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Abstract

The feasibility of the use of large-eddy simulation (LES) in external
vehicle aerodynamics is investigated. The computational requirement
for LES of the full size car at road conditions is beyond the capability
of computers in the near future. Since LES cannot be used for quanti-
tative prediction of this flow, i.e. obtaining the aerodynamic forces and
moments, an alternative use of LES is suggested than can be useful
in increasing our understanding of the flow around a car. It is found
that making LES of the flow around simplified car-like shapes at lower
Reynolds numbers can increase our knowledge of the flow around a car.
Two simulations are made, one of the flow around a cube and the other
of the flow around a simplified bus. The former simulation proved that
LES with a relatively coarse resolution and simple inlet boundary con-
dition can provide accurate results. The latter simulation resulted in
a flow that agrees with experimental observations and displayed some
flow features that were not observed in the experiments or steady si-
mulations of such flows. This simulation afforded us the possibility to
study the transient mechanisms that are responsible for the aerodyna-
mic properties of a car. The knowledge gained from this simulation can
be used by the stylist to tune the aerodynamics of the car’s design as
well as by CFD specialists to improve turbulence models.

A mixed one-equation subgrid-scale model for LES is proposed. A
new model is constructed following the observation that the chief trans-
port of turbulent energy is a local process that occurs between the sca-
les closest to the cut-off. This transport of energy is modeled with the
scale-similarity part and the remaining non-local energy transport is
represented with the eddy viscosity part.
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Chapter 1

Introduction

Although the Reynolds-averaged Navier-Stokes (RANS) equations used
in the industrial prediction of the flow around cars have been relatively
successful, they are far from being a design tool for external aerodyna-
mics. Flow around a car is three-dimensional with steep pressure gra-
dients and regions of separated flows. The numbers of vortices are not
formed only along the body and in the separation bubble in the near
wake but also far from the rear face of the car. Bearman [7] and Kraj-
novi¢ and Davidson [36] recently found large differences between time-
averaged flow containing only a small number of three-dimensional
vortices and the instantaneous flow containing a large number of three-
dimensional vortices at different positions and of different sizes. The
wide spectrum of scales in the wake region prevents the construction
of an accurate RANS model. All these properties together with the
high levels of unsteadiness in this flow are major obstacles to accurate
prediction using RANS. One illustrative example of RANS’s accuracy
in vehicle aerodynamics is [24], where the flow around Ahmed’s body
[2] is predicted. The computed pressure at the rear vertical face of the
body was (for a base slant angle smaller than 20°) under-predicted, re-
sulting in the computed drag being 30% higher than the measured drag
[24, 27]. More accurate three-dimensional time-dependent simulation
is thus needed.

Some early attempts to use transient simulations for this kind of
flow are presented in [32], [26] and [3]. Although the authors of these
papers denoted their simulations direct numerical simulations (DNS)
[32, 26] or large-eddy simulation (LES) [3], I would classify the simu-
lation in [3] as an unresolved LES and the simulations in [32] and [26]
as uncontrolled LES. The simulation in [3] is the only simulation of
this flow to my knowledge where the subgrid-scale model is employed
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explicitly. Transport of energy from the resolved scales to the SGS is
achieved in [32] and [26] by using a third-order upwind scheme for the
convection terms. The absence of an SGS model in these simulations
makes it difficult to separate resolved from modeled turbulent energy.

This paper attempts to (I) explore the suitability of LES in external
vehicle aerodynamics, and (II) present an improved picture of the flow
around cars based on my large-eddy simulations. In (I), I shall inve-
stigate the influence of different boundary conditions, SGS models and
Reynolds number dependence on the results and suggest one way of
conducting LES in near future. The purpose of (II) is to explore the
flow around one car-like body and to establish two pictures of this flow:
one of the instantaneous and the other of the time-averaged flow.

While the picture of the time-averaged flow may seem an obvious
tool for the description of the aerodynamic properties of the car (the
time-averaged description of this flow was until recently [7, 36] the
only description), the prediction of the transient effects of the flow on
the car can only be done using an instantaneous representation of this
flow. Some examples of the transient influences of the flow are the va-
riations of the forces and moments acting on a car that are responsible
for the car’s stability and thus for traffic safety and comfort, the wind
generated noise and the accumulation of water and dirt on the car sur-
face.



Chapter 2

Making LES of the flow
around a car

This section discusses the feasibility of LES in vehicle aerodynamics.
Some open questions in LES for this flow are presented and my perso-
nal answers on these questions are given. These questions can be sum-
marized in the following groups: the spatial resolution, the boundary
conditions and the SGS modeling.

2.1 Spatial resolution

Before we give an estimate for the computational grid, it is appropriate
to present flow features that must be resolved for an accurate predic-
tion of the flow. Flow around a car is wall-bounded, meaning that the
coherent motions in the boundary layer are responsible for the main-
tenance of turbulence. This statement leads to two questions: what
is the size of these structures and how great is their influence on the
large-scale structures?

Experimental and DNS results indicate that the sublayer and buffer
region of the boundary layer consist of elongated regions of high-speed
and low-speed stream-wise velocity (streaks) (see Fig. 2.1). Analyses of
DNS and experimental data indicate that the stream-wise size of these
vortices is approximately 400 wall units according to DNS [45] and lar-
ger than 1000 wall units according to experiments [61] and that the
span-wise spacing between them is approximately 100 [563] wall units.
According to Robinson [53]: “The thin, near-wall buffer region is the
most important zone of the boundary layer in terms of turbulence energy
production and dissipation. Buffer-region activity is characterized by a

3
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Regions of low-speed fluid (streaks)

Figure 2.1: Structures in the flat plate turbulent boundary layer at
yt = 4.5 (buffer layer) visualized with the hydrogen bubble technique
(from [33] reproduced by permission of Cambridge University Press). =
and z are the stream-wise and the span-wise directions, respectively.

bursting process, during which low-speed fluid (provided in the form of
streaks) is flung outward from the wall, generating most of the turbu-
lence production in the boundary layer.” Thus accurate representation
of these vortices is of importance for a prediction of the flow. Let us now
consider the resolution requirements of these structures in LES. Pope
[61] suggests that a grid that can resolve 80% of the turbulent energy
everywhere in the domain including the viscous wall region is needed
for LES with wall resolution. According to Piomelli and Chasnov [49],
the first grid point must be located at y* < 1 expressed in wall units
y" = u,y/v. The resolution in the stream-wise and the span-wise direc-
tions must be Azt ~ 50 — 150, AzT ~ 15 — 40 in order to accurately
represent the coherent structures in the near-wall region.

To illustrate the size of the computational grid that would be needed
for the resolution suggested in [49], I constructed a computational grid
for the vehicle-like body in [36]. The resolution on the body expressed

4



Chapter 2: Making LES of the flow around a car

in the wall units was (As™), = 30 — 145, (An™), = 0.5 — 0.8 and (AlT), =
14 — 35. Here Af* = Afu, /v, u, is the friction velocity and (.); denotes
time averaging, s is the stream-wise direction, n is the wall-normal
direction and [/ is the span-wise direction. The resulting structured
grid contains 9.8 x 10° cells, of which approximately 2 x 10° cells are
located in the near-wall region (y* < 20). Note that the resolution of
the boundary layers on the lateral walls and the ceiling of the wind
tunnel was not considered here.

Now let us extrapolate this grid to the Reynolds number of the flow
around a passenger car of approximately 5 x 10° (i.e. 24 times the Rey-
nolds number in [36]). For this purpose we estimate the dependence of
the number of the nodes with the Reynolds number. Consider a small
element AA of surface area L, by L, and let n, be the number of y-
direction grid points in the viscous sublayer. The number of the grid
points in the near-wall region above AA is then

_ L;L,ny Ny
O AzAz AxtAzt

Now we introduce the skin friction coefficient,

2Ty Uy 2
= =9 :
Cr pU% ( Uso ) &2

AN Re? (2.1)

Simple flat plate equation from [57] C; = 0.0592Re~'/® together with
Eq. 2.2 gives

Re, = 0.0296'/Re%? (2.3)
The substitution of Eq. 2.3 into Eq. 2.1 gives

Ny 1.8

AN = 0'0296Ax+Az+ Re (2.4)
Thus the resolution requirements for the representation of the near-
wall region (y* < 20) increases as O (Re!®) and, when the Re number
is increased by a factor of 24, the number of cells in the inner region
will increase by 305 times. The resulting resolution for only the near-
wall region is thus approximately 0.61 x 10° cells. We should note that
this is the lowest limit because the real car has a far more complex
geometry than the simplified vehicle body considered in this paper and
much more cells would be required for its representation. The analy-
sis above considered only the Re number influence on the resolution
in the stream-wise and span-wise directions. The number of cells in

5
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the y-direction is also increased with the Re number, making the grid
required for the flow in the near-wall region of a car very large. If we
now add the number of cells in the rest of the domain, it is clear that
the transient simulation of this problem is far from what can be com-
puted with the largest existing computer (largest LES/DNS simulation
done to date had 20 — 30 x 10° cells [20]).

The resolution requirements given above must be met in channel
or a flat plate boundary simulations. However, in the case of a bluff-
body flow, such as flow around a car, with massive separations and
regions of recirculating flow, the influence of the near-wall structures
on the main flow is smaller. As follows from this observation we can
relax the requirement on resolution given above; even so however, the
computational grid for the full-scale car flow is very large.

The following section considers the Reynolds number dependence on
the flow around a car, and it will be shown that LES can be used to
predict the flow around a car, although the problem must be slightly
redefined.

2.2 Reynolds number dependence

As one illustration, I consider the flow around a cube mounted on a
wind tunnel wall [56, 59, 34]. This flow will be discussed in more detail
later in the paper. Here I will study only some results presented by
Rodi et al. [56]. These authors presented results from the simulations
of this flow at two different Reynolds numbers, 3000 and 40000, 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 shapes and sizes in the two flows. Thus it seems
likely that the qualitative knowledge about the flow around a three-
dimensional bluff bodies (such as a car) can be extracted from the flow
at lower Reynolds number. This observation is not new and has long
been used for experimental studies [9, 2, 5, 18]. Note however that the
choice of the lower Reynolds number, which is high enough to produce
a flow similar to that around a full-scale vehicle, is not trivial.

2.3 Boundary conditions

The resolution requirements in the boundary layer presented above
prevent the use of a no-slip boundary condition on the solid walls of

6
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a real car. This does not mean that the same is valid for our redefi-
ned problem of a simplified car at lower Reynolds number. As will be
shown later in the paper, this is possible and has been done for the
flow around a simplified bus [37, 36]. To reduce the computational cost
required when a no-slip condition is used, several models for the dyna-
mics of the near-wall structures were suggested. Some of these models
are proposed in [16], [58], [50], [4] and [10], but none has proven to be
successful for complex flows with separations and regions of recircula-
ting flow, such as the flow around a car.

In some spatially evolving (developing) flows such as the flow over
the backward-facing step [21] or a diffuser flow [31], the choice of the
inlet boundary condition was found to be critical for successful simu-
lation. Two different generation techniques for inlet boundary condi-
tions dominate. The instantaneous velocity profile at the inlet can be
obtained by superimposing random noise on the mean statistical pro-
file. However, this technique produces unphysical fluctuating velocity
(for example (u'v'y = 0). One way of constructing the inlet boundary
condition with consistent fluctuations (i.e. similar to that in the expe-
riment) is to make LES of a fully developed channel flow with a periodic
boundary condition in the stream-wise direction, store the instantane-
ous velocities in one cross-sectional plane for a large number of time
steps and then use these data as inflow conditions for the new simula-
tion. It is shown [21, 31] that this technique produces very good results
but its use in vehicle aerodynamics is not practical owing to the very
high computational cost for their generation. Later in the paper it will
be shown that, in LES of the flow around bluff bodies (such as a car),
the use of much simpler stationary inflow conditions can result in ac-
curate results.

2.4 SGS modeling

A large number of models for the SGS stress tensor have been propo-
sed in the past four decades (see [43] for a review), most of them built
on the algebraic eddy viscosity model originally proposed by Smagorin-
sky [60]. Here, we shall consider only the most common Smagorinsky
model and its dynamic variants.

Besides the need of adjusting the Smagorinsky constant for diffe-
rent flows, the Smagorinsky model produces, incorrectly, non-zero SGS
viscosity and shear stress at the wall. This model gives a poor pre-
diction of the SGS stress tensor and the correlation between the SGS
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stress computed from DNS and those modeled using the Smagorinsky
model ranges from 0 to 0.25 [40]. The introduction of the dynamic proce-
dure by Germano [22] improved the agreement between the Smagorin-
sky model and the SGS stress considerably. It also removed the need of
prescribing the constant in the model and prescribed the correct near-
wall behavior of the SGS viscosity. The dynamic procedure was used in
constructing a number of dynamic SGS models which have proven to
be successful.

Unfortunately, the dynamic model has been found to yield a predic-
tion of intermittent SGS viscosity field, including a significant parti-
tion of negative values which is destabilizing in the simulations. This
problem was solved in [22] and [39] using the procedure of averaging
over directions of statistical homogeneity. The averaging procedure is
usable in flow that contains direction(s) of homogeneity such as many
two-dimensional flows such as channel flow, flow over a backward-
facing step, flow over infinite cylinders etc. The absence of directions
of homogeneity prevents the use of such averaging in the simulation
of the flow around a three-dimensional bluff body such as a car. Other
procedures for stabilizing the SGS viscosity field are proposed in [65]
and [42] but they have not been used for complex flows where the in-
termittency in the SGS viscosity field is large.

My personal opinion is that the use of a simple Smagorinsky model
in the LES of the flow around a car is probably sufficient. I motivate
this statement with the small influence of the SGS model on the large-
scale structures that dominate this flow.



Chapter 3

From a cube to a car

This section will describe my efforts to develop the LES for external
vehicle aerodynamics. The choice of the test cases for the simulations
was driven by the character of the flow and its similarity with the flow
around a car, documentation of the flow, Reynolds number and the com-
plexity in the geometry of the body. The shape of the body used in the
simulations was chosen to be simple, allowing me to concentrate more
on LES and less on the construction of the computational grid.

3.1 Flow around a cube

The first flow selected was that around the cube mounted on the wall
of a wind tunnel at a Reynolds number of 40000 based on the incoming
velocity and height of the cube. The experimental data for the time-
averaged flow is reported in [38] ,[41] and [29] and the flow was simu-
lated using both RANS and LES [25, 59, 55]. The points of similarity
between this flow and that of the flow around a car are in the separa-
tions and re-attachments and several vortices that define the dynamics
of the flow but, as shown later in the paper, there are also many diffe-
rences.

This flow was computed in [565] using LES and gave good agreement
with experimental data but, as noted in [34], the extension of such
LES to the higher Reynolds number flow leads to very high computa-
tional costs. Simulations in [55] used instantaneous results of LES of
channel flow as the inlet boundary condition and very fine computa-
tion grid. Thus my study of this flow aimed to investigate whether it
can be simulated using a simple inlet boundary condition and coarse
computational grid.
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The separation on the front edges minimizes the influence of the
upstream flow on the results downstream of the front face of the cube.
Thus the experimental profile (constant in time) was used as the in-
let condition in this work. The lateral boundaries were treated as
slip surfaces using symmetry conditions 0u/0z = 0v/0z = w = 0.
At the downstream boundary, the convective boundary condition of
0u;/ot + U, (0u;/0xr) = 0 was used. Here, U, was set equal to the
mean bulk velocity, U,. No-slip conditions were used at the solid walls.
The homogeneous Neumann condition was used for the pressure at all
boundaries. The extent of the computational domain was, similar to the
simulations in [55], three cube heights upstream of the cube, six cube
heights downstream and seven cube heights laterally (see Fig. 3.1).
The grid used in the simulations was four times smaller (0.27 x 108
cells) than the grids in [55]. The distance of the nearest grid point
from the solid wall was 0.023H, which is approximately two times the
distance in the simulations in [55] (see [54]). The inadequate reso-
lution is compensated for by the use of a dynamic one-equation SGS
model. Two one-equation subgrid models, described in [12] and [44],
are used to model the subgrid-scale stress tensor. Both models are
subgrid-scale kinetic energy models. The SGS stress tensor is modeled

as 7;; = —2v,,,S;; where the eddy viscosity is defined as v, = CAks%gs
and SGS kinetic energy as ks = 1/27;;. A detailed description of these
models can be found in [34].

Figures 3.2 and 3.3 compare the time-averaged streamlines in the
symmetry plane and in the plane near the wind tunnel wall, respecti-
vely, for two LES and experiments. Both simulations predicted the hor-
seshoe vortex and the separation regions on the roof, lateral sides and
behind the cube which are in agreement with the experiments (Figs. 3.2
and 3.3). The predicted separation lengths, Xz, and Xg; (Fig. 3.2¢c),
differed 6 — 7% and 14 — 16%, respectively, between my LES and the
experiments. The same lengths were predicted in [55] within 1 — 29%
accuracy for Xr; and 7 — 13% accuracy for Xz;. The main difference
in the picture of the time-averaged flow between the experiment and
LES is in the size and shape of the horseshoe vortex (Fig. 3.3). The
separation between the two legs of this vortex at 0.75H downstream of
the cube is larger by 36% than in the experiment. At 4.3H downstream
of the cube, this difference decreased to only 2%. The difference in the
location of the horseshoe legs was explained by findings of Martinuzzi
and Tropea [41] that the shape of the horseshoe vortex is influenced
by the oncoming boundary layer. Some differences were found in the

10
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Figure 3.1: Geometry of a cube placed on a wind tunnel wall. Time-
averaged trace lines are plotted on the surface of the body showing the
roof and the lateral vortices. View of the front face of the cube.

predicted topology of the time-averaged flow between the two simu-
lations (Fig. 3.3). The saddle points on the wind tunnel floor along
the re-attachment line (S; in Fig. 3.3c) were predicted with the model
from [44] whereas the model from [12] failed to do so. A comparison of
the coherent structures of the time-averaged flow in experiments and
LES is presented in Fig. 3.4. The horseshoe vortex, H, two lateral side
vortices, L, the roof vortex, T, and the arch vortex, W, in the separation
bubble behind the body are all accurately predicted in LES. The cores
of these vortices are visualized in this figure using the critical point
theory [11, 64], i.e. we plotted the points whose rate-of-deformation
tensor has one real and a pair of complex-conjugate eigenvalues and
whose velocity is zero.

The instantaneous flow (Fig. 3.5) differs from the time-averaged one.

11
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0 =

Figure 3.2: Streamlines of the mean flow projected onto the center
plane of the cube using: a) experiment by Hussein and Martinuzzi [29];
b) model from [44]; ¢) model from [12] (note that the streamlines in
Figs. b and c are emitted from the same positions in the flow.).
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c)

Figure 3.3: a) Oil-film visualization by Martinuzzi and Tropea
(from [29] reproduced by permission of Physics of Fluids) compared
with streamlines of the mean flow projected onto the wind tunnel floor
for LES with b) model from [12] and c¢) model from [44] (note that the
streamlines in Figs. b to ¢ are emitted from the same positions in the
flow.).

13
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Figure 3.4: a) Schematic representation of the flow features by Marti-
nuzzi and Tropea (from [29] by permission of Physics of Fluids). Time-
averaged streamlines projected onto planes x = 0 and z = 0 in Figs.
b and c¢. LES using model from [12]. The black curves represent the
vortex cores. b) View of the front face of the body. c¢) View of the rear
face of the body.

14



Chapter 3: From a cube to a car

Figure 3.5: Instantaneous second invariant of the velocity gradient ) =
5. The time difference between the two pictures is tU,/H = 0.4. View
of the front face of the body.

The time-averaged vortices, L and T (Fig. 3.4), are averaged from a
number of instantaneous vortices, L; and T}, respectively, in Fig. 3.5.
The flow separates on the sharp front edges and forms instantaneous
vortices T; and L;. As they are transported downstream, these vorti-
ces break down (Fig. 3.5¢) and interact with each other. They produce
fluctuating forces on the body. The side force signal was Fourier trans-
formed, and a peak is found in the spectrum. The Strouhal number of
this periodic component was found to be 0.134 as compared to the ex-
perimental value of 0.145. For comparison it can be mentioned that no
shedding frequency was reported in previous LES [59] while the shed-
ding period corresponding to a Strouhal number of 0.17 was observed
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in the unsteady RANS simulation in [30].

The present simulations showed that LES using simple inlet bound-
ary conditions, a relatively coarse grid and a one-equation SGS model
gives accurate results. Although these results are encouraging, the
conclusions of the feasibility of the LES of the flow around a car cannot
be drawn from them owing to the difference in the flow and the geo-
metry between the two flows. The car body is lifted from the floor and
the flow coming from under the body makes the instantaneous wake
longer than in the flow behind the cube. The position of the car body
makes the wake more instantaneous with one additional degree of free-
dom (in the negative y direction). The absence of the sharp edges, such
as those on a cube, on a car body can result in smaller regions of se-
parated flow close to the front face of a car. Thus the influence of the
upstream flow and thereby of the inlet boundary condition on the wake
flow can be greater. Besides the physics of the flow, which is changed
with the geometry of the body, the choice of the numerical method is
also affected. The shape of the cube made it possible for me to use a
single-block Cartesian code that was optimized for this kind of flow.
The computation of the flow around a complex geometry car at higher
Reynolds number (thus more cells) calls for the use of a code that is pa-
rallelized using block decomposition and PVM or MPI message passing
systems such as that used in the next test case.

3.2 Flow around a simplified bus

A flow around a bus-shaped body [17, 18] was chosen as a second test
case. 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 [9, 2, 5, 18, 24]. As the flow is characterized by
a fairly high Reynolds number (0.21 x 10°, based on the model height
H and the incoming velocity), the resulting flow features and the cha-
racter of the flow-induced forces on the body should be similar to that
in the flow around a full-scale vehicle. At the same time, the high Rey-
nolds number implies high computational cost, as illustrated above.
The shape of the body is based on the Ahmed’s body [2] and it is
shown placed above the wind tunnel wall in Fig. 3.6. A computatio-
nal domain with an upstream length of 8 H, a downstream length of
21H and a span-wise width of 5.92H was used for the simulations. A
moving ground belt in the experiment [17, 18] was simulated in the si-
mulations by applying the inlet velocity, U, on the floor. The near-wall

16



Chapter 3: From a cube to a car

.

.
S
.
|

_

_

_
-

.
.
it
i

.
il

!

.

.

\\\\\\\\\\\\\\\\\ OORY
| AN

averaged trace lines are plotted on the surface of
17

the body showing the roof and the lateral vortices that extend Xz, and

Figure 3.6: Geometry of the bus-shaped body placed above the wind
in the stream-wise direction.
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spatial resolution expressed in the wall units was (As*), = 5—164 in the
stream-wise direction, (An*), = 0.5 — 0.8 in the wall-normal direction
and (Al*), = 14 — 142 in the span-wise direction. The no-slip boundary
conditions were applied on the solid walls. The Smagorinsky model
[60] for the SGS stress tensor was chosen for its simplicity and low
computational cost.

The flow separates at the rounded side and roof edges of the body
and forms transversal vortices (Fig. 3.7a) similar to Kelvin-Helmholtz
vortices found on the Ahmed’s body in [63]. These vortices are lifted
further back, forming hairpin vortices in Fig. 3.7b. They average to th-
ree separation regions, shown in Fig. 3.8b. Two kinds of critical points
[48] are visible in this figure. These are one unstable node Z (see also
Fig. 3.9a) at the upper lateral edge of the bus and saddle points S, (see
also Fig. 3.9b) and S, (see also Fig. 3.10a) downstream of separation re-
gions R and L, respectively. Figure 3.8a shows the instantaneous trace
lines on the surface of the body. There are no distinct separation or re-
attachment curves in the instantaneous flow (Fig. 3.8a) such as those
that exist in the time-averaged flow (Fig. 3.8b).

It is shown in Figs. 3.9 and 3.10a that the critical point, 7, is an
unstable node and that points S; and S, are saddle points. Attachment
lines are shown in Figs. 3.9 and 3.10a . As can be seen in Fig. 3.11,
the lateral vortices are attached to the under-body of the bus in focus
F.. Two counter-rotating longitudinal vortices (Fig. 3.12) are formed
close to the unstable node, 7, in Fig. 3.8 and one longitudinal vortex
(Fig. 3.13) is formed close to the unstable node, G (Fig. 3.11b), on each
side of the bus. Similar longitudinal vortices on the roof of the body
were observed in the experiment with the Ahmed’s body flow [63] while
the lower-edge longitudinal vortices were registered in a previous nu-
merical study by Han [24]. The instantaneous wake region was found
to consist of large-scale coherent structures with their axes parallel
to the separation edges on the rear face of the body. These structu-
res average to the vortex ring [37, 36] in agreement with experimen-
tal observations [17, 18, 2]. Besides this large vortex, four thin vor-
tices (B in Figs. 3.14 and 3.17) were observed close to the rear edges.
Two of these vortices (the upper-edge and the lower-edge vortices) are
shown in Figs. 3.14b and ¢ and one vortex in plane y = 0 is shown in
Fig. 3.17. Figures 3.14b and ¢ show that the direction of rotation of the
upper-edge and lower-edge vortices is counter-clockwise and clockwise,
respectively. Six half-saddles (S4-Sy) and two foci (N, and N3) are vi-
sible in Fig. 3.14. The stream-wise length of the separation bubble in
Fig. 3.14a, X, was overpredicted by some 7% compared to experiments
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Kelvin Helmotz vortez
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a)

b)

Figure 3.7: Instantaneous vortices formed after the separation on the
front edges of the body. Isosurface of second invariant of the velocity
gradient Q = 8000. The time difference between the two pictures is
tU/H = 0.8.
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a)

Separation
curves

b) =—~ ' Uy

Figure 3.8: a) Instantaneous trace lines on the surface of the body. b)
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.
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7

Figure 3.9: Time-averaged trace lines on the surface of the body
showing the unstable node, Z, and the saddle points, S;, downstream
of the separation region, R. PBL are attachment lines. 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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Figure 3.10: a) Time-averaged trace lines on the surface of the body
showing the saddle point, S,, downstream of the separation region,
L. PBL are 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. b) Time-averaged streamlines projected onto symmetry
plane z = 0 showing half-saddles S;, S> and S; and focus .
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N =

Figure 3.11: 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 107*H. F, is a focus and G is an unsteady node [48].
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Figure 3.12: Time-averaged streamlines projected onto plane z =
—1.28H. The rotation of U, and U; is counter-clockwise and clockwise,
respectively. View from behind the upper-right edge of the body.

Figure 3.13: Time-averaged streamlines projected onto plane z =
—0.48H. The direction of the rotation of this vortex is counter-
clockwise. View from behind the lower-right edge of the body.
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Figure 3.14: a) Time-averaged streamlines projected onto symmetry
plane z = 0 of the bus. S, 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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[17, 18]. This was explained in [36] by a somewhat coarse computatio-
nal grid in the span-wise direction and experimental uncertainty.

Figure 3.15 shows the upper and the lower longitudinal edges of the
body. The streamlines and the velocity vectors projected on the surface
show that there is one separation line close to the lower longitudinal
edge (Fig. 3.15b) and no separation or re-attachment line close to the
upper longitudinal edge (Fig. 3.15a). Figures 3.16 and 3.19 sketch the
time-averaged flow patterns and the critical points from Figs. 3.10 and
3.14 and Figs. 3.17 and 3.18 in two symmetry planes of the bus (y = 0
and z = 0). According to Hunt et al. [28], there can only be a certain
number of saddle points for a given number of nodes. They derived a
relation for a two-dimensional section of the flow

<ZN ’ %ZN’) - (Zs - %ZS’> =1-n (3.1)

where ), is the number of nodes and foci, ), is the number of
half-nodes (nodes on the boundaries), > ¢ is the number of saddles
and ) 4 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 whet-
her the critical points in Figs. 3.16 and 3.19 satisfy the topological
constraint in Eq. 3.1. In Fig. 3.16 >, =5, >y, =0, > ¢ = 1 and
Yo =10sothat (3, +1/2>" ) — s +1/2)°s) =5—(1+5) =—1
and in Fig. 3.19 >°, =6, > v =0, > = 1 and >, = 12 so that
Oon+1/2> ) — O +1/2> ) = 6 — (1 +6) = —1. This agrees
with Eq. 3.1, since n = 2. Thus these figures represent a flow that
is kinematically possible. After the closure of the bubble, a pair of
the counter-rotating longitudinal vortices was observed in the time-
averaged flow in agreement with the experimental observations of si-
milar flows [1, 2, 5, 7]. The observation of Bearman [7] that the in-
stantaneous vortices are very different from the coherent structures
that appear in the instantaneous flow was confirmed in this simulation
(see [36]). For additional details on the flow features and the mecha-
nisms of their origin, I refer to [36]. It should suffice to say here that
the LES gave accurate representations of the coherent structures in
this flow and explained their formation and interaction.

Now we shall consider the ability of LES to predict the aerodynamic
forces and their variation. In the absence of experimental data from
experiments in [17] and [18], the time-averaged drag and lift coeffici-
ents were compared with those in experiments by Barlow et al. [6] for a
similar body. Note that the floor in the experiment by Barlow et al. [6]
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Figure 3.15: Time-averaged trace lines on the surface of the body. a)
View of the upper lateral edge. b) View of the lower lateral edge. NBL
is 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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Figure 3.16: Schematic representation of time-averaged streamlines
and singular points on the symmetry plane, z = 0, of the bus. S;-Si
are half-saddles, N,-N; are foci and D is the saddle point.

was stationary, unlike the moving floor in the experiment by Duell and
George [18], and it is known (see [8]) that the moving floor influences
the flow. (For example, Bearman et al. [8] found that floor movement
reduces drag by 8% and lift by 30% in a case of a 1/3rd scale car mo-
del.) The drag coefficient was found to be identical to the one in [6],
whereas the lift coefficient was underpredicted by some 8%. The sig-
nals of the forces acting on the bus were Fourier transformed, and two
main frequencies at Strouhal numbers 0.22 and 0.6 were observed in
the side force signal, of which 0.22 is close to the shedding frequency of
0.23 found in Bearman’s experimental study of the wake behind a car
model [7]. The value of the pressure coefficient integrated over the rear
face of the bus, for which experimental data exist from [17] and [18],
was overpredicted in my LES by 5% of the dynamic pressure. This can
be explained by the boundary layers that exist in the experiment on
the side walls of the wind tunnel, which in the simulations were not re-
solved but replaced with slip conditions. More results on the transient
forces, velocities and stresses can be found in [36].
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Figure 3.17: a) Time-averaged streamlines projected onto plane y = 0.
Ny is foci and Sy3 is saddle point. b) Zoom of the lateral-edge thin
vortex, B, for z > 0. Si5-Sis are half-saddles and N; is focus.
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S12 Ng Si3

c)

Figure 3.18: a) Schematic representation of time-averaged streamlines
projected onto plane y = 0 showing half-saddles S;;-515 and foci Ny and
Ny;. b) Zoom of the stagnation point (half-saddle Si;). ¢) Zoom of the
lateral side vortex.
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Figure 3.19: Time-averaged streamlines and singular points on the
plane y = 0. S-Sy, are half-saddles, Ng-NNi, are foci and Sy3 is the
saddle point.
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Chapter 4

Perspectives on LES for
vehicle aerodynamics

The conclusion drawn from the work reported in this thesis is that the
near future of LES in vehicle aerodynamics is in the exploration of the
physics of such flows. Making LES of the flow around vehicle models at
lower Reynolds number, such as the simulation presented in this paper,
is likely to be most useful. The strength of LES is that the transient
processes can be studied in detail, which is difficult in experiments
and impossible in RANS. Similar to DNS used to gain fundamental
knowledge on turbulence physics, LES will be used to obtain the fun-
damental knowledge of a car’s flow physics. The idea is to use this
understanding of the flow at lower (LES feasible) Reynolds number in
modeling the flow at actual Reynolds numbers and as an aid for the
stylist in improving aerodynamic properties when designing the car.

Although the commercial codes have begun to include LES models,
the use of LES in external vehicle aerodynamics of full-size vehicles
will be limited to qualitative understanding of the flow around small
parts of vehicles such as mirrors. The automotive industry will con-
tinue (at least in the next decade) to rely on experimental studies for
quantitative aerodynamic data such as drag and lift coefficients. Com-
putational fluid dynamics (CFD) will not be used to predict the forces
and moments acting on a car but to explain the reasons for them and
to establish the outlines for their controlled change (by the stylist).

As computer power increases, higher Reynolds number (Re) flow
around a car can be simulated using LES; however, reaching Re = 5 x
10% requires an alternative simulation technique for the near-wall re-
gion that necessarily includes a certain amount of empiricism. Several
hybrid methods entitled hybrid LES/RANS [15] methods or detached-
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eddy simulation (DES) [62] are suggested, where the boundary layer
(or a part of it) is modeled using RANS (in transient mode) and the se-
parated flow away from the wall is simulated with LES. Many unresol-
ved issues, such as the optimal position of the matching line between
LES and RANS in hybrid LES/RANS, the choice of the RANS turbu-
lence model or construction of the suitable computational grid, remain
before these hybrid methods can be used for complex flow simulations.

Until an efficient and accurate way to model near-wall mechanisms
is found, LES will be used in vehicle aerodynamics as a powerful com-
plement to the experiments that enable us to understand this complex
flow.
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Governing equations and the
method

This section presents the numerical method used in this work. The
governing LES equations and the subgrid-scale models used in the si-
mulations are given. This is followed by a presentation of the two nu-
merical methods used here to solve discretized equations.

5.1 Governing equation

The governing LES equations are the incompressible Navier-Stokes
and the continuity equations filtered with a spatial filter of characte-
ristic width, A (A is the grid resolution in this work):

aﬂi 8 _ . _1% (‘32% _ 87’2']'

— (Utij) = —— 5.1
ot * 0z, (1) p Ox; * V@a:jamj 0z, 6.1
and
01,
L =0. 2

Here, @; and p; are the resolved velocity components and pressure, re-
spectively, and the bar over the variable denotes filtering. The filtering
decomposes the fluid motion into a large-scale component that can be
computed exactly and the small subgrid scale (SGS). This is done by
applying a filtering operation

Fla:) = / £(2)G s, 2l) de!, 5.3)

35



SiniSa Krajnovi¢, LES for Computing the Flow Around Vehicles

where G is the filter function and ( is the entire flow domain. A top
hat filter with the filter function G = L H(3A — |z — 2'|), where H(z)
is the Heaviside function, is used in this work. The filter width, A, is
defined as A = (A;A3A;)'/? where A; are the computational mesh sizes
in each coordinate directions. The influence of the small scales of the
turbulence on the large energy carrying scales in Eq. (5.1) appears in
the SGS stress tensor, 7;; = w;u; — u,;u;, which must be modeled.

A large number of models for the SGS stress tensor have been pro-
posed in the past four decades (see [43] for a review), most of them
built on the algebraic eddy viscosity model originally proposed by Sma-
gorinsky [60]. Four different SGS models were used in this work, of
which three were dynamic one-equation models and the fourth was the
Smagorinsky model [60]. The Smagorinsky model is used in the simu-
lations of the flow around a bus and it represents the anisotropic part
of the SGS stress tensor, 7;;, as:

1 _
Tij — géz’kak = — 2059555 (5.4)

where v ,, = (C;A)?|S] is the SGS viscosity,

- 1 [ 0u; aﬂj
= gt 5.5
is the resolved rate-of-strain tensor and |S| = (25’1-]-5'1-]-)%. The Sma-

gorinsky constant, C;, must be adjusted for different flows. A value of
C, = 0.1 is used in this work.

One-equation models were used for the channel flow simulations and
for the simulations of the flow around a cube. Two of the one-equation
models were eddy viscosity models [12, 44]. One model [35], which was
developed as a part of this project, was a mixed one-equation model.
The eddy viscosity one-equation models use k;ﬁ as the velocity scale
and model the SGS stress tensor as 7;; = —2C Ak S;; with the SGS
kinetic energy defined as k,,5 = 1/27;. In addition to the eddy viscosity
part, the mixed one-equation model [35] has one scale similarity part
(see [35]). For further details on these models, see [34] and [35].

5.2 Numerical methods

LES Egs. (5.1) and (5.2) are discretized using a 3D finite volume met-
hod for solving the incompressible Navier-Stokes equations using a
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collocated grid arrangement [14]. Both convective and viscous plus

subgrid fluxes are approximated by central differences of second-order

accuracy. The time integration is done using the Crank-Nicolson second-
order scheme.

Two different computational codes were used. A single block code
was used for the simulations of the flow around a cube and the chan-
nel flow simulations. The code is based on an implicit, two-step time-
advancement method. The discrete form of Eq. 5.1 can be written as

oprtt 1 8p

- (- a)at

nt1/2 _ n_gntl/2 1
~ 4+ AtH — —alt
“ (@ ) 0x; P 0x;

7 ’L ) Z

(5.6)

where H(a?,a;""/?) includes convection and the viscous and subgrid

stresses and o = 0.5 (Crank-Nicolson). Equation 5.6 gives af“/ ? which
does not satisfy continuity. An intermediate velocity field is computed
by subtracting the implicit part of the pressure gradient, i.e.

1 8m—|—1
at = a4 ZaAt

(2 7 axz °

Now u"+1/ % in Eq. 5.7 is replaced by the final velocity field at level n+1,
i.e. u"Jrl Taking the divergence of Eq. 5.7, and imposing the require-
ment that the face velocities a?jl (which are obtained by linear inter-
polation) satisfy the continuity equation, the following is obtained

(5.7)

op_ p oy
or;0r; Ata Ox;

(5.8)

The numerical procedure at each time step can be summarized as
follows:

1. Solve the discretized filtered Navier-Stokes equation for %, 7 and
w using a symmetric Gauss-Seidel.

2. Create an intermediate velocity field, u}, from Eq. 5.7.

3. The Poisson equation (Eq. 5.8) is solved with an efficient multigrid
method [19].

4. Compute the face velocities u”}’l (which satisfy continuity) from
the pressure and the intermediate velocity as

oprt

1
upft =iy -l ( (5.9)

5. Steps 1 to 4 are followed until convergence (normally one to three
iterations) is reached.

37



SiniSa Krajnovi¢, LES for Computing the Flow Around Vehicles

6. The turbulent viscosity is computed.

7. Next time step.

Note that although no explicit dissipation is added to prevent odd-
even decoupling, an implicit dissipation is present. The intermediate
velocity field is computed at the nodes (see Eq. 5.7) by subtracting
a pressure gradient. Then, after having solved the pressure Poisson
equation, the face velocity field is computed adding a pressure gradient
at the faces (see Eq. 5.9). Thus a term is added, which is the difference
between the pressure gradient at the face and the node. It can rea-
dily be shown that this term is proportional to the third derivative of
pressure, i.e. 93p/dz?. This term corresponds to Rhie-Chow dissipation
[52].

A multi-block version of the code [14] is used for the simulations
of the flow around the bus. It uses the SIMPLEC algorithm for the
pressure-velocity coupling. The code is parallelized using block decom-
position and the PVM and MPI message passing systems [47]. Additio-
nal details on this code can be found in [46].
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Summary of papers

This section summarizes the papers attached in the thesis that consist
the basis of this thesis. The papers are presented in chronological or-
der. For each, a brief motivation and background are given, which are
followed by my work and the results. Three main topics were conside-
red in these papers. The flow around a cube is discussed in Papers I-IV
and VII. Papers V, VI, IX and X consider flow around a simplified bus
and in Paper VIII I proposed a new mixed dynamic SGS model. The
reader will find that they are written in an evolutionary way. As they
represent my research over a period of four and a half years, the re-
sults presented in some papers are improvements on those reported in
previous papers and the conclusions sometimes contradict those made
earlier. The most important change in the conclusions is in the simula-
tions of the flow around a bus. Good agreement in the velocity profiles
between LES results and the experimental data was found in Paper
V. Later, however (in Papers VI, IX and X), it was concluded that the
experimental data are inaccurate. This evolution of knowledge resul-
ted in Papers VII, VIII and X, which represent the state of the art for
simulations of the flow around a cube, the mixed dynamic model and
simulations of the flow around a bus, respectively.

6.1 Paperl

6.1.1 Motivation and background

Previous large-eddy simulations of the flow around a cube placed in a
channel flow [56, 59] have proven to be superior to the RANS simula-
tions [25] and to provide accurate results. These simulations used a
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very fine computational grid and the inlet boundary condition obtained
from a previous simulations of the channel flow with periodic boundary
conditions. An extension of a simulation of this kind to higher Rey-
nolds number characterizing the flow around a car would imply very
high computational costs. My interest in this flow was not only to ac-
curately predict the flow but to find a way to reduce the computational
cost in simulations described in [56] and [59].

6.1.2 Work and results

The experimental profile (constant in time) was used at the inlet. This
inlet condition contains no information on the turbulence. However,
the strong separations at the front face edges minimize the influence of
the upstream flow to the flow downstream of the front face. The compu-
tational grid was approximately four times coarser than the grids used
in [56] and [59]. Two one-equation subgrid-scale (SGS) models were
used to model the SGS stress tensor. The simulations that used these
models were compared with a simulation made without a model.

Both simulations using one-equation models resulted in predicted
flows in good agreement with experiments. The models gave similar
results that were better than those of the simulation without a mo-
del. Both models have been shown to be able to predict the transport
of SGS turbulent energy from small to large scales (backscatter). Alt-
hough grid independence was not proven in this paper, it was shown
that using a simple inlet condition, a relatively coarse grid and a one-
equation model gives accurate results.

6.2 Paper Il

6.2.1 Motivation and background

As shown in Paper I, the one-equation SGS models can predict a ne-
gative SGS dissipation of the resolved kinetic energy (the production
term in the equation for SGS kinetic energy), indicating “backscatter”.
This paper aimed to provide an explanation of this “backscatter” phe-
nomenon.
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6.2.2 Work and results

Two simulations were made, one of the flow in a plane channel and
the other of the flow around the cube discussed in Paper I. Similar to
the simulation of the flow around a cube, the channel flow simulations
provided results that were in good agreement with previous LES and
predicted “backscatter”. The production terms for the resolved kinetic
energy equation were studied with the aim of improving RANS mo-
dels. Negative SGS dissipation of the resolved kinetic energy in the
flow around a cube was found to occur near the front vertical corners of
the cube. To explain this, the terms in the expression for the SGS dis-
sipation of the resolved kinetic energy were studied, and it was found
that the dynamic Leonard stress, L3, was the dominant negative term.

6.3 Paper II1

6.3.1 Motivation and background

Being a time-dependent three dimensional numerical technique, large-
eddy simulation provides much more data than RANS or experimental
studies. The extraction of the information from LES results is far from
trivial and several different visualization techniques were suggested
for representation of the flow features.

6.3.2 Work and results

This paper aimed to illustrate different techniques for the visualization
in the test case of the flow around a cube. Besides the well established
visualization techniques such as streamlines, velocity vector planes
and the isosurface of the pressure, a relatively new technique with the
second invariant of the velocity gradient was used. All these techniques
proved to be useful and it was found that a combination of several tech-
niques is needed for accurate representation of both instantaneous and
time-averaged flows. For example, the isosurface of the time-averaged
pressure was found to be best for visualization of the arch vortex behind
the cube, whereas the isosurface of the instantaneous second invariant
of the velocity gradient showed its superiority in representing the in-
stantaneous coherent structures. Finally it was shown that the LES
data obtained in the entire computational domain and for each time
step can be used for simulations of real-life experiments.
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6.3.3 Comments

In later papers (Papers V-VII, IX and X), we also used other visualiza-
tion techniques such as the critical-point theory [11, 64].

6.4 Paper IV

6.4.1 Motivation and background

Besides the development of the LES technique for vehicle aerodyna-
mics, this project aimed to improve our knowledge of the flow around
these bodies. Thus the results of LES of the flow around a cube were
used to study this flow and for comparison with the experimental ob-
servations and previous knowledge of similar flows.

6.4.2 Work and results

This paper presented both the instantaneous and the time-averaged
flow around a cube. The time-averaged flow was found to consist of the
horseshoe vortex, the secondary corner vortex upstream of the cube,
lateral vortices, the vortex on the top of the cube, the secondary vortex
behind the cube and the arch vortex in the separation bubble behind
the cube. All these flow structures were found to be in good agreement
with the experimental results. The main difference between the LES
and the experimental results was in the position of the horseshoe legs.
The explanation for this discrepancy was presented in the paper and
was based on previous experimental observations.

6.5 PaperV

6.5.1 Motivation and background

Although LES of the flow around the cube has proven to provide accu-
rate results, that flow is very different from the flow around a car. Thus
a second test case that included more of the physics of the flow around
a car was needed.
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6.5.2 Work and results

The flow chosen was that around a simplified bus for which some ex-
perimental data exist [17, 18] and that was similar to the flow around
Ahmed’s body [2] which was used in a number of experimental stu-
dies. A Reynolds number of 0.21 x 10° based on the vehicle’s high and
the inlet velocity was considered to be high enough to produce a flow
similar to that at higher Reynolds number of the flow around a real
car. Relatively accurate results were obtained using a coarse grid and
the approximate wall boundary conditions based on the instantaneous
logarithmic low.

6.5.3 Comments

Good agreement was found in Paper V between the velocity profiles
in LES results and in the experimental data. Later (in Papers VI, IX
and X), however, it was concluded that the experimental data were
inaccurate.

6.6 Paper VI

6.6.1 Motivation and background

While in channel flow the near-wall coherent structures must be resol-
ved for the correct representation of the flow, the near-wall resolution
can probably be relaxed for flow around bluff bodies such as cars, which
is dominated by large flow structures. How fine a mesh is needed in
such a flow is unknown, and grid refinement studies are needed to find
optimal resolution.

6.6.2 Work and results

The computational grid used in Paper V was refined in Paper VI in the
wall-normal direction only, and no-slip condition was applied on the
solid walls. The resulting velocities in the wake region were in equally
good or poorer agreement with the experiments as those in Paper V.
The results for the pressure coefficient at the rear face of the bus and
the length of the separation bubble behind the bus were only slightly
improved. The most evident improvement in the new simulation was
in the prediction of the thin vortices near the edges of the rear face of
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the bus that were observed neither in the simulation in Paper V nor in
the experiments.

6.7 Paper VII

6.7.1 Motivation and background

The surface streamlines downstream of the cube were found to be un-
symmetrical in Papers I-1V, indicating that the averaging time in the
simulations was too short. The simulations presented in these papers
were made on only one computational grid, and no comparison with the
previous LES was presented. Thus a longer averaging time was needed
to obtain time-independent statistical averages, and a grid refinement
study was needed to prove the grid independence of the results.

6.7.2 Work and results

The averaging time in the simulations in this paper was doubled as
compared with the simulations in Papers I-IV. The number of avera-
ging samples in this new simulation was found to be sufficient. To
establish the grid independence of the results, computations were made
on three computational grids. The results of these simulations were
compared with those of previous LES [56, 59] and unsteady RANS [30]
and it was found that our simulations on a much coarser computational
grid provided results similar to those of the previous LES and better
than those of the unsteady RANS simulations.

6.8 Paper VIII

6.8.1 Motivation and background

In a coarse LES, such as those in Papers I-IV, a substantial fraction
of the turbulent energy is in the SGS motion, indicating the need for
constructing a more accurate model. This can be achieved by incorpora-
ting a history effect through the transport equation for the SGS kinetic
energy. Although such a model was proposed by Ghosal et al. [23], it
was computationally expensive. Thus a computationally less expensive
model was needed.
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6.8.2 Work and results

This paper presented a mixed dynamic one-equation model that is com-
putationally less expensive than the model by Ghosal et al. [23]. The
scale-similarity part of the model is used for the description of the local
energy transport, i.e. the energy transport between scales very close to
the cut-off. The eddy viscosity part of the model is used to represent
the non-local transfer of energy, i.e. the transfer between all scales
smaller and larger than grid filter size. Properties of the model were
investigated and it was found that it is Galilean invariant and reali-
zable. Moreover, the approximately correct near-wall behavior of the
model has been proven. The model was tested for both channel flow
and the case of a surface-mounted cube [41]. It was found that the
model gives accurate results in both cases.

6.8.3 Comments

This model was implemented in single block computational code [13]
only. Its implementation in a multiblock code is more complex and
the simulations using this model need more communication between
blocks as compared to simulations using the Smagorinsky model [60].

6.9 Paper IX

6.9.1 Motivation and background

Two different near-wall resolutions were used in the simulations of the
flow around a bus in Papers V and VI. None of these resolutions was
sufficient to resolve the turbulence producing near-wall structures. Be-
sides, it was found that the predicted velocities in Paper VI were in
poorer agreement with experimental data than the results reported in
Paper V, although this simulation used better spatial resolution than
that in Paper V. Thus a new simulation that resolved more of the turbu-
lent energy in the near-wall region was needed to identify the influence
of the near-wall resolution on the results and to determine whether the
good agreement of the LES results with the experimental data in Pa-
per V was a result of the wall functions used for modeling the solid
wall boundary condition or the poor accuracy of the experimental data.
Finally, I wanted to construct a database for validation of RANS and
hybrid RANS-LES simulations.
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6.9.2 Work and results

A new LES using much finer resolution than those described in Pa-
pers V and VI was made. The results for the velocities in the separa-
tion bubble were in poorer agreement with the experimental data than
those in Papers V and VI. Very high turbulent intensities were found
in this region, which indicated that the hot-wire results were unreli-
able. Thus my suspicion that the experimental data for the velocities
were not accurate was confirmed. The length of the separation bubble
behind the bus was found to converge towards the experimental va-
lue with mesh refinement. Drag and lift results were compared with
the experimental data from the experiment of a similar flow, and good
agreement was found. The integrated value of the pressure coefficient
was found to differ by 5% from that measured in the experiment. This
was explained by the boundary layers that exist in the experiment on
the side walls of the wind tunnel, which were not resolved in the simu-
lations but were replaced with slip conditions.

6.9.3 Comments

Although the spatial resolution was very fine in this simulation, an ad-
ditional grid refinement in the span-wise direction is needed to resolve
all the near-wall structures. The present simulation was computatio-
nally expensive (the computation time with 40 SGI R10000 CPUs was
~ 2300 hours (elapsed time) and computational resources for an ad-
ditional simulation on a larger grid were not available. One way of
obtaining the same blockage region in the experiment and the simula-
tion that would result in the same pressure coefficient on the rear face
of the bus would be to estimate the displacement thickness, ¢*, along
the side walls of the channel and then to move the channel walls in the
simulation towards the wind tunnel’s plane of symmetry by §*.

6.10 Paper X

6.10.1 Motivation and background

Papers VI and IX presented some new flow features, such as thin longi-
tudinal and transversal vortices close to edges of the bus, that were not
observed in experiments and previous RANS simulations of the flow
around similar bodies. Thus an explanation for these and other flow
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structures was needed. I also wanted to summarize the results of all
three simulations in one paper.

6.10.2 Work and results

This paper summarized the results of the three simulations presented
in Papers V, VI and IX. Both the instantaneous and the time-averaged
flows were explored and the mechanisms of formation of flow structu-
res were explained. A great difference was found between the instan-
taneous and the time-averaged flows, in agreement with experimental
observations.

6.10.3 Comments

The resolution of the low frequency change in the pressure on the rear
face of the bus requires very long time averaging. Although I ran a
simulation for over 3.2 months on 40 CPUs, the reliability of the small
frequency of the rear-face pressure signal (St = 0.061) is weak. This,
together with the costly grid refinement studies needed to prove the
numerical accuracy, are the chief problems that must be overcome in
large-eddy simulations of this kind of flow.
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