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Abstract

The results of the large eddy simulation of the flow around a simplified bus
presented in [11, 12] are used to describe this flow in detail. Using time-
averaged trace lines on the surface of the body, the patterns of the shear-
stress lines are revealed and used to identify bifurcation lines and critical
points (zero-shear-stress points) in the flow. This information is then used to
establish a complete picture of the flow on the surface of the body that can
be used for understanding soiling and accumulation of water on the surface
or in determinations of aeroacoustic noise sources. Kinematical investigations
of the flow in two symmetry planes were done to reveal the critical points
in the flow. With this it was proven that the flow resulting from numerical
simulation is kinematically possible.

1 Introduction

Our success in predicting the behavior of the vehicle in the air stream is
strongly dependent on our knowledge of the flow influencing the vehicle. The
complexity of the structures in this three-dimensional flow makes experimen-
tal studies very difficult. Furthermore, experimental studies often provide only
information on some limited partition of the flow (point, line or a plain). Com-
putational fluid dynamics (CFD) gives a description of the flow in the entire
computational domain (numerical wind tunnel). Unfortunately, the Reynolds-
Averaged Navier-Stokes equation (RANS) commonly used in prediction of this
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flow suppresses too much information. This method has also difficulty in pre-
dictions of the momentum transport after separation, which makes it difficult
to rely on the prediction of separated flows.

Use of transient simulations such as unsteady RANS simulations (URANS)
and large eddy simulations (LES) have proved to be successful in predicting
flows with separations. URANS gives a flow field that represents the large-scale
dynamics but that is smoother than the true field. This is a direct consequence
of the strong influence of RANS modeling in URANS. Large eddy simulation
gives rich information on the flow, but the LES of the flow around the full
scale vehicle at the road condition is beyond the reach of today’s computers
[11], although computer power is increasing with giant steps. As an example
we can compare the simulation presented in this paper, which required five
months of computation on a million dollar parallel computer. The authors are
now making the same size simulation in two weeks on a thirty thousand dollar
Linux cluster. This computational effort can be compared with several days
to one week of RANS simulation that is typical in the automotive industry.
Although there have been great achievements in computational power, LES
is best used in flows around vehicle models at lower Reynolds numbers, see
[11]. Hybrid RANS/LES simulations [6, 5, 15] are probably more amenable
for simulation of the flow at road conditions, and these are currently under
development.

Extracting knowledge of the flow around vehicles from the flow at lower
Reynolds number is not new and has been used for a long time in experimental
studies [3, 1, 2, 8]. However, the new ingredient in our approach is a use of
LES that results in more detailed picture of the flow than the experimental
one. The current paper studied the topology both on the surface and in the
symmetry plane of the body. These investigations can be compared with oil
flow visualizations and PIV studies used in experimental studies. The purpose
of the surface study is to highlight the complex interaction of the body with
the surrounding flow. This analysis is intended to provide information that will
aid in our understanding of soiling and accumulation of water on the surface.
It can also be used in determinations of aeroacoustic noise sources and the
influence of the coherent structures in the flow on the stability properties of
the vehicle.

2 Large eddy simulation

LES was made of the flow around a bus-shaped body and compared with
experiments in [7, 8]. This flow is similar to the flow around a real vehicle, and
some knowledge of this kind of flow is available from previous experimental
and numerical studies [3, 1, 2, 8, 9]. As the flow is characterized by a fairly
high Reynolds number (0.21 x 108, based on the model height H and the
incoming velocity), the resulting flow features and the character of the flow-
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induced forces on the body should be similar to that in the flow around a

full-scale vehicle.

The shape of the body is based on the Ahmed’s body [1] and it is shown
placed above the wind tunnel wall in Fig. 1. A computational domain with an
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Fig. 1. Geometry of the bus-shaped body placed above the wind tunnel wall. Time-

averaged trace lines are plotted on the surface of the body showing the roof and the

lateral vortices that extend Xg1 and Xg, respectively, in the stream-wise direction.

upstream length of 8 H, a downstream length of 21 H and a span-wise width of
5.92H was used for the simulations. A moving ground belt in the experiment

Uy, on the floor. The

[7, 8] was simulated by applying the inlet velocity,
near-wall spatial resolution expressed in wall units was (Ast),

5 — 164

0.8 in the wall-normal direction

)t = 05—

 (Ant
and (Al*); = 14—142 in the span-wise direction. No-slip boundary conditions

were applied on the solid walls. The Smagorinsky model [14] for the SGS stress

-wise direction

in the stream

0.1 was chosen for its simplicity and

tensor with Smagorinsky constant Cg

low computational cost.
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3 Description of the flow topology

Time-averaged trace lines and streamlines are used to reveal critical points (i.e.
points at which all the spatial derivative of the velocity are zero) and bifurca-
tion lines in the flow. Critical points can be classified into three main groups:
nodes, foci and saddles, of which nodes and foci can be stable and unstable.
“Bifurcation lines are lines drawn in the flow toward which the trajectories
are asymptotic”[13]. They are denoted negative bifurcation line (NBL) and
positive bifurcation line (PBL), depending respectively on whether the tra-
jectories approach or diverge the bifurcation line exponentially. These lines are
associated with flow attachment (PBL) or separation (NBL). For a complete
description of critical points and bifurcation lines, we refer to [13].

Separation

lines

b)

Fig. 2. Time-averaged trace lines on the surface of the body showing the roof vortex,
R, and the lateral vortex, L. View of the front face of the body.

Time-averaged trace lines, corresponding to oil flow visualization in ex-
periments, are used to highlight the shear stresses lines on the body. At the
front part of the body shown in Fig. 2, two kinds of critical points are visible.
These are one unstable node Z (see also Fig. 3(a)) at the upper lateral edge
of the bus and saddle points Sy (see also Fig. 3(b)) and S5 (see also Fig. 3(c))
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downstream of separation regions R and L, respectively. Between these critical
points several PBLs were observed (see Fig. 3), indicating the reattachment
of the flow which separated at the leading edge upstream. Following these
lines, beginning in the unstable node on the upper lateral corner, Z, the flow
direction is toward the saddles. The flow on the surface upstream of the PBLs
is opposite of the free-stream direction. This is the result of the interaction of
the unstable node with the saddle points. As the unstable node works as the
repeller of the flow in all four directions, the saddle point attracts the flow
from the unstable node, only to repel it in the perpendicular direction, i.e.
upstream and downstream. It is possible that the trace lines leaving node Z
in the upstream direction toward the separation line end in a stable node in
region @) in Fig. 3(a).

Similar to node Z, the unstable node G (see Fig. 4) is found close to the
lower lateral corner of the body. The surface flow in this region is complex due
to the presence of the stable focus F,. The flow coming underneath the bus
is deflected by this focus, and the fluid particle closest to it travels in spiral
paths ending in the focus. At the same time the node is deflecting the flow.
The partition of the flow that is deflected downstream forms together with
the stream-wise flow on the underneath surface, the negative bifurcation line
(NBL) shown in Fig. 5(a). This NBL indicates separation of the flow and
results in lateral vortices (see [11, 12]). No bifurcation lines were observed on
the upper lateral edge (see Fig. 5(b)).

Flow on the rear face of the bus is very complex. The shear stresses here
are very low, making it difficult to represent the surface topology using trace
lines. Thus the surface topology on the rear of the bus is not presented in this
paper.

Besides the study of the surface topology, kinematical studies of the flow
in two symmetry planes were conducted. This was done to identify the crit-
ical points in the flow and to determine whether the flow resulting from the
simulation was kinematically possible.

The most common critical points on the border between the surface of
the body and the surrounding flow are half-saddles (see Figs. 6 — 9). The
half-saddle indicating the reattachment is always the mirror image of the
half-saddle indicating the corresponding separation (see e.g. Fig. 8(c), where
the reattachment point Si3 is the mirror image of the separation point Si2).
In the 2 — y plane close to the front part of the body, three half-saddles, Sy, .S
and S3, were detected (see Fig. 6). In this figure, half-saddle S; represents the
stagnation point and S; and S3 indicate points of separation and reattach-
ment, respectively, of the recirculation region on the roof of the bus (region R
in Fig. 2). One stable focus, Ny, was also identified in the recirculation region
(see Fig. 6).

As the flow separates at the rear of the bus, the region of recirculating flow,
shown in Fig. 7, is formed. Two thin vortices B, shown in Fig. 7, are formed on
the rear surface in the  —y plane. Figures 7(b) and (c) show that the direction
of rotation of the upper-edge and lower-edge vortices is counter-clockwise and
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Fig. 3. Time-averaged trace lines on the surface of the body showing the unstable
node, Z (a), and the saddle points, Sq (b) and Ss (c), downstream of the separation
region, R and L, respectively. PBL are positive bifurcation lines, i.e. attachment
lines. The velocity vectors are plotted at the surface parallel to the body surface at
the wall-normal distance of 1.6 x 10™*H.
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b) -

Fig. 4. a) Time-averaged trace lines on the surface of the body. View from below. b)
Zoom of Fig. (a). The velocity vectors are plotted at the surface parallel to the body
surface at wall-normal distance of 1.6 x 10 *H. F, is a focus and G is an unsteady
node [13].
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clockwise, respectively. Separations of the flow responsible for these structures
are indicated with half-saddles Sg and S; and reattachments with half-saddles
S5 and Sg for lower-edge and upper-edge vortices, respectively (see Figs. 7(b)
and 7(c)). It is interesting to note that both vortices B are fed with the flow
pushed away by half-saddle S;q in the free stagnation point. One part of this
flow coming from S passes vortices B and interacts with the separated flow
in the z direction at y = £H/2 and forms half-saddles Sy and Sy close to
the lower and upper edges of the bus, respectively. The main part of the
recirculating region behind the bus consists of the counter-rotating vortices
whose cores are represented in Fig. 7(a) with two stable foci, F1 and F2.
Between these two vortices and the shear layer closing the recirculating region,
an additional saddle, D, was found.

Similar to the description of the flow in the x — y plane presented above,
the flow in the z — 2z plane can be described using Figs. 8 and 9. It was found
in this plane that the incoming flow to the front part of the bus is divided into
two equal parts which are then pushed away in the direction perpendicular to
that of the incoming flow. A half-saddle Si; depicted in Figs. 8(a) and 8(b)
indicates the presence of the stagnation point. As the flow separates after the
rounded edges at the half-saddles S1» and S14, two regions of recirculating flow
are formed with their cores indicated with stable foci Ng and N7, respectively.
Being detached a certain distance, this flow attaches again in half-saddles Si3
and Si5 (see Figs. 8(a) and 8(c)). The existence of these two recirculating
regions in the z — y plane compared to only one in the z — z plane is the result
of the symmetry in geometry (and thereby in flow) with respect to plane
y = 0. In the z — 2z plane, at the rear edge of the bus, the boundary layer
also goes over into a shear layer surrounding two large vortices, of which one
is shown in Fig. 9(a). These large counter-rotating vortices (see Fig. 11) have
their center in stable foci Nig and Ny;. Following the shear layer from the
separation edge downstream, the fluid reaches saddle S»3. Similar to saddle D
in the z —y plane, saddle S»3 is found to be connection between two vortices in
the recirculating region and the surrounding flow in this plane. At saddle Ss3,
the shear layer is broken and the flow is deflected upstream and downstream.
The result of the rotation of the vortices (with their foci Nig and Nyq) is the
impingement of the flow in the stagnation point depicted with half-saddle S
in Fig. 11. From this point, the flow attached onto the rear of the bus is pushed
away toward the lateral sides of the bus. Close to the lateral edges, this flow
separates at half-saddles Sis and Sig9 and two thin vortices, B, are formed
(see Fig. 9(b)). The center of these vortices is depicted in Figs. 9(b) and 11
with stable foci Ng and Ny. These vortices extend to the point where the
reattachments are depicted with half-saddles S14 and Sag. Again the attached
flow meets the shear layer at z = £ H/2, which deflects it in the stream-wise
direction similar to what was found in the x — y plane. This results in two
half-saddles, S;7 and Ss3, shown in Figs. 9(b) and 11.
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Fig. 5. Time-averaged trace lines on the surface of the body. a) View of the lower
lateral edge. b) View of the upper lateral edge. NBL is the negative bifurcation line,
i.e. the separation line. The velocity vectors are plotted at the surface parallel to
the body surface at the wall-normal distance of 1.6 x 107*H.
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Fig. 6. Time-averaged streamlines projected onto symmetry plane z = 0 showing
half-saddles Si1, S2 and S3 and focus N;.

)

Fig. 7. a) Time-averaged streamlines projected onto symmetry plane z = 0 of the
bus. Sio is the stagnation point on the rear face of the bus, Bg is the free stagnation
point, D is the saddle point and F1 and F2 are foci of the upper and lower vortices,
respectively. b) upper-edge thin vortex B. c) lower-edge thin vortex B.
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Figures 10 and 11 sketch the time-averaged flow pattern and the critical
points from Figs. 6 and 7 and Figs. 8 and 9 in the two planes of the bus (z = 0
and y = 0).

According to Hunt et al. [10], there can only be a certain number of sad-
dle points for a given number of nodes. They derived a relation for a two-
dimensional section of the flow

(Zo+3Xy) - (Ze+52,) =1-n 1)

where )" is the number of nodes and foci, ) 5 is the number of half-nodes
(nodes on the boundaries), > ¢ is the number of saddles and ) g, is the
number of half-saddles. n is the connectedness of the surface. For a singly
connected region with no body, n = 1; with one body (as in our case) n = 2
etc.

Let us now investigate whether the critical points in Figs. 10 and 11 satisfy
the topological constraint in Eq. 1. In Fig. 10 )"y =5, > v =0, Y g =1
and ) g =10so that 3y +1/2> n) — s +1/2>q) =5—-(145) =
—1land in Fig. 11 Yy =6, >\, =0, >.g = 1 and > 5 = 12 so that
OCy+1/225) — (s +1/2>g) = 6 — (1 +6) = —1. This agrees with
Eq. 1, since n = 2. Thus these figures represent a flow that is kinematically
possible.

This study was based on the topological and kinematical results of our LES
in [11, 12]. For additional details on the flow features and the mechanisms of
their origin, we refer to [11, 12].

4 Numerical accuracy

To establish the results’ grid independence, two additional computations on
different (coarser) grids were made. The near-wall resolution of these grids
was (AsT); = 15 — 580, (An*); = 0.8 — 1.2 and (Al*); = 14 — 217 and
(AsT)y = 15 — 580, (Ant); = 11.8 — 18.8 and (AlT); = 14 — 217 for the
medium and the coarse grids, respectively. Results for the global topological
quantities, the forces and the velocities between the three simulations and the
experiments (if available) were compared.

There is a 24% difference in re-attachment lengths Xg; and Xg between
the fine and medium-grid simulations (Table 1). The corresponding differ-
ence in the re-attachment length, X, measured at y = 0 was 20%, but the
difference in the position of the free stagnation point, Xf,c., was only 9%.
The value of X, from the coarse-grid simulation differed by only 1% from the
medium-grid value (Table 1). There is a 6% difference in the time-averaged
drag coefficient {Cp); between the fine and the medium-grid simulations and
a 54% difference between the medium and the coarse-grid simulations (see Ta-
ble 2). The great difference in (Cp); between the medium and the coarse-grid
simulations is caused by the failure of the coarse-grid simulation to predict
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S12 Ng Si3

c)

Fig. 8. a) Time-averaged streamlines projected onto plane y = 0 showing half-
saddles S11-S15 and foci Ng and N7. b) Zoom of the stagnation point (half-saddle
S11). ¢) Zoom of the lateral side vortex.

'—=0b)

Fig. 9. a) Time-averaged streamlines projected onto plane y = 0. Ny is foci and
Sa3 is saddle point. b) Zoom of the lateral-edge thin vortex, B, for z > 0. Sis-Sis
are half-saddles and Ng is focus.
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Fig. 10. Schematic representation of time-averaged streamlines and singular points
on the symmetry plane, z = 0, of the bus. S1-S10 are half-saddles, Ni-N5 are foci
and D is the saddle point.
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Fig. 11. Schematic representation of time-averaged streamlines and singular points
on the plane y = 0. S11-S22 are half-saddles, Ng-IN11 are foci and S»3 is the saddle
point.

separation regions R and L in Fig. 2, thus producing too low a surface pres-
sure at the front edges of the body. The time-averaged lift coefficient (Cp);
remained unchanged between the coarse and medium-grid simulations and
decreased by some 6% from the medium to the fine-grid simulations. The
time-averaged pressure coefficient at the rear face of the body (C,); changed
by 3 —4% with different spatial resolutions (Table 2). Unfortunately, the drag
and the lift coefficients were not measured in the experiments.

The velocity profiles changed most in the wake region (Fig. 12), but the
trend is consistent with grid refinement. Although the shapes of the computed
velocity profiles in the separation bubble (z/H = 0.32 and z/H = 0.98) are
similar to those of the experiments, there are some differences in the core of
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the bubble (Fig. 12). The agreement of the experimental data inside the sepa-
ration bubble with LES results becomes worse with grid refinement (Fig. 12).
To explain this behavior we computed the r.m.s. velocity intensity in the
separation bubble and found that these were locally higher than 55% of the
time-averaged velocity. Duell and George [7, 8] used hot-wire anemometry for
velocity measurements. They found [8] that these intensities varied between
32% and 70%. According to Chandrsuda and Brashaw [4], the hot-wire mea-
surements are reliable only if the r.m.s. velocity intensity is less than about
30%. Chandrsuda and Brashaw [4] also found that, when the turbulence in-
tensity exceeds 50%, hot-wire results become highly unreliable. From this we
conclude that the experimental data are not accurate in this region. Position
z/H = 1.63 is downstream of the separation bubble, but the local turbulence
intensity is still in excess by some 30% of the time-averaged velocity. Figure 12
shows that, at z/H = 1.63, agreement between computed and measured pro-
files becomes better with better spatial resolution.

Contribution Xri1/H Xs/H X, /H X¢ree/H Yiree/H
Duell and George [8] - - 1.1 - -

coarse 0 0 144 1.6 —0.17
medium 0.41 041 142 1.42 —0.23
fine 0.33 033 1.18 1.3 —-0.2

Table 1. Lengths for re-attachment on the roof (Xg1), lateral walls (Xs) and behind
the bus (X,). Xfree and Yy,c. are coordinates of the free stagnation point at the
closure of the separation bubble.

Case (Cp)t (CL): (Cp)e Stp

coarse 0.206 -0.066 -0.216 0.073
medium 0.318 -0.066 -0.224 0.055
fine 0.33 -0.071 -0.229 0.059

Table 2. Time-averaged pressure drag, lift and rear pressure coeflicients and domi-
nating frequency (Stp) of the C, signal (note that C', means the integrated C, over
the rear surface).

5 Conclusions

The dense data obtained in LES is suited for delicate topological studies of the
flow. The critical points and the bifurcation lines on the surface of the vehicle
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12. 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).

can be displayed and provide the information on the motion of the near-surface
fluid particles. This paper demonstrates such use of LES data to create a
topological picture of the external vehicle flow (i.e. flow around a simplified
bus). The singular points were not only identified but also classified according
to their stability (stable and unstable) and their influence on the surrounding
fluid (nodes, foci and saddles). A similar distinction was made between the
negative and positive bifurcation lines in this flow. In addition to these studies,
a relation between the number of nodes and the number of saddles was used
to determine whether the simulation produced a kinematically possible flow.
This analysis may be useful when poor resolution prevents determination of
the character of a solitary singular point. Classifying the remaining points
in topological terms as nodes and saddles and using a relation between their
number, the nature of the last point can be determined.
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