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Abstract
A novel laminar flow control based on generation of spanwise mean velocity gradients (SVG) in a flat plate boundary layer is investigated where disturbances
of diﬀerent types are introduced in the wall-bounded shear layer. The experimental investigations are aimed at; (i) generating stable and steady streamwise
streaks in the boundary layer which set up spanwise gradients in the mean flow,
and (ii) attenuating disturbance energy growth in the streaky boundary layers
and hence delaying the onset of turbulence transition.
The streamwise streaks generated by four diﬀerent methods are investigated, which are spanwise arrays of triangular/rectangular miniature vortex
generators (MVGs) and roughness elements, non-linear pair of oblique waves,
and spanwise-periodic finite discrete suction. For all the investigated methods
the boundary layer is modulated into regions of high- and low speed streaks
through formation of pairs of counter-rotating streamwise vortices. For the
streaky boundary layers generated by the MVGs a parameter study on a wide
range of MVG configurations is performed in order to investigate the transient
growth of the streaks. A general scaling of the streak amplitudes is found
based on empiricism where an integral amplitude definition is proposed for the
streaks.
The disturbances are introduced as single- and broad band frequency twodimensional Tollmien–Schlichting (TS) waves, and three-dimensional single and
a pair of oblique waves. In an attempt to obtain a more realistic configuration
compared to previous investigations the disturbances are introduced upstream
of the location were streaks are generated. It is shown that the SVG method
is eﬃcient in attenuating the growth of disturbance amplitudes in the linear
regime for a wide range of frequencies although the disturbances have an initial
amplitude response to the generation of the streaks. The attenuation rate
of the disturbance amplitude is found to be optimized for an integral streak
amplitude of 30% of the free-stream velocity which takes into account the
periodic wavelength of the streaky base flow.
The stabilizing eﬀect of the streamwise streaks can be extended to the nonlinear regime of disturbances which in turn results in transition to turbulence
delay. This results in significant drag reduction when comparing the skin friction coeﬃcient of a laminar- to a turbulent boundary layer. It is also shown
that consecutive turbulence transition delay can be obtained by reinforcing the
streaky boundary layer in the streamwise direction. For the streaky boundary
layer generated by pair of oblique waves their forcing frequency sets the upper
limit for the frequency of disturbances beyond which the control fails.
iii

Descriptors: boundary layer stability, laminar to turbulent transition, laminar flow control, drag reduction, Tollmien-Schlichting waves, oblique waves,
streaky boundary layers, miniature vortex generators, discrete suction

iv

Sohrab Sattarzadeh Shirvan 2016, Gränsskiktsstråk som en ny laminär
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Abstrakt
En ny laminär flödeskontrollmetod för gränsskikt, baserad på medelhastighetsvariationer i strömningens tvärriktning, har studerats. Denna metod kallas
för SVG metoden, där SVG står för Spanwise mean Velocity Gradient. Olika
typer av störningar har på ett kontrollerat sätt introducerats i gränsskiktet
för att testa den nya metoden. Studien har varit experimentell med försök
utförda i institutionens stora forskningsvindtunnel. Utmaningen har legat i
att generera jämna och stabila hastighetsstråk i gränsskiktet, bestående av
områden i tvärriktningen av växelvis låga och höga hastigheter. Lyckas man
med detta kommer hastighetsgradienterna i tvärriktningen verka dämpande
på hastighetsfluktuationer och därmed senarelägga omslaget från laminär till
turbulent strömning.
Fyra olika metoder att generera gränsskiktsstråk har undersökts, vilka är:
(1) cirkulära ytråhetselement placerade på en rad med lämpligt avstånd från
varandra i strömningens tvärriktning; (2) miniatyrvirvelgeneratorer (MVGer)
av både triangulär och rektangulär utformning; (3) ett par av icke-linjära
sneda vågor; (4) lokal sugning genom diskreta hål i strömningens tvärriktning.
Gemensamt för alla dessa metoder är att gränsskiktet moduleras av höga
och låga hastighetsstråk genom att mot-roterande par av virvlar formeras i
strömningsriktningen.
För stråkiga gränsskikt alstrade av MVGer har en parametervariationsstudie genomförts av olika MVG konfigurationer för att undersöka den transienta tillväxten av dessa stråk. En generell skalning av stråkamplituden har
tagits fram baserat på empiri där amplituden definierats som en integral över en
tvärsnittsarea. Störningar har introducerats av olika slag för att testa stråkens
stabiliserande eﬀekt. Två-dimensionella singel- och bredbands-frekvensvågor,
så kallade Tollmien-Schlichting (TS) vågor, och tre-dimensionella sneda samt
ett par av sneda vågor har testats. Till skillnad från tidigare studier, och i ett
försök att bättre efterlikna en naturlig strömning, har störningarna introducerats uppströms om stråkgenereringen. Det visar sig att SVG metoden är mycket
eﬀektiv på att förhindra tillväxten av små amplitudstörningar i ett brett spektrum av frekvenser även om en initial tillväxt av störningsamplituden alltid
förekommer precis efter positionen där stråken genereras.
Den stabiliserande eﬀekten av stråken på linjära vågor visar sig vara optimal för stråkamplituder runt 30% av friströmshastigheten. Här är amplituden integralbaserad och tar därmed hänsyn till inbördes avstånd mellan
stråken. Den stabiliserande eﬀekten av stråken är så pass stark att den även kan
rå på icke-linjära vågor och därmed åstadkomma en senareläggning av omslaget
v

från laminär till turbulent strömning. Vid en jämförelse av friktionskoeﬃcienter
mellan laminära och turbulenta gränsskikt inser man att resultatet är en betydande motståndsminskning, som exempelvis skulle minska bränsleutsläppen
på strömlinjeformade farkoster. Ett sådant minskat utsläpp innebär inte bara
minskade bränslekostnader, utan än mer viktigt, en mindre påverkan på vår
miljö.
Deskriptorer: gränsskikt, stabilitet, omslag, laminär flödeskontroll,
motståndsminskning, Tollmien-Schlichting vågor, sneda vågor, stråkiga gränsskikt,
miniatyrvirvelgeneratorer, diskret sugning
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Preface
The present doctoral thesis in engineering mechanics is based on experimental
investigations on laminar flow control in flat plate boundary layer using the
method of spanwise mean velocity gradients. The thesis is divided into two
main parts of overview and summary, and papers. In the first part, a brief
introduction with the motivation for the present doctoral project is presented
which is followed by an overview of the previous studies and summery of the
present contributions on boundary layer transition, generation of stable streaks
and laminar flow control. The first part also includes the experimental methodology and the main conclusions drawn from the present study. The second part
consists of nine articles that are adjusted to comply with the present thesis format for consistency. The content of the articles have, nonetheless, not altered
as compared to the published or submitted versions. In the last chapter of the
first part in the thesis the authors’ contribution to all papers are stated.
January 2016, Stockholm
Sohrab Sattarzadeh Shirvan
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I have learned to use the word “impossible” with the greatest
caution.
Wernher von Braun (1912–1977)
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Part I
Overview and summary

CHAPTER 1

Introduction
In today’s world we have developed great desires – and to some extent needs –
of traveling on a frequent basis as well as consuming goods which are delivered
to us from across the globe. This has consequently led to a continual expansion of the transport industry throughout the recent decades, which comes
along with a significant growth of the total environmental pollution attributed
to this industry. In the total greenhouse gas emission breakdown in European Union, the contribution of transport including international aviation has
increased from 14.9% in 1990 to 22.2% in 20131 . Among diﬀerent means of
transportation aviation has a high share of this growth since emissions from
aviation have increased by 87% between 1990 and 20062 . These statistics draw
a worrying image regarding the environmental impacts of transport industry
and in particular aviation. So, should we start to slowly give up on our desires or are there possible solutions for reducing the emissions from transport
industry?
One appealing approach for solving this issue is to reduce the fuel consumption of the transport vehicle which consequently leads to a reduction of
the emissions. The fuel consumption is in direct relation with the drag force
that is produced by the flow around a vehicle – be it the air around an aircraft
or water around a tank ship. Although the highest portion of the total drag
is generally attributed to the form drag, which is correlated to the pressure
distribution around the body, for aerodynamic bodies, where the dimensions of
the wake is reduced, the skin-friction drag is dominating the total drag imposed
by the surrounding flow. As an example, the skin-friction drag contribution of
the total drag budget of a subsonic transport aircraft amounts to more than
50% in cruise conditions (Joslin 1998).
The skin-friction drag is generated in the thin boundary layer surrounding
the body skin, where the velocity of the fluid decreases to zero at the surface.
Depending on the nature of the flow in the boundary layer the skin-friction drag
imposed on the body diﬀers. If the flow is chaotic and irregular, or in other
terms turbulent, the imposed skin-friction drag is an order of magnitude larger
1 European

commission (http://www.ec.europa.eu), analysis by source sector, EU-28.
change: Commission proposes bringing air transport into EU Emissions Trading
Scheme” EU press release. 2006-12-20.
2 “Climate
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than in case it is smooth and regular, or laminar. Therefore a laminar boundary
layer is desirable compared to a turbulent one when it comes to reducing the
skin-friction drag. Strictly speaking the boundary layer is initially in laminar
state and as it progress downstream on the body surface it becomes turbulent
and chaotic. The control techniques that aim for extending this laminar region
with the purpose of reducing the skin-friction drag are denoted as laminar flow
control techniques. In the present thesis a similar approach for skin-friction
drag reduction is taken where a novel method for performing the laminar flow
control is proposed and investigated.
The thesis is organized as follows; in chapter 2 of the first part a detailed
description of diﬀerent laminar- to turbulent boundary layer transition scenarios is presented. Chapter 3 describes diﬀerent techniques used in the thesis
to generate the proposed control method, and chapter 4 presents the results
of applying the control technique. The experimental set-up and measurement
techniques are described in chapter 5, and summary of the main contributions
and conclusions are listed in chapter 6. Part II of the thesis consists of 9 papers
where diﬀerent aspects of the control technique are investigated.

CHAPTER 2

Boundary layer transition
In this chapter an overview of diﬀerent mechanisms for boundary layer transition is presented together with a more detailed description of the transition
scenarios which are investigated in the present thesis in order to test the proposed flow control method.
Studying the fluid phenomena in most of the real applications is of great
complexity, therefore the detailed investigations for fully understanding the
physics behind the phenomena is often performed on simplified cases. In the
case of the present thesis the considered boundary layer for the investigations
is a two-dimensional boundary layer developed on a flat plate. Figure 2.2
displays a sketch of a boundary layer on a flat plate. As the free-stream flow
reaches the leading edge of the flat plate the boundary layer is formed which
initially is in laminar stage. Here the fluid moves in layers that are parallel
to each other without any disruption. Depending on the quality of the freestream flow and/or the surface of the flat plate diﬀerent types of disturbances
can be induced in the laminar boundary layer from an early stage through a
receptivity process. The induced disturbances would then form an instability in
the boundary layer at higher Reynolds numbers Re (= xU∞ /ν) which is related
to their type. Here U∞ is the free stream velocity, ν the kinematic viscosity
and x the downstream location from the leading edge as displayed in figure 2.2.
According to the generated instability mechanism the disturbance amplitude
grows in space and/or time, and in many cases form a secondary state of the
flow which further downstream becomes susceptible to a secondary instability.
This eventually forces the boundary layer to breakdown to turbulence. The
region where the transition from laminar- to turbulence boundary layer occurs
is called the transition region. The two-dimensional laminar boundary layer
developing on a flat plate is receptive to instabilities of diﬀerent types and
according to the known instability scenarios the disturbances can experience
either algebraic or exponential growth in the boundary layer.
The algebraic disturbance growth is a result of the transient growth instability mechanism (Ellingsen & Palm 1975), which can be described by the
lift-up eﬀect (Landahl 1980) in the boundary layer. The lift-up mechanism
is associated with the streamwise vortices induced in the shear layer in the
presence of free-stream turbulence or surface imperfections (Klebanoﬀ et al.
3
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Figure 2.1. Sketch of flat plate boundary layer

1962; Tani 1969; Kendall 1985; Brandt 2014). The streamwise vortices modulate the boundary layer in the spanwise direction, by rearranging the low and
high momentum fluid, forming streamwise streaks in the shear layer. The algebraic growth of spanwise modulations, which is based on the inviscid theory,
is followed by a viscous decay which according to the literature is exponential
for spatially invariant boundary layers and algebraic for spatially growing ones
(Luchini 1996, 2000). The nature of the transient growth, also referred to as the
non-modal growth, relies on the existance of non-orthogonal eigenmodes of the
Orr-Sommerfeld and Squire equations (Trefethen et al. 1993). The superposition of non-orthogonal eigenmodes can undergo significant transient growth
at subcritical Reynolds numbers albeit the eigenmodes are exponentially decaying according to their respective eigenvalue. If the disturbance reaches a
critical amplitude with respect to a characteristic spanwise and/or wall-normal
length scale(s), the shear layer breaks down to turbulence via a secondary instability mechanism (Andersson et al. 1999). For the non-modal growth, the
perturbation leading to the maximum algebraic growth before viscous decay set
in is denoted as the optimal perturbation. The transient growth of the three
dimensional disturbances has been studied for a wide range of wall-bounded
shear flows where the streamwise vortices were responsible for the formation
of streamwise streaks. A review of these investigations is found in Reshotko
(2001) and Schmid & Henningson (2001).
On the other hand, the exponential growth of the disturbances in the shear
layer, also denoted as modal growth, is due to the exponentially growing eigenmodes in a certain frequency and Reynolds number range often illustrated
with a stability diagram. According to the linear stability theory, as the Reynolds number exceeds a critical value in the two-dimensional boundary layer,
the disturbance becomes unstable due to viscous eﬀects as it passes branch
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Figure 2.2. Initial stage of the instantaneous unsteady perturbation field for diﬀerent disturbance waves measured in a
horizontal plane over the flat plate.
I of the neutral stability curve. The two-dimensional waves become unstable prior to any three-dimensional wave according Squire’s theorem (Squire
1933), and the first unstable eigenmode in the shear layer is reported to be the
Tollmien-Schlichting (TS) wave (Tollmien 1929; Schlichting 1933; Schubauer &
Skramstad 1947). The TS waves are sinusoidal disturbances resulted from the
spanwise vortices traveling in the streamwise direction in the shear layer. Depending on the initial energy of the disturbances the modal growth will either
be aborted and turn into a modal decay after branch II or force the boundary
layer to breakdown to turbulence.
In the investigations presented in this thesis, in order to test the proposed
laminar flow control technique three disturbance types were examined, namely
TS waves, oblique waves and a pair of oblique waves. The instantaneous unsteady perturbation fields for these disturbance waves are displayed in figure 2.2
in the initial stage of the perturbations. In the following the transition scenarios
related to these disturbance types are described.

2.1. Tollmien-Schlichting transition scenario
In low background disturbance environments the transition mechanism that
leads to natural breakdown to turbulence in boundary layers involves the formation of TS waves. The TS waves are excited in a broad frequency band
and undergo an exponential energy growth in the unstable region between the
corresponding branch I and branch II locations on the neutral stability curve
depending on their frequency range. The energy spectra evolution of the disturbances excited through a natural boundary layer breakdown is shown in figure 2.3(a) for U∞ = 14.5 m s−1 . Throughout the present thesis the streamwise
velocity component is denoted by U with the small letter u corresponding to the
disturbance velocity. The theoretical neutral stability curve for Blasius boundary layer is also displayed by the gray solid line. Here the excited TS waves
become unstable for a broad frequency band of 110 Hz ≤ f ≤ 460 Hz
in the region upstream of the branch II of the neutral stability curve which
is marked by the blue line for this frequency band. The disturbance energy
growth is correlated to the extent of the unstable region for each frequency
range of the TS waves and for lower frequencies a higher growth rate, namely

6
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Figure 2.3. The streamwise evolution of the energy spectra
for disturbances in the Blasius boundary layer. The gray solid
lines display the neutral stability curve. The vertical dashed
lines display the transition location corresponding to γ = 0.5.
Note that the neutral stability curves are not scaled. (a) Natural transition with no artificial excitation for U∞ = 14.5 m s−1 .
(b) Transition with high amplitude white noise excitation
for U∞ = 6 m s−1 .
N -factor, is obtained. This concept is considered the basis for transition location prediction in simple boundary layer flows, or the so called eN -method (van
Ingen 2008). Depending on the boundary layer characteristics the shear layer
withstands the growth rate of the disturbance amplitudes up to a certain level
before non-linearities are excited. Thereafter the boundary layer breaks down
to turbulence via a K-type breakdown scenario (Klebanoﬀ et al. 1962). The
transition process involves formation of Λ-vortices through the non-linearities
excited in the boundary layer. For the case of the boundary layer shown in
figure 2.3(a) the TS waves with higher frequencies than f ≈ 100 Hz become stable downstream of their branch II location whereas for f ≈ 100 Hz the growth
rate has reached its maximum and transition to turbulence occurs shortly after branch II location for this frequency. Note that the vertical dashed line
mark the transition location corresponding to γ = 0.5, and f ≈ 100 Hz (displayed by the horizontal dashed line) correspond to the frequency where the
vertical dashed intercepts branch II of the neutral stability curve. Therefore
the branch II location of the corresponding frequency range for the maximum
growth rate predicts the transition location. The described natural transition
scenario can be simulated by high amplitude white noise excitation that generate a broad frequency band of disturbances in the boundary layer. The energy
spectra evolution of the disturbances generated through high amplitude white
noise excitation is shown in figure 2.3(b) where a similar breakdown scenario
is observed.
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Figure 2.4. The streamwise evolution of the energy spectra
where TS waves are generated at a single frequency.

In well-controlled experiments where non-linear TS waves are generated
at a single frequency, clear excitation of harmonics of the forcing frequency f0
is observed in the transition process prior to breakdown. Figure 2.4 displays
the evolution of the energy spectra in the Blasius boundary layer where single
frequency TS waves are generated with high initial forcing amplitude. Here
in the non-linear regime of the TS waves the harmonic modes are excited in
the unstable region upstream of branch II location as a multiple of n of the
fundamental forcing frequency mode, i.e. f = nf0 , where n is an integer value
equal or greater than 2. The energy content of the fundamental mode is at least
two orders of magnitude greater than any of its harmonics. The excited modes
grow in energy prior to branch II location and consequently as a result of the
non-linear interaction of the unstable modes the boundary layer breaks down
to turbulence which is shown with a broad energy spectrum at around x =
1000 mm.

2.2. Oblique transition scenario
One of the boundary layer transition scenarios that is known to lead to a
rapid breakdown to turbulence (Schmid & Henningson 1992) is the scenario
originating from a pair of oblique waves. These waves are generated by the
superposition of two single oblique waves with the opposite spanwise propagating direction that forms a standing wave pattern with nodal points. For

8
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Figure 2.5. (a) Instantaneous perturbation field of the total
disturbances in the boundary layer for high amplitude pair of
oblique waves excitation measured in a horizontal plane on
the flat plate. (b) The temporal evolution of the unsteady
disturbances for five selected streamwise positions.
excitations with high initial amplitude the oblique waves excite counter rotating streamwise Λ-vortices through quadratic non-linearity (Schmid & Henningson 1992) which consequently generate streamwise streaks through lift-up
eﬀect (Kachanov 1994; Berlin et al. 1999; Elofsson & Alfredsson 2000). The
streaks undergo a transient growth in the boundary layer and when the amplitude has grown large the streaks become susceptible to a secondary instability
and the breakdown to turbulence is inevitable. The instantaneous perturbation
field of the total disturbances in the boundary layer for high amplitude pair of
oblique waves excitation is shown in figure 2.5(a) in a horizontal plane on the
flat plate. The pair of oblique waves are generated at x = 190 mm whereafter
they demonstrate the described standing wave pattern with their nodal points
at z ≈ ±10 mm for the measured case. Shortly after their excitation the Λvortices are formed (see figure 2.5(b) at x = 300 and 480 mm) which generate
the streamwise streaks at x ≈ 250 mm and the oblique waves decay further
downstream. As the streaks grow in amplitude the secondary instabilities set
in at x ≈ 2500 mm and force the boundary layer breakdown to turbulence
which is illustrated as the scattered velocity field. The flow structures in pair
of oblique waves transition was pointed out by Berlin et al. (1999) to have many
similarities to the corresponding ones of K- and N-type transition originating
from plane TS wave disturbances. A staggered order of Λ vortices is known to
be connected with the generation of three-dimensional subharmonic mode (see
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e.g. Herbert 1988; Kachanov 1994), and hence the staggered order of Λ vortices
is expected to appear. The staggered pattern is observed in figure 2.5(b) at
x = 300 and 480 mm. Note that the Λ-vortices appear in the nonlinear forcing
process of the streaks and depending on the initial forcing amplitude may decay
prior to transition location.

CHAPTER 3

Steady streamwise streaks
The focus of this chapter is on the characteristics of steady streamwise streaks
in flat plat boundary layers and the experimental methods for generating them.
Here an overview on the previous experimental investigations is presented which
is followed by a detailed description of the characteristics of streaky boundary
layers studied in the present thesis.
In order to study the transient growth of the non-modal disturbances diﬀerent methods have been employed to experimentally produce steady streamwise
streaks in boundary layers resulting from the transient energy growth of the
streamwise vortices. Employing small wings located outside of the boundary
layer by Tani & Komoda (1962); Komoda (1967) was among the earliest attempts to generate steady streaks. There the streamwise vortices generated
by the wings develop steady and spanwise periodic modulations of the scale
of boundary layer thickness as they enter they shear layer. It was reported
that the incidence of the wings sets the intensity of the forced vortices. In
a later experimental attempt Kachanov & Tararykin (1987) applied spanwise
periodic blowing and suction through wall slots on the flat plate for generating steady streaks in the boundary layer. The streamwise streak generated by
a shallow bump on the surface was also investigated by Gaster et al. (1994);
Joslin & Grosch (1995). In more recent attempts a conventional method to
produce steady streaks involved employing a spanwise periodic array of the
so-called roughness elements mounted on the surface of the plate. Bakchinov
et al. (1995) used roughness elements with a rectangular section and for low
free-stream velocities they reported the generation of stable streaks with moderate streak amplitude. The rectangular roughness elements were replaced with
cylindrical roughness elements in later investigations by White (2002); White
et al. (2005); Fransson et al. (2004, 2005a, 2006) which were proven eﬃcient
to produce stable streaks. In these studies the transient growth of the steady
streaks were investigated, and as reported by White (2002), discrepancies between roughness element induced streaks and the optimal streaks1 were observed in the streamwise and the wall-normal positions of the maximum streak
amplitude. Fransson et al. (2004) found that by considering suboptimal vortices
1 Here

optimal streaks refer to the streaks generated by optimal perturbation, i.e. the perturbation leading to maximum transient growth.
10
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the amplitude curves of the theoritical predictions and the experimental streaks
would agree. They were also able to reach higher amplitudes of streaks prior
to breakdown of the streamwise streaks. By showing the evolution of diﬀerent
spanwise modes excited in the three dimensional boundary layer White et al.
(2005) reported that the streaky flow induced downstream of the roughness array is strongly aﬀected by roughness parameters. In more recent investigations,
Fransson & Talamelli (2012) proposed the employment of an array of miniature
vortex generators (MVGs) instead of the array of roughness elements. MVGs
were similar to the vane type vortex generators conventionally used in turbulent
boundary layers for separation delay however they were miniature in size with
an approximate height of half boundary layer thickness. It was shown that significantly higher streak amplitudes were obtained compared to the roughness
array. As reported, it was related to the reduced wake region behind MVGs as
the flow is able to pass through between the MVG blades. In addition, it was
reported that the streaky base flow generated by the MVG array has initially
much cleaner spanwise wavelength domain compared to the one generated by
roughness element array. However, the transient growth of the streaks was not
studied in the entire boundary layer.
In the present thesis four experimental methods are used to generate steady
streamwise streaks in flat plate boundary layer. These methods that are described in the remaining of this chapter can be listed a mounting spanwise periodic arrays of MVGs and cylindrical roughness elements, exciting non-linear
pair of oblique waves and applying finite discrete spanwise periodic suction
on the surface of the flat plate. The experimental setups for these methods
and the corresponding geometrical and excitation parameters are described in
chapter 5 of this thesis, in the section regarding the generation of streamwise
streaks.

3.1. Cylindrical roughness elements
Cylindrical roughness elements with a height in the order of half boundary layer
thickness were mounted in a spanwise array on the flat plate surface. A sketch
of the roughness elements with their corresponding geometrical parameters is
displayed in figure 5.3(a) in chapter 5 of the thesis. For these type of vortex generators the spanwise vorticity in the upcoming boundary layer is reconfigured
around the roughness elements shaping up pairs of counter rotating streamwise
vortices which generate the streamwise streaks through the lift-up mechanism
by reconfiguring the high- and low momentum regions in the boundary layer.
The cross-sectional contour plot of the streamwise mean flow field normalized
by the free-stream velocity at 42 roughness heights downstream one element
is shown in figure 3.1(a-i). Here the spanwise direction is normalized by the
spanwise wavelength of the roughness elements in the array as ζ = z/Λ where
ζ = 0 is located at the centre of the roughness�elements, and the wall-normal
direction is normalized as η = y/δ where δ (= νx/U∞ ) is the boundary layer
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Figure 3.1. (a-i), (b-i) and (c-i) The cross-sectional contour
plots of the streamwise mean flow field normalized by the freestream velocity at 42 roughness heights downstream one vortex
generator for roughness elements, triangular MVGs and rectangular MVGs, respectively. ζ = 0 is located at the centre
of the vortex generators. The gray lines are contours of constant velocity (0.15:0.1:0.95), and the black and white contour
lines display the regions of velocity excess (0.03:0.03:0.4) and
velocity deficit (-0.03:-0.03:-0.3), respectively, with respect to
the spanwise averaged mean flow. (a-ii), (b-ii) and (c-ii) The
contour plots of shape factor H12 in a xz-plane for the streaky
boundary layer downstream of one vortex generator for roughness elements, triangular MVGs and rectangular MVGs, respectively. The gray dashed lines display the region with the
same value as Blasius boundary layer. Vertical dashed lines
corresponds to the downstream location of the contour plots
in (a-i), (b-i) and (c-i).
scale. In addition the shape factor H12 distribution of the corresponding generated streaky boundary layer in the horizontal xz-plane is also�displayed in
figure 3.1(a-ii). The roughness height Reynolds number Reh (= U(y=h) h/ν)
for the displayed case is 316. Here U(y=h) is the streamwise velocity in the
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two dimensional boundary layer at the height of the roughness elements h. A
distinct wake region right behind the roughness elements forms an initial low
speed region around ζ = 0 that is surrounded by two high speed regions induced
by the so-called shoulder acceleration around the elements. The downstream
extent of the wake is correlated to Reh , and as the wake recovers a sinusoidal
distribution of the boundary layer modulations is obtained in the spanwise direction. However the formation of the wake region in the streaky boundary
layers generated by roughness elements aﬀect the stability of the streamwise
streaks (Sattarzadeh 2016, Paper 9).

3.2. Miniature vortex generators
The miniature vortex generators (MVGs) are similar to the vane type vortex
generators conventionally used for separation delay but their height lies within
half boundary layer thickness. In the present investigations two types of MVGs
with triangular and rectangular blades were used. A sketch of the MVGs with
their corresponding geometrical parameters is displayed in figures 5.3(b) and (c)
in chapter 5 of this thesis. As the upcoming two dimensional Blasius boundary
layer impinges on the MVG blades a pair of counter rotating vortices with
common down flow are generated which push the high momentum flow towards
the wall in between the blades and lift the low momentum flow from the wall
on the sides. This results in the formation of a three-dimensional boundary
layer with regions of alternating high and low speed in the spanwise direction.
The cross-sectional contour plots of the streamwise mean flow field normalized
by the free-stream velocity at 42 roughness heights downstream one MVG pair
are shown in figure 3.1(b-i) and (c-i) for triangular and rectangular MVGs,
respectively. The shape factor H12 distribution of the corresponding streaky
boundary layers are also displayed in figure 3.1(b-ii) and (c-ii).
Constant roughness/blade height was considered for the data displayed in
figure 3.1 which gives Reh = 316. The streaky boundary layers generated
downstream of the triangular and the rectangular MVGs display a diﬀerent
mean flow distribution in the cross-sectional plane compared to the roughness
elements since the eliminated wake region is replaced by a high speed region
around ζ = 0. Higher spanwise modulations are displayed for rectangular
MVGs in (c-i) compared to triangular ones (b-i). This is due to higher induced
circulations for the rectangular MVGs as the blade area is increased compared
to the triangular MVGs. The increased boundary layer modulations for rectangular MVGs is also displayed in the horizontal distribution of the shape factor
H12 for this case (c-ii) compared to the triangular MVGs (b-ii). As a result,
for fixed boundary layer and geometrical parameters higher streak amplitudes
are obtained for rectangular MVGs.
In the immediate downstream location behind the MVG array a wide range
of spanwise-fourier modes are excited that are consisting of the fundamental
mode, with the same spanwise wavelength as the MVG pairs in the array, and
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its subharmonics (Sattarzadeh & Fransson 2014, Paper 4). Among the excited
modes only the fundamental mode and its first harmonic undergo transient
growth and other modes sharply decay as progressing downstream. This is
in contrast with the results reported for the streaks induced by the roughness
element array where the higher subharmonics also experience transient growth
after a sharp decay in the wake of the elements (White et al. 2005; Kurian &
Fransson 2011).
3.2.1. Scaling of the streamwise streaks generated by the MVGs
The streamwise vortices generated by the MVG blades are sensitive to the
geometrical parameters of the blades in terms of the intensity of induced circulations. The height of the blades and the free-stream velocity U∞ eﬀects
the intensity of the induced vortices which are characterized by Reh . Another
important parameter is the angle of attack of the blades θ. In addition the
interaction between the neighboring vortices plays an important role in the
evolution of the streaks in the boundary layer which is related to the spacing
between the blades in one MVG pair, d, as well as the spanwise wavelength
of the MVG pairs in the array, Λ. The eﬀects of varying a number of these
parameters on the evolution of the streak amplitude are displayed in figure 3.2
for the streaky boundary layers generated by rectangular MVGs. In this figure
an integral amplitude measure of the streaks (Shahinfar et al. 2013, Paper 2)
is applied on the entire modulations of the mean flow field in a cross-sectional
plane downstream of one MVG pair which is defined as
� +1/2 � η∗
1
Aint
(x)
=
|U (x, η, ζ) − U z (x, η)| dηdζ .
(3.1)
ST
U∞ −1/2 0

Here the truncation value for wall-normal integration is set to η ∗ = 9 (i.e.
far outside the reference Blasius boundary layer), which is required for the
similar integral amplitude measure of boundary layer disturbance waves (introduced in chapter 4) since a non-negligible contribution of the disturbance
wave amplitude lies outside the boundary layer. The superscript z denotes the
spanwise averaged quantity. The integral streak amplitude is needed since the
conventional streak amplitude definition based on the local maximum velocity
deviations in the mean flow field is not suitable to fully describe the characteristics of the streaky boundary layer when varying the spanwise wavelength of
the MVG pairs. As shown in figure 3.2 the streak amplitude Aint
ST undergoes
a transient growth by showing an initial non-modal algebraic growth which is
followed by an exponential viscous decay after reaching a maximum amplitude.
Considering the two stages in Aint
ST evolution, namely the algebraic growth and
the exponential decay, a generic but non-trivial function can be proposed for
predicting the amplitude evolution of the stable streaks (Shahinfar et al. 2013,
Paper 2) as
int∗
−ξ
F = {Aint
.
(3.2)
ST /AST } = ξ · e
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Figure 3.2. The eﬀect of varying geometrical and boundary
layer parameters on the streamwise evolution of the streak
amplitude for rectangular MVGs. (a) θ = 6 : 3 : 18◦ .
(b) Λ/d = 2.5 : 0.5 : 5.5. (c) U∞ = 5, 6, 7, 7.7 and 8.5 m s−1 .
The symbols can be read from table 1 in Paper 5 for detailed
description of MVG and boundary layer parameters.
The transient growth of the streaks is eﬀected by diﬀerent MVG and boundary layer parameters in terms of the maximum obtained streak amplitude and
the downstream location where it occurs (the so-called streamwise stretching
of the streaks), which are characterized by Aint∗
ST and ξ, respectively, in equation (3.2). Considering the streak amplitude evolution for diﬀerent parameter
variations the stretching variable ξ is related to the MVG and boundary layer
parameters based on empiricism (Shahinfar et al. 2013, Paper 2) as
�� � � �
�Cξii
α
β
h
Λ
,
(3.3)
ξ=
(x/xMVG − 1)
δ1
d
where δ1 is the displacement thickness of the two dimensional boundary layer
at the downstream location of the MVGs, xMVG . Here α, β and Cξii are determined by means of least square fit to the measured data for each measurement
case with the condition that ξ = 1 corresponds to the downstream location
where the maximum amplitude occurs. Constant values are found for these
coeﬃcients where the predicted stretching comply with the streak amplitude
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α
−2

β
1/3

Cξii
0.57

CA
1.48 × 10−5

a
b
c
d
−2 1.8 4.75 20

Table 1. Coeﬃcients appearing in the proposed scaling of
streamwise streaks and determined by means of least square
fit to data for the streaky boundary layers generated by rectangular MVGs.

evolution for all cases. However these constants vary for the triangular and
rectangular MVGs (Sattarzadeh & Fransson 2015, Paper 5) since for fixed
MVG and boundary layer parameters rectangular MVGs generate larger modulations in the boundary layer which leads to a further downstream location for
the maximum amplitude. Noteworthy is that the external streamwise pressure
gradient has also an eﬀect on the stretching of the streaks (Shahinfar et al.
2014, Paper 3).
Following a similar empirical approach, the maximum streak amplitude,
characterized by Aint∗
ST in equation (3.2), is also related to the MVG and boundary layer parameters (Sattarzadeh & Fransson 2015, Paper 5) as
Aint∗
ST = CA f (θ)f (Λ/d)f (Re) .

(3.4)

The eﬀect of angle of attack θ is correlated with the circulation of induced
vortices that is proportional to the lift force on the blades, and therefore is
here characterized as f (θ) = sin(θ). The eﬀects of U∞ and h is characterized as f (Re) = (U∞ h/ν)2 . During the course of the present thesis study
the proposed relation for f (Λ/d) was improved by performing measurements
with higher resolution of Λ/d variations for rectangular MVGs (Sattarzadeh &
Fransson 2015, Paper 5). The improved relation characterizes the eﬀect of
Λ/d variations as
�
�
ea(Λ/d − c) − eb(Λ/d − c)
f (Λ/d) = 1 +
.
(3.5)
d
The coeﬃcients in equations (3.4) and (3.5) are determined by means of least
square fit to the measured data for each measurement case and constant values
are found for these coeﬃcients where the predicted maximum amplitude comply
with the maximum amplitude of the streaks for all cases. The streamwise
amplitude evolution of the streaks generated with rectangular MVGs for all
the cases with stable streaks is shown in figure 3.3(a) where in figure 3.3(b)
the scaled amplitude evolution of these cases are displayed using the scaling
proposed in equations (3.2), (3.3) and (3.4). The obtained scaling coeﬃcients
for the streaky boundary layers generated by rectangular MVGs is summarized
in table 1.
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Figure 3.3. (a) The streamwise amplitude evolution of the
streaks generated with rectangular MVGs for all the cases with
stable streaks. The variation in the maximum streak amplitude as well as the downstream location at which it occurs is
depicted by the dark gray area for all cases. (b) All the cases
plotted in (a) scaled as proposed in equations (3.2), (3.3) and
(3.4). The solid line corresponds to equation (3.2).
3.2.2. Regeneration of the streamwise streaks
The spanwise modulations in the streaky boundary layer generated by an array
of MVGs can be regenerated by mounting a second MVG array on the flat plate
further downstream (Sattarzadeh et al. 2014, Paper 6). The regeneration of
the modulations is of great importance when considering the stabilizing eﬀect
of the streaks on the boundary layer disturbances. Figure 3.4 displays the
streamwise evolution of the streak amplitude (Aint
ST ) in the presence of one
(gray symbols) and two (black symbols) array(s) of MVGs.
Here, no attempt has been made to optimize the 2nd MVG array. Hence,
for simplicity the geometry of the 2nd MVG array was kept constant with the
same Λ and spanwise phase as the 1st array, i.e. aligned in the streamwise direction with the 1st array. With the MVGs aligned in the streamwise direction
the re-modulation of the base flow is higher and more robust compared to a
staggered configuration Fransson & Talamelli (2012). Given these constraints,
the downstream location of the second array becomes the only parameter. An
important parameter for a successful re-generation of the streaky base flow
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Figure 3.4. Streamwise evolution of the streak amplitude
(Aint
ST ) in the presence of one (gray symbols) and two (black
symbols) array(s) of MVGs.
is Reh . The higher the Reh the stronger are the generated vortices and the
higher is the obtained streak amplitude. Therefore, the location of the 2nd
array plays a fundamental role in the success of the base flow re-modulation
since a too close placement to the first array may result in the generation of
unstable streaks which force the boundary layer to breakdown to turbulence.
Conversely, too large distance from the 1st array results in regeneration of low
amplitude streaks.

3.3. Pair of oblique waves
The generation of streamwise streaks is a regular stage in various transitionto-turbulence scenarios. One of the transition scenarios involving generation
of streamwise streaks and known to lead to a rapid breakdown to turbulence
(Schmid & Henningson 1992), is the scenario originating from a pair of oblique
waves. The streaks are a result of non-linear interaction between the oblique
waves. It was described in section 2.2 that as the oblique waves decay steady
streaks are generated (Kachanov 1994; Berlin et al. 1999; Elofsson & Alfredsson
2000) and when the amplitude has grown large the streaks become susceptible
to a secondary instability and the breakdown to turbulence is inevitable. Now,
if the secondary instability can be avoided the generated streaks remain stable
in the boundary layer.
A pair of oblique waves is the interaction of two oblique waves with the
opposite spanwise propagating directions. Hence the initial amplitude distribution is APOW (t, z) = APOW
sin(ω1 t) cos(β1 z), where APOW
is the initial
0
0
forcing amplitude. Here ω1 (= 2πf0 ) is the fundamental angular frequency
of the generated disturbance waves and β1 ( = 2π/λPOW
) the fundamental
z
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Figure 3.5. (a) Graph of the dominating modes excited in
oblique transition. (b) Streak amplitude evolution for for frequency excitations of pair of oblique waves; FPOW = 130,
FPOW = 230, FPOW = 340 and FPOW = 450. (c) and (d) Reconstructed unsteady uu (instantaneous) and steady us disturbances, respectively, for FPOW = 130. In (d) high speed
streaks are located at zβ1POW = −π/2, π/2 and 3π/2.
spanwise wavenumber of the pair of oblique waves. f0 and λPOW
are the correz
sponding forcing frequency and spanwise wave length of the disturbance waves.
The velocity field in the boundary layer can be transformed to spatio-temporal
Fourier modes with the notation (ω, β), normalized by ω1 and β1 . A graph
of the dominating modes excited in oblique transition is shown in Fig. 3.5(a),
where only modes with positive β are depicted due to symmetry in spanwise
direction. The (1, ±1) modes correspond to the excited pair of oblique waves
which correspond to the initial standing wave pattern. The counter rotating
streamwise vortices that are generated through quadratic nonlinearities are the
(0, ±2) modes, which consequently generate the streamwise streaks with similar Fourier components through the lift-up eﬀect. The spanwise wavelength of
POW
the streaks is therefore λST
/2.
z = λz
The experimentally measured pair of oblique waves and the generated
streamwise streaks are shown in figure 3.5(c) and (d), respectively, as unsteady
and steady disturbances for FPOW = 130. For the excited disturbances the
2
non-dimensional frequency F = 2πf0 ν/U∞
× 106 is used. The Λ-vortices
are developed in a staggered pattern similar to the N-type breakdown scenario
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(Kachanov 1994). The generated streaks are exhibited as steady disturbances with their high-speed regions located at the nodal points of the standing
wave pattern at zβ1POW = −π/2, π/2 and 3π/2. It is found that the growth
of the subharmonic modes, which are responsible for the formation of secondary instability on the streaks, are correlated to the amplitude of the generated streaks and can be attenuated by tuning APOW
(Sattarzadeh & Fransson
0
2016a, Paper 7). Hence stable streaks can be generated through non-linear
pair of oblique wave excitation were the subharmonic modes remain stable as
the boundary layer progress downstream.
The amplitude evolution of the streaks generated by pair of oblique waves
with four diﬀerent forcing frequencies is displayed in figure 3.5(b). The streak
amplitude evolutions shown in this figure correspond to the generated streaks
with the highest amplitude for each forcing frequency prior to the stage where
subharmonic modes become unstable. It is observed that the maximum streak
amplitude Amax
ST decreases by increasing the forcing frequency and its corresponding downstream location moves upstream. The downstream location of
Amax
ST is believed to be correlated to the downstream extent of the pair of oblique
waves. For diﬀerent forcing frequencies the algebraic growth of the streaks continues down to the location where the pair of oblique waves are damped out
whereafter the streak amplitude decay as a consequence of viscous dissipation.
Hence for higher forcing frequencies, where the pair of oblique waves decay
faster, Amax
ST is obtained further upstream since the streaks lose their generating force and the viscous decay sets in. As mentioned earlier Amax
ST is tuned by
APOW
for a fixed forcing frequency. In this case the location of Amax
0
ST is fixed
in the streamwise direction.

3.4. Finite discrete suction
Finite discrete suction through a spanwise-oriented array of holes on the surface
of the flat plate triggers a spanwise periodic steady disturbance in the mean flow
which undergoes a non-modal transient growth in the shear layer. The applied
suction velocity v0 which pulles the boundary layer toward the wall generates
sets of counter-rotating streamwise vortices with common down flow at the
spanwise location of the suction holes. Consequently streamwise elongated
streaks of high and low speed are generated in the boundary layer with the same
spanwise wavelength of the holes in the suction plug through lift-up mechanism.
Figure 3.6(a) displays the amplitude evolution of the streaks generated
by spanwise periodic finite suction for three suction rates v0 /U∞ = 0.8, 2.3
and 3.9% (Sattarzadeh & Fransson 2016b, Paper 8). Here v0 is the applied
suction velocity through the holes. The stable streaks generated by discrete
suction undergo a similar transient growth as for vortex generators and pair
of oblique waves which is consisted of an initial algebraic growth followed by a
viscous decay. Higher Aint,max
are obtained for higher suction rates as shown in
ST
figure 3.6(b). This is similar to the behavior of the streaks generated through
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Figure 3.6. (a) Streamwise evolution of the streak amplitude Aint
ST for three suction rates v0 /U∞ = 0.8, 2.3 and 3.9 %.
Darker symbols correspond to higher suction rate. The vertical dashed-dotted line displays the location of the downstream
edge of the suction holes in the array, i.e. xS = 242 mm. The
inset shows a magnified display of the streak amplitude evolution for v0 /U∞ = 2.3% with two extra points measured upstream of the suction array. The dashed-dotted lines display
the upstream and downstream edges of the suction holes. (b)
Maximum streak amplitude Aint,max
versus the suction rate.
ST

discrete suction by a similar set-up in plane Poiseuille flow (Elofsson et al.
1999). The streamwise location of the maximum streak amplitude is also moved
downstream by increasing the suction rate, since stronger streamwise vortices
are generated which can modulate the mean flow further downstream prior to
the location where the viscous eﬀect sets in. The inset in figure 3.6(a) shows
a magnified display of the streak amplitude evolution for v0 /U∞ = 2.3% with
two extra points measured upstream of the suction array. It is observed that
the applied suction also weakly modulates the mean flow field upstream of the
suction plug.
In the streaky boundary layer generated by finite discrete suction the low
speed regions are generated in the spanwise region between the suction holes
from the initial stage. This is in contrast with the streaky boundary layers
generated by means of physical devices mounted on the flat plate, e.g. roughness
elements and MVGs, where low speed regions are initially generated in the
wake of these devices which render a complex modulation of the boundary
layer with a wide range of spanwise modes right downstream of them. Here the
fundamental spanwise mode with the same wavelength as the suction holes has
the highest amplitude and is the dominating mode with its first two harmonics
decaying rapidly.
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Figure 3.7. The amplitude evolution for streaks generated by
rectangular miniature vortex generators, pair of oblique waves
and spanwise periodic finite suction. The cases are selected
to have the same maximum amplitude, and U∞ = 6 m s−1 is
fixed for all the displayed cases. The blue dashed-dotted line
is the predicted streak amplitude evolution obtained from
equation (3.2).
Figure 3.7 displays the amplitude evolution for streaks generated by rectangular MVGs, pair of oblique waves and spanwise periodic finite suction. The
cases are selected to have the same maximum amplitude and U∞ = 6 m s−1 is
fixed for all the displayed cases. The blue dashed-dotted line is the predicted
streak amplitude evolution obtained from equation (3.2). It is shown that the
streaks generated by the MVGs have the same decay rate as the ones generated
by finite discrete suction. On the other hand for the streaks generated by a pair
of oblique waves the spanwise modulations are persistent further downstream
with a lower decay rate in amplitude.

CHAPTER 4

Laminar flow control
Laminar flow control (LFC) is a boundary layer flow control technique which
aims at maintaining the laminar state of the boundary layer by delaying the
transition to turbulence location in the streamwise direction. The conventional
method for LFC involves applying steady suction throughout the entire surface
which in most cases is costly and often inapplicable. An advancement on this
method in order to reduce the required suction is hybrid laminar flow control
(HLFC) which integrates natural laminar flow (NLF) with LFC. NLF method
is based on proper tailoring of the surface geometry in order to obtain and
employ favorable pressure gradients to delay the transition process. Note that
LFC does not imply the relaminarization of a turbulent boundary layer, even
though control techniques similar to the conventional LFC methods may be
employed for this purpose. A review of the conventional methods of laminar
flow control for aircrafts can be found in Joslin (1998). Noteworthy is that the
LFC is designed for cruise conditions.
The LFC techniques have evolved during the past decades and can be
categorized into two groups in terms of the control strategy which are namely
modifying the mean flow field, and canceling the disturbance waves in the
boundary layer. The suction LFC method can be listed under the former group
since in the presence of suction the mean flow is modified and as a result of
fuller mean velocity profiles the growth of the disturbances is attenuated in the
boundary layer. Among more recent attempts for modifying the mean flow is
employment of dielectric barrier discharge (DBD) plasma actuators to create a
body force on the surface which locally modifies the velocity profiles and hence
the stability of the boundary layer disturbances (Grundmann & Tropea 2009;
Duchmann et al. 2013). The latter strategy, i.e. wave cancelation, consists
of a sensor-actuator system which by detecting the disturbance waves through
sensors mounted on the surface cancels the waves by targeted forcing (Bewley &
Liu 1998; Grundmann & Tropea 2007; Bagheri et al. 2009; Goldin et al. 2013).
This type of control technique which deals with sensors can be divided into
feedforward and feedback control methods depending on the relative location
of the sensors to the actuators. One other way to categorize the LFC techniques
is by identifying whether extra energy is required to be added to the system,
i.e. boundary layer. If extra energy is required in order to perform the control
23
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it is defined as an active method. Hence all the control techniques mentioned
above are categorized as active control methods except for NLF. On the other
hand if no extra energy is required the control technique is defined as a passive
method.
The LFC method investigated in the present thesis follows the strategy of
mean flow modifications and is based on formation of spanwise mean velocity
gradients (SVG) in the boundary layer. The SVG method is triggered by
generating streamwise elongated high- and low speed regions in the boundary
layer that are often denoted as streamwise streaks. The spanwise gradients
that are generated in the mean flow in the presence of the high- and low speed
regions alternate the evolution of TS waves in the boundary layer. The physical
mechanism involved in the attenuation of TS waves in the streaky boundary
layers is based on the formation of an extra turbulence production term acting
on the spanwise gradient in the mean flow. This additional term together
with the viscous dissipation counteracts the wall-normal production term that
is responsible for the growth of TS waves amplitude in the two-dimensional
boundary layers (Cossu & Brandt 2004).
The SVG method is recently proven to serve as a successful LFC technique
for attenuating the boundary layer disturbances and delaying the transition to
turbulence in flat plate boundary layer. It has been shown, both experimentally (Kachanov & Tararykin 1987; Boiko et al. 1994; Fransson et al. 2005a,
2006; Downs & Fransson 2014) and numerically (Cossu & Brandt 2002, 2004;
Schlatter et al. 2010; Siconolfi et al. 2015a,b), that finite amplitude streamwise
streaks are acting stabilizing on TS waves in the boundary layer. However, if
the amplitude of the streaks reach the critical value in the streaky boundary
layer, the inflectional instability sets in and the flow becomes unstable to inviscid instabilities (Andersson et al. 2001). The stabilizing eﬀect of the streaks on
the growth of the TS waves occurs in the case of moderate amplitude streaks
when the boundary layer is stable to the inviscid instabilities. Although unsteady streaks induced by low levels of free-stream turbulence has been shown
experimentally (Boiko et al. 1994) to be capable of delaying the onset of the
viscous instability and damp the growth of turbulent spots (Fransson 2010),
steady streaks have been found to have a stronger and more robust stabilizing
eﬀect. Fransson et al. (2005a) experimentally reported the stabilizing eﬀect of
the TS waves in the linear regime by finite amplitude streaks generated by a
cylindrical roughness element array. The stabilizing eﬀect was later on proven
to be eﬃcient to damp non-linear TS waves where transition to turbulence was
delayed in the streaky boundary layer (Fransson et al. 2006). In these proof of
concept experiments the TS wave disturbances were generated downstream of
the roughness array in an already streaky boundary layer.
In the present thesis the stabilizing eﬀect of the streaky boundary layers
(generated by diﬀerent means as described in chapter 3) is investigated on different types of boundary disturbances. For the case of physical vortex generator
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devices the boundary layer disturbances were excited upstream of the array on
a flat plate. This is a more realistic configuration, since the complicated interactions between the incoming disturbances and the VG array are fully taken
into account as opposed to investigations by Fransson et al. (2006) and later
Schlatter et al. (2010), where the TS waves were generated in a streaky base
flow that had already developed. For streaky boundary layers generated by a
pair of oblique waves and finite discrete suction both configurations of upstream
and downstream disturbance excitations were investigated. In the following a
detailed description of the stabilizing eﬀect of streaks on linear and non-linear
regimes of the boundary layer disturbances is presented.

4.1. Linear regime of disturbances
The evolution of the disturbance wave amplitude in the streaky boundary layers
is correlated to the characteristics of the generated streamwise streaks. This
is since the local amplitude distribution of the disturbance waves is changed
in the presence of the streaks. Therefore in order to study the disturbance
amplitude evolution in the presence of the streaks an integral measure has to
be applied to the local disturbance amplitude in the entire cross-section of the
boundary layer for one spanwise wavelenth of the streaks Λ. Similar to previous
investigations by Fransson et al. (2005a) this integral measure is here defined
as
� +1/2 � η∗
Adist. (x, η, ζ)
Ayz
(x)
=
dη dζ ,
(4.6)
dist.
U∞
−1/2
0
where η ∗ = 9, as described for equation (3.1). In the present thesis the stabilizing eﬀect of the streaks is investigated on three types of disturbances namely
TS waves, single oblique waves and a pair of oblique waves (see chapter 2).
The TS waves and single oblique waves have a uniform spanwise amplitude
distribution in the two-dimensional reference base flow, and hence wall-normal
integration over one profile is analogous to the integral measure in the crosssectional plane. On the other hand for the amplitude evolution of a pair of
oblique waves in the two-dimensional boundary layer the spanwise domain for
integrating equation (4.6) would be correlated to the spanwise wavelength of
the pair of oblique waves.
Figure 4.1(a − 1) provides a direct comparison of the TS wave amplification between the reference and the streaky boundary layer (here generated by
a spanwise array of MVGs). The TS waves in the reference base flow shows the
classical streamwise evolution with clear branches I and II. The solid curves in
figure 4.1 correspond to linear stability theory. The interaction between the
TS waves and the generated streaks leads to an initial growth of the disturbance
amplitude in the streaky flow in the immediate downstream location behind
the MVG array. The initial growth is followed by a strong decay that results in
the attenuation of the TS wave amplitude at branch II location. As reported
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Figure 4.1. (a − c)–(1) Relative amplification curves of disturbances without (open symbols) and with MVGs (filled symbols). (a − c)–(2) and (a − c)–(3) correspond to wall-normal
amplitude distributions at the downstream location depicted
by the vertical dashed lines for cases without and with MVGs,
respectively. (a), (b) and (c) correspond to L1, L2 and L3 in
table 3 in Paper 3, respectively. (a − c)–(3) show wall-normal
profiles of the disturbance amplitude in the streaky boundary
layer in the spanwise location on the centre line behind the
MVGs with minimum disturbance amplitude (gray symbols)
and at the spanwise location of maximum disturbance amplitude (black symbols). The spanwise location for (a − c)–(2)
is chosen the same as (a − c)–(3) for comparison. Solid lines
correspond to linear stability theory.
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by Sattarzadeh & Fransson (2014), Paper 4, and Siconolfi et al. (2015b) the
initial response is corresponding to the unstable modes generated in the low
speed region formed in the wake of the physical devices. Noteworthy is that
the initial response is present even in the absence of any wake region for the
case where the streaks are generated by finite discrete suction (Sattarzadeh &
Fransson 2016b, Paper 8). The the initial growth and the attenuation rate
of the TS waves at branch II location is correlated to the characteristics of
the streaky flow and in particular streak amplitude, and it is found that the
maximum attenuation is obtained for the optimal maximum streaks amplitude
of Aint,max
≈ 30% (Shahinfar et al. 2013, Paper 2). It should be pointed
ST
out that depending on the characteristics of the streaky boundary layer the
TS wave amplitude evolution might experience a second growth (unlike the
case shown in figure 4.1a − 1) after the initial response. However for the cases
with stable streaks the unstable region corresponding to the second growth is
reduced compared to the reference boundary layer which results in an attenuated TS wave amplitude at branch II location compared to the reference case.
In the case of the streaky boundary layers that are generated by diﬀerent types
of vortex generators the roughness height Reynolds number Reh plays an important role in the obtained attenuation eﬃciency. For the streaky boundary
layers with higher Reh values than the critical roughness height Reynolds number Recr
h the unstable streaks result in the amplification of TS waves compared
to the reference case and hence the control technique fails (Shahinfar et al.
2012, Paper 1). According to the TS wave amplitude evolution in a given
streaky boundary layer a new stability diagram can be obtained which is correlated to the streak amplitudes (Siconolfi et al. 2015b). This stability diagram
would then be consist of an initial unstable region for all the frequencies in the
F − Re plane, and a reduced second unstable region compared to the reference
case where the growth of the TS waves can be nullified altogether for a band
of high frequencies depending on the streak amplitude (see figure 4.1a − 1).
The initial unstable region starts right downstream of the location where the
streaks are generated and it’s extent is believed to be correlated to the relative
location of maximum streak amplitude and branch I location (Sattarzadeh &
Fransson 2015, Paper 5).
The amplitude evolution of single oblique waves and a pair of oblique waves
is displayed in figures 4.1(b − 1) and (c − 1), respectively. For both cases the
disturbances remain stable in the reference case as the wave amplitudes decay
gradually in the streamwise direction and branches I and II are absent. In
contrast an initial amplitude growth is observed for both cases in the streaky
boundary layer, similar to the TS wave case (Shahinfar et al. 2014, Paper 3).
Note that, the scale on the ordinate axes of figure 4.1(b − 1) and (c − 1) are
diﬀerent from (a − 1). It is worth pointing out that the initial relative amplification with the MVGs is smaller in the SOW and POW cases compared to
the TSW case, and also that the forcing frequencies are diﬀerent (see table 3
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Figure 4.2. Disturbance amplitude growth curves for unconTSW
trolled TS waves (ATSW
2D ), controlled TS waves (A3D ) and
POW
Piar of oblique waves (A
) for configurations with pair of
oblique wave generated upstream (a) and downstream (b) of
the TS waves. FTSW = 100 and FPOW = 130.
in Paper 3). Here, although the entire streamwise evolution of the disturbance amplitude is not captured, higher decay rates in the streaky boundary
layer compared to the reference case, after the initial growth, suggest a rapid
nullification of the disturbance waves in the presence of the streaks.
In figure 4.1(a − 2), (b − 2) and (c − 2) the wall-normal profiles of the
disturbance amplitudes are displayed for the downstream location shown by the
vertical dashed lines in (a − c)–(1). The solid lines in (a − 2), (b − 2) and (c − 2)
correspond to the eigenfunctions from linear stability theory. Figure 4.1(a − 3),
(b − 3) and (c − 3) show the disturbance amplitude profiles in the streaky
boundary layer, on the centre line behind the MVGs with gray symbols and at
the spanwise location of maximum amplitude with black symbols. The spanwise
location for the profiles in (a − c)–(2) is chosen the same as in (a − c)–(3) for
comparison.
The TS wave growth curves for the streaky boundary layers generated by a
pair of oblique waves is shown is shown in figure 4.2(a) and (b) for configurations
with pair of oblique wave generated upstream and downstream of the TS waves,
respectively. Here the TS wave amplitude evolutions are shown for the twoTSW
dimensional reference case (ATSW
2D ) and the streaky boundary layer (A3D ),
POW
together with the evolution of the pair of oblique waves amplitude A
. In
this case an initial TSW-POW interaction region is observed in the disturbance
field whereafter ATSW
is attenuated compared to ATSW
3D
2D . The interaction extent
is based on the location where APOW
start
to
decay
(Sattarzadeh & Fransson
ω1
2016a, Paper 7).

4.2. Non-linear regime and transition delay
The non-linear regime of disturbances is corresponding to excitation of high
amplitude disturbance waves which triggers non-linearities in the boundary
layer that force the breakdown to turbulence. The stabilizing eﬀect of the
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Figure 4.3. Streamwise evolution of the disturbance energy
and the corresponding intermittency factor γ. (◦) and (�)
symbols correspond to configurations without and with MVGs.
(a), (b) and (c) correspond to TS waves, obliques waves and
pair of oblique waves, respectively (see cases T1, T2 and T6
in table 5 of Paper 3).
streamwise streaks can be extended to the non-linear regime of disturbances
which in turn results in transition to turbulence delay in the boundary layer. As
the energy growth of the disturbances is attenuated in the presence of moderate
amplitudes of streamwise streaks the onset of the transition to turbulence is
delayed in the streamwise direction for all three disturbance types (Shahinfar
et al. 2014, Paper 3). Figure 4.3 displays the streamwise energy evolution for
three types of disturbance waves and the corresponding intermittency factor γ
for configurations without and with MVGs. The intermittency is a statistical
measure of the proportion of laminar versus turbulent flow sweeping the hotwire probe. Same procedure as outlined in Fransson et al. (2005b) was used
here to calculate γ. For the case of the reference boundary layer without MVGs
the disturbance energy grows and boundary layer transitions to turbulence.
On the other hand in the streaky boundary layer with MVGs the disturbance
energy decays and the boundary layer remains laminar throughout the entire
measurement domain.
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Figure 4.4. (a) Disturbance energy evolution and the corresponding intermittency factor γ for reference (C0), streaky
(C1) and reinforced-streaky (C2) boundary layers (see table 1
of Paper 6). (b) The corresponding energy spectra evolution
for the data shown in (a). White solid and black dashed lines
indicate the fundamental forcing frequency (f0 ) and its first
harmonic (2f0 ), respectively.
In the streaky boundary layer the natural recovery of the streaks due to viscous eﬀect is of exponential space scale, and since the control method is based
on spanwise modulations in the mean flow the LFC method would fade away.
However, as described in chapter 3, by placing a second array of MVGs, downstream of the first one, it is possible to nourish the counter-rotating streamwise
vortices that are responsible for the modulation. This in turn results in a prolonged streamwise extent of the control. With this control strategy it is possible
to delay transition to turbulence, consecutively, by reinforcing the control effect (Sattarzadeh et al. 2014, Paper 6). Figure 4.4(a) shows the disturbance
energy evolution and the corresponding intermittency factor γ for reference
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(C0), streaky (C1) and reinforced-streaky (C2) boundary layers. For the C0
case figure 4.4(a) shows the classical TS wave growth curve down to the branch
II position, whereafter a sharp increase in the energy is observed due to the
breakdown to turbulence. The energy spectrum in (b) for this case, is showing
a rapid spread of energy from the forcing frequency and its harmonics to a
wide frequency range at the same downstream position. For the C1 case, the
energy growth curve is following the same trend as the C0 case but with a lower
value at the branch II position where it starts to decay in the presence of the
streaks. The energy spectrum in figure 4.4(b) shows that this decay is mainly
due to the decrease of energy in the fundamental frequency. At x ≈ 1550 mm,
as the streak amplitude decays, a low frequency band below the fundamental frequency become unstable and start growing. At around x = 3000 mm
the boundary layer transitions to turbulence via a relatively slow transition
process compared to the C0 case and a high energy content is present over a
broad frequency range. In this region, the spanwise modulation of the base
flow, i.e. the streak amplitude, is too low and the control is not able to atteanuate the disturbances. This implies that reinforcing the streaky boundary
layer, in order to retain its modulation in a longer streamwise extent, could
manage to attenuate these low frequency waves that become unstable further
downstream and are responsible for the break down to turbulence. In fact, this
indeed is the scenario. The disturbance energy evolution around branch II for
case C2 is similar to C1 (see figure 4.4a), but instead of becoming unstable
further downstream and force the boundary layer to breakdown to turbulence
it remains stable. The band of low unstable frequencies appears also in this
case in the energy spectrum, figure 4.4(b), but they are successfully attenuated
by the reinforced streaky boundary layer with the presence of the second MVG
array.
The stabilizing eﬀect of the streaks can also be applied to natural transition scenario (Sattarzadeh & Fransson 2016b, Paper 8), where TS waves
are excited with a broad frequency band (see section 2.1 in chapter 2 of the
thesis). Figure 4.5(a) displays the energy spectra evolution of the natural
TS waves in the streaky boundary layer generated by finite discrete suction
with |v0 |/U∞ = 0.9%. The corresponding energy spectra evolution of the
natural TS waves in the reference Blasius boundary layer is presented in figure 2.3(a). Here the growth rate of the TS waves is attenuated in the presence
of the streaks. Hence the maximum growth rate above which transition occurs
is now obtained for a lower frequency with a further downstream branch II
location compared to the reference case. Therefore the transition location is
moved downstream in the streaky boundary layer. Here the vertical dashed
line which marks the transition location intercepts the neutral stability curve
at a lower frequency compared to the reference Blasius boundary layer shown
in figure 2.3(a). As a result the transition is delayed from Rex = 1.5 × 106 to
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Figure 4.5. The streamwise evolution of the energy spectra for disturbances in the streaky boundary layer. The gray
solid lines display the neutral stability curve. The vertical dashed lines display the transition location corresponding to γ = 0.5. Note that the neutral stability curves
are not scaled. (a) Natural transition delay with no artificial excitation for U∞ = 14.5 m s−1 where the streaks are
generated by finite discrete suction with |v0 |/U∞ = 0.9%.
(b) Transition delay for high amplitude white noise excitation
at U∞ = 6 m s−1 . The streaks are generated by pair of
oblique waves with FPOW = 340. The corresponding energy
spectra evolutions for reference Blasius boundary layer is presented in figure 2.3.
Rex = 1.95×106 for the controlled case. Similar results are obtained for the energy spectra evolution of high amplitude white noise disturbances in the streaky
boundary layer (Sattarzadeh & Fransson 2016a, Paper 7). Figure 4.5(b) displays this evolution in the streaky boundary layer generated by pair of oblique
waves with FPOW = 340. The corresponding evolution in reference Blasius
boundary layer is shown in figure 2.3(b). For this case the transition is delayed
from Rex = 0.9 × 106 to 1.45 × 106 for the controlled case.
In the streaky boundary layers where stable streaks are generated by a pair
of oblique waves the control condition is set by the forcing frequency of the pair
of oblique waves, FPOW (Sattarzadeh & Fransson 2016a, Paper 7). Figure
(a) and (b) display the disturbance energy evolution in F − Rex plane for the
reference and streaky boundary layer generated by pair of oblique waves with
FPOW = 130. The investigated TS wave frequencies are marked by the horizontal dashed-dotted lines and the corresponding transition locations (γ = 0.5)
are plotted as cross symbols. Here the control is less eﬃcient for FTSW = 137
and for FTSW = 145 the transition to turbulence is promoted further upstream
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Figure 4.6. Disturbance energy evolution in F − Rex plane
for the reference (a) and streaky boundary layer (b) generated by pair of oblique waves with FPOW = 130. Measured
frequencies, to produce the contour plots, are indicated by
white dashed-dotted lines and tick marks on the vertical axes.
Branches I and II of neutral stability curve for the reference
boundary layer are plotted as blue dashed-dotted and dashed
lines, respectively. Transition locations (γ = 0.5) are plotted
as red cross symbols.
compared to the reference case. This is due to the initial TSW-POW interaction which is exhibited as a secondary instability of varicose type on the streaks
at the initial stage of their formation. For FPOW < FTSW the high amplitude
of the varicose instability mode leads to transition to turbulence and hence
to a failure of the control method. This is believed to be associated with the
disruptive role of high amplitude TSW on the generation of streaks in the superimposed disturbance field for cases with FPOW < FTSW where λPOW
> λTSW
.
x
x
However for FPOW > FTSW the transition to turbulence is successfully delayed
and therefore we introduce it as the control condition. The control was also
tested successfully for high amplitude white noise disturbances.

CHAPTER 5

Experimental set-up and techniques
“The test of all knowledge is experiment. Experiment is the
sole judge of scientific truth.”
Richard P. Feynman (1918–1988)

This chapter provides a short overview on the wind-tunnel facility and diﬀerent configurations of the experimental set-up together with the measurement
techniques used in this thesis. Detailed descriptions of the measurement configurations are presented in corresponding papers in part II of the thesis.

5.1. Wind-tunnel facility
The experiments were performed in the minimum turbulence level (MTL) wind
tunnel at the Royal Institute of Technology (KTH) in Stockholm, Sweden. A
schematic of the wind tunnel is depicted in figure 5.1. The MTL is a closed
P
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Figure 5.1. The schematic of the MTL wind tunnel.
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Figure 5.2. A schematic of the flat plate mounted horizontally in the test section.

circuit wind tunnel where the air flow is recirculated by an axial fan driven by
a DC 85 kW motor. The speed of the air flow in an empty test section amounts
up to 70 m s−1 . The test section is 7 m long and has a cross-sectional area with
0.8 m in height and 1.2 m in width. The air flow temperature is controlled and
kept constant with an accuracy of ±0.05 ◦ C by a cooling system located in the
return section of the wind tunnel.
The honeycomb and the screens upstream of the contraction section with
the ratio of (9:1) together with the specially designed guiding vanes in the
corners and noise absorbing material in the inner walls are providing a good
quality of the air flow with a low level of background turbulence. As reported
by Lindgren & Johansson (2002), the streamwise turbulence intensity is 0.025%
at 25 m s−1 . The height of the ceiling in the test section is adjustable in order
to set the pressure gradient along the streamwise direction.

5.2. Experimental set-up
The measurements were carried out in the boundary layer over a flat plate
mounted horizontally in the wind tunnel test section. The length of the flat
plate was changed in diﬀerent measurement campaigns according to the desired
flow conditions. The pressure gradient along the plate was set by the adjustable
ceiling of the test section. Depending on the measurement campaign a FalknerSkan boundary layer with either zero- or a weak adverse pressure gradient
was set on the flat plate. Specific boundary layer parameters for each of the
measurements is found in the corresponding paper in part II of the thesis.
A schematic of the flat plate in the test section is shown in figure 5.2. The
streamwise, wall-normal and spanwise directions are shown by the Cartesian
coordinate system (x, y, z), respectively.
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5.2.1. Generation of the disturbance waves
The boundary layer disturbances were artificially introduced by means of blowing and suction through two sets of 36 tubes plugged into two spanwise-oriented
dist.
disturbance slots located at xdist.
1st and x2nd on the flat plate (see Gaponenko
& Kachanov 1994, where a similar slot was used). Depending on the measurement campaign the downstream locations and number of the disturbance slots
were changed. In the measurement campaigns for Papers 1–6 and 9 only
one disturbance slot located at xdist. = 180 mm, and for Papers 7 and 8 two
dist.
disturbance slots at xdist.
1st = 160 mm and x2nd = 285 mm were used. With
respect to the disturbance type the other end of the tubes were connected to
a set of six loudspeakers in a periodic and sequential manner that rendered
a repetition of each loudspeaker at every sixth tube. The loudspeakers were
operating through the feeding sinusoidal waves generated by a computer which
were amplified by Hi-Fi amplifiers. For each disturbance slot and measurement
case the forcing frequency, f0 , was fixed, and according to the disturbance type
diﬀerent amplitude and phase configurations of the wave signals were generated
by the computer for each loudspeaker.
For the TS wave (TSW) disturbances the loudspeakers were operating with
the same amplitude and phase since the disturbances are uniform in spanwise
direction. Note that in a number of measurement campaigns TSW disturbances
were generated with the tubes being connected to only one loudspeaker which
also renders uniform sinusoidal waves in the spanwise direction. The oblique
waves on the other hand are not uniform in the spanwise direction and their
spanwise wavelength was bounded to the spanwise wavelength for the repetition
of each loudspeaker connected to the disturbance slot. Hence the spanwise
wavelength of the oblique waves was fixed to the width of six tubes. For the
single oblique waves (SOW) this renders a phase shift of π/3 between the
feeding signals for consecutive loudspeakers. The pair of oblique waves (POW)
disturbances were obtained from the superposition of two oblique waves with
opposite spanwise propagation directions. Considering this for the present setup gives the feeding voltage signal for the loudspeakers as
�
�
π�
π�
EPOW (n) ∝ sin ωt + (n − 1)
+ sin ωt − (n − 1)
3
3
�
π�
= 2 sin (ωt) cos (n − 1) ,
3

(5.7)

where EPOW is the feeding voltage to each loudspeaker, n is the loudspeaker
number and ω (= 2πf0 ) the angular frequency of the generated waves. This setup is similar to the one employed in the experimental investigations of oblique
transition in the boundary layer by Elofsson & Alfredsson (2000). A summary
of the feeding voltage signals to the loudspeakers for the three disturbance
wave sources is tabulated in table 1. The frequency, amplitude and phase of
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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)
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6
sin(ωt)
sin(ωt+5π/3)
sin(ωt)

Table 1. The input voltage signals to the loudspeakers 1–6
for diﬀerent disturbance wave types.

the generated signals were monitored at the outlet of the amplifiers, i.e. the
actual signals being fed to the loudspeakers.
5.2.2. Generation of the streamwise streaks
The streamwise streaks were generated by four diﬀerent methods which were:
(i) triangular/rectangular MVGs, (ii) roughness elements, (iii) non-linear POW,
and (iv) spanwise-periodic finite discrete suction.
The MVGs and roughness elements, that are here simply denoted as vortex generators (VGs), were mounted on the flat plate in a spanwise array at
xVG = 222 mm. Figure 5.3(a) displays schematics of diﬀerent VG types. The
triangular MVGs were mounted as flush insert on the plate. The geometrical
parameters of the MVG pairs in the array is shown in the figure 5.3(a). Here, d
is distance between the centre of the blades in one MVG pair, and θ is the angle
of attack of the blades towards the upcoming flow. The height and the length
of the MVG blades are h and L, respectively, and Λ is the spanwise wavelength
of the MVG pairs in the array. The angle of the attack of the blades, θ, was
kept constant in the measurements using triangular MVGs, and the variations
in d and Λ were also restricted. This was due to the fixed possible positioning
slots in the plug mounted on the plate where the blades were inserted into.
In addition the downstream location of the MVG array was also fixed. To
overcome this, for rectangular MVGs another method was employed to mount
the blades on the plate. The rectangular shaped blades were submerged by
heating into a thin strip of oﬃce tape pasted on a thin label paper. The process is shown in figure 5.4(a). The label paper was then attached on the flat
plate at the desired downstream location, see figure 5.4(b). The thickness of
the oﬃce tape together with the label paper was roughly around 0.1 mm. The
advantage of using this method was providing the possibility of varying all the
MVG parameters as well as mounting the MVG array in desired downstream
location. In the measurements regarding Paper 6 a second rectangular MVG
array was mounted on the flat plate at xVG = 700 mm. For all the measurements the length of the blades L and their thickness t were kept constant
to 3.25 and 0.3 mm, respectively. Roughness elements were mounted on the
flat plate by applying spray glue on their bottom surface. For roughness elements fixed geometrical parameters were used where their diameter d∗ was set
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Figure 5.3. Schematic of the vortex generators with their
corresponding geometrical parameters; (a) Circular roughness
elemets, (b) and (c) MVGs with triangular and rectangular
blades, respectively.

to be equal to the relative spanwise width of one MVG pair (see figure 5.4a).
Detailed descriptions of the parameter values used for MVGs and roughness
elements are presented in the corresponding papers in part II of the thesis.
The excitation method of POW disturbances used for generating streamwise streaks is described in section 5.2.1. Note that depending on the purpose
of the investigations POW were used (i) as a disturbance source to test the
LFC technique where the streaky boundary layer was generated by MVGs
(Paper 3) and (ii) for generating steady streamwise streaks to perform the
LFC (Paper 7). The excitation of POW for generating streamwise streaks
dist.
was tested at two downstream locations xdist.
1st = 160 mm and x2nd = 285 mm,
where superscript dist. corresponds to POW disturbances. The spanwise wavelength of the streaks in this case is fixed to Λ = 22 mm (i.e. half POW spanwise
wavelength).
The spanwise-periodic finite discrete suction was applied through an spanwise array of suction holes at xS = 242 mm. A schematic of the spanwiseoriented suction array is shown in figure 5.3(b) with the corresponding geometrical parameters displayed in the inset. Here Λ = 12 mm is the spanwise
wavelength of the suction holes in the array. The length and the width of the
suction holes are 10 and 1 mm, respectively.
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(a)

(b)
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Figure 5.4. (a) Heating the rectangular MVG blades to submerge into the strip of oﬃce tape pasted on label paper. (b)
The rectangular MVG array mounted on the flat plate together
with the single hot-wire probe.

5.3. Measurement techniques
5.3.1. Hot-wire anemometry
Constant temperature hot-wire anemometry was used for measuring the streamwise component of the velocity for all the measurements throughout the thesis.
The hot-wire anemometry technique is dated back to King (1914). The basic
idea behind this technique of flow velocity measurement is the cooling eﬀect
of the flow stream on the body that it passes over through forced convective
heat transfer. The measuring sensor in the hot-wire probes is a tiny tungsten
or platinum wire with a typical dimeter of few microns and length of the order
of 1 mm, that acts as the forth arm of a Wheatstone bridge in the constant
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temperature mode. As the bridge is operating in the way to keep the temperature of the heated wire constant, it responds to the changes in the velocity
and temperature of the flow that would otherwise change the wire temperature
through convective heat transfer. This response is the change in the voltage
applied on the top of the bridge. For detailed description on the operation and
limitations of hot-wire anemometry the interested reader is referred to Perry
(1982); Lomas (1986); Bruun (1995); Tropea et al. (2007). Since the hot-wire
anemometry is an indirect measurement technique the velocity voltage signals
are calibrated against a known velocity. Diﬀerent calibration functions can be
used for the relation between the the measured velocity and signal. Here, the
modified King’s law (Johansson & Alfredsson 1982) was used as the calibration
function for a better accuracy at the low velocities close to the surface of the
plate. The modified King’s law is also considering the natural heat convection
at low velocities with an extra term to the classical King’s law and is given as
Uef f = k1 (E 2 − E02 )1/n + k2 (E − E0 )1/2 ,

(5.8)

where Uef f is the eﬀective cooling velocity, E is the measured hot-wire voltage,
E0 is the voltage response of the hot-wire at zero velocity and k1 , k2 and n are
the calibration constants.
The single hot-wire sensors were manufactured in-house from Wollaston
Platinum wire with diameter of 2.54 µm and length of 0.6 mm. A DANTEC
DynamicsTM Stream-Line 90N10 anemometer system together with a National
InstrumentTM acquisition board (NI PCI-6259, 16-Bit) were used to acquire
the velocity voltage signals. The hot-wire probe was traversed via a five degree
of freedom traversing system consisting of DC motors controlled by a computer
and Maxon Motors EPOS2 position controller units. The hot-wire calibration
were performed in-situ against a Prandtl tube mounted at the inlet of the
test section of the wind tunnel where the diﬀerential pressure was read from
a Furness FC0510 manometer. Furthermore, the manometer used external
probes for registering the atmospheric pressure and the temperature inside the
test section.
5.3.2. Smoke flow visualization
Smoke flow visualization was performed for measurements regarding Paper 7.
The smoke sheet was injected through a slot on the flat plate at x = 180 mm.
The smoke was generated by a JEM ZR12-AL portable fog generator which
was fed by Pro Smoke SuperTM , an alcohol based fog fluid. Three MotionR
BLITZ EoSens�
mini1 high-speed recording cameras were used for capturing
the visualization images. The cameras were synchronized through a triggering
signal. The resolution of the cameras was 1280 pixels × 1024 pixels for frame
rates up to 506 fps. The cameras were positioned in series in the streamwise
direction. The fields of view of the first two cameras were overlapping and the
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third one was positioned with an oﬀset in order to capture the location of the
boundary layer transition for the uncontrolled cases. As a result visualizations
cover areas of 570 × 236 mm2 and 295 × 236 mm2 at x = 280 mm and
890 mm, respectively.

CHAPTER 6

Main contribution and conclusions
In this chapter the main contributions and conclusions of the investigations
presented in this thesis are summarized. For detailed description of results the
reader is referred to the papers in Part II of the present thesis.
Generation of steady streawise streaks
Miniature vortex generators
• Miniature vortex generators (MVGs) are suitable devices for generating
stable and steady streamwise streaks with high amplitude in flat plate
boundary layer, and the characteristics of the generated streaks are
related to the boundary layer parameters and geometrical parameters
of the MVGs.
• The amplitude evolution of the steamwise streaks generated by MVGs
can be predicted by a general scaling relation based on empiricism which
includes the boundary layer parameters and geometrical parameters of
the MVGs. The streak amplitude definition used for the scaling is an
integral measure based on the entire modulation in the cross-section of
the streaky boundary layer.
• The shape of the MVG blades determines the amplitude of the generated streaks, i.e. higher amplitude streaks are generated for rectangularcompared to triangular MVGs for fixed parameters. Consequently depending on the blade type diﬀerent coeﬃcients are obtained for the
scaling relation.
• For fixed parameters and relative width, critical roughness-height Reynolds numbers (Recr
h ) 389, 551 and 371 are obtained for cylindrical
roughness elements, triangular MVGs, and rectangular MVGs, respectively. Although lower Recr
h is obtained for rectangular MVGs compared
to triangular ones, similar amplitude evolution can be obtained for the
two MVG types by lowering Reh for rectangular MVGs, since higher
streak amplitude is obtained for rectangular MVGs at fixed Reh .
• Despite the excitation of a wide range of spanwise-Fourier modes in the
boundary layer in the immediate downstream region behind the MVG
array, only the fundamental spanwise mode, β1 , corresponding to the
42
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spanwise wavelength of the MVGs in the array, and its first harmonic,
β2 , undergo transient growth while the higher harmonics, β3 to β6 ,
decay rapidly. This is in contrast with the evolution of the spanwiseFourier modes generated downstream of circular roughness elements
where the first harmonic decays monotonically and the higher harmonics experience transient growth (White et al. 2005; Kurian & Fransson
2011).
• The spanwise modulations in the streaky boundary layer generated by
an array of MVGs can be reinforced by mounting a second MVG array further downstream on the flat plate. As a result stable streaks
are regenerated downstream of the second array with higher amplitude
compared to the case with one array. The distance between the two arrays play an important role in the stability of the regenerated streaks.
Pair of oblique waves
• Stable streamwise streaks can be generated through the first stage of
the pair of oblique waves (POW) transition scenario, where the second
stage, i.e. formation of secondary instabilities on the streaks due excitation of unstable subharmonic modes, is avoided by tuning the forcing
amplitude of POW.
• The amplitude evolution of the streaks generated by POW is related to
the forcing frequency and amplitude of POW. For a fixed forcing frequency the maximum amplitude of the generated streaks is determined
by the initial forcing amplitude of POW with an upper limit which corresponds to excitation of unstable subharmonic modes. In this case the
downstream location of the maximum amplitude is fixed. On the other
hand, by varying the forcing frequency higher streak amplitude is obtained for lower frequencies where the maximum amplitude is obtained
further downstream.
Finite discrete suction
• Finite discrete suction through a spanwise array of holes can generate
stable streamwise streaks in the boundary layer where the streak amplitude is related to the suction velocity applied at the holes. In this
case higher streak amplitude is obtained for higher suction rates.
• In the streaky boundary layer generated by discrete suction the fundamental spanwise mode, β1 , corresponding to the spanwise wavelength of
the holes in the array, has the highest amplitude and is the dominating
mode with its first two harmonics β2 and β3 decaying rapidly.
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Attenuation of disturbances in streaky boundary layers
Linear regime of disturbances
• In the presence of stable streamwise streaks, the boundary layer disturbances; Tollmien–Schlichting waves (TSW), single oblique waves (SOW)
and POW, are attenuated compared to the reference boundary layer,
for a wide range of disturbance forcing frequencies.
• Prior to the attenuation of disturbances an initial amplitude growth is
observed due to the complex mean flow field in the immediate downstream region of the location where the streaks are generated. Note that
the disturbances are introduced upstream of the location were streaks
are generated.
• The initial growth is observed for all forcing frequency ranges and is due
to the excitation of unstable modes in this region. The extent and rate
of the initial growth, however, is correlated to the disturbance frequency
and algebraic growth of the streaks.
• In a direct comparison between streaky boundary layers generated by
roughness elements and triangular/rectangular MVGs, the highest initial growth is obtained for the roughness elements, which is due to the
highly unstable region in the wake of the elements.
• An increase in the streak amplitudes results in higher attenuation rates
of the disturbances for given spanwise wavelength of the streaks, however, there exists a threshold whereafter the disturbances are destabilized compared to the reference case. A maximum integral streak
amplitude of around 30% is found to give the maximum attenuation
rate.
• The geometrical MVG parameters can be optimized for the attenuation
of the disturbances. For the cases investigated in the present thesis
optimum parameters of θ = 9◦ and Λ/d = 4 − 4.5 were obtained, where
θ is the angle of attack of the blades, Λ the spanwise wavelength of
the MVG pairs in the array, and d the distance between the center of
the blades in one MVG pair. This parameter values correspond to a
maximum streak amplitude of around 30%.
• The attenuation of TSW in the streaky boundary layer generated by
POW is investigated. An initial TSW-POW interaction region is observed in the disturbance field whereafter the TSW amplitude is attenuated compared to the reference case. The extent of the interaction
region is based on the location where POW amplitude starts to decay.
Non-linear regime and transition delay
• The stabilizing eﬀect of the streamwise streaks can be extended to the
non-linear regime, where disturbances are excited with a high initial
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amplitude. For the non-linear TSW, SOW and POW disturbances the
turbulence transition is significantly delayed in the presence of stable
streamwise streaks.
The proposed laminar flow control method can be applied to delay turbulence transition in the cases of natural transition and transition through broad band frequency TSW excitations.
By regenerating the spanwise modulations in the streaky boundary
layer, through mounting a second MVG array on the flat plate, it is
possible to delay the turbulence transition, consecutively, by reinforcing the control eﬀect.
The energy evolution of the disturbances in the presence of moderate
amplitude streaks is directly related to the base flow modulations in the
cross-sectional planes. It is shown that regions with high wall-normal
gradient, ∂U/∂y, contribute to an amplification in the unsteady disturbance energy whereas regions with high spanwise gradient, ∂U/∂z, act
stabilizing on the unsteady disturbances.
In the streaky boundary layer generated by POW, the initial TSWPOW interaction is shown as a secondary instability of varicose mode
on the streaks which damps out further downstream for FPOW > FTSW .
For FPOW < FTSW , however, the high amplitude of the varicose instability mode leads to transition to turbulence, and hence to a failure
of the control method. Therefore we introduce FPOW > FTSW as the
control condition.
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