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Abstract

The general shape of a vehicle inuences its aerodynamic performance through separation
phenomena and ow structure development. Since these ow characteristics have a
direct inuence on the energy e�ciency, safety and comfort, it is essential to study their
formation and evolution into the freestream. The energy e�ciency is determined by
the aerodynamic drag, while the safety and comfort aspects are dependent on the noise
generation, vehicle soiling, handling and stability.

The objective of this work is to achieve a more detailed physical understanding of the
development of ow structures by analysing their surface properties and their evolution
into the freestream. The concept of limiting streamlines is used to investigate and
characterize the near wall ow, and surface properties such as the surface pressure, the
wall shear stress and the vorticity are analysed and correlated with the ow patterns.
The detachment of the ow from the surface and its development into the freestream are
investigated using 2D streamlines and ow properties such as vorticity.

This study is based on numerical simulations of a detailed full scale passenger car of the
notchback type. Results are compared to experimental ow visualisations and pressure
measurements performed on a full scale vehicle. Special focus is put on the ow around
the antenna, the ow over the rear window, the ow downstream of the front wheel and
on the base wake ow.

Based on this analysis, it is found that the surface patten can be used to identify evolving
ow phenomena. Analysing the limiting streamline pattern and 2D planes, together with
the vorticity distribution, makes it possible to predict and study occurring ow phenomena.
Flow structures developing in the main ow direction were the most dominant and are
the least suppressed. It is shown that the only mechanisms, of ow detaching from the
surface, must be either through singular points or along separation lines.
The study of particular areas around the vehicle shows di�erent ow phenomena and
explains the formation of ow structures. Familiar phenomena such as the A-pillar vortex
and the trailing vortices behind the vehicle are discussed. For instance, it is shown that,
in the near wake an up-wash zone is created (crucial for contamination) and in the far
wake, the two trailing vortices create a down-wash; both phenomena emanate from the
vehicle base.

Keywords: complex ows, ow separation, limiting streamlines, vortex formation,
crossow separation, vehicle aerodynamics
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The important thing is not to stop questioning.
Curiosity has its own reason for existing.

Albert Einstein
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Nomenclature

� local ow direction close to the surface [-]

�ij Kronecker Delta [-]

� dynamic viscosity [ N s
m2 ]

% density [ kg
m3 ]

� kinematic viscosity [ m2

s ]

�ij shear stress tensor [ N
m2 ]

�W wall shear stress [ N
m2 ]

~! vorticity vector [ 1
s ]

!i vorticity vector component [ 1
s ]

~!W wall vorticity [ 1
s ]


ij vorticity tensor or rotation tensor [ 1
s ]

"ijk Levi-Civita tensor [-]

� Circulation [ m2

s ]

�ij Cauchy stress tensor [ N
m2 ]

�i Vorticity ux [ 1
sm ]

A frontal area of the vehicle [m2]

a acceleration [ m
s2 ]

b distance between adjacent limiting streamlines [m]

cD drag coe�cient [-]

cL lift coe�cient [-]

cLf lift coe�cient front [-]

cLr lift coe�cient rear [-]

cp pressure coe�cient [-]

F force [N]

Fp pressure force [N]

Fv viscous force [N]

g gravitational constant [ m
s2 ]

h distance of a limiting streamline from the surface [m]

L length of the vehicle [m]
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lwb wheelbase length [m]

_m mass ow [ kg
s ]

m mass [kg]

N node point [-]

N0 half node [-]

p1 static pressure of the incident ow [ N
m2 ]

p local static pressure [Pa]

q dynamic pressure of the incident ow [ N
m2 ]

R curvature radius [m]

Q Q criterion [ 1
s ]

S saddle point [-]

S0 half saddle [-]

Sij strain rate tensor [ 1
s ]

t time [s]

U velocity magnitude [ m
s ]

U1 free stream velocity [ m
s ]

u, ui velocity vector [ m
s ]

u; v; w velocity vector components [ m
s ]

_V volumetric ow [ m3

s ]
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Abbreviations

PVT Aerodynamic Wind Tunnel of Volvo Car Corporation

VCC Volvo Car Corporation

WDU Wheel Drive Unit

BLC Boundary Layer Control

CFD Computational Fluid Dynamics

MRF Multiple Refrence Frame

RANS Reynolds Averaged Navier Stokes

RST Reynolds Stress Transport turbulence model

CFS cross ow separation

Definitions

1 drag count �cD = 0; 001
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Chapter 1

Introduction

The phenomenon of separated ows has been the focus of several researchers over centuries.
One of the �rst descriptions of the detachment of ow can be found in a work by Hermann
von Helmholtz from 1868 [10], however, researchers are still working on a detailed
description of separating and separated ow. In regions of separated ow the velocity,
pressure and also the temperature can change drastically and this leads to changes of the
ow �eld. In addition, separated regions are characterized by an unsteady ow �eld with
possibly occurring coherent periodic structures which are convected into the wake [11].

As a viscous ow problem, the separation of ow is not only important for science, but
also for practical applications. A typical example is the ow around wing pro�les, which
create separated regions depending on their angle o� attack or the creation of the familiar
tip vortices. Other areas which are concerned about separating ows are for instance the
turbine industry [12{14], the building sector [15, 16], ship design [17], biouid ows [18,
19], the area of sport aerodynamics [20, 21] or the �eld of vehicle aerodynamics [16, 22,
23].

The separation of ow is connected to the creation of vortices and wake regions, which
usually results in energy losses and forces acting on the objects. One of the focus areas in
the research of ow separation is its impact on drag and the possibilities of reducing it.
Other, not less important attributes a�ected by separated ow are the creation of noise
and the contamination by dirt and water of speci�c parts and areas.

To be able to improve the applications regarding their aerodynamic performance and their
related attributes, it is of importance to understand the ow physics. It is desired to be
able to predict the creation of ow structures and their development as well as their impact
onto the overall performance. Hence, it is important to understand the mechanisms of the
uid-body interaction, the near wall ow behaviour and the development of ow structures
into the bulk ow. Additionally, its unsteady nature leads to further phenomena, for
instance vortex shedding, which need to be analysed and understood.

1



2 Chapter 1. Introduction

Considering the �eld of road vehicles, all the described aspects play an important role
throughout the design and development process. The aerodynamic performance determines
important parameters as handling and stability, as well as the aerodynamic drag, which
directly a�ects the energy consumption. The creation of noise is especially uncomfortable
for the passengers and in the �rst place the driver, as it expedites mental fatigue and
lack of concentration. Last the ow �eld determines the vehicle contamination which is
undesired from a customer point of view as well as for safety aspects (contamination of
sensors, reduced visibility of the driver,...).

In this work the development of separation phenomena on a Volvo S60 passenger car
will be described and discussed. Around the car �ve areas are chosen where di�erent
types and situations of separation occur. The ow around a geometry connected to a
wall is represented by the antenna, which shows characteristic ow features that are also
observed in other junction ows. On the rear window, various singular points can be
identi�ed, whereby created focus pairs attract attention. A fairly isolated observation of a
so-called crossow separation can be found along the A-pillar. Further the near wall ow
downstream of the front wheel is studied, which discusses an area characterized by a high
level of ow structure interaction. Last, the wake ow behind the vehicle is investigated.

Based on the ow topology the development of ow structures is discussed. The footprint
created by the limiting streamlines is connected to surface quantities, for instance the
surface pressure or the wall shear stress. The near wall ow behaviour and the transport
of occurring phenomena into the bulk ow are studied by a detailed ow �eld analysis.
The main analysis is based on a numerical steady state approach (Reynolds Averaged
Navier Stokes (RANS) with a k � ! SST turbulence model). These numerical results are
compared to experimental data obtained from paint visualisations, tuft visualisations and
pressure measurements. For selected areas, unsteady (experimental) results are available,
which are discussed in the respective sections. Besides an analysis and discussion on the
creation of the observed phenomena for this particular S60 model, the description of the
results and their interpretation are generalized.

Chapters 2 and 3 will give theoretical background on the concepts of limiting streamlines
as well as vorticity dynamics. These are followed by a literature review on ow separation.
The experimental and numerical methods are described in Chapter 5 and 6, followed by
the anaylsis and discussion of the ow around a passenger car.

The ow study is divided into two parts. Chapter 7 describes the limiting streamline
pattern and surface properties on di�erent areas on the car. In the analysis of the surface
ow topology the identi�cation of singular points and general separation patterns is in
the focus. The identi�ed characteristics are further correlated with surface properties. In
Chapter 8 it is studied, how the near wall ow develops into the bulk ow and how the
resulting separation structures evolve.

In Chapter 9 di�erent aspects possibly inuencing the limiting streamline pattern are
discussed. Further, the �ndings from the previous chapters are combined in order to
provide a picture of the mechanisms leading to a separation of ow. The thesis closes
with a summary of all �ndings in the conclusion chapter (Chapter 10).



Chapter 2

Limiting Streamlines and Singular

Points

To understand the ow around three dimensional geometries, a language is required, which
describes and characterizes this ow. The velocity �eld can be visualized and studied by
means of streamlines. Streamlines are by de�nition lines where at each point the velocity
vector u = (u; v; w) corresponds to the actual ow direction; in other words at each point
of a streamline the velocity vector is tangential to it. Further, they are not allowed to
cross each other at any regular point, nor can they start or end in the interior of the uid.
Hence, they either have to start and end on a body surface or form a closed curve in the
uid. Discontinuities are represented by singular points. To describe the ow topology
on the surface of a body, the concept of limiting streamlines can be used as a describing
language.

2.1 Calculation of limiting streamlines

At the surface, the velocity relative to the body is zero due to the no-slip condition,
therefore streamlines cannot be drawn on the surface. However, it can be shown that the
ow direction on the surface corresponds to the direction of the wall shear stress. The
lines on the surface which are determined by the direction of the shear stress correspond
then to the limit of the streamlines approaching the wall. These lines are therefore called
limiting streamlines [17].

The following derivation shows that the limit of the ow direction, when the distance
to the surface tends to zero, corresponds to the direction of the shear stress. Figure 2.1
shows the velocity vector u close to the surface, where it only has components in the x
and z direction. The origin of the shown coordinate system lies on the surface and the x

3
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u

x

z

�
w

u

y

Figure 2.1: Flow directions close to the surface

coordinate points in the direction of the free stream ow. The angle between x and the
local ow direction, �, can be calculated as follows

tan � =
w

u

� = atan
�w

u

�

(2.1)

Due to the no-slip condition the velocity is zero at the wall. Therefore limy!0
w
u

is
indeterminate. However, according to l’Hospital’s rule the quotient of the �rst derivative
can be used to calculate the limit.

lim
x!x0

f 0(x)

g0(x)
= c ) lim

x!x0

f(x)

g(x)
= c (2.2)

Applying this rule to calculate the ow direction leads to

�W = lim
y!0

atan
�w

u

�

= lim
y!0

atan

 
@w
@y

@u
@y

!

(2.3)

The partial derivative in numerator and denominator are exactly the components of the
wall shear stress �wz and �wx, when y tends to zero.

�W = atan
�wz

�wx
(2.4)

Figure 2.2 compares the streamline pattern behind the antenna on a vehicle roof (Figure
2.2a) for limiting streamlines (Figure 2.2b) and streamlines 10 mm above the surface
(Figure 2.2c). It can be seen that for Figure 2.2c the streamlines are aligned with the
mean ow over the roof of the car. Moving closer to the surface the antenna inuences
the ow �eld, creating a characteristic ow pattern which is completely di�erent.
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(a) Location of the investigated
ow behind the antenna

(b) Limiting Streamlines (c) Streamlines 10mm above the
surface

Figure 2.2: Streamlines in di�erent heights above the surface

2.2 Singular points

Points where streamlines leave the surface are called points of separation. Points where
streamlines attach to the surface are called points of attachment. Usually, points on a
streamline are continuous and single valued. Except from points of attachment and points
of separation. These are allowed to be many-valued and discontinuous. That means in
such points streamlines can change their direction discontinuously and streamlines can
meet without having a cusp [24]. These points are also called singular points or critical
points. A, for aerodynamics familiar singular point, is the stagnation point of attachment
at the nose of a wing pro�le.

These singular points are characteristic for the ow �eld and can be divided into two
groups: i) saddle points and ii) nodal points, whereby nodal points can be subdivided
into nodes and foci. An overview of occurring singular points is given in Figure 2.3.

The common lines, to which the limiting streamlines converge, are called negative bifur-
cation lines. If they diverge from a common limiting streamline it is called a positive
bifurcation line. Separation lines are those lines were limiting streamlines converge (nega-
tive bifurcation line) and leave the surface. After leaving the solid body, the so-called
separation surface is created. More detailed examples will be given in the following
sections.

Figure 2.3: Types of singular points: node, focus, saddle point
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2.3 Forces acting on limiting streamlines

Consider a ow which is free of any acting body forces, then the only acting forces result
either from pressure or shear. A uid particle which is located at the wall, resides within
the viscous sublayer, as sketched in Figure 2.4. In the viscous sub-layer the velocity pro�le
is linear, hence the wall shear stress

�W = �
@u

@y
(2.5)

is constant throughout this layer. The resulting shear force acting on the considered uid
particle results from the di�erence between the shear acting on the top and the shear
acting on the bottom of the particle (Figure 2.4). However, the derivative of the shear
stress is zero as the shear stress is constant. Therefore the viscous force does not have
an inuence onto the particle in the viscous sublayer. Merely, the pressure force acts.
However, the viscous force is determined at the upper edge of the viscous sublayer and
changes therefore the shear forces within the sublayer in the ow direction. Hence, viscous
forces and pressure force act onto a limiting streamline and can inuence its ow path.

To understand the e�ect of pressure forces, a uid element travelling along a streamline
with curvature R is shown in Figure 2.5. Consider Newton’s second law in the � direction

F� = m a� (2.6)

The force F� consists of pressure forces and viscous forces.

F� = Fp + Fv (2.7)

It was discussed before that locally only the pressure force has to be considered. This can
be written as follows

Fp = �

��

p +
@p

@�
d�

�

d� d� � p d� d�

�

= �
@p

@�
d� d� d� (2.8)

Figure 2.4: Acting forces on a uid particle
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Figure 2.5: Pressure force acting on a uid element in a curved ow

The mass for a uid particle and the acceleration reads

m = % d� d� d� (2.9)

a� = �
U2

�

R
(2.10)

The expressions can be included in Equation 2.6 which leads to the following

F� = Fp + Fv
|{z}

=0

= m a� (2.11)

�
@p

@�
d� d� d�

| {z }

Fp

= % d� d� d�
| {z }

m

0

B
B
@

�
U2

�

R
| {z }

a�

1

C
C
A

(2.12)

@p

@�
= %

U2
�

R
(2.13)

The radial pressure equation shows how the ow is inuenced by an acting pressure
gradient. � is the streamwise and � the transverse component. U� is the velocity in
streamwise direction and R the radius of curvature.

From a low to high pressure a gradient is acting ( @p
@�

), which causes a centripetal accelera-

tion (
U2

�

R
). A streamline under the inuence of a transverse pressure gradient is curved.

The low momentum ow close to the surface is very sensitive to the pressure gradient
and changes its direction easily.
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Chapter 3

Vorticity and Vortex Dynamics

In the following chapter a summary of the theoretical background on vorticity and vortex
dynamics is given. Additionally relevant vortex identi�cation methods are reviewed.

3.1 Stress and deformation rate tensor

The velocity gradient tensor @ui

@xj
can be split up into a symmetric and anti-symmetric

part as given below. The tensor is given in index notation and Einstein’s summation rule
is used.

@ui

@xj

=
1

2

�
@ui

@xj

+
@uj

@xi

�

+
1

2

�
@ui

@xj

�
@uj

@xi

�

= Sij + 
ij (3.1)

Sij is the symmetric part and called the strain-rate tensor

ij is the anti-symmetric part and called the vorticity tensor or rotation tensor

The constitutive law for Newtonian viscous uids reads

�ij = �p�ij + �ij (3.2)

whereby for incompressible isotropic Newtonian viscous uids the shear stress �ij can be
formulated as

�ij = 2�Sij �
2

3
�

@uk

@xk
|{z}

=0

�ij = �

�
@ui

@xj

+
@uj

@xi

�

(3.3)

9



10 Chapter 3. Vorticity and Vortex Dynamics

Because of the continuity equation, the velocity gradient @uk

@xk
is zero for incompressible

uids. The shear stress tensor gradient can thus be written as

@�ij

@xj

=
@

@xj

(2�Sij) = �
@

@xj

�
@ui

@xj

+
@uj

@xi

�

= �
@2ui

@xj
2

(3.4)

3.2 Vorticity

Vorticity is de�ned as the curl of the velocity vector and can be written in index notation,
using the Levi-Civita tensor "ijk as

!i := "ijk

@uk

@xj

(3.5)

The components of the vorticity vector are as follows:

!x =
@w

@y
�

@v

@z
; !y =

@u

@z
�

@w

@x
; !z =

@v

@x
�

@u

@y
(3.6)

The ow is often classi�ed based on its rotation. It is called rotational ow if the vorticity
is non zero (!i 6= 0) and irrotational or potential ow if the the vorticity is zero (!i = 0).
It can be said that vorticity is connected to the rotation of a uid particle.

3.3 Vorticity production

Looking at a uid element, only shear stresses can rotate the uid particle. As the
pressure acts through the centre of the uid particle it does not contribute to the
rotational movement. It can be shown that the relation between vorticity and viscous
terms can be described as

@�ij

@xj

= �
@2ui

@xj
2

= ��"inm

@!m

@xn

(3.7)

A detailed derivation can for instance be found in Panton [25]. This relation shows that

� without the viscous terms there is no vorticity and without vorticity there are no
viscous terms

� vorticity is created by the viscous terms due to an imbalance in shear stresses

Vorticity is always generated at surfaces and it can be shown [25] that the relation between
vorticity and wall shear stress can also be expressed as

Fi;viscous = nj�ji = ��"ijknj!k (3.8)

A detailed derivation for this relation is given in [25]. Equation 3.8 shows that the vorticity
is directly proportional to the wall shear stress, with the viscosity as the proportionality
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constant. In [25] it is further shown that a quantity vorticity ux can be de�ned, which
indicates, how much vorticity is leaving the surface. The vorticity ux is de�ned as

�i � �nj

@!i

@xj

(3.9)

The vector �i gives the ux of i vorticity across a plane with normal nj [25]. Consider a
at wall, with a coordinate system at a point P. The x-z plane is along the wall and y is
normal to the wall. Hence, the vorticity ux introduced in Equation 3.9 gives the amount
of i vorticity across the x-z plane with the normal in y direction (nj = (0; 1; 0)).

A way to write the momentum equation, used by Panton [25], is

@ui

@t
+

@
�

1
2 U2 + p

%

�

@xi

= �"ijk!juk � �"ijk

@!k

@xj

(3.10)

At the wall the velocity components are zero (ui = 0) and Equation 3.10 yields to

@p

@xi

= ��"ijk

@!k

@xj

(3.11)

With x-z the plane along the wall, and y in normal direction to the wall, gives the following
relationships for the pressure gradient components along the wall

@p

@x
= ��

@!z

@y
= ��z (3.12)

@p

@z
= �

@!x

@y
= ���x (3.13)

From this, it is shown that a pressure gradient along the surface is necessary to sustain a
vorticity ux from the wall into the uid. The third vorticity ux component into the
uid can be calculated evaluating @!i

@xi
= 0 at the wall.

�y = �
@!y

@y
=

@!x

@x
+

@!z

@z
(3.14)

The ux �y is determined by the vorticity distribution !x and !z. This shows that altough
!y itself is zero at the wall, a ux out out of the wall is possible.

3.4 Circulation

Closely related to vorticity is circulation, which is de�ned as

� =

I

vmtmdl (3.15)
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and can be rewritten using Stokes’ theorem as

� =

I

umtmdl =

Z

S

"ijk

@uk

@xj

nidS (3.16)

Vorticity vs. vortex

Based on the ideal vortex line, it can be explained that the classical understanding of a
vortex is di�erent from vorticity. Consider a potential ow, where the uid moves along
circular paths. This is called an ideal vortex line and is visualized in Figure 3.1.

The sketch shows that the uid particle moves along the vortex line, but its diagonal
keeps its direction, meaning the particle does not rotate. The �gure further shows that
it is possible to deform the particle. This is due to o�-diagonal elements (shear) in the
strain-rate tensor, which are non zero.
Hence, a uid particle in an ideal vortex can deform, but by de�nition it does not rotate.
However, this is a special case and in general a vortex has vorticity. Thus a qualitative
description of a vortex according to Wu [26] is given as follows: "[...] A vortex is a
connected uid region with a high concentration of vorticity compared with its surrounding."
[26] The above introduced vorticity tensor and the vorticity vector components are related
as


ij =
1

2
"ijk!k (3.17)

!i = "ijk (Skj + 
kj) (3.18)

3.5 Vorticity transport equation

The vorticity transport equation can be derived from the Navier-Stokes equation, as
shown in Panton [25],

@ui

@t
+ uj

@ui

@xj

= �
1

%

@p

@xi

+ �
@2ui

@xj
2

(3.19)

Figure 3.1: Ideal vortex



3.5. Vorticity transport equation 13

using the following substitution

uj

@ui

@xj

=
@
�

1
2 ujuj

�

@xi

+ "ijk!juk (3.20)

which leads to

@ui

@t
+

@
�

1
2 ujuj

�

@xi

+ "ijk!juk = �
1

%

@p

@xi

+ �
@2ui

@xj
2

(3.21)

The formulation 3.21 is then di�erentiated with @
@xq

and multiplied by "pqi, which leads to

@
�

"pqi
@ui

@xq

�

@t
| {z }

@!p
@t

+ "pqi

@
�

1
2 ujuj

�

@xq@xi
| {z }

=0

+ "pqi

@("ijk!juk)

@xq

=

�
1

%
"pqi

@p

@xq@xi
| {z }

=0

+� "pqi

@ui

@xq@xj@xj
| {z }

@2!p

@xj
2

(3.22)

The �rst term is the time derivative of the vorticity. The two terms identi�ed as zero
result from a multiplication of an asymmetric and symmetric tensor and the last terms
contains again the vorticity. The third term on the left hand side can be rewritten as

"pqi"ijk

@(!juk)

@xq

=
@(!puk)

@xk

�
@!jup

@xj

= uk

@!p

@xk

+ !p

@uk

@xk
|{z}

=0

�up

@!j

@xj
|{z}

=0

�!j

@up

@xj

= uk

@!p

@xk

� !j

@up

@xj

(3.23)

The vorticity equation then reduces to

@!i

@t
|{z}

unsteady term

+ vj

@!i

@xj
| {z }

convective term

= !j

@ui

@xj
| {z }

ampli�cation,
rotation/tilting

+ �
@2!i

@xj
2

| {z }

di�usive term

(3.24)

The term !j
@ui

@xj
on the right hand side represents ampli�cation and rotation/ tilting

of the vorticity lines. The diagonal terms of this matrix give the vortex stretching,
while the o� diagonal terms represent vortex tilting. These two phenomena act in three
dimensions and is the explanation that turbulence can only happen in three dimensional
ows. Additionally, the convective and di�usive terms can be identi�ed.
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3.6 Vortex identi�cation

It was mentioned that a vortex can be identi�ed when a high vorticity concentration of
arbitrary shape occurs. This can have a layer-like or an axial structure, whereby the
layer-like structures are known as attached vortex layers (boundary layer) and free vortex
layer (shear layer or mixing layer). Usually only the axial structures are called vortices,
which can be subdivided into disk-like vortices (e.g. hurricane) or columnar vortices (e.g.
tornado) [26].

There are di�erent methods used to indicate and identify vortices in the ow. Their
advantages and disadvantages are discussed widely in the literature, for instance in [27].
The most common ones, which are also used in this work, are briey reviewed. The
probably most widely used method, is the visualisation of vortices with 2D and 3D
streamlines, to show their swirling motion. Especially in crossplanes it is convenient to
show the 2D streamlines created by the velocity components in the respective planes. A
vortex is then identi�ed if a focus structure is observed. This method however does not
give any quantitative indication of the amount of vorticity contained in the potential
vortex.

Hence, it seems to be more descriptive to use the vorticity itself. Aside from the vorticity
magnitude it is practical to use the speci�c vorticity component in direction of the vortex
core. This allows to calculate the strength by means of circulation and gives the sense of
rotation of the identi�ed vortex structure. However it is di�cult to determine an exact
vortex boundary, as just the existence of vorticity does not describe a vortex.

Vorticity can be created by rotation and shear. Therefore, Hunt et al. [28] introduced
the Q criterion in order to describe a vortex region more quantitatively. The Q criterion
is de�ned as the second invariant of the velocity gradient tensor and results in a scalar
value which can be calculated as follows

Q =
1

2

�
@2ui

@xi
2

�
@ui

@xj

@uj

@xi

�

= �
1

2

@ui

@xj

@uj

@xi

=
1

2

�

k
k
2

� kSk
2
�

(3.25)

It is used to identify a vortex if Q > 0, which shows all areas in the ow, where rotation
dominates over shear.



Chapter 4

Flow Separation

While the two-dimensional case is well understood and described, it is not yet clear which
are the driving forces for ow separation in three dimensions. The velocity �eld around
blu� bodies is a continuous vector �eld. To describe the pattern of the ow which can
lead to a ow separation, a mathematical model is used, which describes the ow by
means of streamlines and characteristic points. In experimental investigations, these can
be visualized, for instance by using paint, which will be explained in a later chapter.

4.1 Two dimensional ow separation

In 1924 Ludwig Prandtl developed a concept to describe ow separation in steady,
axisymmetric and 2-dimensional ows. He found that two criteria have to be ful�lled to
be able to observe detachment from the surface [29].

� an adverse pressure gradient

� viscous e�ects in the uid

If one of these criteria is not ful�lled, the ow will not separate from the surface. This
happens for instance using a suction system, where the boundary layer and therefore
the viscous inuence is removed. Within the boundary layer viscous e�ects result in a
change of velocity perpendicular to the surface; in other words a velocity gradient @u

@y

exists, similar to the �rst pro�le in Figure 4.1.

At the wall the no-slip condition is valid and therefore the velocity is zero. With an
increasing distance from the wall the velocity increases until it reaches the inviscid ow
velocity at the edge of the boundary layer. Within the boundary layer the ow is retarded
and the velocity is lower close to the surface (�rst velocity pro�le in Figure 4.1). Further,
close to the surface the momentum of the ow is small and it becomes much harder to
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Figure 4.1: Velocity pro�les before, at and after a 2D separation

overcome a large adverse pressure gradient. The ow is able to withstand a certain pressure
gradient until it reaches the point where the low momentum uid cannot overcome the
acting pressure gradient and the particles are stopped (second pro�le in Figure 4.1). After
the separation point a reverse ow occurs due to the still increasing adverse pressure(third
pro�le in Figure 4.1). That means, in order to de�ne the separation point S the velocity
gradient in y direction has to be zero. Or in other words, the shear stress at the wall has
to be zero as can be seen in Equation 4.1.

�W = �
@u

@y
= 0, because

@u

@y
= 0 for y = 0 (4.1)

4.2 Classical necessary condition for ow separation

In a viscous uid, tangential forces are transferred via molecular exchange of momentum
and at the surface a boundary layer develops. An increasing adverse pressure gradient
can cause a detachment of the boundary layer from the surface due to vorticity ejected
into the ow. This can be explained as follows.

The vorticity equation in a Cartesian coordinate system is given in 3.5. For simpli�cation,
we assume a steady, incompressible 2D ow. The vorticity equation 3.5 can than be
reduced to the following, where only the advection and di�usion terms are left.

uj

@!i

@xj

= �
@2!i

@xi
2

(4.2)

Let us assume a 2D ow in the x,y plane, where y is normal to the surface. The only
non-zero component of the vorticity vector is the z component

!z =
@v

@x
�

@u

@y
(4.3)
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and its derivative in y direction

@!z

@y
=

@2v

@x@y
�

@2u

@y2
(4.4)

At the wall all velocity components in x are zero which results in

�
@u

@x

�

y=0

=

�
@v

@x

�

y=0

= 0 (4.5)

The continuity equation gives

@u

@x
+

@v

@y
= 0 !

�
@v

@y

�

y=0

= 0 !

�
@2v

@x@y

�

y=0

= 0 (4.6)

This results in the following at the wall

!z = �
@u

@y
(4.7)

@!z

@y
= �

@2u

@y2
(4.8)

The Navier-Stokes equation in x direction is given in Equation 4.9

u
@u

@x
+ v

@u

@y
= �

1

%

@p

@x
+ �

@2u

@x2
+ �

@2u

@y2
(4.9)

Applying similar considerations at the wall (y = 0) as above, equation 4.9 can be reduced
to

1

%

@p

@x
= �

@2u

@y2
(4.10)

Using Equation 4.8, 4.10 can be rewritten as

1

%

@p

@x
= �

@!z

@y
(4.11)

For the oncoming ow the vorticity has a negative sign (Equation 4.8). After the separation

point the sign of
�

@u
@y

�

y=0
changes. This means that also the sign for the vorticity has to

change (positive vorticity, see equation 4.7). It is discussed in [30] that the presence of
viscosity drives a di�usion process down the vorticity gradient (di�usion from a higher to
lower vorticity). Therefore it can be said that the sign of the vorticity gradient at the
wall determines the sign of the vorticity which is ejected into the ow at the wall. As
explained in the previous paragraph, the vorticity after the separation point is positive,
and enters a region with predominately negative vorticity, that means that the vorticity
gradient @!z

@y
is negative (directed to the wall), while the di�usion away from the surface

is driven. The following statement can be made: introduction of positive vorticity into the
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ow requires a negative vorticity gradient � @!z

@y
. From equation 4.11 it can be seen that

this is the case in regions where the pressure gradient along the x direction is positive.

@p

@x
> 0 (4.12)

This is a well known necessary but not su�cient condition for separation. A more detailed
explanation of this derivation can be found in [30].

4.3 Description and characterization of separation phe-
nomena - a literature review

The description and characterization of the separation phenomena has concerned re-
searchers for decades. Some look onto this problem from a phenomenological approach,
others from a topological. Several terms were introduced to characterize the structures
and e�ects. Often they describe similar observations, but with slight di�erences in the
characterization. In the following sections, relevant publications are reviewed to give an
overview over the research history and summarize key �ndings and de�nitions.

4.3.1 Maskell 1955

With the concept of surface streamlines or limiting streamlines new methods were devel-
oped to describe and explain the separation phenomena. Eichelbrenner and Oudart [31,
32] concluded, towards the development of a suitable concept, that the separation line
must be an envelope of the surface streamlines. But this was still an imprecise description.
Maskell [24] analyzed 3D separation based on surface streamlines and what happens in
the neighborhood of such separation lines. He gave a clear de�nition of such surface
streamlines and de�ned the so-called limiting streamlines. Further he stated that two
di�erent types of separation phenomena are existent:

i) the separation bubble
ii) the free vortex layer.

To be able to describe ow structures and the path of uid particles, Maskell distinguished
between ’open’ and ’closed’ paths. An open path begins in�nitely upstream and ends
in�nitely downstream. Closed paths lie in the uid and are named in his work also
standing eddies which are isolated from the main ow. The separation surface separates
the standing eddies from the outer ow, so that a closed region is built. Maskell called
these closed regions bubbles, cf. [24].

Bubbles are well known concepts in two dimensions, as can be seen in Figure 4.2a. It
shows the concept of a closed region, with a standing eddy as mentioned above. In
this case one line of separation formed the bubble; resulting in one standing eddy. A
three-dimensional separation bubble, formed by two separation lines as shown in Figure
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(a) 2D bubble separation with a standing eddy

S

Na

left
separation
line

right
separation line

(b) 3D bubble separation with two counter rotating vor-
tices

(c) Free vortex sheet
separation

Figure 4.2: Types of separation according to Maskell [24]

4.2b results in the formation of two counter-rotating eddies. The surface of the bubble
is again the separation surface. The observable standing eddies are forced by di�usion
and the velocity of the ow within the bubble is usually much slower than the main ow.
This di�erence in velocity is also often used to locate such a separation bubble.

The second type of separation described by Maskell is the free vortex layer. This occurs
when a separation surface is formed and rolled up spirally. The characteristic feature
for this structure is that it is created by main ow uid and consists of a sheet of open
separation streamlines which built a skeleton, cf. [24]. Such free vortex layers can be
observed for instance at the leading edge of delta wings (Figure 4.2c), but also as a result
of converging streamlines on a body surface.

According to Maskell, one can investigate the qualitative nature of separating ow just
by studying the surface ow pattern. However, Maskell further pointed out, that the two
described separation patterns usually appear together.

4.3.2 Lighthill 1963

It is still an open question which mechanisms cause the ow to separate. In 1963 Lighthill
[33] explains the importance of vorticity and how it can be used to investigate ow
separation. As separation is described as the phenomenon, where streamlines have a
strong upwelling and leave the surface, it is of interest to understand, under which
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conditions that can happen. Therefore a rectangular streamtube is considered. The width
b is considered as the distance between two neighbouring streamlines. The height is given
by the distance h. It follows:

1

2
!Wh2b = _V (4.13)

Streamlines can therefore only increase the distance z to the surface by

� a decrease of !W

This mechanism occurs always together with a saddle point. An example is the 3D
separation bubble in Figure 4.2b.

� a decrease of b (convergence of limiting streamlines)

These are according to Lighthill alternative mechanisms of separation which have to be
kept in mind.

4.3.3 Tobak & Peake 1982

Tobak&Peake [34] explained Lighthill’s criterion by expressing it in terms of shear stress.
Looking at the rectangular stream-tube, built by the distance b between two limiting
streamlines and the height h which is the distance to the wall (as shown in Figure 4.3),
the following two statements can be made:

i) the mass ow through the stream-tube is constant, whereby �u = mean velocity

_m = %hb�u (4.14)

ii) Since the velocity pro�le is linear close to the surface, the resulting shear stress can
be written as follows

�W = �
�u

h=2
(4.15)
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Figure 4.3: Schematic of the creation of a streamsurface
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As soon as the line of separation is reached, h increases rapidly and the streamlines are
leaving the surface. This can be explained by two mechanisms.

i) if the distance b decreases, as the streamlines converge, the height h has to increase
to ful�l the continuity equation 4.14. That means that, an observed convergence of
limiting streamlines has to lead to a separation line, which is the origin of a dividing
surface. The uid in this line leaves the surface as an up-rolling vortex sheet, similar
to the free vortex layer described by Maskell.

ii) the resultant shear stress drops rapidly to a minimum (�W has not necessarily to
become zero), therefore h has to increase. �W becomes zero in the case it approaches
a saddle point.

A remaining case, described in this work is the occurrence of a focus. It appears
invariably together with a saddle point. The resulting ow structure is named a \horn-
type separation", which was observed in experiments done by Werl�e in 1962 [35]. It
is characterized by a focus on the surface where uid leaves the surface like a tornado.
Further a saddle point has to be present to connect the streamlines according to a
continuous vector �eld. The surface ow pattern for this case is shown in the following
Figure 4.4.

The study of singular points by themselves would not have a meaningful contribution in
the description of the ow �eld. The connection between the singular points describes
a relationship. Fortunately, topological rules exist, which describe this. The three most
important rules for the amount of occurring singular points shall be cited in the following.

i) Counting nodes and saddles on the surface of a three-dimensional body, one has to
�nd two more nodes (N) than saddles (S).

�N � �S = 2 (4.16)

ii) is a 3D body considered, which is connected to a wall, the same amount of saddles
and nodes can be found.

�N � �S = 0 (4.17)

iii) A third rule which is interesting to study, considers a cross plane or a cut through a
3D geometry.

�N +
1

2
�N 0 � �S �

1

2
�S0 = �1 (4.18)

Figure 4.4: Surface ow pattern of a horn-type separation [34]
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The here used half nodes (N 0) and half saddles (S0) describe a node or saddle which
occurs on a boundary while looking onto the cross plane. As this rule does not
take into account the velocity component out of the plane, the rule has to be used
carefully.

Although rules and ways of describing the ow pattern are available, it is still unanswered
how three dimensional ow patterns originate and how they are created. An investigation
of stability aspects can lead to further insights.

Structural Stability. As structural stable, a pattern on the surface is understood which
has the same topological structure before and after an in�nitesimal change (e.g. change
of angle of attack, Reynolds number,...).
Structural stability of the external ow. A small change in one parameter does not change
the topological structures, meaning that it does not change the number and types of
singular points in the external three-dimensional velocity �eld.
Asymptotic stability of the external ow. With time going towards in�nity, small pertur-
bations are damped out to zero.
Structural and asymptotic instability. Here it will also be distinguished between local
and global instabilities. A permanent change of the topological structure is called global
instability (valid for the surface pattern and the external ow). On the other hand an
instability is called local if it does not change the topological structure of the vector �eld
(on the surface and the external). Therefore a structural instability is necessarily a global
one, while asymptotic instability can be one or the other (cf. [34]). It is important to
note that \asymptotic instability of the external ow leads to the notation of bifurcation,
symmetry breaking and dissipative structures " [34].

The introduction of the local and global terminology also explains the distinction between
global and local separation phenomena on the surface pattern. If a change in parameters
does not change the surface pattern, a convergence of limiting streamlines can only be a
local phenomenon resulting in a local line of separation (it appears without a creation or
change of singular points). But if a surface pattern is changed in the sense of a change in
singular points, a global phenomenon is observed. Therefore separation lines starting at
(new) singular points are called global lines of separation.

4.3.4 Chapman & Yates 1991

Chapman and Yates [36] explain that the description of a three-dimensional ow, within
a topological framework, requires the description of the following four points:

1. description of the occurring singular points

2. global properties which these singular points must obey in various planes

3. the extension of singular points into the third dimension

4. the use of bifurcation theory to provide basis on which changes in the topological
structure can be considered
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Looking onto the surface ow pattern local properties have also to be considered.

i) Local summation rule for singular points
Consider a region on the surface within a closed boundary. After a change of one
parameter, the pattern might change, but the vectors crossing the boundary do not
change, then the topological rule according to equation 4.17 has to be ful�lled.

ii) Separatrix from one saddle cannot connect with another saddle
Separatrixes are the lines which intersect in the saddle point (Figure 4.5).
Saddle to saddle combinations are highly unstable and are usually not possible.

iii) Singular lines may occur on 3D bodies
When a singular line occurs, the singular line has zero contribution to the summation
rule. Under a small perturbation this singular line would split up and an even number
of singular points would be created so that the summation rule is ful�lled again. An
example is a body of revolution with angle of attack zero. In this case separation
and reattachment result in a singular line and not in isolated singular points.

iv) The issue of scale
In some cases singular points are so close to each other that it is hard to separate
them. As a result they often appear as one singular point. An example is the following
node-saddle-node combination (Figure 4.6a).
In a global point of view they appear as a node. In Figure 4.6b it is shown how
the appearance of the three singular points can change when they are moving closer
together. According to Chapman&Yates it is useful in many cases to look at the
large-scale point of view. Usually this can be done without causing any problems in
the study of the ow pattern.

Regarding 3: Just the study of the singular points on the surface cannot give a su�cient
understanding of the separation phenomena and how the singular points contribute to it.
Therefore it has to be considered what happens above the surface. It can be shown that
only four di�erent types of 3D singular points are possible. Two types are possible if the
surface pattern shows a node point. There is only one trajectory passing this point. It
can either be a node of attachment, if the vector points towards the singular point, or it
can be a point of separation, if it points away from the surface. If a saddle point occurs,
then two further types of singular points are possible. There is only one plane leaving the

Figure 4.5: Separatrixes
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(a) Node-saddle-node combination

(b) Large scale view for a node-saddle-node combination

Figure 4.6: The appearance of node-saddle-node combinations depending on their scale

surface in which a node like ow can be observed (see Figure 4.7). Again it can either be
a point of separation or attachment.

For the separating surface it can be said that this is the surface around which the vorticity
that has been generated on the surface upstream of the saddle leaves the surface. This leads
to the statement, made already by [34], that the existence of a saddle point of separation
is a necessary condition for a global separation. But it is not su�cient. Regarding 4: As
mentioned already by Tobak & Peake [34] the pattern after a perturbation is an important
development to study. Changes in the pattern are especially interesting when singular
points are added or di�erences in the topology appear. Such changes are called structural
bifurcation. They can be divided into transcritical and pitch fork bifurcation (Figure 4.8)
and can occur in three di�erent ways:

Figure 4.7: Saddle point of separation and its development into the ow [36]
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(a) Transcritical and inverse transcritical

(b) Pitch fork bifurcation

Figure 4.8: Types of bifurcation

i) new singular points appear, where none existed before
In this case they have to occur in node-saddle combinations to ful�ll the local summa-
tion rule. Either two points of attachment (or separation) or one of each are created.
If the latter is the case, additionally an isolated singular point has to occur above
the surface. This case belongs to a transcritical bifurcation which is illustrated in
Figure 4.8a. On the left the development of a node-saddle pair is described, where
no singular point existed before. An inverse transcritical bifurcation could also be
possible, where, after a change of parameters, a node-saddle combination disappears.

ii) a singular point splits into multiple singular points
A bifurcation according to this description is called a pitchfork bifurcation and is
shown in Figure 4.8b. Similar to the previous case the local summation rule has to
be satis�ed. That means a node has to change into a saddle and two nodes (left) and
a saddle has to change into a node and two saddles (right).
All singular points can be of the same type (separation or attachment) as the original
one or one of the new singular points is from the opposite types, while the others are
of the type of the original one.

iii) singular points on a singular line due to a symmetry breaking structural bifurcation
After a small perturbation the singular line will most likely break up. In that case
all combinations of saddles and nodes are possible as long they obey the summation
rule and are distributed symmetrically along the singular line.
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Classi�cation of separation pattern

Chapman & Yates summarize in their work three basic types of separation, shown in
Figure 4.9: Type I - bubble separation (Figure 4.9a), Type II - horn separation (Figure
4.9b) and crossow separation (Figure 4.9c).

Type I separation - bubble separation. This type of separation starts at a saddle
point. The separatrix divides the body in two regions. Fluid coming from the node
point of attachment (stagnation point) cannot enter the region right of the saddle point.
Further, this type has a singular point in the ow �eld, i.e. in the cross plane, close to
the saddle-node pair. This is given due to the nature of the combination of the node of
attachment combined with the saddle of separation.

Type II separation - horn type of separation. The so-called \horn-type" separation
was �rst observed by Werle [35]. This type also emanates from a singular point - a focus.

N1
S1 N2flow

A-A

plane of symmetry

1N

1S'
2S'

3S'
flow

crossflow plane A-A

2S

4S' 5S'
6S'

(a) Type I - bubble separation

N1

S1

flow
A-A

N2

crossflow plane A-A

2S

1S' 2S'
3S'

(b) Type II - horn separation

(c) Crossow separation

Figure 4.9: Classi�cation of separation pattern according to [36]
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Contrary to type I it has no singular point in the ow above the surface, as the saddle
point of separation is combined with a node of separation. A further requirement is that
this type has to result from a transcritical bifurcation.

Crossow separation. Tobak & Peake called it local separation, others proposed
open separation. All terms describe the same observation. The surface pattern shows a
convergence of streamlines towards a separation line, where the ow leaves the surface as
a vortex sheet, similar to Maskell’s free vortex layer. It can be also said that vorticity
leaves the surface where it is generated to form the vortex sheet. The main di�erence
to the previous types is that there are no singular points which are locating the origin
of this type of separation, hence it does not change the surface pattern in a topological
sense, as there are no singular points added or vanished. In the work of Chapman &
Yates the name crossow separation was chosen as the topological characteristics, related
to this type of separation, can only be observed in the cross plane (perpendicular to the
undisturbed ow direction).

In their paper an example is shown, where converging streamlines do not lead to a
crossow separation. Hence, the following conclusion is given: \Although convergence
of skin-friction lines onto a particular skin-friction line may be a necessary condition for
separation, it is not a su�cient condition." [36] To the author of this thesis, this is an
insu�ciently investigated case as it is assumed that such an observation can only be made
on a symmetry line.

4.3.5 Wu et al. 2000

Wu et al. [37] present a separation theory based on on-wall signatures of the ow and
propose criteria for separation zones, separation lines and the initial location for an open
separation zone and line. In their analysis the on-wall curvature of the vorticity lines
plays the most important role.

The �rst criterion is a modi�cation of Lighthill [33]. It states that in a separation zone a
positive curvature of the vorticity lines has to be observed across some wall shear stress
lines. Vorticity lines are always oriented perpendicular to the wall shear stress lines (Figure
4.10). Hence this criterion matches Lighthill’s shear stress line convergence criterion.
Within a (narrow) separation zone, the general criterion for separation zone and line
can be described by the fact that the vorticity lines have a large on-wall curvature. The
vorticity line curvature in this zone reaches a maximum at the separation line (criterion 2).
This allows a separation line to start from a �xed as well as an ordinary point. Satisfying
criterion one and two, the initial location of an open separation zone and separation line
is de�ned.

4.3.6 Surana et al. 2006

Surana et.al [38] derive a theory of three dimensional ow separation based on non-linear
dynamical system methods. In their work asymptotic conditions for separation lines as
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x

y

Figure 4.10: Vorticity and shear stress lines across a separation line

well as explicit formulae for separation angles are developed. These lead to the conclusion
that only four types of locally unique separation lines can exist.

� (S1) saddle-focus connections

� (S2) saddle-node connections

� (S3) saddle limit cycle connections

� (S4) limit cycles

S1 and S2 correspond to the previously described horn and bubble separation. S3 and S4
are separation types which were not yet reported. In terms of open and closed separation,
the �rst two belong to closed separation, while the latter two should be classi�ed as
open. Di�erent from earlier open separation characterizations S3 and S4 admit unique
separation lines and surfaces.
Requirements onto the separation pro�les are

1. unique: no other separation pro�le or surface emanates from the same set of
boundary points and no separation pro�les or surfaces are admitted by nearby
boundary points

2. bounded: they intersect the boundary in a bounded set

3. smooth: they are continuously di�erentiable

4. robust: they smoothly deform but survive under small perturbations

A separation line according to their de�nition must have a strong hyperbolicity and either
connects singular points and limit cycles as described for S1 to S3 or be a limit cycle
(S4). This implies that, the crossow separation for instance described in Chapman &
Yates [36], is not a separation in the understanding of Surana et.al. The main criticism
is that a separation line has to be unique as stated in the requirements. A separation
line identi�ed from the view point of converging streamlines is no more distinguished
than any other nearby segments, as all of them attract skin-friction lines, connect the
same skin-friction zeros and repel o�-wall uid trajectories. Further, there is no unique
separation surface emanating from the separation line candidate.
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4.3.7 Summary of the classi�cation concepts

The main classi�cation concepts, used in the literature, are summarized in the following.
For the later discussions, �ve types of separation are considered; the types described in
Surana et. al [38] as well as the crossow separation.

Maskel 1955

i) bubble separation A closed region is built by a separation surface. Flow
from the outside cannot enter this region (sketched
in Figure 4.2).

ii) free vortex layer A separation surface is formed and rolled up spirally.
It consists of main ow uid and ow from both sides
of the separation surface can enter the separation
region (Figure 4.2c).

Tobak & Peake 1982

i) global separation After a change in parameters (e.g. Reynolds num-
ber) the pattern of singular points has changed
(singular points disappear or new ones occur)

ii) local separation After a change of parameters the singular point pat-
tern remains (no new or vanishing singular points).
Therefore the convergence of limiting streamlines is
a local separation phenomenon.

Chapman & Yates 1991

i) Type I - bubble separation Starts at a saddle point, whereby the separatrix
divides the body in two regions. Outer ow cannot
reach the region behind the separatrix (Figure 4.9a).

ii) Type II - horn separation Emanates from a singular point. A foci of separation
can be observed on the surface where the ow leaves
the surface (Figure 4.9b).

iii) Crossow separation The surface pattern shows a convergence of limit-
ing streamlines into a separation line, where the
ow rolls up into a vortex sheet and leaves surface
(sketched in Figure 4.9c).
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Surana et.al 2006

i) saddle-focus separation Corresponds to type II separation observed by Chap-
man & Yates [36] and shold be classi�ed as a closed
separation

ii) saddle-node separation Corresponds to type I separation observed by Chap-
man & Yates [36] and should be classi�ed as closed
separtion

iii) saddle-limit cycle separation This type was not yet reported before and should
be classi�ed as open separation. This pattern is
characterized by a saddle point connected to a limit
cycle.

iv) limit cycle Similar to the previous type, this was not yet re-
ported and should be classi�ed as open separation.
The pattern is characterized by a limit cycle not
connected to any other singular point.
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Experimental Method

The experimental investigations were done on a Volvo S60 production car. For the tests
the aerodynamic wind tunnel of Volvo Car Corporation in Gothenburg Sweden was used.
More detailed speci�cations of the wind tunnel and the test vehicle are given in the
following sections. Further the used measurement methods are described.

5.1 The Volvo full scale wind tunnel - PVT

All measurements are carried out in the full scale aerodynamic wind tunnel of Volvo Cars
(Person Vagnar vind Tunnel). In the following an overview of the technical speci�cations
and the measuring system is given. Furthermore, it is explained how the force measurement
system works and how a representative on-road condition can be simulated in the wind
tunnel.

5.1.1 Technical speci�cations

The full scale aerodynamic wind tunnel at Volvo Car Corporation is a closed loop wind
tunnel, G�ottinger building type. It was built in the 1980s and was upgraded between
2006 and 2007. The test section, which is 6:6m wide and 4:1m tall (A = 27:06m2) with
slotted walls, is designed to range a full scale passenger car or a half scale truck. The
free stream jet angularity is within �0:6� and the turbulence intensity is less than 0:1%.
The uncertainties for the forces are determined throughout the whole balance system
including the vehicle installation. The calculated values apply to the case that the car is
removed from the balance and adjusted again. This leads to a coe�cient uncertainty of
cD = �0:003 for the drag and cL = �0:004 for the lift. The repeatability uncertainty of
two measurements (without removing the car) is given in Table 5.1.
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Table 5.1: Repeatability uncertainties

� drag �cD < 0:001
� lift front �cLF < 0:001
� lift rear �cLR < 0:005
tractive force WDU � 2N

To meet real word conditions and to increase the top speed, the wind tunnel was upgraded
in 2006, where the main fan and its motor were changed and a moving ground system
was installed. Furthermore a boundary layer control system was implemented to simulate
on-road conditions. Detailed information about the operating mode and the relevance
will be given in the subsequent sections. With the new fan, the power increased from
2:3 MW to 5 MW. Thereby, the maximum speed was increased up to 250 km=h. All
detailed information about speci�cation and the upgrade of the Volvo Car aerodynamic
wind tunnel was described by Stern�eus et. al. [39].

5.1.2 Moving ground system

The moving ground system improves the simulation of the real on-road conditions of a
driven passenger car. With the moving ground there is no relative motion between ground
and wind, so the wheels rotate with the wind speed of the incident ow. This a�ects the
formation of the boundary layer and thereby the ow �eld around the vehicle. A detailed
description concerning the inuence of moving ground systems and wheel rotation on the
aerodynamic drag is given in [40{44].

The moving ground system used in the PVT tunnel is a 5 belt rolling system, which is
built up of one centre belt and four wheel drive units (WDU). It is built into a turntable
to be able to carry out tests under yaw condition. The table has a diameter of 6:6 m and
can be yawed �30�. This allows a close to reality simulation without the need to prepare
the car extensively. Moreover, individual control of the rotational speed for each wheel
and the centre belt is possible.

5.1.3 Boundary layer control (BLC)

The main focus of using boundary layer control is to remove the oncoming boundary layer
and to prevent it from growing. The boundary layer control systems consists of three
di�erent parts, which are used in parallel and shown in Figure 5.1. The �rst Boundary
Layer Control (BLC) system is a boundary layer scoop, which is located near the leading
edge of the test section. The scoop opening is 6:03 m wide and has a height of 0:075 m. It
is controlled by a separate fan with a power of 250 kW. This fan is designed to remove
a volume ow rate up to 30 m3=s. The ow removed by the boundary layer scoop is
re-injected at the wind tunnel roof, above the slotted walls.
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Tangential blowers

Wheel drive units
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Figure 5.1: Boundary layer control system [45]

After the boundary layer scoop, two distributed suction systems follow (1st and 2nd).
Perforated suction plates are used as part of the oor and the suction is controlled by one
fan for each zone. The air from these two suction areas is reused to feed the following
tangential blowing system; excess uid is re-injected to the test section plenum behind the
slotted walls. The �rst suction system is arranged directly after the boundary layer scoop,
while the second starts at the turntable and reaches up to the front wheel drive units.

The third part is a tangential blowing system, which is installed behind each Wheel Drive
Unit (WDU) and after the centre belt. The WDUs have to be moveable and adjustable
for di�erent wheel base lengths and wheel widths. Hence, a tangential blowing system is
used to avoid the installation of a complex suction system. Furthermore, the apparent
length of the belt can be extended by the use of this method and inuence on the ow is
smaller. Tangential blowing works with a high speed air jet, which is induced tangentially
to the oor. As a result of the tangential blowing, energy is added to the ow, to prevent
the boundary layer from growing. The height of the boundary layer is not reduced because
the boundary layer is not removed but \re�lled", contrary to the suction system. However,
the displacement thickness is reduced. In addition, the rolling belts themselves reduce
the development of a boundary layer.

5.2 Test object

The test vehicle is a S60 production car from Volvo Car Corporation with the speci�cations
listed in Table 5.2. The vehicle is of notchback type and shown setup in the wind tunnel
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Table 5.2: Vehicle speci�cations

vehicle geometry wheel geometry

model Volvo S60, 2010 rim geometry 5 spoke rim
frontal area 2:27 m2 rim width 7"
wheelbase (WB) 2:774 m rim size 17"
length 4:63 m tyre size 215/50R17
trim height front 0:675 m tyre pressure front 2:5 bar
trim height rear 0:675 m tyre pressure rear 2:5 bar

in Figure 5.2. Additionally the coordinate system is given. The x direction points
downstream, the z direction points upwards and the y axis originates in the symmetry
plane of the vehicle. Due to the frontal area of the vehicle in its relation to the wind
tunnel cross section a blockage of 8 % occurs.

5.3 Pressure measurements

Two systems were available to take pressure measurements. One for time averaged
measurements and one which also allows to obtain time resolved measurements. The
time averaged system is a 8400 Data Acquisition unit from PSI pressure systems. The
used pressure scanners are 64 port ESP Pressure scanners. These are di�erential pressure
units with piezoresistive pressure sensors (one for each pressure port) with an accuracy of
the full scale range of �0:03%. To carry out the measurements, three ESP units with 64
ports can be used simultaneously. The pressure is read continuously with a frequency of
10 Hz. To get a stable value, the data recorded over 20 s (= 200 measurement values) is

y

x

zturntable
center belt

slotted walls

perforated suction plates

wheel drive 

units

side view

Figure 5.2: S60 test object setup in the wind tunnel
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averaged by the pressure system. The reference pressures are taken at the tunnel inlet,
after the nozzle contraction.

For the time resolved pressure measurements, unsteady pressure transducers (HCLA0025DB)
from First Sensor-Sensor Techniques were used to acquire time resolve pressure data. The
transducers measure a di�erential pressure, whereby the reference pressure was taken
at the wind tunnel inlet after the nozzle contraction. The sensors were connected to
the measurement location through drilled holes in the test object surface, using short
tubes with a length less than 50 mm and a diameter of 1:5 mm. This setup ensures a
smooth surface and no disturbances onto the near wall ow. The sensors have a range of
�2500 Pa and an accuracy of �5 Pa. The sensitivity is about 0:000 799 9 V=Pa and the
uncertainty is 5:2 � 10�7 V/Pa. The tubing length between measurement location and
data acquisition is within a range, where no transfer function correction is needed [46].
The pressure data is not corrected for wind tunnel blockage. Pressure measurements in
the empty tunnel did not show any characteristic frequencies that can be attributed to
the tunnel geometry and ow. At a sampling frequency of 1000 Hz, it was possible to
take measurements for 15 sensors simultaneously. Data was recorded over 1 min (in some
exceptions 10 min), while the frequency range of interest was below 100 Hz.

5.4 Paint visualizations

To visualize the surface streamlines, paint was used. A mixture of line oil, degreaser and
titaniumoxid is attached to the surface. After starting the wind tunnel, the paint particles
are dragged with the ow and leave the characteristic shear stress pattern on the surface.
The mixture is very liquid, therefore it drops easily and it is hard to use this method for
instance at the sides of the vehicle in order not to contaminate the moving belt system of
the wind tunnel. Therefore paint visualizations are only available for the antenna region
and the rear window.

5.5 Tuft visualizations

Another possibility to investigate the ow close to the surface is the usage of wool tufts.
These are attached to the surface and react onto the near wall ow conditions. From the
tuft orientation a qualitative picture of the near wall ow can be obtained. Further, areas
of high unsteadiness can be identi�ed depending on the tuft uctuation.

To get out even more quantitative information, an advanced tuft method can be used.
The main idea behind this method is to take a number of snapshots of the tuft movements.
Approximately 1000 images turned out to be a su�cient number in order to get a good
picture. The single snapshots are evaluated regarding the position of each tuft and its
geometric orientation. The series of images provides in that way a set of data containing
the tuft orientation in each snapshot. Out of this data set it is then possible to calculate
a time averaged limiting streamline pattern as well as the information about the tuft
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Figure 5.3: Experimental setup of the tuft image acquisition at the side of the vehicle [2]

angle uctuation. Detailed descriptions about the method and its applications can be
found in [2, 6, 9, 47, 48].

For the image acquisition a standard system camera is su�cient. For the experiments
in this work a Canon EOS 5D Mark II with di�erent lenses was used to acquire the
images. The images were not taken with an equidistant time step. Figure 5.3 shows the
experimental setup for the image acquisition on the side of the vehicle. A similar setup
was used to record the images from a top view, where the camera was mounted in the
ceiling of the wind tunnel. The exposure time was adjusted in order to get sharp images
of the tufts (approximately 1=800 s). Regions with high tuft uctuation require hence a
shorter exposure time than areas with attached ow.



Chapter 6

Numerical Method

The numerical simulations were performed on a virtual model, based on the physical
full scale vehicle. Details about the geometry and the numerical approach are given in
the following sections. For the pre-processing the software Ansa v.14 was used, followed
by the wrapping, meshing, solving and post processing, which was done in StarCCM+
v.12.04.

6.1 Computational domain and geometry speci�cation

The computational domain, representing the wind tunnel, was 47 m long, 9:5 m wide and
had a height of 10 m. The model was positioned 16 m after the inlet. Figure 6.1 shows
the tunnel domain and the location of the test object. The boundary conditions were
a velocity inlet and a pressure outlet. The road condition was simulated by a moving

velocity 
inlet

pressure 
outlet

moving wall

 symmetry 
(side walls)

symmetry

Figure 6.1: Numerical wind tunnel
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Figure 6.2: Virtual vehicle model

wall condition (wall velocity = 100 km=h). The numerical model is a Volvo S60 full scale
passenger car of sedan type, shown in Figure 6.2. To reduce complexity and case size,
a closed front model was used, which means that the engine bay was shielded o� and
was not a part of the simulation. The underbody geometry was fully detailed. The rim
geometry was according to a �ve spoke production rim. The tires were slicks, morphed
around the contact patch to represent the load.

6.2 Mesh speci�cations

The volume mesh was of hexahedral type with prism layers on the ground and the vehicle
surface. The surface cell sizes were between1 mm and 10 mm. The number and height of
prism layers were chosen depending on the desired boundary layerresolution. On the
vehicle exterior, it was required to resolve the boundary layer which required y+ values
below one. Therefore, 12 prism layers were built, with a near wall thickness of0:01 mm
for the �rst cell. The total prism layer height was 7 mm which resulted in a growth rate
of 1.6. The wall y+ distribution on the vehicle body is shown in Figure 6.3.

Around the car four re�nement boxes were used to increase the growthof the cell sizes
step wise, reaching a target cell size on the wind tunnel walls of320 mm. The mesh
re�nement zones are shown in Figure 6.4. The �rst level re�ned the underbody and the
near wake with target sizes of10 mm. Level two increased the cells to20 mm, level three
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