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1 Introduction

Flow induced noise experienced by the driver or passengers of a ground
vehicle can be a consequence of different flow or fluid-structure phenom-
ena occurring in low Mach number flows. Exposed components such as
side mirrors, A-posts, rails, tires and underfloor details generate flow
structures, which are the primary sources of noise generation around
the vehicle above approximately ����� km/h. The present work studies
the flow past a generic side mirror mounted on flat plate with respect to
sound generation and propagation. This geometry has been the subject
of several studies [1–5]. Höld and Siegert [1, 2] conducted both exper-
imental and numerical investigations to predict sound generation and
propagation at the Reynolds number of ���	��
�������	�������	� based on the
mirror diameter. They conducted URANS simulations for three differ-
ent mesh densities and used a classic acoustic analogy to compute the
radiated sound based on the surface pressure and its temporal deriva-
tive [6, 7]. The simulation time in their work covered ����� seconds. A
similar study at the Reynolds number of ���	��
������������	� was reported
in Rung et al. [3] which focused on differences in sound generation and
propagation in comparisons of URANS and the Detached Eddy Simula-
tion (DES) modeling technique. The maximum simulation time in their
study covered �����	� seconds, and the grid density was twice the highest
resolved case in Siegert et al. [1, 2]. Results of Rung’s DES simula-
tion generally showed an overprediction of the low frequency fluctuat-
ing pressure levels for most surface mounted sensors and microphones.
Their findings showed however a major improvement in acoustic results
using the DES model as compared with the URANS results. The code
vendor EXA later used the generic side mirror to validate their CAA
method development in an aero acoustic consortium directed toward
car manufacturers worldwide. They used the same Reynolds number
as Rung et al. but avoided the difficulties associated with detailed sep-
aration control by introducing a ”trip wire” in the simulations that was
not present in the experiments. Their simulation covered ������� seconds
and showed the same trends as reported in Rung et al. but had im-
proved high frequency contents. Another code vendor, FLUENT, fol-
lowed the experiment reported in [1, 2] at the higher Reynolds number.
Their prediction of the radiated sound past the mirror was promising,
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but confusing figures raise the question of where the monitoring points
were actually located.

The present paper is a first attempt to investigate the flow and
acoustics of the generic side mirror at the Reynolds number of ��� ��

����� � ��� � with a focus on the upstream laminar separation. This work
uses the DES model. Several authors have previously reported promis-
ing results for similar geometries and flow fields with this technique
[8–13]. In contrast to previous simulations conducted over the generic
side mirror, a ”trip-less” approach is chosen to capture an eventual lami-
nar separation. This methodology was pioneered by Shur et al. [14] and
has been further investigated in [8, 9, 13, 15] for cylinders and spheres.
Shur and Spalart [14] used this methodology for URANS simulations in
two dimensions past a circular cylinder, and three-dimensional inves-
tigations were conducted by Travin, Strelets and Constantinescu et al.
[8, 9, 13]. The basic idea is that a laminar separation combined with a
turbulent simulation strategy requires a sufficiently low upstream pro-
duction of turbulent viscosity to be successful while maintaining the
turbulence levels in the downstream wake and boundary layers. A de-
scription of the approach is presented in Section 2 below.

The most straightforward way to compute the near field acoustics of
a flow is to conduct a compressible DNS. With this approach it is possi-
ble to directly evaluate sound emissions at any position in the compu-
tational domain. If interest is instead in finding the emissions at points
outside the computational domain or from an incompressible flow field,
a different strategy must be used. For flows where walls are present,
a feasible method is to use either Ffowkes-Williams and Hawkings or
Lighthill-Curle’s analogy [6,16]. These analogies convert the governing
momentum and continuity equations to an inhomogeneous wave equa-
tion and are identical for steady and impermeable integration surfaces.
Two major assumptions are made in these analogies:

� The fluctuating density, which is the dependent variable, exist on
both sides of the equation and thus decouples the sound wave op-
erator from the sources. This is a reasonable assumption for low
Mach number flows, where sound emissions are primarily caused
by the hydrodynamics.

� Only isotropic wave propagation is taken into account, which is
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true only for flows with zero mean motion.

Studies of the incompressible assumption combined with a modified
version of Lighthill-Curle’s analogy were presented in Ask and David-
son [17,18]. The incompressible assumption is controversial and strictly
speaking not valid for any flow field, but the results were promising in
terms of both directivity and sound pressure levels. The modified ver-
sion of Lighthill-Curle’s analogy, Eq. 1, uses the temporal derivatives
inside the integral instead of keeping the spatial derivatives outside the
integral, as Curle’s [16] original formulation states.���������
	����� 


���� � �������������� �"!# �$�&%(' �)�*�+� �-, �$��. � � /# �0�&%(' �)�*��� �-, �$��21 # �$�4365.7 ��8�	
% ���� �$9 ���;:<� � /��, �$� � /= �0��> � % ��, �$� � = �$�� � 3 5>? ��8�	 (1)

In Eq. 1 the acoustic pressure fluctuations at an observer located at �
are evaluated from a forward time projection of two integrals evaluated
at the source location, 8 . The first integral contains the volume con-
tribution where

# �0� 
A@CB � B � � = �0�D% �+�E�F� � @ 	G, �0� is commonly referred
to as the Lighthill tensor. The dot(s) above

# �$�
, = �0� and � denote time

derivative(s), and
�H�

is the unit vector pointing from the source to the
observer; the terms in this integral are often referred to as quadrapole
terms. The second integral contains the surface integral and consists
mainly of the fluctuating pressure and the fluctuating pressure tempo-
ral derivative. These terms are commonly referred to as dipole terms
and are often regarded as the dominating terms for low Mach number
flows. The derivation of the expression above can be found in [19] and
the corresponding version of Ffowkes-Williams and Hawkings equation
can be found in Brentner and Farassat [7] for the conditions mentioned
above. A similar version is also implemented in the current version of
FLUENT and is used in the present paper.

The methodology for evaluating the radiated sound involves two
steps. First, the flow field is computed on the basis of the assumption of
incompressibility and the DES modeling technique. From the flow field
obtained, the fluctuating wall pressures are extracted and used in a sec-
ond step to compute the radiated sound [6, 7, 17–19]. In this work the
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volume sources are neglected owing to the storage cost. This means that
the fluctuating wall pressure and the time derivative of the fluctuating
wall pressure are the only terms treated.

The present paper is organized as follows. Section 2 discusses the
flow state with respect to experiments and previous DES simulations
conducted for both the geometry in question as well as similar objects.
This is followed by a short review of different wall modeling techniques
for LES (Section 3) and a description of the numerical approach used in
the present simulation (Section 4). The result sections consist of the flow
field results (Section 5) and the acoustic results (Section 6). Conclusions
are presented in Section 7 and acknowledgments are stated in Section
8. Two appendixes are also included, first containing aspects of signal
processing for truncated sequences (Appendix A) and the second giving
the locations of pressure sensors and microphones (Appendix B).

2 Previous experimental and numerical inves-
tigations

The generic side mirror is geometrically similar to both the sphere and
the cylinder, perhaps best known for their drag crisis around a critical
Reynolds number. This great difference in drag force is the consequence
of laminar versus turbulent separation over the object. The Reynolds
number for the present simulation is ���	� 
 ����� � ��� � , which is close
to the critical Reynolds number for both the sphere and the cylinder.
According to Schlichting [20], the drag force coefficient over a circular
cylinder drops ��� � over the interval '���� ����� ��� ��� ��� ����� ����� � . Similar
results can also be found for the sphere, where the force coefficient drops
��� '�� over the interval ����� � ��� ��� ��� ���

� � ��� � . Constantinescu and
Squires [12] mention a critical Reynolds of �������
	 '�� � � ���	� for the sphere,
which agrees well with Schlichting [20]. If an analogy is made between
the flow state over the side mirror and the corresponding sphere and
cylinder, the boundary layer over the generic side mirror in the present
state is close to its critical value. An issue that emphasizes this problem
is two different experimental results for the same flow conditions. The
first is the work presented by Rung et al. [3], who state:

”Oil-flow visualization revealed that flow is clearly super-
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critical, with transition occurring approximately ��������� up-
stream of rear-face edge.”

Secondly, personal communication with Daimler-Chrysler [21] and in-
formation obtained through FORD [4] showed that subsequent mea-
surements indicate, in contradiction with the anotation above, that the
flow state over the mirror is actually sub-critical. In the EXA validation
update report [4] the laminar separation point was found from oil-flow
visualizations to occur approximately ����� '�� upstream of the rear face
of the mirror. This corresponds to ��������	 ���
	 , measured from the most
upstream point of the top-mounted quarter sphere.

According to Schlichting [20] the separation point of sub-critical flows
past the sphere occurs at approximately ����	 , measured from the up-
stream stagnation point. The corresponding separation point of super-
critical flows is at approximately �	����	 . Flow simulations past a sphere
were also conducted in Constantinescu and Squires [12] and showed
separation points between  � 	 and �� 	 at the Reynolds number of ��� � 

� � ����� . In another publication by the same author [13] the reported sep-
aration points for the sub-critical regime were ������ 	 at ��� � 
�� � ���	� and
between ����'�	 and ������	 for the super-critical regime.

The separation point of the sub-critical flow past a circular cylinder
is stated in the literature to be expected to occur at approximately ���	 .
In the simulations made by Travin et al. [8] the computed separation
point for the sub-critical flow past a circular cylinder occurred at �� 	 to
�	�
	 . The super-critical separation points in the same paper occurred at
�2' 	 to �	�	� 	 . The following conclusions can be drawn from the findings
presented above:

� The separation point of sub-critical flows can be expected to occur
farther upstream than is the case in super-critical flows

� The information on the separation point for the mirror in [4, 21]
corresponds well with the corresponding location in the sub-critical
flow past the cylinder

On the basis of this information it was further assumed that the flow
state over the mirror is actually sub-critical, with an upstream laminar
separation. The aim of the present simulation is thus to attempt to
detect this laminar separation and study its effect on both sound gener-
ation and propagation.
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As regards spatial discretization of the convective fluxes for DES, a
general recommendation was made by Strelets [9] and further applied
in [12, 13, 22, 23]. He suggested central difference schemes in the wake
combined with high-order, upwind-biased schemes in the RANS and Eu-
ler regions if the pure central differenced scheme proved unstable. The
central schemes are known to have stability issues when operating in
RANS mode, especially for cells with large aspect ratios. On the other
hand, upwind-biased schemes are commonly considered too dissipative
for LES. Different spatial discretization practices have been used in con-
nection with DES. In most extreme cases, a fifth-order, upwind-biased
scheme was applied in the Euler and RANS region combined with a
fourth-order central scheme in the wake [22, 23]. In [12, 13], a fifth-
order upwind scheme was used close to the walls and over the Euler
region and was combined with a second-order central difference scheme
in the wake region. However, several authors have reported acceptable
results also for second and third-order, upwind-biased schemes [3, 11]
involving separated flows.

For smooth objects, where separation occurs, both wake characteris-
tics and force coefficients are crucial to whether the separation occurs
at laminar or turbulent flow states. There are several possible ways of
treating these flow states. Three alternatives are presented here.

� The most common technique is to apply an inflow turbulence level.
This technique will for some models cause an overprediction in
turbulent quantities in stagnation regions.

� The second technique involves low inflow turbulence levels as well
as a trip location known in advance or predicted by some other
method. The trip location can either be a geometrical fix or recon-
structed through source terms in the governing equations, Con-
stantinescu and Squires [12].

� The third alternative will be further referred to in the following
text as the ”trip-less” approach and was introduced by Shur et al.
[14] for sub-critical flows past cylinders. This technique has thus
far been used for two and three-dimensional flows over objects
such as cylinders and spheres [8–10,13] and involves the following
steps. An initial RANS simulation is carried out. After this initial-
ization, the inlet boundary condition is shifted to a zero or close to
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a zero turbulent level while maintaining the freestream velocity
level. The initial turbulence will then be swept out of the bound-
ary layers on the upstream side of the geometry but will survive
in the wake. The key to success in this method is the occurrence
of separation, which is inevitable for objects such as cylinders and
spheres.

3 Wall modeling techniques for high Reynolds
number flows

In recent years LES has gained increased attention due to several suc-
cessful applications. The key to this success has been moderate Reynolds
numbers or approximations in typically one spatial direction. For high
Reynold number flows past three-dimensional objects, wall resolved LES
is still out of reach for most engineering applications. The primary cause
of this limitation is the need to resolve the streaks typically present in
the near-wall region. Many estimations of the required number of grid
points to resolve these kinds of flow structures are found in the liter-
ature [3, 15, 24–26]. Chapman [24] estimated the grid requirement for
resolving the viscous sublayer as

��������� ���
	�
 � (2)

for nested grids and flat plate boundary layers. This estimate is not far
from the resolution requirements in DNS, where

��������� ��� � 
 � � . Fur-
thermore, Temmerman et al. [25] mention a grid dependency remote
from walls as

��������� ����� 
 � in the outer region. This means that the
outer region will typically contain only a fraction of the total number
of grid points. In a more local perspective, these estimates can be ex-
pressed in terms of wall units for the first off-wall cells. In the wall nor-
mal direction the resolution in wall units is similar to the requirement
for a low Reynolds model, with

:��
	�� . The limitation in a wall-resolved

LES compared to RANS occurs in the streamwise ( � � ) and spanwise
(
� �

) direction of the flow. Spalart [15] recommended for wall resolved
LES that � � 	 ��� ; the corresponding recommendation in Davidson and
Dahlström [27] was � � 	 ���	� . Davidson and Dahlström recommended���
	 ��� in the streamwise direction, and similar values were presented
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in Temmerman et al. [25]. To circumvent this bottleneck in compu-
tational requirement for wall-resolved LES, a wide range of techniques
have been developed to reduce the computational effort necessary in the
near-wall region. For this purpose a schematic overview of the different
methods is presented in Fig. 1.

Wall modeling techniques

Wall functions

Log-law based BLE models

Hybrid RANS/LES
methods

Zonal methods Universal methods

Figure 1: Overview of techniques for high wall bounded high Reynold
number flows

One way to circumvent the near-wall resolution issues in LES is the
use of wall functions. These functions replace the resolution require-
ment of the governing equations with an expression or value for the
wall shear stress. Typical for these techniques is that the first off-wall
cells are located in the logarithmic region '�� � : �

� '��	� where the
lower limit is most desirable. In its simplest form, log-law based wall
functions assume logarithmic or semi-logarithmic velocity profiles that
provide the wall shear stress as a boundary condition to the governing
filtered or averaged equations and further assume that the turbulence
is in a state of local equilibrium. The drawbacks in this assumption
are well known for flows involving separation, stagnation and reattach-
ment, where the wall shear stress vanishes. To increase the validity of
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the wall functions, improvements have been made to include the pres-
sure gradient [28] as well as replacing the wall shear stress in the ve-
locity log-law with the turbulent kinetic energy [29]. However, these
treatments still rely on an assumed logarithmic or semi-logarithmic ve-
locity distribution, which drastically limits their validity.

Balaras and Benocci [30] presented a different approach to wall mod-
eling that was based on filtered Navier-Stokes equations and used what
appeared to be a high Reynolds grid. The filtered equations were solved
down to the first grid point on this primary high Reynolds grid. From
the first grid point and down to the wall, a refined mesh was embed-
ded in the main mesh, where simpler two-dimensional boundary layer
equations (BLE) were solved. The boundary layer equations give veloc-
ity profiles for the streamwise and spanwise components and thus pro-
vide the wall shear stress in order to be able to solve the outer filtered
equations. The advantages of this technique are twofold. First, less
empiricism is needed to compute the wall shear stress compared to the
logarithmic based wall functions mentioned above. Secondly and most
attractive is that the cumbersome procedure of building low Reynolds
meshes are avoided. This is a major advantage in industrial applica-
tions where low Reynolds grids may prove almost impossible to gen-
erate due to the geometrical complexity. This technique was used in
Cabot and Moin [31] for a backward facing step and was compared with
wall resolved LES and showed promising results for both wall friction
and wall pressure. However, as pointed out in Nicoud et al. [26], a
strong dependency of local Reynolds number and the location of the
first off-wall cell is vital for an accurate prediction of the velocity pro-
files, which can be problematic in separated flows. The technique was
further investigated In Wang and Moin [32] for the airfoil trailing edge
flow. The results showed a clear overprediction of the mean friction coef-
ficient, which was argued to be caused by too high a turbulent viscosity.
They suggested that a dynamically adjusted mixing-length eddy viscos-
ity should be used instead to circumvent this problem. The resolutions
in wall units for their simulation were ( � � 	 ��� ) and (

� �
	 '�� ), where the

first off-wall node in the wall normal direction was located in the lower
edge of the logarithmic layer. A different approach to solving the wall
modeling issues is by hybrid RANS/LES techniques. Instead of using
a refined subgrid, the steep wall normal gradients are resolved by the
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grid, i.e. by using a low Reynolds grid. Compared to wall resolved LES
the directions parallel to the wall will not be resolved. Thus, the near-
wall structures are not resolved and the SGS model must be modified in
this region to account for these unresolved motions. A possibility is to
augment the SGS model with an ordinary RANS eddy viscosity model
in the wall region. The fundamental idea is that the governing RANS
equations are very similar to the LES equations except for the definition
of the turbulent viscosity, as pointed out by Davidson and Dahlström
[27]. The turbulent viscosity is proportional to a characteristic turbu-
lent length and velocity scale, which are defined in different ways for
RANS and LES. This type of technique can further be divided into two
different categories based on the interface condition. Zonal methods re-
fer to methods in which the interface is defined in advance and often in
terms of wall units, while universal models have the inherent ability to
switch between the two domains. For these techniques the crucial point
seems to be how to transfer modeled turbulence from the RANS region
to resolved stresses as boundary conditions to the LES domain. A di-
rect consequence of the above described approach is that the near-wall
solution will never be better than the embedded RANS model.

Two trends can be identified over the years for the zonal techniques.
First, several studies aimed at embedding more physics in the RANS
model and, second, investigations have been made of the RANS/LES in-
terface position and rigidity. The studies have in their simplest form
implemented one-equation models [27] to two-equation models [33–36].
Lately, efforts have been made to introduce true or synthetic fluctua-
tions over the RANS/LES interface. The idea is to circumvent the poorly
resolved stresses from the RANS region (Davidson and Dahlström [27])
and introduce either true turbulent fluctuations from a DNS over the
interface or introduce synthesized turbulent fluctuations [37]. An even
more refined technique for improving the interface condition was eval-
uated in Nicoud et al. [26]. They used suboptimal control theory for the
turbulent channel flow to force the outer LES solution towards a desired
solution by using the wall stress boundary condition as a control. The
drawback was that the computational cost for the channel flow was 20
times greater than for an explicit wall stress model.

In the final class of wall modeling techniques, ”universal models”, as
proposed by Labourasse and Sagaut [38], will be discussed. Universal
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models are models that inherently switch between RANS and LES mode
and apply the same equations in both regions. The most commonly used
method is the DES simulation technique used first by Spalart et al. [39].
In DES the same equations are solved for both the RANS and LES zones
by using a simple one-equation model for the modified turbulent viscos-
ity close to the wall. When the grid in all directions is much smaller
than the boundary layer thickness, it smoothly turns to an SGS model.
The essence of the model is the recognition of the DES length scale,

� �
,

defined as � � 
 ����� � 5�� �	� ��
 9 � 	 (3)

The DES length scale actually consists of the evaluation of two different
length scales. The first RANS length scale,

5�
, is based on the distance

to the closest wall and the LES length scale, � ��


9
�

, depends on the grid
spacing. The LES length scale,

�

 ����� � ��� � ��� � ��� 	 and � ��


9
is the

model constant, � ��


9

������	� , obtained from isotropic decaying turbu-

lence. The two length scales will converge over the RANS/LES interface
and contribute to a smooth transition between the zones. In contrast to
the zonal models the approach has no issues of discontinuities in any
variable over the zones. This is also one of its drawbacks because, in its
basic form, it covers the whole boundary layer in the RANS mode. The
grid dependency of the method has however one attractive aspect. With
increased grid refinement, the model gradually turns the DES toward
LES and in the end toward DNS, even though this was not the primary
aim of the model. However, too high a wall parallel resolution can lo-
cally activate the LES mode close to wall, causing a premature or ”grid-
induced” separation. This makes grid generation an even more delicate
task than in the case of LES and makes the method sensitive to cells
with low aspect ratios. The method aims at industrial applications at
high Reynolds numbers, and promising results have been presented for
several complex geometries and flow fields [3,8,10–13,23,40]. A similar
technique that circumvents the grid dependency is the Scale Adaptive
Simulation (SAS) model pioneered by Menter [41, 42]. The model uses,
as compared to DES, a dynamic length scale based on locally resolved
eddies in the flow. This length scale is defined as:
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����� 


���� �
	���
�� �
	���

��
����	���
�
�� ����	���

�
��

(4)

The length scale evaluated in Eq. 4 is based on second velocity
derivatives that are numerically difficult to estimate with decent ac-
curacy and implicitly require a fundamental understanding of both grid
refinement and numerical methods, which in some senses can be more
difficult to control than the grid issues in DES, where the user has
greater control. The method is still in its infancy and has so far only
been evaluated for a minor number of flow fields. Both DES and the
SAS model have however been evaluated for circular cylinders (Travin
et al. and Menter et al. [8,41]) and have shown similar results in terms
of the surface pressure distribution. Other techniques categorized to-
gether with the universal models include that presented by Speziale
[43], who used blending of the stress tensor in a Reynolds stress model,
which makes it possible to smoothly transfer between RANS and LES.
This idea was further developed in Batten el al. [44, 45] and was called
the Limited Numerical Scale (LNS), where a parameter-free definition
of the blending function based on products of turbulent length and veloc-
ity scales was used. In essence, the LNS approach identifies the resolved
and unresolved fractions of the kinetic energy. The technique was also
used for subdomain simulations involving RANS and LES and was then
referred to as ”embedded LES” through a forcing over the LES/RANS
interface using synthetic turbulence, similar to the zonal methods de-
scribed above.

It can be concluded from the discussion above that all techniques
presented have drawbacks that can be more or less critical for complex
flows. In the present paper the DES modeling technique was chosen for
two reasons: the first and most obvious is that the methods available in
the present version of FLUENT are restricted to DES and equilibrium
wall functions. Secondly, the DES model has successfully been applied
to similar objects and flow fields.
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4 Numerical approach

The object used in the present simulation is the generic side mirror
mounted on a flat plate. It consists of a half cylinder with the diameter
� 
 ����� [m] and height � 
 � blunted by a quarter sphere on top, which
gives a total height of � 
 ������� . The geometry is shown in Fig. 2 and
its position on the plate is represented in Fig. 3. The Reynolds number
based on the mirror diameter is ������	������ �����	� with a freestream ve-
locity of '
� [m/s]. This freestream velocity results in a Mach number of
�����	� . There are no indications that compressible effects or sound wave
reflections have a prominent role in the present flow field, which implies
that an incompressible approach should be justified.

�
�

�������

�

�������

�
�

�

Figure 2: Mirror geometry; side view and front view, respectively



15

The code used in this paper is the unstructured FLUENT 6.2 com-
mercial solver. It is based on a control volume formulation to convert the
governing equations to a solvable set of algebraic equations. The code
in the present state uses a collocated scheme with cell-centered storage
of both scalars and vectors. In the present paper, the incompressible
segregated solver is used with an implicit SIMPLEC pressure-velocity
coupling algorithm. A second-order, upwind-biased scheme is used for
the convective fluxes over the whole domain. The discretization in time
follows an implicit second-order scheme to obtain a converged solution,
and convergence is defined as when the residuals have dropped three
orders of magnitude each time step for the solved variables. The com-
putational domain is built up of a block-structured hexahedral mesh in
ICEM 5.1 and consists of

� �����
	 ��� 2' ������� cells. The domain is bounded

by an inlet ����� upstream of the mirror and an outlet '��
� downstream
of the mirror. In the spanwise extension the far field boundaries are
positioned ����� on opposite sides of the mirror. In the plate normal di-
rection a far field boundary is located ����� above the plate.

The inlet boundary condition follows the ”trip-less” approach, with
an initial steady state inlet turbulence intensity of �����

�
and a turbu-

lent inlet length scale of ������� followed by a zero inlet turbulent viscos-
ity. Other boundary conditions used in the present work are a pressure
boundary condition at the outlet and symmetry boundary conditions at
the far field boundaries. No-slip boundary conditions are used over the
plate and mirror geometry.

The simulation procedure was as follows: a converged RANS solu-
tion based on the S-A model served as an initial condition. After this
initialization, the inlet turbulent viscosity was set to zero and a coarse
time step was first chosen to convect freestream disturbances down-
stream. The time step at this stage was

� � 
�� � ����� 1 [s] � 
 � ����� 	 , and
the simulation was run for � �������	��� . This means that a perturbation at
the inlet travels a distance of 19.5D downstream or 4D downstream the
mirror. The time step was then reduced to

� � 
���������� � [s] � 
�
 ����� 	
and run for an additional ����	��� , which corresponds to an additional
1.7 full domain flow-throughs. After a total simulation time of ���������	��� ,
extraction of statistics and wall pressures was initiated and the simu-
lation was run for a further �������� . The sampling frequency of the wall
pressure was 50[kHz], which corresponds to sampling at each time step.
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The Strouhal number for cylinders and spheres is typically
? � 	

����� , which results in a fundamental frequency of ��� 
 � � [Hz] with the
periodicity

# � 
 � � 
��	��� . The Strouhal number is defined as
? � 


� �	��� , where � is the frequency, � is the freestream velocity and �
is the mirror diameter. The time during which statisitics is extracted
will contain ��� periods of this fundamental frequency, which might be
insufficient for a proper description of the flow statistics for the lowest
frequencies.

�����	� 
������ ������

� �����

�

� �����

Figure 3: Mirror and plate,
� �

-plane

The suction side of the mirror is resolved by �����	� cells with ����� nodes
over the mirror height and �	� cells over the mirror width. The first off-
wall node close to the mirror trailing edge is located at

���

 � � ��� � � [mm]

in the wall normal direction, and this distance is successively increased
when approaching the upstream stagnation point. As an estimate of
the boundary layer thickness, a laminar Blasius solution for the cylin-
der flow was used [20]. At a Reynolds number of ����� 
 ����� � ���	� ,
the estimated boundary layer thickness, ,���� � 
 	 	������
� [mm], is resolved
by ��� cells in the wall normal direction. To prevent an eventual grid-
induced separation in RANS mode, the following relation must be ful-
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filled, Menter et al. [41]:

� ��


9
�

�� � � 	G, (5)

In Eq. 5,
�

is the maximum extension of the cell and , is the bound-
ary layer thickness. For the cells located over the suction side close to
the trailing edge, this requirement is fulfilled by at least one order of
magnitude.

5 Flow field results

This section gives flow field results for the simulation. The results are
further divided into mean and instantaneous results, followed by the
time-dependent results.

5.1 Mean and instantaneous results

In this section
: �

will refer to the wall normal direction, � � to the
streamwise direction and

� �
to the lateral direction. The

: �
values

over the suction side range from ����� � � :�� � ��� � , with a mean value
of
: � 
���  . Over the plate, the

: �
values range from ���  to

� ��� , where
the maximum values occurs close to the leading edge of the plate and
the lower limit values typically occur in the mirror wake. The

: �
levels

over the plate and mirror rear side are also shown in Fig. 4. The log-law
is applied for cell centroids located in the range of '�� � : � � '��	� and
the viscous sublayer is assumed to be resolved for cell centroids located
at
: �

� � . An attempt to resolve the boundary layer over the plate
would increase the amount of cells necessary beyond the limit of avail-
able computer resources. The log-law is therefore assumed to be valid
over a major part of the plate while resolving the viscous sublayer over
the suction side of the mirror. The � � is typically ' � � '�� on the suction
side of the mirror close to the trailing edge and the corresponding

���
value varies between � '�� and ����� for the same locations.

The CFL number ranges from �����	� � � � ��� �
��� � � � ��� 	� where the

maximum value typically occurs close to the mirror trailing edge and is
limited to just a few cells.

Figure 5 shows the location of the RANS/LES switch over the
�

 �

plane. A close-up view over to the trailing edge is seen in Fig. 5(b)
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(a) Contour levels of �
�

over the plate at��������	�
 �����	���
 	�������	�
 ����������� (b) Contour levels of �
�

over
the mirror pressure side at��������
 ����	�
 	�����
 ���������

Figure 4: Contours of
: �

over the plate and the mirror pressure side
respectively

together with superimposed velocity vectors. As discussed above, the
boundary layer is completely captured within the RANS domain even
though the � � and

� �
are significantly lower than what is customary for

a low Reynolds RANS grid.
In Fig. 6 the normalized wall shear stress, ��� , is presented for three

cut planes over the suction side of the mirror and compared with mea-
surements over both a sphere and a cylinder [46, 47]. The normalized
wall shear stress is defined as

��� 

=@ � � ��� � 
 � (6)

which is appropriate for laminar boundary layers. Over the
�

 �������

plane the flow over the suction side is typically two dimensional and
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(a) Grid and location of the
RANS/LES switch

(b) Close-up view of velocity vectors and location of the
RANS/LES switch close to the trailing edge

Figure 5: Location of the RANS/LES switch over plane
�
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Figure 6: Normalized wall shear stress over suction side, �G� 	 Symmetry
line, �G� � 	 � 
 ������� , � � � �


 � , ����	 Exp. over a sphere at ��� 
 '����  �
��� � , ����	 Exp. over a cylinder at ��� 
�� ����� �
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corresponds well to the cylinder experiment up to ��� � , where the mea-
sured wall shear stress drops drastically. The other two cut planes are
located at

�

 � and at

�

 � . At these locations the flow over the mirror

is three dimensional with stagnation further upstream, which makes a
direct comparison with both the cylinder and sphere measurements dif-
ficult. Both the cylinder and the sphere have well defined stagnation
points at � 
 � � , where the generic side mirror shows an expected over-
prediction in the wall shear stress. Even though the simulation overpre-
dicts the wall shear stress at � 
� � , the curves converge rapidly with
the cylinder measurements, possibly due to an overproduction of the
turbulent viscosity. Further downstream an underprediction of the sim-
ulated wall shear stress can be identified in the range ( ��� � � � � ��� � ).
That an excessive production of turbulent viscosity causes the discrep-
ancy in the results is verified in Fig. 7(a), which shows an iso-surface
for ��� ��� 
 ��� . Compared to the existing side mirror measurements, the
laminar separation should occur close to the ��� ��� 
��� iso-surface. The
high ��� prevents the laminar separation to be captured.

(a) Turbulent viscosity ratio, ���
�
�
	

���
(b) Turbulent viscosity ratio over plane ��	

�

��� ��� 
 � � � 
 �����	���
� � ��� 
���� � � 
 ��� '�� ���� ��� 
���� � � 
 ��� � ���

Figure 7: Contours of the turbulent viscosity ratio



21

In Fig. 8 the mean pressure coefficient over the mirror is compared
to the corresponding Daimler Chrysler measurements [21]. The mean
pressure show good agreement with the measured results except at the
sensors located near the upstream separation line (S10, S25), where the
simulation underpredicts the mean pressure. A complete description
of the monitor positions is given in Table B in Appendix B and this is
visually presented in Fig. 9.

5 10 15 20 25 30 35

−1

−0.5

0

0.5

1

PSfrag replacements

Sensor number

���

Figure 8: Mean pressure over mirror, (o) experiment and (-) simulation

Figure 10 is a vorticity snap-shot of two cut planes. These cut planes
clearly show the presence of two major structures dictating the low fre-
quency flow conditions in the mirror wake. The first structure impinges
the plate at approximately ������� from the rear side of the mirror with a
length scale comparable with the mirror height, Fig. 10(b). A second,
more strongly alternating structure occurs in the plate parallel plane
� � downstream of the mirror, as seen in Fig. 10(a). The interaction be-
tween these structures has a major impact on the pressure fluctuations
which are responsible for the major part of the generated sound.

5.2 Time dependent results

Contrary to both the cylinder and sphere flow no strong fundamental
frequency could be observed over the conducted simulation, as can be
understood in Fig. 11.
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(a) Monitor distribution over the suction
side
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? ���
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(b) Monitor distribution over the pressure side, rear
view
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�
�

Figure 9: Location of surface sensors over mirror pressure and suction
side respectively

The amplitudes of the oscillations in the force coefficient are similar
to the findings in the sphere simulations presented in Constantinescu et
al. [13] but show a higher content of lower frequencies. It is also clear in
the figure that lower frequencies than the fundamental frequency exist
in the present flow field. Both the sphere and cylinder are known for
their modulation in the force coefficient, and this can be the cause of
the appearance of the force coefficient. In either case, additional studies
should include a longer time sequence to improve statistics. The large
variations in the force coefficient are caused by the resolved structures
in the recirculation zone behind the mirror. This is apparent in Fig.
12(a) where the rms of the pressure is presented over both the suction
and pressure sides of the mirror. The contours over the pressure side
are highly asymmetric, with the highest levels below � � of the mirror
height.

Figure 12(b), which gives the rms of the pressure fluctuations over
the plate, shows that the alternating structures and their upstream



23

(a) Plane, � 	
��
 	��

(b) Plane, � 	
�

Figure 10: Snapshot of vorticity magnitude
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Figure 11: Instantaneous drag coefficient and mean drag over the mir-
ror

shear layers are the dominating sources of the sound generation. In
comparison to Fig. 12(a) the rms levels of the pressure fluctuations are
almost 10 times as large. The transversal structures identified in Fig.
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(a) RMS of pressure on mirror suction
and pressure side respectively,

�����
��� ��� � ��	

�
�

�
�

? �	�	� ? �	� �
(b) RMS of pressure fluctuations over the plate
ranging from

���� ��� ��� � ��	�
and contours at� ���������
 	�� ����	����	����
 	�����	����

? �	��� ? �	� � ? ����� ? ���	�? ���2'

Figure 12: RMS of wall pressure over mirror and plate respectively

10(b) increase the three dimensionality by interacting with the alternat-
ing side structures, thus increasing the downstream levels of pressure
fluctuations over the plate.

Next, fluctuations over the pressure sensors are presented in the
frequency plane. The location of the sensors is given in Table B in Ap-
pendix B and in Fig. 12 and the predictions are compared with the
Daimler-Chrysler measurements [3].

Analyzing discontinuous signals in the frequency plane is always a
controversial matter, especially when the time sequence appears to be
insufficient. For acoustic measurements the standard procedure is ap-
proximately seven seconds of sampled data to obtain converged statis-
tics, which is not feasible in simulations of the kind presented in this
paper. Here, Fourier transformation of the autocorrelation was used to
obtain the power spectrum. The wish to minimize the frequency leakage
when truncating discontinuous signals and the energy preservation of
the lowest frequencies make this approach the most appropriate choice.

The fluctuating pressure level presented in the figures is computed
in the following way


 � 
���� � ��� 	 � �� �
� ���

(7)
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where � � � � 
 � � ��� � � is the reference pressure. The presentation of
hydrodynamic pressure fluctuations in terms of SPL can be somewhat
misleading as sound pressure levels only account for emissions in the in-
termediate and far field. For this reason, the fluctuating hydrodynamic
pressure levels (PL) are presented instead.
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(a) PL at surface sensor no. 111
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(b) PL at surface sensor no. 114

Figure 13: PL of wall pressure over sensors S111 and S114
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(a) PL at surface sensor no. 116
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(b) PL at surface sensor no. 119

Figure 14: PL of wall pressure over sensors S116 and S119

The results collected from the two sensor points located on the pres-
sure side of the mirror opposite to the symmetry plane are presented in
Fig. 13. The experiments for these two sensors show a high degree of
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(a) PL at surface sensor no. 121
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(b) PL at surface sensor no. 122

Figure 15: PL of wall pressure over sensor S121 and S122
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(a) PL at surface sensor no. 123

Figure 16: PL of wall pressure over sensor S123

symmetry with a maximum peek at '�� Hz. Furthermore, all frequencies
except possibly at 20 Hz are significantly underpredicted in the present
simulation, which is rather annoying. This underprediction may be a
consequence of the misrepresentation of the upstream flow state or the
too short simulation time and should be investigated further. An asym-
metry for the lowest frequencies in the simulation results can also be
observed that is most probably due to too short a simulation time. How-
ever, the fluctuating pressure levels over the pressure side of the mirror,
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as pointed out in the text above, is almost an order lower than the find-
ings downstream of the plate. Sensor S116 positioned in the upstream
boundary layer of the mirror is also poorly predicted. This is expected
since it is located in the unresolved plate boundary layer. Sensor S119
positioned ������� downstream of the mirror geometry is shown in Fig. 14.
Compared to the sensors over the pressure side of the mirror the agree-
ment is significantly better up to ���	� [Hz], where the pressure level
drops rapidly with increasing frequency. The experiments show for this
position a lower tonal contents as compared to sensors S111 and S114.
The last three sensors, S121 to S123, are positioned in the high fluctu-
ating pressure level region in the wake. Good agreement is found up
to ���	� [Hz], where almost all of the lower frequencies are correctly cap-
tured. The fundamental frequency of

� � [Hz] can be identified for this
region. Studying the results from the pressure fluctuations above, a
general conclusion is that there seem to be resolution issues above ���	�
[Hz]. An attempt to compute the mesh cut-off frequencies was made to
analyze this further. The mesh cut-off frequency can be estimated as
����� � 
 � B ��� � � � � � ��� 	 , where B ��� � is the rms of the resolved fluctuating
velocity magnitude and

���
is the grid spacing. The estimated mesh

cut-off frequency for the first off-wall cell is summarized in Table 1.

Cut-off frequency for first off-wall cells
Sensor

� B ��� � � �
��� ����� �

S119 8.17 0.01792 413
S121 11.75 0.0238 426
S122 12.99 0.0238 451
S123 14.8 0.0238 504

Table 1: Mesh cut-off for four of the surface sensors

The analysis only treats the cut-off that is caused by the mesh and
represents a measure of the highest possible frequency according to the
Nykvist criterion; the mesh cut-off for each sensor is also marked by a
line in Figs. 13 to 16. However, the results serve as an engineering tool
to estimate the mesh cut-off, and it is clear that to improve the results
in the high frequency region, a significantly larger number of cells is
needed in the wake region unless no improvement of the discretization
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scheme is made.

6 Acoustic results

The sound emission at five observer points was computed and compared
with experimental data. The positions of the observers are given in
Table B in Appendix B and are shown in Fig 17. The storage of the
two source terms contributes to � GB of data for the present simulation
and the treatment of additional volume sources is simply not feasible.
The sound emission results are presented in Figs. 18(a) to 18(e). It
can be seen in the experimental results for the first four observers that
the spectral content is almost identical. The best agreement between
experiments and simulation is obtained for observers M10 and M11,
Figs. 18(c) and 18(d). These two observers are located above the region
with high fluctuating pressure levels.

� � �

� �	�
� ���

� �
� �

� � �

� �	�
� ���

� � � �

�
�

Figure 17: Microphone positions, top and front view respectively
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(a) SPL at microphone no. 1
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(b) SPL at microphone no. 4
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(c) SPL at microphone no. 10
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(d) SPL at microphone no. 11
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(e) SPL at microphone no. 14

Figure 18: SPL at observers
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For observer M1, located upstream of and above the mirror, the sim-
ulation result clearly underpredicts the measurements, Fig. 18(a). This
is expected owing to the neglection of volume terms as well as the unre-
solved plate boundary layer in the simulation. In Fig. 18(b) the observer
M4 is positioned in the plane of the rear side of the mirror, � � above the
plate. This observer is located close to the high fluctuating pressure
region over the plate and an improvement in SPL for this observer is
found compared to observer M1. The directional vector from this high
fluctuating pressure level region on the plate and the observer is sig-
nificantly deviating from the wall normal, resulting in a low projected
area for these wall sources. Again, neglecting the quadrapole terms as
well as the unresolved plate boundary layer may be the cause to some of
the discrepancy in sound pressure levels. This discrepancy in results in-
creases when the observer is located even further away from the object,
Fig. 18(e).

7 Conclusions and future work

In this paper a first attempt is made to predict both the flow field and
emitted sound past a generic side mirror mounted on a flat plate. The
Reynolds number is ����������� � based on mirror diameter; the correspond-
ing Mach number for this flow field is

� � 
 �����	� . Owing to the low
Mach number, the flow field is solved on the basis of an assumption
of incompressibility. Previous experiments have shown the presence of
a pressure induced laminar separation upstream of the suction side of
the mirror and no published simulation has yet been able to capture
this phenomenon.

The present simulation attempts to capture this flow field by an ap-
proach first presented by Shur et al. The technique basically consists of
two steps. An initial flow field is first obtained with turbulence levels
over the whole domain. The inlet boundary condition is then shifted to a
level of zero turbulence over the inlet, and the turbulence is successively
swept out of the domain during the time marching. With this technique
the wake will contain self-sustained levels of turbulence which will dif-
fuse to the upstream boundary layers. Still, this technique results in a
turbulent to physical viscosity ratio of 10 close to the point where the
separation should occur and is still too high to capture a laminar sepa-
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ration.
The radiated sound is calculated from the Ffowkes-Williams and

Hawkings analogy, where the two terms treated are the instantaneous
fluctuating pressure and its temporal derivative. Thus, two major as-
sumptions are made. First, quadrapole terms are neglected and sec-
ondly the simulation is conducted in an incompressible manner, which
neglects any sound wave reflection. The overall conclusions drawn from
the present simulation are as follows.

� Even though the simulation fails to predict the laminar separa-
tion, good agreement is found between simulated and experimen-
tal results for the sensor points positioned most downstream up to
100 Hz.

� Large discrepancies are found for the intermediate and far field
observers, possibly because of the neglected volume sources and
the unresolved plate boundary layer.

� The simulation time should be increased to gain better statistics
in the wake and force coefficients.

� The levels of the surface pressure fluctuations fall rapidly above
200Hz for all the sensors of interest. These predictions can be im-
proved by using a more isotropic wake mesh and a less dissipative
discretization scheme and to some extent even a less dissipative
turbulence model.

� A proper representation of the upstream laminar separation can
also improve the intermediate frequency range.

A recurrent drawback in the present simulation is the short simu-
lation time, which will be increased significantly in future studies. A
further study is proposed where the turbulent viscosity will be set to
zero upstream of the mirror in order to capture the laminar separation.
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A Comments on signal analysis

When solving the flow field in the time domain, the outcome will be a
truncated time sequence of the variable of interest. For turbulent flows
the time sequence will typically have a random character with a more or
less pronounced small banded content. Unfortunately, an abrupt trun-
cation of the Fourier series will result in a jump between the first and
last value in the sampled sequence. In Fourier space, where the se-
quence is evaluated as an infinite series, the result will be a spectrum
with an excessively high frequency content. This oscillatory effect is
also known as Gibbs phenomenon. Approximating the truncated time
sequence as an infinite Fourier sum is equivalent to applying a rectan-
gular filter to the approximated truncated sequence

� ���
	 
�� ����	�� �&���
	 (8)

where � ���
	 is the window function, � ����	 is the truncated time sequence
and

� ���
	 is the approximated response function. Since an infinitely long
time series is approximated by a truncation, it is reasonable to assume
that the approximation improves with a longer time interval,

#
. How-

ever, the maximum amplitude of the oscillation is relatively constant
regardless of the sequence length [48]. Since this oscillatory effect is the
result of having excess amplitude in the high frequency components, it
is desirable to reduce or taper off these high frequencies by some kind of
weighted filter. This section presents some commonly used techniques
for a simple test case and are further evaluated for a sequence from the
simulation conducted. The signal used in this section is a pure sinus
sequence defined as follows

��
�� �	� : � � � �


 	 (9)

where the amplitude, A, is ����� , k is the sample integer and K is the num-
ber of samples per period. Two sequences are treated in this section, a
continuous signal, Fig. A, and a truncated signal, Fig. A.

For these two sequences, three filters are evaluated and defined as
follows

� �����
	 
�� � � �� �  #
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(b) Truncated sequence

Figure 19: Truncated sequence
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where � �&���
	 is the rectangular filter, �����&����	 is the Cosines tapered

rectangular window and � � ���
	 is the Hanning window. These three
filter functions are presented in Fig. 20.

It is clear in Fig. 20 that the three filters violate the sequence to
different extents. The level can be quantified by computing the total
squared window value, defined as# ? 7 
 ���� � 	�

� � �
� �� (10)

The results for the three different windows are presented in Table 2.
The rectangular window returns the raw sequence without any taper-
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Figure 20: �G� 	 Rectangular window, �G� � 	
Tapered rectangular window, �G� � 	 Han-
ning window

Total squared window value
Window TSV

Rectangular 1
Cosines-tapered 0.872

Hanning 0.374

Table 2: TSV for the different windows

ing, as discussed above. The second Cosines-tapered window leaves
most of the signal unaffected and limits the amplitude reduction to the
first and last ���

�
of the sequence. Finally, the Hanning window affects

the whole sequence except the value at mid-range, resulting in a low
TSV value. Another technique for evaluating a truncated sequence in
the frequency plane is to compute the power spectrum from the autocor-
relation of the function. The autocorrelation is defined as� ��� � = 	 
 � � � ����	 � ��� % = 	 5 � (11)

where = is the time separation. The power spectrum can then be com-
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puted as

� ��� � � 	 
 �
� �
�
 � ��� � = 	 � � � 	�� (12)

Two definitions will be made before studying the results. The main-
lobe is identified as segments with maximum power normally defined
between the points where the power has fallen ' 5�� and side-lobe seg-
ments will be defined as the frequency leakage.

Starting with Figs. 21(a) and 21(b) it can be seen that the funda-
mental frequency for the truncated sequence is tweaked to a higher
frequency for all filtered signals except the results obtained from the
autocorrelation. This is due to the Fourier transformation of the con-
tinuous autocorrelation function properly describing the actual signal
without any damping, as is the case for the other windowed signals.
The amplitude of the fundamental frequency is also more properly pre-
dicted with this technique, even though a slight reduction can be no-
ticed. For the Hanning and cos-tapered filters, an underprediction in
amplitude can be observed for the continuous signal and is maintained
for the truncated sequence. The main and sidelobe characteristics are
better presented in a log scale owing to the vast range of frequencies.
In Figs. 21(c) and 21(d) the sound pressure level were computed in the
following way ? � 5�� 	 
���� � ��� 	 � � �� �

� � ��� (13)

where � � � � 
 � � ��� � � and
� is the spectral content of the signal. It is

now more obvious that the issues in amplitude for the Hanning and
cos-tapered filter are compensated with a much lower side-lobe leakage
compared to both the raw signal and the Fourier transformed autocorre-
lation. The difference can at first glance be deterring, but one must keep
in mind that a ' [dB] increase corresponds to approximately a doubling
of the sound intensity.
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Figure 21: Frequency domain characteristics of a continuous sequence
(left) and a truncated sequence (right)
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B Microphone and Sensor positions

Positions of microphones
Mic Id x y z

M1 -1.24D 2.23D 1.2345D
M4 0.5D 1D -2.5D
M10 2.265D 2.729D 0
M11 2.265D 2.23D -1.2345D
M14 0.5D 8.075D -7.1725D

Positions of instantanous pressure sensors
Senor Id x y z

S111 0.5D 0.61D 0.425D
S114 0.5D 0.61D -0.425D
S116 -0.6D 0 0
S119 1D 0 0
S121 1.4945D 0 -0.6045D
S122 1.992D 0 -0.657D
S123 2.489D 0 -0.709D
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Positions of mean pressure sensors over mirror
Sensor Id x y z

S1 0.468D 0.3335D -0.499D
S2 0.468D 0.6665D -0.499D
S3 0.468D 0.8335D -0.499D
S4 0.468D 1D -0.499D
S5 0.468D 1.129D -0.482D
S6 0.468D 1.2495D -0.432D
S7 0.468D 1.432D -0.2495D
S8 0.468D 1.482D -0.129D
S9 0.468D 1.499D 0

S10 0.3705D 1.483D 0
S11 0.25D0 1.433D 0
S12 0.1465D 1.3535D 0
S13 0.067D 1.25D 0
S14 0.017D 1.1295D 0
S15 0 1D 0
S16 0 0.833D 0
S17 0 0.6665D 0
S18 0 0.5D 0
S19 0 0.3335D 0
S20 0 0.1665D 0
S21 0.017D 0.6665D -0.1295D
S22 0.067D 0.6665D -0.25D
S23 0.1465D 0.6665D -0.3535D
S24 0.25D 0.6665D -0.433D
S25 0.3705D 0.6665D -0.483D
S26 0.5D 0.75D 0.425D
S27 0.5D 1.4215D -0.0555D
S28 0.5D 1.337D -0.2585D
S29 0.5D 1.0555D -0.4215D
S30 0.5D 0.75D -0.425D
S31 0.5D 0.25D -0.425D
S32 0.5D 0.25D 0
S33 0.5D 1D 0
S34 0.5D 1.25D 0


