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Abstract
The present experimental study focuses on two topics, a passive transition-delay
method for different types of wave disturbances and the effect of free-stream
turbulence characteristics on boundary layer transition over a flat plate. In the
investigations, hot-wire anemometry was employed and the experiments were
performed in a well-controlled wind tunnel facility.

In the past streamwise vortices, which generate high and low velocity
streaks in the spanwise direction, has been employed successfully in order to
damp boundary layer perturbations and eventually postpone transition to the
turbulence. In the previous experiments the perturbations have been Tollmien-
Schilichting waves (TSW) and the vortices, generating the streaky boundary
layer, were produced by bluff obstacles, i.e. cylindrical surface roughnesses
on the plate. In the first investigation of this thesis, it is shown that vortex
generators originally used to control boundary layer separation, have a strong
damping effect on boundary layer perturbations and are able to postpone the
transition to turbulence. The present vortex generators are however minia-
ture with respect to classical ones and are in the following denoted MVGs, for
miniature vortex generators. The benefit of using MVGs is that the streaks
are more stable compared to cylindrical surface roughnesses due to the fact
that vortex shedding does not appear behind the MVGs. In addition, for the
first time the perturbations are generated upstream of the MVGs, a configu-
ration, which is closer to real applications. The effect of the streaks, which
are generated by MVGs, can be characterized by a new integral-based am-
plitude definition. This amplitude definition, which scales on boundary layer
parameters and geometrical parameters of the vortex generators, takes span-
wise variations into account, which are neglected in the classical amplitude
definition. Besides TSW, the effect of the vortex generators are investigated on
other types of wave like disturbances, such as a single oblique wave (SOW) and
a pair of oblique waves (POW). In the linear regime, in which the perturbations
are of the order of and up to 1% of the free-stream velocity, it is observed for all
the wave types that after an initial increase of the disturbance amplitude, they
decay quickly in the streamwise direction in presence of the MVGs. Moreover,
in the non-linear regime, a length of 1-2 meter transition delay is achieved in
the presence of the MVGs. At the same time, the energy of the fluctuations are
typically four orders of magnitude smaller in the modulated boundary layers
compared to the uncontrolled case. It should be pointed out that there is a
limitation for the streak amplitude in order to damp the disturbances. When
the streak amplitude amplifies more than 30% using the new definition, the
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streaks become unstable and transition may occur even further upstream com-
pared to the unmodulated boundary layer.

As a second study, another transition scenario was investigated, namely
when the free-stream turbulence (FST) level is high enough to cause by-pass
transition. FST can be generated by mounting a grid inside the wind tunnel
upstream of the leading edge. By manufacturing grids by pipes (instead of solid
bars), it is possible to pressurize them and then have a secondary flow injection
through orifices in the pipes into the main stream pointing in the upstream
direction. With this feature using several different FST grids the turbulence
intensity can be varied, and along with a relative position of the grid to the
leading edge, 42 different cases are provided in terms of different turbulent in-
tensities, Tu = urms/U∞, and integral length scales, Λx, in the free-stream. In
the first step, a universal streamwise distribution of turbulence intermittency,
γ, is introduced and then the effect of FST characteristics, such as turbulent
intensity and integral length scale, are studied on the onset and length of the
transition region. It is shown that the transition location is advanced by in-
creasing turbulence intensity and goes with the exponent of -2, and the integral
length scale has opposite effect on the transition onset at low and high turbu-
lence intensities. While at low Tu, transition is postponed by decreasing the
integral length scale, it is advanced at higher turbulence intensities. Moreover,
it is argued that, even at high turbulence intensities, there exists a minimum
distance for the turbulent boundary layer to be selfsustained.
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Preface

This doctoral thesis in engineering mechanics consists of two parts. In the
first part, an introduction and the experimental methodology are found. This
is followed by the results of the stabilizing effect of a passive control method
and the transition by means of free-stream turbulence which are summarized
and discussed. The second part consists of four papers, which are listed in
chapter 5 of the first part together with the respondent’s contribution to each
paper.

April 2013, Stockholm

Shahab Shahinfar
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Although one can postpone transition by means of brutal
force, the transition will finally occur, maybe in a new regime.
Transition is a complex phenomenon, specially from Tradition
to Modernism.

Anonymous (1978 - )
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Part I

Overview and summary





CHAPTER 1

Introduction

The layer which is formed next to any object moving relative to a fluid (e.g.
water or air) is called boundary layer. By fixing the coordinate system on
the moving object, one can observe that the flow velocity varies continuously
from zero (on the object) to the far field (free-stream) velocity. The boundary
layer plays a major role in industrial applications such as aviation, automobile,
turbine design etc. The importance of the boundary layer even reveals itself
more, when the well-ordered laminar flow becomes turbulent . In the turbulent
boundary layer, the flow is characterized by a chaotic motion and some quan-
tities, for instance skin-friction and heat transfer, can rapidly increase by one
order of magnitude. Therefore, it is vital to be able to predict the location of
transition from laminar to turbulence, and if it is possible, control the bound-
ary layer to obtain transition delay if the desire is to keep the skin-friction
at a minimum. Since in real applications, the configurations are usually com-
plicated and involve uncountable parameters, a simplified case is chosen for
fundamental research in order to understand a process in detail. The present
simplified setup includes a long flat plate located in a wind tunnel. A common
experimental way to study the transition is to generate small perturbations
in the boundary layer and observe if the generated disturbances grow or de-
cay in the domain. The source of the initial perturbations can vary, from the
disturbances which are introduced inside the boundary layer to the external
perturbations which enter from the free stream into the boundary layer or a
combination of them.

The stage in which the perturbations are absorbed by the boundary layer
is called receptivity. Based on the free-stream velocity U∞, distance from
leading edge x, and kinematic viscosity ν, the Reynolds number, Re = U∞x/ν
is defined and can work as an indicator too see if the perturbation level in-
creases or attenuates inside the boundary layer. This region is described by
linear instability theory. If the amplitude level becomes high enough (on the
order & 1% of the free-stream velocity), the disturbances become non-linear
and the flow starts entering the transition regime whereafter it breaks down
to turbulence. This process can occur via different types of scenarios. Much
effort have been devoted to methods, which can control this process. Among
them, the passive control methods are appealing for many reasons. Firstly,
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2 1. INTRODUCTION

passive methods are more stable against the undesired noise which may appear
in the system and can be amplified in the feedback-base active control meth-
ods. Secondly, in the passive methods, expensive electronic equipments are
not employed and they are established only by an initial investment without
any further maintenance costs and thus, are cheaper compared to fancy active
control methods.

Employing cylindrical surface roughnesses in order to delay transition has
been successfully investigated in the past (Fransson et al. 2005a, 2006). In
addition, Fransson & Talamelli (2012) showed that more stable and strong
vortices can be obtained by using of a row of MVGs instead of cylindrical sur-
face roughnesses. The oblique transition in a boundary layer was investigated
and well explained by Elofsson & Alfredsson (2000). They describe the flow
structure along with Fourier transform showing that the breakdown is caused
by interaction between non-linear growth of streamwise streaks and a second
stage with exponential growth of oblique waves. Numerically, the TSW evolu-
tion in a streaky boundary layer has been investigated (Cossu & Brandt 2002,
2004). The effect of the finite amplitude streaks on different type of disturban-
ces was studied numerically by Schlatter et al. (2010). In addition, Fransson
et al. (2006) revealed experimentally that the streaks which is generated by
the roughness elements have a stabilizing effect, which means that non-modal
disturbances (finite amplitude streaks) can kill modal disturbances (generated
waves).

In this thesis, a passive flow control method is employed to damp the gen-
erated wave amplitude both in linear and nonlinear regimes. In this method,
a row of miniature vortex generators (MVGs), which are mounted on the flat
plate, generates streamwise vortices which modulate the boundary layer and
introduce some spanwise variation of the streamwise velocity into high and
low velocity streaks. This modulation leads to a stabilizing effect on the in-
coming disturbances enough to damp them. Note, this modulation should be
well-designed, otherwise the streak amplitude can exceed a threshold value and
the boundary layer can become unstable even further upstream compared to
the uncontrolled configuration. In addition, to quantify the modulation, a new
streak amplitude definition is introduced and an empirical scaling is success-
fully found. This new definition can predict the modulation better than the
classical definition due to the fact that in each yz−plane, it takes all the ve-
locity deviations into account instead of giving the amplitude value based on
only a few measurement points. Furthermore, this definition can be used as a
threshold criteria for by-pass transition. Besides the Tollmien-Schilichting wave
(TSW), the presence of the MVGs on two other disturbances was investigated.
Firstly, one single oblique wave (SOW) with a certain angle to the free-stream
flow and secondly, a pair of oblique waves (POW) with the opposite angles to
the flow were produced at different frequencies inside the boundary layer.
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If the perturbations in the free stream are 1-2% of the free-stream velocity
or more, the boundary layer transition is trigged by free− stream turbulence
(FST), which typically takes place closer to the leading edge compared to the
classical scenario of modal-growth. This is why this type of transition is called
by − pass transition (Morkovin 1969). The first experimental investigations
about this type of transition were performed by Dryden (1937); Taylor (1939)
and Klebanoff (1971). Later (Kendall 1985), it was found that some streamwise
structures are formed inside the boundary layer when subjected to FST and
that the disturbances grow linearly with the boundary layer thickness, i.e. with
x1/2. Westin et al. (1994, 1998); Matsubara & Alfredsson (2001) and Fransson
et al. (2005) studied FST in more detail and showed different features of this
type of transition, e.g. transition location, energy growth, FST charactristics
etc. The free-stream turbulence is generated by mounting a grid upstream of
the leading edge of the plate and has the characteristics which are imposed by
the grid geometry, grid location and free-stream velocity (Kurian & Fransson
2009). In this thesis, it is shown how the onset and length of the transition
are related to the FST characteristics and how the boundary layer parameters
vary in laminar, transitional and turbulent regions, when the boundary layer
is posed to the different FST charactristics.



CHAPTER 2

Facility and measurement technique

In this chapter the facility and measurement technique are described. Wind
tunnel and hot-wire anemometry were the main tools, which were employed for
the entire study of the thesis.

2.1. The wind tunnel facility

All the experiments were performed in the Minimum Turbulence Level (MTL)
wind tunnel located at the Royal Institute of Technology (KTH) in Stockholm.
The MTL is a closed circuit wind tunnel with a 7 metre long test section and
0.8 × 1.2 m2 (height×width) cross-sectional area. An axial fan coupled with a
DC 85 kW motor can produce airflow in the empty test section with a speed
up to 70 m/s. To keep the airflow temperature constant, a cooling system in
the return section can control the air temperature with a accuracy of ±0.05 ◦C
at a 6 m/s or higher free-stream velocity. A sketch of the wind tunnel is shown
in figure 2.1.

The experiments were carried out over flat plates with different lengths,
depending on the desired conditions. To minimize the leading edge effect, an
asymmetric leading edge with an aspect ratio of 12 along with an adjustable
angel trailing flap were used (Klingmann et al. 1993; Fransson 2004). The
wind-tunnel ceiling has six adjustable elements providing the ability to obtain
a zero pressure gradient. One good aspect of the MTL is the low background
turbulence intensity level. At 25 m/s, a 0.025% streamwise turbulence intensity
was reported by Lindgren & Johansson (2002). The honeycomb, the screens
and the contraction ratio (9 : 1) along with the specially designed guiding vanes
in the corners and noise absirbing material in the inner walls are reasons for
this nice flow quality.

A traversing system with five degrees of freedom, makes it possible to,
for instance, perform X-probe hot-wire calibration in-situ. An X-probe is a
hot-wire anemometry probe consisting of two wires arranged in an X. This
makes it possible to measure two velocity components simultaneously. The
traversing directions are: the streamwise direction (x), the wall-normal (y)
and the spanwise (z) directions. The other degrees of freedom are rotational
directions around the y-axis (or possibly the z-axis) (α) and the x-axis (ϕ).
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test section

honeycomb+
5 screens

        fan
noise absorber heat exchanger

7 m

Figure 2.1. A sketch of the MTL wind tunnel in which all
the measurements were performed.

The traversing system is controlled by a computer, which is mastered by the
measuring computer.

2.2. Measurement technique

A hot-wire anemometry system was employed to measure the three velocity
components (U, V, W ) corresponding to the (x, y, z) directions. Heating a
wire subjected to an airflow is the main principle of hot-wire anemometry. In
the constant temperature anemometry (CTA) mode, the hot-wire temperature
is held constant. In this case, higher speed increases the convective heat-
transfer and to satisfy constant temperature, a higher voltage has to be applied
to the top of the bridge of the anemometry circuit. Many different calibration
functions can be employed and, one of the simplest functions which can be used
is given by King’s Law,

E2 = A+BUneff , (2.1)

where E is the hot-wire voltage, Ueff is the effective cooling velocity and
A, B and n are constants which are determined by calibration. Since, this
relation only consider the forced convective heat transfer, it is not proper for
low velocities, for instance in the boundary layer, close to the wall. Therefore,
we used the modified King’s law (Johansson & Alfredsson 1982), which has
an extra term compensating for natural heat convection from the wire at low
velocities. The law is in the form

Ueff = k1(E2 − E2
0)1/n + k2(E − E0)1/2 , (2.2)
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Figure 2.2. A typical relation voltage versus velocity for a
single hot-wire probe (a) and a typical calibration graph of E1

versus E2 of a dual-wire X-probe (b).

where E and E0 are the voltage at instantaneous speed and the voltage at
zero speed, respectively. In addition, k1 , k2 and n are calibration coefficients
determined in the calibration. In the calibration, the single hot-wire probe was
perpendicularly subjected to an airflow and the voltage output was calibrated
against the velocity measured by a Prandtl tube. A typical calibration consisted
of 15 calibration points in the range form 0 up to 9 m s−1, depending on the
desired free-stream velocity . In figure 2.2(a) the output, relating voltage to
velocity, from a calibration is shown. The single wire sensor was made in-
house of a Wollaston Platinum wire of 2.54 µm in diameter and 0.7 mm long.
To ensure that the leaking conductive heat transfer from the wire to the prongs
are negligible, the length of the wire should be at least 200 times greater than
the wire diameter.

Furthermore, a dual-sensor probe with the sensors X was used to measure
two velocity components simultaneously. This probe was employed to measure
the anisotropy of the free-stream turbulence. For an X-probe calibration, the
wires were subjected to the airflow with different angles between−30◦ and +30◦

with a 5◦ step. The speed range was between 5 to 7 m/s . A two-dimensional
fifth-order polynomial was used as calibration function. The general form of
these polynomials for the streamwise U and the spanwise W components are

U =

5∑
i=0

i∑
j=0

ai,je
i
1e
i−j
2

W =

5∑
i=0

i∑
j=0

bi,je
i
1e
i−j
2 , (2.3)
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where e1 = E1 + E2 and e2 = E1 − E2. By fitting the data obtained from the
calibration into the equations 2.3, the coefficients, ai,j and bi,j , are determined.
A typical graph of E1 versus E2 for an X-probe is shown in figure 2.2(b). Each
wire of the X-probe was made of a Wollaston Platinum wire with a diameter
and length of 5.0 µm and 1.4 mm, respectively. Depending on the orientation
of the X-probe it can equally measure the V velocity component instead of the
W component along with the U component.

In all the experiments, a DANTEC DynamicsTM StreamLine 90N10 Frame
anemometer system was employed and the signals were acquired by a National
InstrumentsTM convertor board (NI PCI-6259, 16-Bit) with a sampling fre-
quency of up to 10 kHz. Beside the hot-wire anemometer, a Prandtl tube was
connected to a manometer (Furness FC0510) to measure the dynamic pressure
during the calibration. Furthermore, the manometer used external probes for
registering the temperature and the static pressure inside the test section.



CHAPTER 3

Experimental setups

In this chapter the experimental setups are presented. In the first part, the
employed facilities in the transition delay study are explained. These tools
include the disturbance-generating loudspeakers and the vortex generators. In
the second part, the FST generating grids are introduced and some of the grid
characteristics are discussed.

3.1. Transition delay experimental setup

3.1.1. Controlled disturbances

The disturbance waves, which are followed in order to investigate the instabil-
ity and transition delay, are generated by six loudspeakers. The loudspeakers
are connected with 40 tubes to a slot, which is plugged into the plate surface
at x = 180 mm from the leading edge (figure 3.1). The input to the loud-
speakers are sinusoidal voltage signals, which are provided by a computer and
amplified by three units of two-channel Hi-Fi amplifiers. Depending on the de-
manded wave, Tollmien-Schilichting wave (TSW), single oblique wave (SOW)
and pair of oblique wave (POW), different voltage patterns were generated by
the computer. These three types of the waves were produced by means of vary-
ing amplitudes and phases at a certain forcing frequency, f0 in Hz. While for
producing 2D TSW, all the distributed voltages between six loudspeakers are
the same, a phase shift of π/3 is needed between two neighboring loudspeakers
in order to obtain a single oblique wave. The SOB spanwise wavelength (38.5
mm) would be completed by repeating the first loudspeaker voltage after the
sixth one. In addition, a pair of oblique waves are formed as the superposition
of two single oblique waves creating a standing wave disturbance. Since one
single oblique wave is generated by π/3 phase shift in the spanwise direction
between two loudspeakers, a pair of oblique waves are achieved by

EPOW(nL) ∝ sin
(
ωt+ (nL − 1)

π

3

)
+ sin

(
ωt− (nL − 1)

π

3

)
= 2 sin (ωt) cos

(
(nL − 1)

π

3

)
, (3.4)

where EPOW is the input voltage to the loudspeaker of nL and ω = 2πf0. The
actual generation using the loudspeakers 1-6 for the three different types of
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Figure 3.1. The setup schematics which demonstrate the
plate, amplifiers and loudspeakers, traversing system and a
row of MVGs.

No. TSW SOW POW
1 sin(ωt) sin(ωt) 2 sin(ωt)
2 sin(ωt) sin(ωt+π/3) sin(ωt)
3 sin(ωt) sin(ωt+2π/3) -sin(ωt)
4 sin(ωt) sin(ωt+π) -2 sin(ωt)
5 sin(ωt) sin(ωt+4π/3) -sin(ωt)
6 sin(ωt) sin(ωt+5π/3) sin(ωt)

Table 1. Input voltage to the loudspeakers 1–6 in order to
generate the TSW, SOW or POW wave disturbances.

disturbances are summarized in the table 1. The outputs from the loudspeakers
produce continuos blowing-suction, which provides a controlled perturbation
inside the boundary layer.

3.1.2. Vortex generators

The passive control method, which is used in order to achieve the stabiliz-
ing effect, is based on the streamwise vortices modulating the flow inside the
boundary layer. Vortex generators have previously been used for separation
delay in the boundary layers for many years (Pearcey 1961). In this investi-
gation, different sizes of miniature vortex generators (MVGs) were designed
and manufactured as a boundary layer modulator, which are able to damp the
perturbations and eventually postpone the transition process. A row of MVGs
was mounted at xMVG =222 mm in different configurations and tested at a va-
riety of disturbances and free-stream velocities. The different configurations of
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h = 1.1 mm

h

L

d
t

Figure 3.2. Photo of a MVG pair with height of 1.1 mm.
The dimensions are illustrated by the white arrows. (Photo
by John Hallmén)

MVGs include changing the MVG height (h), the distance between two blades
in a MVG pair (d), and also the distance between two MVG pairs (Λ). The
blade thickness t =0.5 mm, the blade length L =7.5 mm and the angle to the
free-stream of 15◦ were kept constant in all the measurements. The schematics
of two pairs of MVGs and real photograph of a pair of MVG are shown in the
figures 3.1 and 3.2 , respectively.

3.2. Free stream turbulence experimental setup

In order to generate the free-stream turbulence, six new grids, which were de-
signed and manufactured in the workshop at KTH mechanics, were used in
this investigation along with two additional grids located in the wind tunnel.
Figure 3.3, taken from Kurian & Fransson (2009), shows a drawing of the di-
mensions of a typical grid. A photograph of a grid located inside the wind
tunnel is shown in figure 3.4. The characteristics of the free-stream turbulence
depend on the geometry of the turbulence generating grids and free-stream
velocity. The free-stream turbulence is characterized by many parameters, and
among the most important are the turbulence intensity (Tu) and the integral
length scale (Λx). Free-stream turbulence intensity is defined as the ratio be-
tween the rms of the streamwise velocity and the mean free-stream velocity
(Tu = urms/U∞). The integral lengthscale is the most energetic length scale
in the flow and is defined as,

Λx = U∞

∫ ∞
0

fcorr(τ) dτ , (3.5)

where fcorr is the auto-correlation function of the velocity signal and τ the
time lag. Recall, these free-stream characteristics are functions of the free-
stream velocity and the grid geometries. One of the geometry-dependent grid
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Figure 3.3. Schematics of a grid inside the wind tunnel and
its dimensions.

parameters is the porosity, which is defined as the ratio between open and total
area of the grid and may readily be derived to

βGrid =

(
1− dGrid

MGrid

)2

, (3.6)

where dGrid and MGrid are the bar diameter and mesh width, respectively.
Solidity, the counterpart to porosity, is commonly used and calculated as
σGrid = 1 − βGrid. Table 2 summarizes all eight grids and their characteris-
tics which were used in the investigation. The experiments show that a higher
pressure drop over a grid leads to a higher turbulence intensity at a given
x/MGrid. In addition, the pressure of the free-stream flow drops more when
passing through the grids with higher solidity (Gad-El-Hak & Corrsin 1974).
Furthermore, a secondary-counter flow, relative to the free-stream, by means
of upstream pointing air jets from the grids, increases the pressure drop and
in turn, the turbulence intensity, Tu (Gad-El-Hak & Corrsin 1974; Fransson &
Alfredsson 2003; Yoshioka et al. 2004; Fransson et al. 2005). The counter-flow
injection was obtained by pressurizing the grid bars which were manufactured
by copper piping. The small holes with diameter of 1.5 mm on the bars facing
upstream, acted as the orifices which delivered the counter-flow jet. This type
of grids are called active in contrary to passive when no secondary-flow is ap-
plied. The pressurized air inside the grid was provided from a fan, which was
connected to the grids with eight hoses. The demanded grid pressure, and in
turn the jet speed, was obtained by a control valve and at the same time the
pressure and the injection rate were measured by a differential manometer and
a flowmeter, respectively. Figure 3.5 illustrates how the injection speed varies
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Figure 3.4. The real photography of a Grid

dGrid(mm) MGrid(mm) σGrid Bar geometry Type Symbol
G1 8 40 0.360 Circle Active ◦
G2 10 50 0.360 Circle Active 2

G3 12 60 0.360 Circle Active �
G4 12 50 0.422 Circle Active 4
G5 8 50 0.294 Circle Active 5
G6 12 70 0.313 Circle Active /
G7 6 36 0.305 Circle Passive .
G8 10 50 0.360 Square Passive ?

Table 2. Geometrical data of all grids. dGrid, MGrid, σGrid
and Cg are the bar diameter, the mesh width, the solidity and
the injection coefficient, respectively.

with the relative pressure inside the grids, Pg = PGrid − Patm. Note, there are
a few measurement points for each grid (same symbols) which correspond to
different flow rates achieved by adjusting the control valve. Equation 3.7 shows
the relation between the grid pressure and the injection speed with a orifice
diameter of 1.5 mm, where the coefficient 0.6 has been determined in a least
square fit sense to the data in the figure 3.5, ρ is the air density. The solid line
in this figure presents the curve fit passing through the data and correspond to

Uinj = 0.6
√
Pg/ρ . (3.7)
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Figure 3.5. Injection speed vs grid pressure (Pg) with the
solid line corresponds equation 3.7. ρ is the air density.

One of the most important parameters, affecting the free-stream integral
length scale, is the mesh width (MGrid), therefore one can obtain different FST
with the same turbulence intensity and different integral length scales by vary-
ing dGrid and MGrid in a way which the solidity is kept constant. For instance,
cases G1, G2, and G3 in table 2 have the same solidity, σGrid =0.36, while the
mesh widths and in turn the free-stream integral length scales varies.
The turbulence intensity and free-stream integral length scale decay and in-
crease in streamwise direction, respectively. Therefore, these free-stream char-
acteristics are changed when the distance from a grid to the leading edge (as
the reference) varies, i.e. by locating the grids closer to the leading edge, one
can obtain higher intensities and smaller integral length scales. Thus, even
for the same grid, injection and free-stream velocity, the different FST charac-
teristics are obtained by changing the distance between the leading edge and
the grid. Note, there is a limitation to gain higher turbulence intensity at the
leading edge. A certain distance behind a grid is needed for the flow structures
to merge and form a homogenous flow. The distance of XGrid/MGrid '20 is
a rule of thumb which estimates the minimum distance between the grid and
leading edge in order to achieve a homogeneous flow at the leading edge as the
reference. However, many studies have shown that far much longer distances
are required in order to obtain a homogeneous turbulence at the leading edge.
By using different grids, locations relative to the leading edge and injection
rates, 42 unique FST charactristics were studied in this investigation.



CHAPTER 4

Selected results and conclusions

In the first part of this chapter, a new definition of the streak amplitude is
introduced and some selected results on the damping effect of MVGs for three
different types of disturbances (TSW, SOW and POW) are discussed. In the
second part, the transition from laminar to turbulent flow in presence of free-
stream turbulence is presented and some selected results are shown.

4.1. Stabilizing effect by means of MVGs

A classical method to study boundary layer instability is to follow a generated
disturbance wave inside the boundary layer. If the wave amplitude increases
in the streamwise direction, the flow is unstable. If the amplitude exceeds
a threshold value, the disturbance enters the non-linear regime and finally
the flow becomes turbulent. Note, in this investigation, in contrast to earlier
studies (Fransson et al. 2005a, 2006), the waves were generated upstream of
the boundary layer modulators (i.e. the MVGs). A configuration in which
the interaction between the disturbances and the streaky flow takes place in a
complicated and critical way. In a 2D boundary layer, e.g. Blasius boundary
layer, the wave amplitude is independent of spanwise direction and changes
only in the wall-normal direction at each x−position. On the other hand, the
presence of the MVGs on the plate modulates the boundary layer by means
of the streamwise vortices, which develop inside the boundary layer. In turn,
the vortices generate high and low velocity streaks in the spanwise direction
and alter the 2D boundary layer to a modulated 3D boundary layer in terms of
mean velocities and local amplitudes. Figure 4.1 illustrates these modulations
at (x − xMVG)/h=33, where h =1.3 mm and U∞=6 ms−1. In this figure,
both wall-normal and spanwise directions are shown normalized, η = y/δ and

ζ = z/Λ, respectively. In these normalizations δ =
√
xν/U∞, where ν is the

air kinematic viscosity and Λ is the distance between two pairs of MVGs and
is equal to 13 mm in this case. Figure 4.1(a) depicts how the vortices push
high speed fluid towards the wall and create a high speed streak between the
two blades of a pair of MVGs (−1/8 < ζ < 1/8). On the other hand, a low-
speed streak is formed in the region between two pairs of MVGs, |ζ| > 1/8. In
addition, figure 4.1(b) shows the Tollmien-Schlichting wave (TSW) amplitude
contours with the non-dimensional frequency, F = (2πf0ν/U

2
∞)× 106, of 178.

14
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Figure 4.1. (a) The modulated mean streamwise velocity
field with solid white and black contour lines which illus-
trate the deficit and excess velocities compared to the 2D base
flow. The gray lines correspond to the constant velocity from
U/U∞=0.1 to 0.9 with an increment of 0.1. (b) TSW am-
plitude distribution in the modulated boundary layer with a
constant amplitude contour lines.

In order to find a correlation between the streak amplitude and the sta-
bilizing effect on modal disturbance growth, a new integral-based definition of
the streak amplitude, AintST , was deemed necessary. Here, we define AintST as:

AintST (x) =
1

U∞

∫ +1/2

−1/2

∫ η∗

0

|U(x, y, z)− Uz(x, y)| dηdζ , (4.8)

where η∗ = 9 and the z−superscript denotes an average in the spanwise direc-
tion, The upper limit of η∗ = 9 was chosen in order to be sure that the farthest
wall-normal point is outside of the boundary layer. The benefit of employing
this new definition is that the integral takes all the spanwise deviations into
account as well as in the y−direction. Therefore, it is sensitive to a change
of the distance between two pair of MVGs, Λ. Note, based on the definition,
the streak amplitude is equal to zero in a 2D boundary layer because of the
fact that there is no deviation (streak) in the spanwise direction. On the other
hand, in order to compare the x−direction growth of disturbances in presence
of the MVGs with the corresponding 2D reference configuration, the integral
value of all the local amplitude in yz−plane is associated to each streamwise
position,

Ayz(x) =

∫ +1/2

−1/2

∫ η∗

0

A(x, y, z) dηdζ. (4.9)

This wave amplitude is usually represented as the percentage of the free-stream
velocity, U∞.
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Figure 4.2. The unscaled (a) and scaled (b) streak amplitude
distribution in the streamwise direction. Different symbols
correspond to different cases presented in paper 2.

By calculation the streak amplitude (equation 4.8) in each yz−plane at differ-
ent x−positions, the streak evolution is available in the streamwise direction.
Figure 4.2(a) illustrates streak amplitude distributions for 17 cases (Paper 2).
The cases correspond to different free-stream velocities U∞, MVG heights h,
distances between two blades d, distances between two pairs of MVGs Λ and
even different TSW frequencies. As observed, the maximum streak amplitudes
Aint,pST , have values ranges from 12% to 61% and the streamwise locations where
the streak amplitude maxima appear are between x − xMVG= 77 to 264 mm
(the grey areas).

The general trend of all the distributions seems to consist of an initial
algebraic growth from x = xMVG followed by an exponential decay of the
streak amplitude, which can be approximated to the simple function of

F = {AintST /Aint∗ST } = ξ · e−ξ . (4.10)
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Figure 4.3. TSW (a), SOW (b) and POW (c) amplitude dis-
tribution in stramwise direction both without (white symbols)
and with (black symbols) MVGs. The amplitudes are normal-
ized with the fist streamwise position values.

A lot of effort was devoted to connect ξ and Aint∗ST to both the boundary layer
parameters and the geometrical parameters of the MVGs. The empirical ap-
proach to find ξ, corresponding to the streamwise direction, resulted in the
expression,

ξ =

√(
h

δ1

)−7/5(
Λ

d

)2/5

(x/xMVG − 1) , (4.11)

where δ1 is the displacement thickness at x = xMVG without the MVGs
mounted on the plate. Moreover the amplitude normalization factor, Aint∗ST ,
was found to correlate well with below expression

Aint∗ST = 7.25× 10−7

[
2.3−

(
Λ/d

4.2
− 1

)2](
U∞h

ν

)2

. (4.12)

The normalized streak amplitude distributions are illustrated in figure 4.2(b),
with the solid black line corresponding to equation 4.10. Note, in figure 4.2(b),
all the streak amplitude cases above 30% are neglected. The reason is that the
higher amplitude streaks are affected by the presence of the disturbance wave
and some even break down to turbulence, e.g. the symbols / in figure 4.2(a),



18 4. SELECTED RESULTS AND CONCLUSIONS

10
!

0.5

1000 2000 3000 4000
10!6
10!5
10!4
10!3
10!2
10!1

x  (mm) 

E 
*  

(a)

10!6
10!5
10!4
10!3
10!2
10!1

E 
*   

(b)

1000 2000 3000 4000
x  (mm) 

10!5

10!4

10!3

10!2

10!1

E 
*   

(c)

1000 2000 3000 4000
x  (mm) 

Figure 4.4. TSW (a), SOW (b) and POW (c) normalized
energy distribution in streamwise direction for uncontrolled
(◦) and modulated (�) configurations. The color bar shows
the intermittency.

and do not follow the same strwamwise evolution. The scaling shows that at
the maximum streak amplitude, ξ =1, F '0.37 or in other words the maximum
streak amplitude can be estimated as Aint,pST '0.37 Aint∗ST , with Aint∗ST calculated
from equation 4.12. Note, although this equation is an empirical expression,
there are some physical interpretation for the terms. By change one parameter
at time, the experiments show that the maximum streak amplitude increases
with increasing free-stream velocity and height of the MVGs. Furthermore,
there is an optimal value for the geometrical MVG ratio Λ/d, which is '4.2
as appear in equation 4.12. Smaller ratio leads to a destructive interaction
between vortices, for larger ratio the vortices do not interact, the results of
both case is the same, weaker streaks.

If the amplitude of the generated wave is small, i.e. on the order of or less
than 1% of the free-stream velocity, the wave remains in the linear regime. In
this regime the amplitude growth (or decay) can be predicted by linear stabil-
ity analysis. Figure 4.3 shows the amplitude growth curve in the uncontrolled
(white symbols) and with MVGs (black symbols). Three types of disturbances,
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plane Tollmein-Schlichting waves (TSW) (a), single oblique waves (SOB) (b)
and pair of oblique waves (POW) (c), were generated and investigated inside
the boundary layers. In the controlled case the boundary layers were modulated
with the MVGs with Λ =13 mm, d=3.23 mm and h =1.3 mm. The details of the
configurations are summarized in paper 3. As observed, the modulated wave
amplitudes increase initially compared to the uncontrolled boundary layer, in
all the cases. The damping effect shows itself further downstream where the
amplitude decay faster in the boundary layer in presence of the MVGs.
In addition, if the initial forcing amplitude exceeds a threshold, the non-linear
effects leads to the transition and finally turbulence. The result of the ex-
periments depicts that the carefully chosen MVGs, kill the disturbances and
postpones the transition. Figure 4.4 shows examples of the TSW (a), SOB
(b) and POW (c) in which the transition delay takes place. The dimensionless
energy, E∗ = (urms/U∞)2, distributions show at least four orders of magnitude
difference between uncontrolled (�) and controlled (◦) boundary layers further
downstream, i.e. for x>3000 mm. The intermittency (i.e. the percentage of
turbulence in the velocity signal) color bar also depicts that, while the unmod-
ulated boundary layers become 100% turbulent (i.e. γ = 1), the modulated
boundary layers remain laminar with 0% turbulence (i.e. γ = 0).

To summerize,

• In contrast to the earlier studies, the disturbance waves were generated
upstream of the boundary layer modulators.

• A new definition of the streak amplitude AintST , was introduced, which
takes all the spanwise variation into account.

• The new definition is well scaled with both the boundary layer param-
eters and the geometrical MVG parameters.

• In the linear regime, all the waves (TSW, SOW and POW) were damped
with respect to the reference case after an initial growth.

• In the non-linear regime, the transition location was postponed for all
the generated perturbations (TSW, SOW and POW) in the controlled
boundary layer.

• There is a threshold streak amplitude value for obtaining the stabilizing
effect of the streaks, AintST should be less than 30%, otherwise the mod-
ulated boundary layer become unstable earlier and by-pass transition
may occur.

4.2. Free-stream turbulence transition

Experiments have shown that in presence of free-stream turbulence (FST, by-
pass transition may occur in the boundary layer. The onset and length of the
transition region are functions of the FST characteristics. Figure 4.5 shows the
streamwise intermittency distributions (γ) for four selected cases among the 42
cases that were measured. All experiments were performed at U∞ = 6 ms−1.
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Figure 4.5. Typical intermittency distribution in the stream-
wise direction. Triangle and star symbols represent G7 and G8
mounted 1710 mm and 1000 mm before the leading edge, re-
spectively. Circular symbols shows G1 mounted 800 mm and
1400 mm before the leading edge, respectively. Details of the
grids are given in paper 4.

In figure 4.5, the ?− symbols correspond to Tu '5.77 % and Λx '23.54 mm
and .−symbols to the case with Tu '1.79 % and Λx '18.66 mm at the leading
edge. Here, Tu and Λx correspond to the turbulence intensity (Tu = urms/U∞)
and the integral length scale of the FST, respectively.

Apparently, the streamwise intermittency evolution is highly dependent on the
FST characteristics, for instance, a difference of4xγ=0.5 '1200 mm is observed
between the two mentioned cases. By a proper scaling in streamwise direction,
all the intermittency curves follow the same trend. The scaled streamwise
coordinate ξ is defined as

ξ =
x− xγ=0.5

xγ=0.9 − xγ=0.1
. (4.13)

By taking all 42 cases into account and plotting the intermittency distribution
versus ξ, all the curves collapse on top of each other, see figure 4.6.

Many attempts have been made to form the universal curve in figure 4.6. A
relation like

γ(x) = 1− exp[−A(ξ +B)3] , (4.14)

was proposed by Johanson & Fashifar (1994), where A and B are constants and
in this investigation they have been evaluated to 0.67 and 1.02, respectively.
These values are comparable to A =0.68 and B =1.02 which were reported by
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Figure 4.6. The intermittency distribution for all the 42
cases. Streamwise distance is normalized to ξ. The solid line
shows the curve fit according to equation 4.14.

Fransson et al. (2005). The solid white curve in figure 4.6 represents equation
4.14 with the estimated values of A and B.

In this investigation, we define that the transition starts and ends at γ =0.1
and γ =0.9, respectively. In addition, Retr is defined based on the streamwise
position in which γ =0.5 or equivalently ξ =0. Based on this definition, the
transition location plotted against the FST characteristics, Tu and Λx, and
shown in figure 4.7 for all 42 cases. In this figure, the white bullets correspond
to measured points which have been used to generate the background contour
plot in a least square fit sense to the data. The grey areas in this figure
represent the regions where no data was available. The first conclusion is that
the transition location Retr, is highly affected by the FST turbulence intensity
Tu and higher turbulence intensity leads to earlier transition compared to lower
Tu. Interestingly, one can observe the opposite effect of the integral length scale
for high and low turbulence intensity. For low Tu, for example Tu '2.6%,
the transition takes place closer to the leading edge by increasing Λx, while
transition is slightly postponed at higher turbulence intensities, for instance
Tu '4.5%, by increasing the integral length scale at the leading edge. Note
that, besides of the opposite effect of Λx on the transition location, the variation
of Λx is more sensitive to a change in Retr at lower Tu.

As already mentioned, the turbulence intensity plays major role for the
transition location. By focusing on this FST characteristic, figure 4.8 depicts
how the transition location varies by changing Tu at the leading edge.

The symbols and the dashed fitted line in this figure correspond to Retr,
i.e. the transitional Reynolds number where γ =0.5. Moreover, the upper and
lower solid lines correspond to γ =0.9 and γ =0.1, respectively. The figure
clearly illustrates the effect of Tu on the transition and the grey domain shows
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Figure 4.7. Retr filled contour plot based on the turbulence
intensity (Tu) and integral length scale (Λx) at the leading
edge.

the transition region for different Tu . Note, this trend is not valid at low
turbulence intensity i.e. Tu <1 % due to the fact that at these low FSTs
another type of transition occurs in the boundary layer.

On the other hand, figure 4.8 shows that at higher Tu, the transitional
Reynolds number, Retr does not vary much by changing the turbulence inten-
sity and the curves lie on their asymptote values. In the other words, in the
presence of high turbulence intensity levels, the length of transitional region,
Rex,γ=0.9 − Rex,γ=0.1, is constant against increasing the turbulence intensity.
Therefore, it is impossible to have turbulent boundary layer at the leading edge
even at high Tu and a certain distance is needed for the perturbation from the
free-stream to enter into the boundary layer (receptivity). Therefore, in order
to formulate figure 4.8, a relation according to equation 4.15 is employed.

Rex,γ = Cγ · Tu−2 +Reγ,min (4.15)

The exponent of -2 on Tu is coming from the argumentation used in Andersson
et al. (1999). In this expression, Cγ is 120.9, 157.6 and 183.1, respectively for
γ =0.1, γ =0.5 and γ =0.9. Reγ,min is the minimum distance which is needed
for the boundary layer to reach to turbulence intensity γ. By assuming high
turbulence intensity, the transition starts at the leading edge Reminx,γ=0.1=0
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and the transition precess is completed at Reminx,γ=0.9=4.6×104 and this gives
Reminx,γ=0.5=2.3×104. Recall, Reminx,γ=0.9=4.6×104 is estimated as the min-
imum distance which it takes for the boundary layer to becomes turbulent in
presence of high turbulence intensity in the present setup.

To summarize,

• One can create many FST characteristics with a variety of turbulence
intensities Tu and integral length scales Λx, specially by applying a
secondary jet flow in the active grids. (See paper 4)

• Depending on the FST characteristics, the transition occurs in different
x−positions and the length of the transition regions are different.

• Tu has an important role on the onset of the transition with the expo-
nent of -2.

• The minimum distance of Re= 2.3×102 and Re= 4.6×102 are needed
for γ =0.5 and γ =0.9, respectively, even at high turbulence intensity,
Tu.
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• The effect of the integral length scale Λx is opposite for different Tu:s.
While at low Tu, the transition is postponed by decreasing Λx, it is
advanced at higher Tu:s.
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