tl (i «
fluid in the streamwise direction and, to satisfy continuity, fluid /
must either spread outwards to lateral sides or accelerate in
lower part of the channel, and it takes less energy to do the form¢=———

This outward motion forms the trailing vorticeE, which pump (a)
out the fluid from the flow underneath. At the same time, there i

S5

Fig. 8 Instantaneous streamlines at x=—0.48H. The time dif-
Fig. 7 Time-averaged velocity vectors in plane x=—1.68H. ference between two picturesis tU,/H=3.2. View from behind
View from behind of the lower-right edge of the bus. of the lower-right edge of the bus.
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Fig. 10 The isosurface of time-averaged pressure p=—0.20.
The black curves represent the vortex cores of the thin edge
vortices B, the ring vortex W, and the longitudinal vortices
behind the separation bubble  P. Vortices on the right side (z
<0), P and T, are visualized using streamlines in planes X
=1.4H and x=—0.48H, respectively (note that the mirror image
vortices on the left side, i.e., z>0, are not shown in this figure ).
View of the rear face of the body.

9), on the rear of the body moves in the positixdirection while
the position of the saddle poirlh, moves towards the body with
the grid refinement.

Another pair of vortices is formed in the—2z plane, in agree-
) ) ) ) ment with results if9] and[5], and these together with the vor-
Fig. 9 Time-averaged streamlines projected onto symmetry tices in thex—y plane form a ring vortex\V (Fig. 10. The cores
plr?ge z=0 of the bus. (a) Fine grid, (b) medium grid, (c) coarse ¢ ving yortexW, edge vortices, trailing vortexT, and longitu-
gnid. dinal vorticesP are visualized in this figure using the critical point

theory, [29,30, i.e., we plotted the points whose rate-of-

) . . . _deformation tensor has one real and a pair of complex-conjugate
predicted these vortices and that the coarse simulation fa"edé@;envalues and whose velocity is zero. The formation of a ring
predict them. Two larger counterrotating vortices with f6di and  \,qrtex was also observed in the experimental study of Ahmed's
F2 roll up and form a separation bubb(€ig. 9). Although all 1,4y byt only when the strength of upper and lower horseshoe
simulations show these two vortices, there are evident differenGgsiiices in the separation bubble was approximately edaal,
in their size and position in the three simulatidi$g. 9). According to Ahmed 3], the equal strength of these vortices can

The first impression in Flg. 9 is that the rgsolutlon of the boungasq to a merging process of the upper and lower vortices, result-
ary layer on the body is directly responsible for the size of th@q in a ring vortex. Har8] confirmed the existence of this co-
wake. The free stagnation poinB{) downstream of the separa-perent structure in the near wake of Ahmed's body, and Duell and
tion bubble is found to be below the center of the rear face of ”@eorge[s,g] found this structure in the near wake of the body.
model, i.e., belowy=0 (Fig. 9 and Table P In the experiments, The ring vortex was time-averaged from the instantaneous coher-
[5,9], the free stagnation point was assumed to be=a0, where gy structureW; , shown in Fig. 11. This structure moves back
the recirculation lengttX; (Fig. 9 was measured. A comparisonang forth, and its weak periodic pumping motion is correlated
of this length from our LES with the experimental value is show{yiiy the shedding of the vortices from the end of the separation

in Table 2. Only the fine grid simulation predicted this lengty,ppie(Fig. 11). A similar flow structure was found in the experi-
close to the experimental value of i 1and we conclude that the mentg[s5 9],

spanwise and streamwise resolution is important for capturing the
correct size of the wake.

In agreement with the experimer{ts,9] the lower vortex with
focus F2 is smaller than the upper or{éocus F1). This is a Table 2 Lengths for reattachment on the roof  (Xg,), lateral
consequence of the small ground clearance, which reduces s (Xs) and behind the bus (X). Xjee and Yy, are coordi-
amount of fluid entering the lower vortex. The lower vortex i§ates of the free stagnation point at the closure of the separa-
very unsteady and is averaged from a number of instantanedgg PuPple-
vortices(Fig. 11) whereas the upper vortex is also present, slightiontribution Xp/H  Xs/H X, /H Xpeo/H  Yyeo!H
modified, in the instantaneous flow. The lower vortex contains

approximately the same amount of fluid in the three simulatiorgé(;g'r'sznd Georg¢s] 5 5 1-1144 16 —o17
but the shape is changéfig. 9) and the extension of the vortex in e gium 041 041 142 142 —023
x andy directions is decreased and increased, respectively, wWile 0.33 0.33 1.18 1.3  -0.2

the grid refinement. The position of the stagnation pdt(Fig.
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Shed vortices @ Uss
Fig. 11 The instantaneous streamlines projected onto symme- y Q
try plane z=0 of the bus and the isosurface of the instanta- @
neous pressure, p=—0.20. Note that only half of the pressure
surface (for z=0) is shown.

Longitudinal Vortices Behind the Separation Bubbl@he
main flow in the streamwise direction interacts with the separation
bubble in the wake, resulting in the transvefse., in they and
zdirectiong flow. The transverse flow restricts the length of the
bubble in the wake and forms a pair of counterrotating longitudi-
nal vortices after the bubble closufsee Fig. 12 One of these Fig. 13 Instantaneous coherent structures in the far wake vi-
vortices ¢<0) is shown in the plane close to the bubble closursualized with isosurface of pressure  p=—0.035. B is the free
in Fig. 10. Similar vortices were found in the study of the waketagnation point at the closure of the separation bubble. View
structures of different vehicle shapes[B4,6 and behind a car of the rear face of the bus.
model in[11]. The rotation of these vortices is in an inward di-
rection (Fig. 12), transporting the fluid in the space between vor-
tices towards the floofFig. 12. This is in agreement with the o ) ] o
direction of rotation of vortices in the far wake of a similar bodyheir inward direction of rotation, their position first moves to-
in [4]. The position of these vortices lies abouttd.away from Wards the floor and against each other, similar to a pair of coun-
the center plang=0 at their origin k=1.3H). As a result of terrotating potential vortices. As the downwards motion of these
vortices is slowed by the presence of the floor, their mutual inter-
action results in their deflection sideways, away from the symme-
try plane z=0. This is similar to the interaction of the pair of
counterrotating potential vortices and their mirror images replac-
ing the floor. They spread outward with increasing distance from
the rear of the bus. They extend far downstream and were detected
as far as at the outlekE& 21H), where their spanwise position is
about 0.85 away from planez=0. These results are in agree-
ment with the findings i6]. The instantaneous wake is different
T T T T e TR R N Y from the time-averaged one and contains not only two longitudi-
nal vortices but a larger number of vortices that move randomly in
time and spacéFig. 13. This is in agreement withl1].
The time-averaged flow structures around the rear part of the
body and in the wake are summarized in the schematic sketch in
Fig. 14. One-fourth of the separation bubble is removed in this
sketch to show the flow pattern and the direction of the rotation of
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(wy ) streamwise vorticity component.

5.2 Aerodynamic Forces. The forces acting on the surface
of the body as a result of the surface pressure were studied both

coefficients that are interesting in engineering are presented in

Fig. 12 The time-averaged longitudinal vortex in the far wake
in plane x=3.52H. View of the rear face of the bus.
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Table 3. Drag coefficien{Cp),=0.33 in the fine-grid simulation

is equal to the value measured for an almost identical body in
[10]. The aspect ratioAR=W/H) and the ground clearance for
the body in[10] are equal to the ones for the body studied here.
Although the Reynolds number was higher [ih0] (1.6x10°

//4 time-averaged and instantaneously. The di@g), and lift (C_),
/\
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—0.286 and is lower than the values resulting from our simula-
tions (Table 3. One explanation for the discrepancy between LES
and experimental data is that, in our LES, we could not afford to
resolve the boundary layer on the lateral walls of the channel,
thereby reducing the blockage of the cross section. A simple esti-
mation of the displacement thickness at the position of the rear
surface of the body gives a 5% decrease in the dynamic pressure,
which is exactly the difference between our LES results and the
experimental data.

The C, signal was also Fourier transformed, revealing a domi-
nating frequency presented in Table 3 that is very close to the
frequency ofCp (St=0.061) presented above. The characteristic
frequency of theC, signal (Table 3 compares well with the ex-
perimental value|5,9] of St=0.069 (note that this value is mea-
sured with static and not moving ground]). Baker[31] dis-
cussed the characteristic oscillation frequency for a wide range of
different ground vehicle bodies and noted that the frequency of

T St=0.05, which is close to the values in Table 3, is dominant for
at least some of these bodies. He concluded that this oscillation
can be, as in the case of the bus studied in this paper, due to a

Fig. 14 Schematic representation of the time-averaged wake pumping of the reverse flow region immediately behind the ve-
flow. hicle (see[5]) or a characteristic frequency of the entire wake.

B

-~

5.3 Comparison of the Velocities With the Experimental

] ) ) o Data. Duell and Georgg5,9] used hot-wire anemometry for
based on the body height and incoming velogityis probably a velocity measurements. The near-wake flow is highly turbulent,
good assumption that the wake flow, responsible for the chief payith regions of reversed flow, and hence velocity measurements
of the total drag, becomes Reynolds-number independent at &not be made accurately using single nonpulsed hot {8,
=0.21x 10P. Table 3 shows that 69% of the pressure drag comesnce there are no other velocity data except tho$slinwe used
from the rear face. these data for comparison with our LES results. o

As can be seen in Table 3, the bus is exposed to a negative liftrhe velocity reported by Duell and Geords,9] was Vg

(down force. The values of the time-averaged lift coefficient in:(Uz+V2)1/2 whereU andV are the time-averaged velocity com-

Table 3 are close to the value 6f0.06 measured ifL0]. ponents in thex and y-directions, respectively. We computed

The r.m.s. values of the drag and lift coefficients wég VLES:(<U>t2+<F>t2)1IZ and compared it with their experimental

=0.0075 andC, _ =0.0033, respectively, in the fine-grid simula-qata in Fig. 15. Here(u), and(v), are the time-averaged resolved
tion. In addition to these design-relevant quantities, we studied thelocity components in th& and y-directions, respectively, ob-
side force coefficientCg, and found that it varied Wich:Srm tained from LES.

=0.0039 in the fine-grid simulation. The time history of these Although the shapes of the computed profiles in the separation
coefficients was paid special attention and the coefficient sign&igbble &/H=0.32 andx/H=0.98) are similar to those of the
were Fourier transformed, resolving their dominating frequenciegXperiments, there are some differences in the core of the bubble
Four dominating peaks are found in the Fourier transforrggf (Fig. 15. The agreement of the experimental data inside the sepa-
at the Strouhal numbers of SfH/U,=0.061, 0.14, 0.43, and ration bubble with LES results becomes worse with grid refine-
0.73 in the fine-grid simulation. The periodic motion containingnent (Fig. 15. To explain this behavior we computed the r.m.s.
the most energy is St0.061, but the reliability of this frequency Velocity intensity in the separation bubble and found that these
is weak owing to the short time histo[(ﬁveraging time corre- were locally higher than 55% of the time-averaged velocity. Duell
sponds to approximate]y four periods of the Signﬁhere were [5] found that these intensities varied between 32% and 70%.
no peaks in the Fourier transform 6f , and two main frequen- According to Chandrsuda and Brash§82], the hot-wire mea-
cies at S£0.22 and St 0.6 were observed in the side-force sigsurements are reliable only if the r.m.s. velocity intensity is less
nal. The main frequency of the spanwise motion=6122, is than about 30%. Chandrsuda and Brastia@] also found that,
close to the shedding frequency of transverse vortices of ®hen the turbulence intensity exceeds 50%, hot-wire results be-
=0.23 found in Bearman'’s study of the wake behind a car mod&ome highly unreliable. From this we conclude that the experi-
[11]. The similarity of the spanwise motions behind these tw@ental data are not accurate in this region. Posiitth=1.63 is
different vehicle bodies raises the possibility that a similar vortedownstream of the separation bubble, but the local turbulence
shedding exists behind other vehicle bodies. intensity is still in excess by some 30% of the time-averaged

Unfortunately, only the pressure coefficienC,=(p velocity. Figure 15 shows thaf[, atH=1.63, agreement between .
—p..)/(0.50U2) at the rear face of the body was measured in tHg?Mputed and measured profiles becomes better with better spatial
experiments of Duell and Geor{&,9]. The integrated value &, resolution.
over the rear surface(C,);, measured in the experiment is . . .

6 Comparison of the Three Simulations

The accuracy of the numerical results in this paper is judged
Table 3 Time-averaged pressure drag, lift, and rear pressure from the grid refinement study. There is a 24% difference in reat-
coefficients and dominating frequency ~ (St,) of the C, signal tachment lengthX, andXs between the fine and medium-grid
(note that C, means the integrated  C,, over the rear surface ) simulations(Table 2. The corresponding difference in the reat-
tachment lengthX, , measured ay=0 was 20%, but the differ-

Case {Cp)t (CL) (Coht St ence in the position of the free stagnation poXe., was only
— — 9%. The value ofX, from the coarse-grid simulation differed by

,(\:A%%riﬁ?n 09'321086 ,8:822 ,8:3%2 8:822 only 1% from the medium-grid valu€Table 2. There is a 6%

Fine 0.33 -0.071 -0.229 0.059 difference in the time-averaged drag coeffici¢@ly); between

the fine and the medium-grid simulations and a 54% difference
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Fig. 15 Time-averaged velocity profiles at three downstream locations at z=0. Fine grid (solid

curve ); medium grid (dashed curve ); coarse grid (dashed-dotted curve ); experiment (symbols ).

between the medium and the coarse-grid simulatiee® Table together with the lateral vortices, close to the front face of the
3). The great difference ifCp), between the medium and thebody, and the longitudinal vortices in the far wake are responsible
coarse-grid simulations is caused by the failure of the coarse-gfad the variation of the side force on the body. Prediction of these
simulation to predict separation regioRsand L in Fig. 4, thus vortices is thus important for traffic safety and comfort.
producing too low a surface pressure at the front edges of thevery fine spatial resolution{dn*) <1, (Al");=14, wheren
body. The time-averaged lift coefficierfC ), remained un- is the wall-normal direction anlis the direction parallel with the
changed between the coarse and medium-grid simulations and sigface of the body and normal to the streamwise directtnse
creased by some 6% from the medium to the fine-grid simulgs the edges of the body used in two of the simulations resolved
tions. The time-averaged pressure coefficient at the rear facet@d pairs of the time-averaged longitudinal vortices along the up-
the body(C,), changed by 3—-4% with different spatial resoluper lateral edges of the body. These were also averaged from a
tions (Table 3. The velocity profiles changed most in the wakewumber of unsteady instantaneous vortices.
region (Fig. 15, but the trend is consistent with grid refinement. The existence of the time-averaged vortex ring in the near wake
None of the three grids was sufficient for accurate representuggested by previous studi¢8,5,8,9, was confirmed, and the
tion of the coherent structures in the boundary layer which apgimping frequency of the instantaneous structures was found to
responsible for the maintenance of turbulence. Thus we cae responsible for the periodic variation of the drag on the body.
structed such a grid with the resolution on the body expressed inThe resolution of the low-frequency change in the pressure on
the wall units(As*),=30-145,(An*),=0.5-0.8 and(Al*), the rear face of the bus requires very long time-averaging. This
=14-35. HereAf"=Afu_/v, U, is the friction velocity and together with the costly grid refinement studies needed to prove
(-) denotes time averagingis the streamwise direction,is the the numerical accuracy are the main problems to overcome in
wall-normal direction, and is the spanwise direction. The result-large-eddy simulations of this kind of flow. These will be solved
ing structured grid contains 98LCP cells, of which approxi- to some extent by increases in computer power.
mately 2<10° cells are located in the near-wall regioy*( The results from this study cannot be directly translated to the
<20). Note that the resolution of the boundary layers on tHd#gh Reynolds number flow owing to possible differences in the
lateral walls and the ceiling of the wind tunnel was not consideré@gion around the fore-body of the bus. Still, we believe that the
here. If the refinement of the grid was made also on the tuni&st Of the flow does not change much with the increase in Rey-
walls the size of the grid would be very large. Thus the simulatioflds number. We motivate this with findings by Rodi et[3H].

was not performed on this grid. Additional details on the estimdhese authors presented results from the simulations of flow
tion of the spatial resolution and its extension to the high Rejround a surface-mounted cube at two different Reynolds num-

nolds number flow can be found [83]. ers, 3000 and 40,000, based on the incoming velocity and cube
height. They found a great similarity in the results for these two
: flows. Time-averaged coherent structures had almost identical
7 Concluding Remarks shapes and sizes in the two flows. Thus it seems likely that the
While the flow around car-like bodies is highly unsteady, ougjualitative knowledge about the flow around three-dimensional
knowledge of this flow is based primarily on experimental angluff bodies (such as a carcan be extracted from the flow at
numerical studies of the time-averaged flow. This has been tlver Reynolds number. This observation is not new and has long
main obstacle in the development of accurate models for this floween used for experimental studig®+-5]. Note, however, that the
The large-eddy simulation used in this study predicted not onghoice of the lower Reynolds number, which is high enough to
large-scale coherent structures that agree with previous knowleggeduce a flow similar to that around a full-scale vehicle, is not
but also some new, smaller structures. The latter were either t@@ial.
close to the wall to be observed in experiments or too unsteady toThe knowledge gained in this work will hopefully help engi-
be predicted using RANS simulations. This study has shown thaders to understand the flow around similar bodies at higher Rey-
the instantaneous flow is very different from the time-averagetblds number and to develop better turbulence models for RANS
one, not only in the wake but also along the entire body. Thigjuations.
suggests revision of the established picture of this flow. The in-
stantaneous coherent structures can either appear randomly in
time and space, such as those in the far wake, or in a periogéc:
motion such as those shed from the rear edges. The thr -knowledgments
dimensional picture of the flow underneath the body has beenThis work was supported by National Swedish Board for Tech-
confirmed and explained by the growth of the boundary layer ancal DevelopmentNUTEK), the Swedish Agency for Innovation
the underbody. It has been shown that the flow near the low8ystemgVINNOVA ), and Volvo Car Corporation. Computer time
lateral edges is highly unsteady, with a substantial number of ion the SGI ORIGIN 2000 machines, provided by UNICC at
stantaneous longitudinal vortices that average to two strong a@talmers, is gratefully acknowledged. The authors wish to thank
two weak time-averaged vortices. These instantaneous vorticEsinnar Johansson for helpful discussions.
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