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Abstract

The wake behind a rectangular forebody with variable inlet conditions is
investigated. The perforated surface of the two-dimensional rectangular fore-
body, with a smooth leading edge and a blunt trailing edge, allows for boundary
layer modification by means of wall suction. The test section, of which the rect-
angular forebody is the main part, is experimentally evaluated with a series of
hot-wire and Prandtl tube measurements in the boundary layer and the wake.

For a suction coefficient of Γ > 9, corresponding to 0.9% suction of the free
stream velocity, the asymptotic suction boundary layer (ASBL) is obtained at
the trailing edge of the forebody for laminar boundary layers (Rex = 1.6 × 105−
3.8 × 105). The key feature of the ASBL, a spatially invariant boundary thick-
ness which can be modified independent of the Reynolds number, is used to
perform a unique parametrical study.

Turbulent boundary layers (Rex = 4.5×105−3.0×106) subject to wall suction
are also investigated. For a critical suction coefficient Γcrit, which depends on
Rex, the boundary layer relaminarizes. Strong evidence is found to support
the hypothesis that turbulent boundary layers will ultimately attain the ASBL
as well, provided that the wall suction is strong enough.

The effect of the modulated laminar and turbulent boundary layers on the
wake characteristics is studied. The shape of the mean wake velocity profile,
scaled with the velocity deficit U0 and the wake half width ∆y1�2, is found to
be independent of x�h, for x�h > 6 and Reh > 6.7 × 103. The wake width is
shown to scale with the effective thickness of the body h+ 2δ1, where the ratio
is expected to vary with the downstream location.

A decrease of the displacement thickness leads to a decrease of the base
pressure, with Cp,b = −0.36 in the ASBL limit. The Strouhal number based
on the effective thickness becomes Sth+2δ1 ≈ 0.29 in the ASBL limit and in-
dependent of the plate thickness (h) Reynolds number, in the range Reh =
2.9 × 103 − 6.7 × 103. For the turbulent boundary Sth+2δ1 is found to be 25%
lower, which shows that the wake characteristics depend on the state of the
boundary layer at the trailing edge.

The total drag is found to be reduced by as much as 30% for Reh = 2.7×104
when a wall normal velocity of only 3.5% of the free stream velocity is applied.
Wall suction successively reduces the total drag with increasing wall suction,
at least in the Reynolds number range Reh = 8.0 × 103 − 5.5 × 104.
Descriptors: Bluff bodies, wake flow, asymptotic suction boundary layer, flow
control
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Preface

This licentiate thesis within the area of fluid mechanics concerns an experimen-
tal study on the wake behind a rectangular forebody with variable inlet condi-
tions. The thesis is divided into two parts. The first part gives an introduction,
discussing: the relevance of the research, the underlying fluid mechanics and
the experimental methodology. A summary of the results and conclusions pre-
sented in the second part is also included. The second part consists of three
papers that are redacted to meet the present thesis format.

February 2014, Stockholm

Renzo Trip
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Part I

Overview and summary





CHAPTER 1

Introduction

Let’s start with a little experiment: take this thesis and throw it up in the air!
Initially, the spine cuts through the air swiftly. Besides a thin boundary layer
close to the thesis surface, the air offers little resistance to deter the thesis from
reaching its final destination. But somewhere in mid flight the thesis tumbles
and now faces its destiny front cover first. Intuitively, one feels that the altered
orientation has changed the dynamics around the thesis significantly. Actually,
if one would visualize the air around the thesis now, one would see that a large
wake has formed behind the thesis. Where will the thesis, that has served its
purpose as an example of a bluff body, end up?

The experiment described above reveals that bluff bodies moving through
a fluid, or bluff bodies placed in a moving fluid, have a strong interaction with
the fluid surrounding it. The wake that forms behind a ship is a good example
where this interaction becomes visible. Sketches by Leonardo da Vinci making
note of the phenomenon date back to the year 1509 (Bingham 2007) and it is
no wonder that it has aroused the interest of many scientists ever since.

The formation of a wake behind a bluff body is inherent to the shedding
of vortices and an increased drag. In practice, this leads to noise, structural
oscillations and an increase in the fuel consumption of road vehicles, for exam-
ple. The widespread occurrence of the phenomenon may justify why a better
understanding of the underlying fluid dynamics around bluff bodies is to be
sought after.

This thesis aims at contributing to this understanding by adding to the
sparse amount of experimental data available on the relation between the inlet
conditions of the wake and the wake characteristics. The inlet conditions of the
wake are formed by the boundary layers at the trailing edge a bluff body. In
similar studies the boundary layer is modified by adding some kind of surface
roughness (Buresti et al. 1997; Rowe et al. 2001; Durgesh et al. 2013). The
number of cases studied is typically small and the possibility to control the
boundary layer properties limited.

In the present study, the boundary layer is modified by applying uniform
suction over the flat surfaces of a rectangular forebody. The laminar and in
particular the turbulent boundary layer over a flat plate subject to uniform
suction are a relatively untouched topics themselves. The unique futures of
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2 1. INTRODUCTION

the asymptotic suction boundary layer and some characteristics of a turbulent
boundary layer with wall suction will therefore be discussed in detail as well.

The first part of this thesis will introduce the terminology and fundamen-
tal concepts of the wake behind a bluff body and the laminar and turbulent
boundary layer with and without suction. Paper 1 is devoted to the the ex-
perimental setup, including an experimental validation comprising wake and
boundary layer measurements. In Paper 2 the relation between the properties
of a laminar (asymptotic suction) boundary layer and the wake characteristics
is discussed. The turbulent boundary layer subject to suction and near wake
measurements are included in Paper 3.



CHAPTER 2

The wake of bluff body

In this chapter an introduction to several concepts related to the wake of a bluff
body will be given. The concepts introduced here will be discussed in more
detail in relation to the inlet conditions of the wake in Paper 2 and Paper 3 of
the present thesis.

2.1. Definition of a bluff body

In order to give a proper definition of a bluff body the concept of drag must be
introduced first. One should keep in mind that it is only possible to distinguish
between aerodynamic and bluff bodies if the typical Reynolds number of the
flow is sufficiently high, as correctly pointed out by Buresti (2012).

Drag is defined as the force component in the direction of motion. The
forces acting over a body can, based on their origin, be divided into
(skin-)friction forces and pressure forces. The friction forces act tangential
to the surface and pressure forces, on the other hand, act normal to the sur-
face. Accordingly, the drag can be divided into friction drag, also called viscous
drag, and pressure drag, which is also referred to as form drag. The total drag
is given by the sum of the viscous drag and the pressure drag.

The total drag of an aerodynamic, or streamlined, body is dominated by
viscous drag, whereas the pressure drag is much larger for bluff bodies. The
pressure drag acting on bluff bodies is larger because of separation, which
prevents the static pressure from fully recovering. It should be noted that the
pressure at the base of the body is lower than the free-stream pressure.

The part of the bluff body before separation will be referred to as forebody,
whereas the part of the body after separation is called base. For a blunt bluff
body the point of separation is fixed at the sharp corners at the trailing edge.
For a rounded object, e.g. a cylinder, the point of separation is typically a
function of the Reynolds number.

The drag on a bluff body is directly related to the wake behind the bluff
body that is formed by the separating boundary layers. Before discussing in
more detail the complex structure of the fluctuations in this region of disturbed
flow, a description can be given in terms of the mean streamwise velocity com-
ponent U(x, y).

3



4 2. THE WAKE OF BLUFF BODY

The velocity deficit present in the wake decreases and the wake width in-
creases with increasing distance from the body in the downstream direction. In
the far wake, x�h > 30 (Antonia & Rajagopalan 1990), the boundary layer ap-
proximation holds and the wake becomes self-similar. By defining the velocity
deficit U0 and the half wake width ∆y1�2 as:

U0(x) ≡ U∞ −U(x,0) , U(x,∆y1�2) = U∞ − 1

2
U0(x) , (2.1)

it can be shown (Pope 2000) that the wake velocity profile is given by:

U∞ −U(x, y)
U0(x) = exp �− ln (2) y

∆y1�2 � , (2.2)

where y is the wall-normal direction.

2.2. Vortex shedding

The complexity of the fluid structures in the wake can be described by two
dimensionless parameters, namely the Reynolds number Reh and the Strouhal
number Sth:

Reh = hU∞
ν

, Sth = fsh

U∞ , (2.3)

with the length scale, h, the free-stream velocity, U∞, and the kinematic vis-
cosity, ν. The vortex shedding frequency, fs, is related to the periodicity with
which edies are being shed from the upper and lower surface of a bluff body
above a critical Reynolds number Reh,crit. For a cylinder Reh,crit ≈ 47 (Norberg
1994) and Reh,crit ≈ 120 (Buresti 2012) for a body with a blunt trailing edge.

Above Reh ≈ 200 the initially laminar wake becomes three-dimensional and
starts to transition to a turbulent wake (Bloor 1964). The different stages and
types of instabilities involved in the transition of a laminar to turbulent wake
are described by e.g. Zdravkovich (1997) and Williamson (1996). Due to the
various instabilities that play a role, the relation between Reh and Sth is very
complex, a complete overview is presented, among others, by (Norberg 1994).
In a large range, for a cylinder approximately given by 250 < Reh < 2 × 105,
Sth only varies over a relatively small range. According to equation (2.3)
the shedding frequency, fs, is than inversely proportional to the free-stream
velocity, if the proper length scale h is chosen. The role that the boundary
layer thickness and state play in this respect will be discussed in in Paper 2
and Paper 3 of the present thesis.

2.3. Drag prediction

The drag acting on a bluff body can be obtained from the mean velocity deficit
in the wake that forms behind it. The forces acting on a fluid within a control
volume enclosing the body must equal the rate of change of the momentum, i.e.
the momentum flux. Here, the walls of the wind tunnel form a natural boundary
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of the control volume, which is completed with the fictitious boundaries A and
B upstream and downstream of the body, respectively, as shown in figure 2.1.

In a typical setup the mass is conserved within the control volume, but for
the bluff body that will be discussed in this thesis it is possible to remove fluid
from the system. However, the amount of fluid removed is typically less than
1% of the inflow and therefore assumed negligible.

Assuming that no mass is added or removed within the control volume, i.e.
conservation of mass, implies:

ρ� lh

0
(U −U∞)dy = 0 , (2.4)

with lh denoting the height of the wind tunnel and ρ the density of the fluid.
Using this expression, the momentum flux can be written as:

Momentum flux = ρ� lh

0
�U2 −U2∞�dy = ρ� lh

0
U (U −U∞)dy , (2.5)

which has to be equal to the forces acting upon the fluid within the control
volume. As shown in figure 2.1, the forces that can be distinguished, besides
the drag D exerted by the body, are the friction forces Fτ at the wind tunnel
walls, the pressure forces due to pressure difference p∞ − p(y) and the viscous
stresses τxx:

� lh

0
ρU (U −U∞)dy = � lh

0
(p∞ − p(y))dy −D − Fτ +� lh

0
(τxx)dy . (2.6)

If the body is thin compared to the height of the wind tunnel, the friction
forces at the wind tunnel walls can be neglected. The drag coefficient Cd is
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Figure 2.2. The drag coefficient Cd obtained at several
streamwise positions and the other force contributions for con-
stant flow conditions.

then given by:

Cd = � lh

0
�p∞ − p(y)1

2ρU
2∞
+ 2 U

U∞ �1 −
U

U∞ ��d�
y

h
� − 2� lh

0

u′2
U2∞ d�y

h
� , (2.7)

where the last term is based on a simplification of the viscous stresses:

τxx = −ρu′2 , (2.8)

which, according to Van Dam (1999), can be used for an incompressible flow
at high Reynolds numbers. The drag obtained from the velocity deficit should
be independent of streamwise position where it is measured. In figure 2.2 the
drag coefficient Cd is shown for several downstream locations and decomposed
into different force contributions.



CHAPTER 3

Boundary layers

The aim of this study is to vary the inlet conditions of the wake. In order to do
so, a rectangular forebody with a permeable surface that allows for modification
of the boundary layer by means of blowing and/or suction is used, a detailed
description is given in Paper 1. In this chapter, a description of laminar and
turbulent boundary layers with and without wall-suction will be given.

3.1. Previous Studies

The idea to modify the boundary layer by means of suction was first discussed
in the 1930s as a way to improve the aerodynamics of airplane wings. The
advantage of suction in this context is twofold: a thinner boundary layer leads
to a reduction of the induced wake, and the skin friction is likely to be reduced
if the transition of the initially laminar boundary layer to a turbulent boundary
layer is postponed or even prevented. Griffith & Meredith (1936) showed that
an exact analytical solution exist for the laminar boundary layer over a flat plate
with a uniform suction velocity, V0, applied over the surface. For this so called
Asymptotic Suction Boundary Layer (ASBL), the growth of the boundary layer
is opposed by the velocity component in the direction of the wall, with the result
that the streamwise velocity U is no longer a function of the streamwise position
x. The continuity equation then dictates that the wall normal velocity must
be constant. As the name suggest, the boundary layer asymptotes towards the
ASBL state, which is then only achieved sufficiently far downstream.

A numerical solution of the boundary layer with uniform suction over a
plate in a state before the ASBL is established is given by Iglish (1944), with
suction starting at the leading edge of the plate, and Rheinboldt (1955), with
suction starting after an initial entry length. A complete overview of the theory
of laminar flow over a flat plate with uniform suction can be appreciated from
(Rosenhead 1963).

Kay (1953) was the first to show experimentally that the velocity profile
does indeed approach the ASBL when uniform suction is applied over the sur-
face of a flat plate. The ASBL could only be established and retained if the
boundary layer was laminar at the start of the suction region, i.e. after an
initial non porous entry length. No conclusive evidence for the existence of an
equivalent turbulent asymptotic boundary layer could be given for an initially

7



8 3. BOUNDARY LAYERS

turbulent boundary layer. However, it was shown that suction does lead to a
considerable thinning of the turbulent boundary layer.

A comprehensive experimental study on the existence of a turbulent as-
ymptotic suction boundary layer was carried out by Dutton (1958). For a
critical ratio V0�U∞ a turbulent asymptotic suction profile exists, but no gen-
eral asymptotic solution was found. The critical ratio depends on the state of
the boundary layer at commencement of suction and the surface type: porous
or perforated. For values smaller or greater than this critical value there was
no tendency, at least not within the length of the plate, for the boundary layer
to reach a state in which the boundary layer thickness and the profile shape
remained constant. As the suction increases, the velocity profile shape divides
into two distinct parts, an inner part which resembles the laminar asymptotic
suction profile and an outer layer which takes the form of a long thin tale which
only slowly diminishes. Dutton (1958) suggested that the boundary layer might
eventually relaminarize and reach the laminar asymptotic state.

Two approaches can be distinguished in regard of describing the turbulent
boundary layer subject to wall suction: those based on Prandtl’s mixing length
theory (Rotta 1970; Simpson 1970) and the ones that seek for similarity laws
for the inner and outer region with a common overlap region (Black et al. 1965;
Tennekes 1965). The latter is only valid for moderate levels of suction and for
turbulent boundary layers that are in equilibrium state. The first method,
on the other hand, was proved by Black et al. (1965) to be in satisfactory
agreement with the experimental results shown by Dutton (1958) and Kay
(1953).

3.2. Boundary layer approximation

Based on a scaling analysis of the Navier-Sokes equation the equations of motion
can be simplified for the relatively thin boundary layer, see e.g. Kundu & Cohen
(2008). For a steady, two-dimensional, incompressible flow the boundary layer
equations (3.9, 3.10) and the continuity equation (3.11) read:

U
∂U

∂x
+ v∂U

∂y
= −1

ρ

∂P

∂x
+ ν ∂2U

∂y2
, (3.9)

0 = −∂P
∂y

, (3.10)

∂U

∂x
+ ∂V

∂y
= 0 . (3.11)

For a boundary layer developing over a solid surface, the above set of equations
has to obey the following boundary conditions:

U(x,0) = 0 , U(x,∞) = U∞ , V (x,0) = 0 , (3.12)

with the density ρ, the kinematic viscosity ν, the static pressure P and U and
V the velocity components in the streamwise x and wall normal y directions,
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respectively. Equation (3.10) implicates that the pressure is uniform across the
boundary layer, i.e. the static pressure at the surface is equal to the static pres-
sure outside the boundary layer. Hence, the pressure gradient can be written
in terms of the free stream velocity U∞ using the Bernouilli equation as:

1

ρ

dP∞
dx
= U∞ dU∞

dx
. (3.13)

The thickness of the boundary layer can be expressed as the displacement
thickness δ1:

δ1 = � ∞
0
�1 − U

U∞ �dy , (3.14)

which is defined as the distance by which the wall should be moved outward
in order to get the same mass flux in a hypothetical frictionless flow. Another
expression of the boundary layer thickness can be given if not the mass flux but
the momentum loss due to the presence of the boundary layer is considered.
The momentum thickness δ2 is given by:

δ2 = � ∞
0

U

U∞ �1 −
U

U∞ �dy . (3.15)

The ratio of the displacement thickness and momentum thickness:

H12 = δ1
δ2

, (3.16)

is called the shape factor H12.

Hereafter, the laminar boundary layer without suction will be discussed,
followed by a discussion on the laminar boundary layer with suction. There-
after, the equivalent turbulent boundary layers will be described.

3.3. Falkner-Skan boundary layer

Falkner and Skan (1931) showed that equation (3.9) has a similarity solution
in case the velocity outside the boundary layer varies in the form:

U∞(x) = axn , (3.17)

with n and a being constants. The similarity variable η corresponds to:

η = y

δ(x) = y
�

U∞
xν
= y

x

�
Rex . (3.18)

If a similarity solution exists, than the velocity distribution U�U∞ in the wall
normal direction at each location x is given by the same function g:

U

U∞ = g(η) . (3.19)
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In order to solve the system of equations that is formed, a stream function ψ
is introduced, with:

u = ∂ψ

∂y
, v = −∂ψ

∂x
, (3.20)

and which thus obeys the continuity equation (Eq. 3.11). It follows:

ψ = � y

0
U dy = δ� η

0
U dη = δ� η

0
U∞g(η) dη =�νxU∞f(η) , (3.21)

where:

g(η) = df

dη
. (3.22)

Substitution of equation (3.17), equation (3.20) and equation (3.21) into equa-
tion (3.9) with equation (3.13) gives an ordinary differential equation:

f ′′′(η) + n + 1
2

f(η)f ′′(η) − nf ′(η)2 = 0 , (3.23)

with boundary conditions:

f(0) = 0 , f ′(0) = 0 , f ′(∞) = 1 . (3.24)

Equation (3.24) is the so called Falkner-Skan equation, an equation that can be
solved numerically with a similarity solution of the velocity distribution. Using
equation (3.14), the displacement thickness becomes:

δ1,FS = bδ(x) , (3.25)

with:

b = δ1,FS
δ(x) = �

η∞
η=0 (1 − f ′)dη = η∞ − f(η∞) . (3.26)

3.4. Asymptotic suction boundary layer

Here, the laminar boundary layer with a uniform suction velocity, V0, will be
considered, starting with the asymptotic limit. Sufficiently far downstream the
growth of the boundary layer, promoted by the viscosity, is exactly opposed by
the negative velocity V (y) in the wall-normal direction. Hence, the boundary
layer thickness remains constant and the streamwise velocity U is no longer
a function of the streamwise position x. The continuity equation (3.11) then
dictates that the wall normal velocity must be constant and independent of the
wall-normal coordinate y and equation (3.9) becomes:

V0
dU

dy
= ν d2U

dy2
, (3.27)

with the boundary conditions given by:

U(x,0) = 0 , U(x,∞) = U∞ , V (x,0) = V0 . (3.28)

This differential equation can readily be shown to have an analytical solution:

U(y)
U∞ = 1 − exp�yV0

ν
� , (3.29)
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which is in the exponential form and known as the Asymptotic Suction Bound-
ary Layer (ASBL). The boundary layer length scales and the shape factor are
given by:

δ1,ASBL = − ν

V0
, δ2,ASBL = −1

2

ν

V0
, H12,ASBL = 2 , (3.30)

which are independent of U∞, a unique property further discussed in Paper 2.

The solution of the laminar boundary layer with a zero pressure gradient
and suction applied that has not yet reached the asymptotic state was described
by Rheinboldt (1955). A similar variable substitution as shown for the Falkner-
Skan solution can be made to find similarity. However, an additional similarity
variable ξ is needed:

ξ = V0

�
x

U∞ν , η = y
�

U∞
xν

. (3.31)

Again, a stream function is introduced similar to equation (3.21), but it is now
a function, f , of ξ and η:

ψ =�νxU∞f(ξ,η) . (3.32)

Substitution of equation (3.32) using equation (3.20) into equation (3.9) with
the pressure gradient equal to zero gives:

∂3f

∂η3
+ 1

2
f
∂2f

∂η2
+ 1

2
ξ �∂f

∂ξ

∂2f

∂η2
− ∂f

∂η

∂2f

∂η∂ξ
� , (3.33)

with the boundary conditions:

f(ξ,0) = ξ , f ′(ξ,0) = 0 , f ′(ξ,∞) = 1 . (3.34)

In order to solve this equation, the boundary layer is progressively calculated for
points downstream of an initial position, typically the position where suction
is commenced. The corresponding value of ξ0 is given by:

ξ0 = V0

�
x0

U∞ν , (3.35)

with x0 corresponding to the entry length from the start of boundary layer to
the initial point where suction is applied. The displacement thickness δ1,RB is
given by:

δ1,RB

δ(x) = �
η∞

η0

(1 − f ′)dη = η∞ − f(ξ,η∞) + f(ξ,η0) . (3.36)

Before the turbulent boundary layer can be discussed, a final note on the
ASBL should be made in regard of the effect of suction on the bypass transi-
tion related to free stream turbulence. It has been shown both theoretically
(Fransson & Alfredsson 2003), numerically (Schlatter & Örlü 2011; Khapko
2014) and experimentally (Fransson 2010; Yoshioka et al. 2004) that wall suc-
tion suppresses the disturbance growth and may significantly delay or inhibit
the break down to turbulence.
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3.5. Turbulent boundary layer

The analysis found in most books about turbulent boundary layers, is based
on the division of the turbulent boundary into two regions: the inner region
where the turbulent stresses are negligible compared to the viscous stresses
and the outer region where the viscous stresses are negligible compared to
the turbulent stresses. The inner and outer layers have different characteristic
length scales. The outer layer, similar to the laminar boundary layer, scales
with the boundary layer thickness δ. The inner layer, on the other hand, scales
with the viscous length scale ν�uτ , with uτ being the friction velocity given by:

uτ =�τw�ρ , where τw = µ∂U
∂y
�
y=0 , (3.37)

and τw is the wall shear stress. The scaled velocity can consequently be de-
scribed by the functions Φ(y+) and Ψ(Y ):

Inner region: U+ = U

uτ
= Φ(yuτ

ν
) = Φ(y+) , (3.38)

Outer region:
U∞ −U

uτ
= Ψ(y

δ
) = Ψ(Y ) , (3.39)

which are referred to as the law of the wall and the velocity defect law, re-
spectively. The inner and outer region overlap for large enough Reynolds
numbers. Within this overlap region both laws must hold. The derivative
of equation (3.38) and equation (3.39) multiplied with y yields the following
expression:

1

uτ

∂U

∂y
= y+ dΦ

dy+ = −Y
dΨ

dY
= const. , (3.40)

which must be constant because the two relations on the right depend on
different length scales. As a result, the velocity profile must be logarithmic in
this overlap region:

u+ = 1

κ
ln y+ +C1 , (3.41)

U∞ −U
uτ

= 1

κ
lnY +C2 , (3.42)

with κ being the Von Kármán constant and C1 and C2 other arbitrary con-
stants.

A self-similar equation can be found starting with the equation of mo-
tion, as was done for the laminar cases. However, the flow properties are time
dependent now, due to the turbulent fluctuations. By applying Reynolds de-
composition, decomposing the instantaneous flow properties into mean and
fluctuating components (U = ū + u′), the turbulent boundary layer equation
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can be derived:

ū
∂ū

∂x
+ v̄∂ū

∂y
= −1

ρ

∂p̄

∂x
+ ν ∂2ū

∂y2
− ∂

∂y
�u′v′� , (3.43)

0 = −∂p̄
∂y

, (3.44)

and the continuity equation reads:

∂ū

∂x
+ ∂v̄

∂y
= 0 (3.45)

Due to the additional Reynolds stress term u′v′ there is no solution to this
set of equations, unless a turbulence model is used to express it in terms of the
mean velocity field.

The Prandtl mixing length is such a turbulence model. It assumes that
lumps of fluid retain their momentum while being displaced by large eddies over
distance lm, referred to as the mixing length. Then the velocity fluctuations
u′(y) and v′(y) can be written as:

u′(y) ∼ v′(y) ∼ lm ∂ū

∂y
, (3.46)

and consequently:

−u′v′ ∼ l2m �∂ū∂y �
2

. (3.47)

The mixing length lm is assumed to be proportional to the distance from the
wall with the Von Kármán constant κ, introduced earlier, as the proportionality
constant:

lm = κy . (3.48)

Within the overlap region, where the turbulent stress is approximately equal
to the wall shear stress ρu2

τ , one obtains:

uτ

κy
= ∂ū

∂y
, (3.49)

which can readily be shown to yield the same logarithmic velocity distribution
found by the two layer approach. The Prandtl mixing length model is nowadays
considered to be obsolete, but has proved to work rather well (Davidson 2004).
The reason it is introduced here, is the lack of an equivalent two layer approach
for the turbulent boundary layer with suction. As will be shown in the next
section, Prandtl’s mixing length model allows to give a good description.

The logarithmic velocity distribution within the overlap region can be ex-
tended to hold in the outer layer and the viscous sublayer by adding a wake
function and applying an appropriate damping function, respectively. Such an
example for a so called composite velocity profile can be found in (Nickels 2004)
for example.
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3.6. Turbulent suction boundary layer

To describe the turbulent boundary layer with suction, the theory by Rotta
(1970) is followed, starting with the turbulent boundary layer equation and the
continuity equation (3.43- 3.45). For the asymptotic suction boundary layer
the derivatives of the mean flow quantities with respect to x are rendered zero.
Although an asymptotic state might not be reached for the turbulent suction
boundary layer, it is assumed that these terms will be relatively small and
can therefore be neglected. Integrating the remaining terms of equation (3.43)
leads to:

ν
dū

dy
− u′v′ = u2

τ + V0ū , (3.50)

where the invoked boundary layer conditions, which are similar to those stated
in equation (3.12), lead to the additional wall shear stress term on the right
hand side.

To be able to solve this equation, the previously discussed Prandtl’s mixing
length model is introduced, i.e. equation (3.47) and equation (3.48). To include
the viscous sublayer, the van Driest damping function is applied (Van Driest
1956), leading to:

−u′v′ = κ2y2
������1 − exp

�
�−y
�
u2
τ + V0ū

νA

�
�
������
2

�∂ū
∂y
�2 , (3.51)

with A being the van Driest constant. Upon substitution of equation (3.51)
into equation (3.50) one will recognize a quadratic equation which can readily
be shown by invoking the quadratic formula to give:

dū

dy
= 2 �u2

τ + V0ū�
ν +
�

ν2 + 4κ2y2 �1 − exp �−y�(u2
τ + V0ū) � (νA)��2 (u2

τ + V0ū)
, (3.52)

which can be solved using a numerical solver.

In the present study, the van Driest constant A, the friction velocity uτ

and the wall position yw are obtained from the experimental data in a least
square fit algorithm based on equation (3.52). An initial “guess” of yw is found
by a linear extrapolation of points close to the wall and the other parameters
are discussed below.

Van Driest (1956) treats A as a constant, but notes that it is more likely to
be a function of the wall suction. In the present study A is therefore a variable,
with the value used by Van Driest (1956) (A = 26) as the initial value in the
fit algorithm. The variation of A with free stream velocity and wall suction
is shown in figure 3.1. An average of A = 28.7 is found for the cases without
suction (markers colored black) and a decrease is shown for an increase of wall
suction. One outlier, which corresponds to U∞ = 10 m�s subject to the largest
wall suction, is likely caused by relaminarization.
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Figure 3.1. The van Driest constant A as function of the
Reynolds number Reδ2 . A lighter shade of gray corresponds a
larger wall normal velocity, with a black face color correspond-
ing to the case without suction.
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Figure 3.2. The shape factorH12 as function of the Reynolds
number Reδ2 .
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Figure 3.3. The skin-friction as function of the Reynolds
number Reδ2 compared to a relation found by Österlund
(1999). A lighter shade of gray corresponds a larger wall nor-
mal velocity, with a black face color corresponding to the case
without suction.

A higher value of the shape factor is also found for the outlier, as shown in
figure 3.2. Without wall suction, the shape factor lies in the rangeH12 = 1.3−1.5
and decreases with increasing Reynolds number as expected. As wall suction
increases, the shape factor decreases, i.e. an increase in wall suction corresponds
to a fuller profile.

A final check on the validity of the fit algorithm is obtained by analyzing
the skin-friction coefficient Cf given by:

Cf = 2 u2
τ

U2∞ (3.53)

The initial value of uτ is based on the ICET skin-friction relation (Bailey et al.
2013). In figure 3.3 the results for Cf are compared to the relation found by
Österlund (1999). A fairly good agreement is found for the cases without wall
suction. With increasing wall suction, the velocity profile becomes fuller and as
expected Cf increases (since dū�dy increases) and the Reynolds number based
on δ2 decreases.

Suction is known to stabilize the flow. Due to suction the u′v′ is signifi-
cantly reduced (Antonia et al. 1994). The reduction in v′ and to a lesser extent
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u′ can be explained by an increased organization of the flow with less sweep and
ejection events as well as more steady near-wall streamwise streaks. Although
the dū�dy is increased it must mean that the production is reduced and that
dissipation ultimately leads to complete relaminarization.



CHAPTER 4

Experimental setup and measurement techniques

Measurements are carried out in a new test section mounted in the Boundary
Layer (BL) wind tunnel at KTH Mechanics. The new test section is described
in detail in Paper 1. In the same paper, the corrections of hot-wire and Pitot
tube measurements required for an accurate experimental validation of the
new test section are given. In this chapter, a complementary description of
hot-wire anemometry, pressure measurements and an introduction to particle
image velocimetry is presented.

4.1. Hot-wire anemometry

The Hot-Wire Anemometry (HWA) technique is based on the forced-convective
heat transfer from a heated wire by the flow it is exposed to. How the heat
transfer is translated into a measure of the flow velocity depends on type of
HWA that is being used. The most obvious procedure, referred to as Constant
Current Anemometry (CCA), is to keep the current heating the wire constant
and use the change in voltage over wire due to the changing resistance as a mea-
sure for the flow velocity. To measure turbulent flow properties it is common
to use Constant Temperature Anemometry (CTA), because this alternative al-
lows a high sampling frequency, up to kHz in practice. In the CTA mode the
wire temperature is kept constant and the voltage required to do so is used as
a measure for the velocity.

The wire is operated at a constant temperature, Th, that is higher than
the ambient temperature to make the sensor less sensitive to temperature fluc-
tuations. Based on the definition:

OH = R(Th) −R(Tcal)
R(Tcal) , (4.54)

with R the resistance of the wire and Tcal the temperature of the surrounding
fluid during calibration. The overheat OH is typically chosen between 0.5
and 0.8, where a higher overheat captures turbulent fluctuations better. For
boundary layer measurements a lower overheat is sometimes used, as will be
discussed shortly.

18
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Figure 4.1. Typical hot-wire calibration curve. In the inset,
the hot-wire probe used for boundary layer measurements is
shown.

One relation between the anemometer output voltage E and the velocity
U is given by the modified King’s law (Johansson & Alfredsson 1982):

U = k1 �E2 −E2
0� 1

n + k2 (E −E0) 1
2 , (4.55)

where E0 is the voltage at U = 0 m�s and the coefficients k1, k2 and n are to
be found by calibration of the hot-wire against the reading from e.g. a Prandtl
tube located in the free stream. An example of a calibration curve is shown in
figure 4.1. The designation ‘modified’ refers to the second term on the right-
hand side which is added to account for the effect of free convection. Free
convection has a significant contribution at low velocities, for example close to
a wall.

In figure 4.1 the in-house made boundary layer hot-wire probe is shown.
The hot-wire is typically soldered between two prongs at the extremity of the
hot-wire probe. Tungsten and platinum are common materials for the hot-wire,
because these metals have a high melting point and their resistance varies lin-
early with temperature for the temperatures of interest. For increased strength
a platinum/rhodium alloy can be used. The diameter of the hot-wire is in
the order of micrometers in diameter and has a length to diameter ratio of
lh�dh > 200 so that the heat conduction to the prongs can be neglected.
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Figure 4.2. Boundary layer measurements with a hot-wire
(U∞ = 1.0 m�s, v0�U∞ = 0.012).
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4.1.1. Near-wall boundary layer measurements

Operating a hot-wire within a boundary layer over a porous surface with suction
applied in the wall-normal direction raises the question whether the wall normal
velocity leads to a significant increase of the forced-convection. Because the
wall normal velocity is much smaller than the streamwise velocity component,
even close to the wall as indicated in figure 4.2, the additional contribution can
be neglected.

Figure 4.2 does show that the velocity is overestimated close to the wall.
The overestimation is caused by heat conduction from the hot-wire to the wall,
an error that can be minimized by keeping the overheat ratio low. Points from
the wall up to the point of minimum velocity are discarded. In addition, one
more point is omitted if the velocity derivative has not reached a maximum.

It is apparent that the boundary layer measurements close to the wall are
underresolved. This leads to an underestimation of the momentum thickness
and to lesser extent to an overestimation of the displacement thickness, see
figure 4.3. To improve the estimate of the momentum thickness a Taylor series
expansion of the displacement thickness is used to obtain additional artificial
points close to the wall in case of the ASBL. For the ASBL, the Taylor series
expansion at the wall of the displacement thickness integrand I is given by:

I = 1 − U

U∞ = 1 − �1 − exp �−
V0

ν
y�� = exp �−V0

ν
y� , (4.56)

I(0) = 1 − V0

ν
y + 1

2
�V0

ν
�3 y3 − 1

6
�V0

ν
�4 y4 +O(y4) . (4.57)

It is clear from figure 4.3 that the first four terms will give a proper approxima-
tion. The additional artificial points do not lead to a considerable improvement
in case of the displacement thickness, but it does show a clear effect for the
momentum thickness.

4.1.2. Vortex shedding frequency measurements

A hot-wire is also used to measure the shedding frequency. Although the
shedding frequency can be obtained from measurements in the boundary layer
or in the wake, a better signal-to-noise ratio can be obtained with a probe placed
downstream of the trailing edge just outside the wake, as shown in figure 4.4.
The sampling frequency for most measurements is chosen to be fs = 3 kHz,
which is more than enough for capturing the shedding frequency considering
the Nyquist criteria.

The anemometer offers the possibility to apply a high- and a low- pass
filter. The high-pass filter can be used to remove low frequency fluctuations if
present, which is not the case in the present wind tunnel. A low-pass filter of
0.3 kHz is used to avoid aliasing and to remove electronic noise.
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!Ē

[V
]

Wake
Boundary Layer

0 0.1 0.2 0.3 0.4 0.5
-0.1

-0.05

0

0.05

0.1

Figure 4.4. Sample of the time signal as recorded by the
hot-wire in the boundary layer and in the wake.

4.2. Pressure measurements

Pressure measurements typically comprise a Pitot or a Prandtl tube, which
are robust compared to the fragile hot-wire probes discussed in the previous
section. A number of a-posteriori corrections have to be considered to obtain
accurate results. A correction method is described in Paper 1 and will therefore
not be repeated here. Examples of a Pitot tube and a Prandtl tube are shown
in figure 4.5.

4.2.1. Near-wall boundary layer measurements

Velocity measurements in the boundary layer are carried with a Pitot tube. It
is common to start the wall normal traverse with the probe touching the wall,
or being even slightly bended. As a result, some point close to the wall must
be discarded. First, the first derivative of u with respect to y is calculated.
All points for which a negative, unphysical, gradient is found are discarded.
Then, the second derivative is calculated and all points up to the maximum
are discarded as well. This method has been checked extensively and proved to
be the best objective method to discard points. An example of a boundary layer
measurement and the points that are discarded is shown in figure 4.6. This
example is measured in combination with a Furness FC0510 (0 − 200�2000 Pa,
0.25% FSD) pressure transducer.
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1

Figure 4.5. Left: Near wall boundary layer measurement
with a Pitot tube. Right: Parallel mounted hot-wire probe
(Left) and Prandtl tube (Right) at the extremity of a 1D tra-
verse.
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Figure 4.6. Boundary layer measurements with a Pitot tube
(U∞ = 2.5 m�s, V0�U∞ = 0.0057).

The reference static pressure in the boundary layer can be obtained from
e.g. a Prandtl probe located in the free stream. It follows from the bound-
ary layer approximation that the static pressure is constant throughout the
boundary layer.

4.2.2. Near-wake pressure measurements

In the far wake, x�h > 30 (Antonia & Rajagopalan 1990), the thin shear layer
approximation is valid. Similar to the boundary layer equivalent, the static
pressure is constant in the cross stream direction. However, in the near wake
this approximation does not hold which means that the static pressure must
be measured locally. Therefore a Prandtl tube is used in the near wake.
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Figure 4.7. A relative comparison of the static pressure evo-
lution in the streamwise direction (U∞ = 10 m�s)

The design of a static-pressure tube is not straight-forward. In particular
the location of the static pressure holes is essential for an accurate pressure
measurement (Tropea et al. 2007). At the tip of the probe the flow will accel-
erate. As a result the static pressure will be overestimated up to four diameters
downstream. The support or stem downstream of the pressure holes, on the
other hand, causes the local static pressure to increase due to the flow decel-
eration, which extents over twenty probe diameters upstream. Some Prandtl
tubes are designed in such a way, L-shaped, that the influence of the tip and
support cancel each other out. In the present study, a straight Prandtl tube is
used, The static pressure holes are located far enough downstream of the tip
and far enough upstream of the traverse stem to avoid influence thereof.

In figure 4.7 the evolution of the static pressure in the streamwise direc-
tion is shown, measured with a ScaniValve 16 channel Digitial Sensor Array
(2500 Pa, 0.2% FSD) pressure transducer. It is clear that the static pressure
recovers, but that it has not fully recovered at x�h = 25. The recovery be-
tween x�h = 6 and x�h = 25 is about 60%. So the use of a Prandtl tube is not
redundant.

4.3. Particle Image Velocimetry

Hot-wire anemometry and pressure measurement techniques are not suitable to
be used in the recirculation region of a bluff body due to reversed flow direction
and strong three dimensionality of the flow. An appropriate method to use in
these type of flow is Particle Image Velocimetry. PIV is non-intrusive and is
able to capture the instantaneous flow structure, which can comprise two or
three velocity components.
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PIV is based on the measurement of the displacement of tracer particles
during a short time interval. The tracer particles, e.g. smoke for the application
in a wind tunnel, makes the optically transparent fluid visible. Two sheets of
particles are illuminated succesively and recorded with a (high-speed) camera.
The two images are divided into interrogation areas for which the velocity
vector is computed by means of cross correlation.

By means of proper orthogonal decomposition (POD) and dynamic mode
decomposition (DMD) the velocity fields measured with PIV can be decom-
posed into small scale turbulence and cycle-to-cycle variations. Furthermore,
the time-averaged flow field can be used to carry out detailed stability analyses,
as was done by Camarri et al. (2013).
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Summary of results and conclusions

The goal of this thesis is to contribute to the fundamental knowledge about
the aerodynamics in the wake behind bluff bodies. In order to do so, an exper-
imental study has been carried out in a specially designed setup, consisting of
a rectangular forebody with a smooth leading edge and a blunt trailing edge.

It is shown both theoretically and experimentally in Paper 1 that the main
feature of the new test section, to modulate the boundary layer and therewith
the inlet conditions of the wake by means of suction, makes it possible to
perform unique parametrical studies. This is due to the asymptotic suction
boundary layer (ASBL) that is reached at the trailing edge of the rectangular
forebody for a suction coefficient Γ > 9 in case of an initially laminar boundary
layer. The ASBL provides the unique feature that the Reynolds number and
the boundary layer thickness can be altered independent of each other.

The experimental setup is experimentally evaluated with a series of hot-
wire and Prandtl tube measurements in the boundary layer and wake of the
rectangular-based forebody. The ASBL threshold proved to be independent of
the Reynolds number within the range Reh = 2.9 × 103 − 6.7 × 103. Based
on the mean velocity deficit and the corresponding rms-values in the wake it
was concluded that the wake is symmetric. Over the forebody the flow was
found to be two dimensional but for low velocities (U∞ ≤ 2.5 m�s) the wake
at x�h = 15 is not, possibly due to the presence of the wind tunnel walls.

In Paper 3 the initially turbulent boundary layer (Rex = 4.5 × 105−
3.0 × 106) subject to wall suction is investigated. The Γcrit for which relam-
inarization is observed is found to be a function of Reh. Strong evidence is
provided that the turbulent boundary layer will ultimately attain the laminar
ASBL as well, provided that the wall suction is strong enough.

The influence of a modulated laminar boundary layer on the wake char-
acteristics is considered in Paper 2. A decrease of the displacement thickness
leads to a decrease of the base base pressure. A similar clear trend is not ob-
served for the shedding frequency. In the ASBL limit the shedding frequency
becomes Sth+2δ1 ≈ 0.29, independent of the Reynolds number in the range
Reh = 2.9 × 103 − 6.7 × 103. The base pressure coefficient in the ASBL limit
is Cp,b = −0.36 for all cases but Reh = 2877, for which a much lower value is
found.

26
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In Paper 3 the modulated turbulent boundary layers, as well as near wake
measurements, are included in the study on the effect of inlet variations on the
wake characteristics. The shape of the mean wake velocity profile, scaled with
the velocity deficit U0 and the wake half width∆y1�2, is found to be independent
of x�h, for x�h > 6 and Reh > 6.7× 103. The wake width is shown to scale with
the effective thickness of the body h + 2δ1, where the ratio is expected to vary
with the downstream location. From the near wake measurements with a hot-
wire it could be concluded that the turbulence intensity based on the urms level
on the centerline remained unchanged for Reh > 6.7 × 103.

It can be concluded that the state of the boundary layer has a significant
effect on the vortex shedding frequency and base pressure. The Strouhal num-
ber based on the effective plate thickness is Sth+2δ1 ≈ 0.22 for the turbulent
boundary layer is, i.e. about 25% lower than the value found for the laminar
boundary layer in the ASBL limit (Sth+2δ1 ≈ 0.29). When the initially turbu-
lent boundary layer starts to relaminarize, the vortex shedding frequency and
the base pressure start to approach those found in the ASBL limit.

The total drag, obtained from near wake pressure measurements, is also
discussed in Paper 3. The maximum drag reduction found is 30% for Reh =
2.7 × 104 with a wall normal suction velocity of only 3.5% of the free stream
velocity. Wall suction successively reduces the total drag width increasing wall
suction, at least in the range Reh = 8.0 × 103 − 5.5 × 104.

The observations made in this study are an addition to the existing in-
sights. They do certainly not provide enough information to fully understand
the governing physics required for an applicable control of the wake, e.g. to
accomplish drag reduction for road vehicles. It is believed that an even better
understanding can be obtained if also the mean velocity and velocity fluctua-
tions very close to the body, in the recirculation region, are known. Particle
image velocimetry measurements are therefore now planned. Those measure-
ments will make it possible to not only study the flow structures themselves
by means of proper orthogonal decomposition (POD) and dynamic mode de-
composition (DMD), but also to carry out detailed stability analyses on the
experimental data.
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