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Abstract
Both experimental and theoretical studies have been considered on ﬂat plate
boundary layers as well as on wakes behind porous cylinders. The main thread
in this work is control, which is applied passively and actively on boundary
layers in order to inhibit or postpone transition to turbulence; and actively
through the cylinder surface in order to eﬀect the wake characteristics.
An experimental set-up for the generation of the asymptotic suction boundary layer (ASBL) has been constructed. This study is the ﬁrst, ever, that report
a boundary layer ﬂow of constant boundary layer thickness over a distance of 2
metres. Experimental measurements in the evolution region, from the Blasius
boundary layer (BBL) to the ASBL, as well as in the ASBL are in excellent
agreement with boundary layer analysis. The stability of the ASBL has experimentally been tested, both to Tollmien–Schlichting waves as well as to free
stream turbulence (FST), for relatively low Reynolds numbers (Re). For the
former disturbances good agreement is found for the streamwise amplitude proﬁles and the phase velocity when compared with linear spatial stability theory.
However, the energy decay factor predicted by theory is slightly overestimated
compared to the experimental ﬁndings. The latter disturbances are known to
engender streamwise elongated regions of high and low speeds of ﬂuid, denoted
streaks, in a BBL. This type of spanwise structures have been shown to appear
in the ASBL as well, with the same spanwise wavelength as in the BBL, despite
the fact that the boundary layer thickness is substantially reduced in the ASBL
case. The spanwise wavenumber of the optimal perturbation in the ASBL has
been calculated and is β = 0.53, when normalized with the displacement thickness. The spanwise scale of the streaks decreases with increasing turbulence
intensity (T u) and approaches the scale given by optimal perturbation theory
This has been shown for the BBL case as well.
The initial energy growth of FST induced disturbances has experimentally
been found to grow linearly as T u2 Rex in the BBL, the transitional Reynolds
number to vary as T u−2 , and the intermittency function to have a relatively
well-deﬁned distribution, valid for all T u.
The wake behind a porous cylinder subject to continuous suction or blowing
has been studied, where amongst other things the Strouhal number (St) has
been shown to increase strongly with suction, namely, up to 50% for a suction
rate of 2.5% of the free stream velocity. In contrast, blowing shows a decrease
of St of around 25% for a blowing rate of 5% of the free stream velocity in the
considered Reynolds number range.
Descriptors: Laminar-turbulent transition, asymptotic suction boundary layer, free stream turbulence, Tollmien–Schlichting wave, stability, ﬂow control,
cylinder wake.
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Preface
This doctoral thesis in ﬂuid mechanics is a paper-based thesis of both experimental and theoretical character. The thesis treats of boundary layers on
ﬂat plates as well as wakes behind porous cylinders. The main thread in the
thesis is control, which is applied passively and actively on boundary layers
in order to inhibit or postpone transition to turbulence; and actively through
the cylinder surface in order to eﬀect the wake characteristics. The thesis is
divided into two parts in where the ﬁrst part, starting with an introductory
essay, is an overview and summary of the present contribution to the ﬁeld of
ﬂuid mechanics. The second part consists of ten papers, which are adjusted to
comply with the present thesis format for consistency. However, their contents
have not been changed compared to published or submitted versions except for
minor reﬁnements. In chapter 7 of the ﬁrst part in the thesis the respondent’s
contribution to all papers are stated.
November 2003, Stockholm
Jens Fransson
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You asked, ’What is this transient pattern?’ If we tell the
truth of it, it will be a long story; It is a pattern that came
up out of an ocean and in a moment returned to that ocean’s
depth.
Omar Khayyam (1048–1131)
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Part I
Overview and summary

CHAPTER 1

Introduction
–You push the ends of the seat belt together and you hear the familiar click.
You are ready for take oﬀ. The cabin attendant walks through the aisle showing
the safety equipment while the plane taxes of to the runway. You are full of
expectations but also somewhat tense for the trip and you look out through
the window. The rain rattles on the wing. You feel the acceleration pulling you
back into your seat when the plane speeds up and rises. On twenty thousand
metres the plane levels out and the seat belt lights are switched oﬀ. The airhostess serves you the longed-for single malt and you lean back into your seat.
Within a few minutes you doze oﬀ. The plane ﬂies smoothly through air and
rain. How is it possible for this huge machine to rise up into the sky and ﬂy
you to your destination?

Figure 1.1. On December 17, 1903, in Kitty Hawk, North
Carolina, Orville Wright performed the ﬁrst ever airplane ﬂight
and this was the breakthrough to airplane development. The
image was downloaded from http://www.wam.umd.edu/.
1
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The explanation of the ability of an airplane to ﬂy is the lift force. Feeling
the lift force is an event you most likely faced as a kid. You probably remember
how you stretched out your arm through the car window, and how you by tilting
your hand could feel an upward or downward pointing force. In this context the
tilting angle of your hand is usually denoted angle of attack, whereas your hand
can be seen as a wing. The wellspring of the lift force on your hand is caused
by air accelerating around your thumb which gives rise to a low pressure, whilst
it decelerates along the palm causing a high pressure. This pressure diﬀerence
creates an upward pointing force, which is the lift force. When dad accelerated
the car you immediately felt how your hand reacted faster and stronger on a
small change of tilting angle. One can experimentally and theoretically show
that the velocity in square of the car is proportional to the lift force, which
explains the reaction of above acceleration. Exchanging a kids arm with a real
wing, specially designed to cause high lift, on both sides of the car you almost
have an airplane.
–Suddenly the plane is shaking and the ride feels extremely bumpy. You wake
up with your drink all over your trousers. Through the window you hardly see
the wing tip. Dark clouds and heavy rain are all that can be distinguished. The
seat belt lights are turned on and the captain instructs you to remain seated.
What is happening?
Strictly speaking there are two air ﬂow states, laminar and turbulent. The
former can be described as smooth and regular ﬂow like if the air was moving
in a series of layers sliding over one another without mixing. The latter state
is a ﬂow in which the velocity at any point ﬂuctuates irregularly and there is
continual mixing rather than a steady ﬂow pattern. In other words, laminar
ﬂow produces smooth and regular ﬂying conditions whilst turbulent ﬂow is
associated with a rough and irregular condition. Further, turbulence is a multieddy scale ﬂow, ranging from swirling air of hundreds of metres in scale to the
tiny Kolmogorov 1 scale (i.e. the smallest length scale of eddies in a turbulent
ﬂow) only a few microns in the perspective of a ﬂying commercial airliner.
Your intuition of a rough ﬂight is easier justiﬁed with the presence of bad
weather, but the fact is that turbulence can be present even in clear visible air.
The bumpy feeling caused by turbulence is in everyday language often denoted
’air-pockets’. Literally speaking this denomination is a myth. You may draw
the parallel when sitting in a speedy boat on heavy sea. The waves appearing
from all directions makes you jump around just as an airplane does in strong
turbulent air. Thus, similarly to the boat surrounded with water without any
’water-pockets’ you have air everywhere preventing you from falling down from
the sky. The only diﬀerence in the parallel above is that in air the large velocity
and pressure ﬂuctuations are invisible, in contrary to the surface water waves
that you are able to both see and feel.
1 Andrej

N. Kolmogorov (1903-1987), a soviet mathematician.
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There are many possible reasons that can make turbulence appear in an
atmospheric perspective, such as heated earth (due to sun exposure) which
makes warm air rise due to increasing pressure and a vertical movement of
air is caused, mountainous terrain which makes the air unstable simply due to
its geometrical presence, jet streams due to their high velocities (high velocity
ﬂows are more susceptible to transition), or meteorological reasons.
However, there is no universal theory for how turbulence appears. What is
a common consensus is that the turbulence originates from some instability in
the laminar state that grows in amplitude and eventually causes transition to
turbulence. Natural occurring phenomena in ﬂuid dynamics are complex and
appears irregularly why these favourably are investigated in a more controlled
manner and in a simpler conﬁguration, such as on a ﬂat plate positioned in a
wind tunnel. The present thesis includes theoretical as well as experimental
investigations on the transition process from laminar to turbulent state.

CHAPTER 2

Boundary layer transition
There are plenty of practical applications where ﬂuid dynamics is involved.
Knowledge in this area is preferred in many design studies on for instance onand oﬀ shore vehicles, airplanes, and space shuttles. A common interest in
vehicle design is to reduce drag in order to minimize the fuel consumption
and/or to be able to go faster as the case of Formula 1 cars.
When studying big streamlined vehicles (with a lot of surface), such as
an airliner, the major contribution to the drag comes from the skin friction.
In ﬁgure 2.1a) the skin friction coeﬃcient (cf ) over a ﬂat plate (with zero
pressure gradient) is plotted versus the Reynolds number (Rex ). These two
non-dimensional quantities are deﬁned as
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Figure 2.1. Laminar versus turbulent boundary layer. a)
Skin friction coeﬃcient versus Rex . The dotted line describes
a theoretical transition and is the Prandtl-Schlichting formula.
b) Laminar- (◦; Rex = 1.0 × 105 ) and turbulent (•; Rex =
7.3 × 105 ) mean velocity proﬁles. u∗ = u/U∞ . Solid line is the
theoretical Blasius proﬁle.
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Figure 2.2. Sketch of a ﬂat plate boundary layer.

In the expressions above τw is the wall shear stress, q the dynamic pressure,
U∞ is the free stream velocity, ν the kinematic viscosity, and x the downstream
distance from the leading edge. As can be seen in ﬁgure 2.1a) for large Rex values the diﬀerence in skin friction between laminar and turbulent boundary
layers becomes signiﬁcant, more precisely, the skin friction may be reduced
by one order of magnitude if transition can be inhibited. Even if this is not
possible there is a lot to gain if one may succeed to postpone the transition,
since the two curves are diverging. Figure 2.1b) shows typical wall normal
distributions of the mean streamwise velocity component for a laminar (low
Rex ) and a turbulent (high Rex ) measured proﬁle.
Roughly speaking there are two accepted routes of transition to turbulence
in boundary layer ﬂows, with totally diﬀerent driving physical mechanisms (cf.
Kachanov 1994, for a thorough review). These are the classical scenario of exponential character and the by–pass transition scenario. In the present chapter
these two scenarios are presented both theoretically and experimentally with
typical examples, namely the Tollmien–Schlichting wave and the free stream
turbulence induced transition scenarios, in order to elucidate their diﬀerences.
Real life applications of ﬂuid mechanics are usually of complex nature why
many fundamental phenomena are studied in detail on the most simpliﬁed
conﬁguration one can imagine, namely a ﬂat plate. In ﬁgure 2.2 a sketch of the
boundary layer on a ﬂat plate is shown. In the case of zero pressure gradient
the laminar boundary layer grows as x1/2 whilst the turbulent grows as x4/5 ;
this is indicated in the ﬁgure. The natural scenario is that a laminar boundary
layer starts to grow from the leading edge. The receptivity process at the leading edge, which may constitute of one or a combination of the shown primary
disturbance sources (namely sound waves, surface roughness, and free stream
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turbulence), causes an instability in the laminar boundary layer. This disturbance grows in space and time to some amplitude, where it becomes hostile to
secondary instabilities, and transition to turbulence takes place. Note, that a
reverse scenario may also take place in boundary layer ﬂows even though this
type of process is more infrequent, an example of relaminarization is a turbulent boundary layer that is exposed to a steep favourable pressure gradient, i.e.
an accelerated free stream (see e.g. Narasimha & Sreenivasan 1973; Parsheh
2000).

2.1. Tollmien–Schlichting wave scenario
For low environmental disturbances the transition scenario from laminar to turbulent ﬂow on a ﬂat plate boundary layer is rather well understood. This class
of transition starts with instability waves that are generated in the receptivity
process taking place close to the leading edge. The initial growth of these waves
may be described by Fourier modes ∝ ei(αx+βz−ωt) , where for spatially growing
waves the streamwise wave number α is complex and the angular frequency ω
and the spanwise wave number β are real. When assuming such a mode, in
a two-dimensional parallel base ﬂow, the Navier–Stokes equations linearized
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Figure 2.3. Spatial stability curves for two-dimensional
waves in a Blasius boundary layer. Solid lines are for constant
imaginary parts of the streamwise wave number (αi ) and dashdotted for constant real parts (αr ). The bold solid line is the
neutral stability curve. The displacement thickness (δ1 ) is the
characteristic length scale.
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Figure 2.4. Amplitude evolution of the TS-wave at F = 100.
In this and subsequent ﬁgures the symbols are experimental
results, and solid lines are the OS-solution of the Blasius proﬁle.
about the base state give rise to the well known Orr–Sommerfeld (OS) and
Squire (S) equations according to



1
2
2 2
(−iω + iαU )(D − k ) − iαU −
(D − k ) v̂ = 0 ,
Re
2

and

2


(−iω + iαU ) −




1
(D2 − k 2 ) Ω̂ = −iβU  v̂ ,
Re

(2.2)

(2.3)

respectively. Here D = ∂/∂y, k 2 = α2 +β 2 and v̂ and Ω denote the wall normal
amplitude and vorticity functions of the eigenmode. From the continuity and
the vorticity equations the streamwise and spanwise perturbation components
may be derived (see for instance Fransson 2001, for a full derivation of above
equations). Solution procedures for this semi-coupled system may be found in
e.g. Drazin & Reid (1981); Schmid & Henningson (2001).
These waves grow/decay exponentially (according to the ansatz) and the
critical Reynolds number is, according to Squire’s theorem, obtained for a twodimensional wave (i.e. for β ≡ 0) and is called a Tollmien–Schlichting (TS)
wave. In ﬁgure 2.3 the stability diagram (based on linear parallel theory)
is given for the Blasius proﬁle. The solid lines are contours of the growth
factor (αi ) where the bold solid line shows the neutral stability curve, i.e. the
contour line of αi = 0. The dash-dotted lines correspond to contour lines of
constant wave number (αr ). Here, the Reynolds number (Re) is based on
the displacement thickness (δ1 ), and F is the non-dimensionalized frequency
deﬁned as
2
) × 106 .
F = (ων/U∞
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Figure 2.5. Phase distribution in the streamwise direction at
F = 100.

If a TS-wave in a Blasius boundary layer reaches high enough amplitude
(1% of U∞ ), three-dimensional waves and vortex formations develop (still
laminar) that give rise to the appearance of turbulent spots which merge and
bring the whole ﬂow into a fully turbulent one. The ﬁrst successful wind tunnel
experiment on TS-waves was carried out and reported by Schubauer & Skramstad (1948). However, these results were not in full agreement with theory and
for long the discrepancy between linear parallel stability theory and experiments were believed to be due to the non-parallel eﬀect of a growing boundary
layer. However, Fasel & Konzelmann (1990) found out through direct numerical integration of the Navier–Stokes equations that this eﬀect is quite small and
that it hardly inﬂuences the amplitude and phase distributions. Later, parabolized stability calculations by Bertolotti (1991) showed that the non-parallel
eﬀect becomes signiﬁcantly stronger for three-dimensional disturbances. Finally, the experiments by Klingmann et al. (1993), performed with a special
designed asymmetric leading edge (in order to get rid of the pressure suction
peak), could show excellent agreement with non-parallel theory, which is close
to the parallel theory for two-dimensional disturbances.
In the following controlled stability experiments, where the studied disturbance is generated with a known frequency, together with theoretical results are shown. In ﬁgure 2.4 the amplitude distribution of the TS-wave at
F = 100 is shown (in this and following ﬁgures A corresponds to the maximum
measured amplitude in the proﬁle). The experiment (◦-symbols) shows good
agreement with linear parallel theory (solid line), where both the ﬁrst and the
second branch are well captured by the experiment. The TS-wave is generated
at x = 205 mm and decays until reaching the ﬁrst branch at approximately
Re=728.5. From there on it grows in amplitude until reaching the second
branch at approximately Re=1233.5 where it starts to decay.
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Figure 2.6. Amplitude- and phase distribution proﬁles for
F = 59 at diﬀerent x-positions. (×)-symbols and dashed lines
correspond to measured and theoretical amplitude proﬁles respectively. (◦)-symbols and solid lines are the corresponding
phase proﬁles.
The phase velocity (c = ω/αr ) of the wave can be determined simply by
determining the real part of the wave number (αr ) since the angular frequency
(ω) is known. In ﬁgure 2.5 the phase distribution in the streamwise direction is
plotted. The phase is taken at the wall-normal distance above the plate where
the inner maximum amplitude appears. αr is then determined by calculating
the phase gradient (∂φ/∂x), and it is seen to be constant throughout the whole
investigated downstream distance. The symbols are experimental data, the
solid curve is the OS-solution, and the dashed line is the curve ﬁt for the
determination of the gradient. This curve ﬁt gives us a phase velocity of 0.34U∞
compared with the theoretical based on the Blasius proﬁle of 0.36U∞.
In ﬁgure 2.6 the amplitude distribution proﬁles are plotted for F =59 at
ﬁve diﬀerent downstream positions. The ﬁrst x-position closest to the disturbance source, in fact only 50 mm from the source (here located at x=1850 mm
or at Re=1350), is not fully developed in the upper part of the proﬁle when
compared to the OS-solution. However, from the second x-position the agreement is excellent in this part. Further, in ﬁgure 2.6 the corresponding phase
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a)

b)
Figure 2.7. Smoke visualization of Tollmien–Schlichting
wave breakdown. The ﬂow is from left to right. b) is a blow
up of a section in a). U∞ = 7.5 m/s, F =168, uT S /U∞ = 0.8%,
and λx ≈ 2.9 cm.

distribution proﬁles are also plotted, and they clearly show the phase shift of
π radians which can be shown to appear where ∂v̂/∂y changes sign, i.e. at
the wall-normal amplitude (v̂) maxima. The experimental data are in good
agreement with the OS-solution (solid line).
2.1.1. Flow visualization of TS-wave breakdown
The non-linear breakdown of TS-waves have been mapped out during the last
decades and can today be considered known (cf. Herbert 1983; Kachanov 1994,
for reviews on the topic). When the amplitude of the TS-wave is large enough
(∼ 1% in urms of U∞ ) the wave becomes three-dimensional. Klebanoﬀ et al.
(1962) observed a spanwise scale of the same order as the streamwise wavelength
which later became known as the K-type transition after Klebanoﬀ but also fundamental since the frequency of the secondary spanwise periodic matched the
original two-dimensional TS-wave. In this scenario Λ-shaped vortices appear in
the non-linear stage that are aligned in both the streamwise and spanwise directions. Another ”similar” breakdown was observed by Kachanov et al. (1977)
that diﬀers in the secondary frequency which is half of the original TS-wave
frequency. This type is known as the N-type1 transition after Novosibirsk or
the subharmonic scenario, in where the Λ-shaped structures are arranged in a
staggered pattern. In ﬁgure 2.7 a smoke visualization is shown of a TS-wave
dominated transition scenario. The breakdown seams to occur localized in the
spanwise direction which is due to the nature of the two-dimensional wave generating device, namely a vibrating ribbon, that provides the wave with a higher
amplitude in the centre. In ﬁgure 2.7b) it is possible to discern that a K-type
transition scenario is present in the experiment, which is to be expected at this
high initial amplitude of the TS-wave (uT S ), namely 0.8% of U∞ .
1 Note

that this type of transition is sometimes referred to as H-type after Herbert (1983).
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2.2. Free stream turbulence scenario
It is well known that for the Blasius boundary layer free stream turbulence
(FST) induces disturbances into the boundary layer which give rise to streamwise oriented structures of low and high speed ﬂuid (see e.g. Kendall 1985;
Westin 1997; Jacobs & Durbin 2001; Matsubara & Alfredsson 2001; Brandt &
Henningson 2002; Fransson & Alfredsson 2003a; Brandt 2003, for thorough investigations of such a ﬂow). These structures grow in amplitude and establish
a spanwise size which is of the order of the boundary layer thickness far away
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from the leading edge. When the streaks reach a certain amplitude they break
down to turbulence, probably through a secondary instability mechanism (see
e.g. Andersson et al. 2001). This type of boundary layer disturbance was originally called the breathing mode by Klebanoﬀ (1971), since the wall-normal
disturbance proﬁle resembles that which would result from a locally continuous thickening and thinning of the boundary layer edge (see Taylor 1939).
However, this mode is nowadays recognized as the Klebanoﬀ mode which was
proposed by Kendall (1985), and can be viewed as one scenario of by–pass
transition (Morkovin 1969). It is a relatively rapid process by–passing the
traditional TS-wave dominated transition scenario resulting in breakdown to
turbulence at subcritical Reynolds numbers when compared with the predicted
value by traditional theory. Nonlinear theories were tested (see e.g. Orszag
& Patera 1983) in order to ﬁnd a theory that matched experimental results.
However, the nonlinear terms of the Navier–Stokes equations can be shown not
to be part of the growth mechanism (see e.g. Drazin & Reid 1981). A possible
mechanism governing this type of transition scenario is the transient growth,
i.e. an algebraic growth of the disturbance energy until viscosity becomes signiﬁcant which eventually causes an exponential decay of the energy.
Algebraic growth is a consequence of the non-normality of the governing
diﬀerential operator: as the normal modes are not orthogonal, constructive
and destructive interference may give rise to transients before the asymptotic
state described by modal theory sets in (Schmid & Henningson 2001). Butler
& Farrell (1992) pioneered the study of optimal perturbations (OP) in shear
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ﬂows; their ﬁndings and those of later workers indicate that the initial conditions which maximize perturbation kinetic energy are streamwise-oriented
vortices which produce streaks (variations in the streamwise perturbation velocity). Ever since the transient growth and its linear physical mechanism
was described by Ellingsen & Palm (1975), and Landahl (1980) a number of
works has been done on the topic. Among the earlier ones are e.g. Hultgren &
Gustavsson (1981), Gustavsson (1991), Reddy & Henningson (1993), and Trefethen et al. (1993). For more recent publications on the subject see e.g. Luchini
(2000), Reshotko (2001), and Andersson et al. (2001). A physical explanation
for this was advanced by Landahl (1980), who noted that such initial conﬁgurations of perturbation velocity are ideally suited to ’lift-up’ low-speed ﬂuid into
relatively faster ﬂow and vice versa, exchanging momentum and generating a
streak.
In ﬁgure 2.8 streamwise disturbance and mean velocity wall normal distributions are plotted for diﬀerent T u-levels. In ﬁgure 2.8a) it is clear that
the presence of higher FST intensity causes a higher disturbance level inside
as well as outside the boundary layer, without aﬀecting the mean velocity (cf.
ﬁgure 2.8c). It is both the Reynolds number and the T u-level that sets the
state, i.e. whether the ﬂow is in the sub-transitional, transitional, or in the
post-transitional state. At least up to the transitional state one can expect
a self similar disturbance proﬁle through the boundary layer. Thereafter, the
disturbance peak moves towards the wall and the disturbance level spreads
out more in the entire boundary layer, this may be observed in ﬁgure 2.8b).
An interesting observation is that the level of the disturbance peak inside the
boundary layer increases linearly with T u which is shown in ﬁgure 2.8d), where
solid lines are curve ﬁts to the data (see caption for more information).
In ﬁgure 2.9a) the energy distribution versus the downstream distance
for the three diﬀerent T u-levels are shown. It is seen that the disturbance
(urms /U∞ ) reaches levels around 14% for T u=4.0% before it starts to decrease, which is connected to the transitional nature of the boundary layer. It
should be observed that this decrease has nothing to do with the exponential
viscous decay mentioned earlier in connection with transient growth, which is
a purely linear mechanism. What is observed in ﬁgure 2.9a) is the algebraic
growth followed by transition. That the peak becomes smaller with decreasing
T u is probably connected to the relation between turbulent scales in the free
stream (that are diﬀerent for all three cases), the disturbance level, the streak
spacing, and the boundary layer thickness. Note, also that the energy seems to
asymptote to a constant level around E = 0.007 independent of the T u-level
after reaching the maximum value. The intermittency function for the three
diﬀerent cases in a) are shown in ﬁgure 2.9b). The maximum (in ﬁgure 2.9a) is
closely related to the point of γ=0.5, i.e. the point where the ﬂow alternatively
consists of laminar portions and turbulent spots which explains the high urms
value. In a) it is seen that the higher the T u the smaller the Rex for which
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the maximum occurs, and ﬁgure 2.9b) shows that the relative extent of the
transitional zone is larger for T u=4.0% than the other two.
2.2.1. Flow visualization of free stream turbulence breakdown
The photograph in ﬁgure 2.10 shows the free stream turbulence induced transition scenario. The ﬂow is from left to right and the white smoke regions have
been shown to correspond to low velocity streaks (see Alfredsson & Matsubara
2000). Secondary instabilities on the streaks triggers turbulent spots according to a Dirac probability density function (cf. Dhawan & Narasimha 1957)
which causes a fully turbulent ﬂow further downstream (see the right end in
the photograph). In ﬁgure 2.11 an image sequence from the primary instability, the streaks, to a fully developed turbulent spot is shown. From studying
video recordings, taken in the MTL wind tunnel at KTH, of this transition
scenario one may conclude that the naturally occurring secondary instability
is of sinuous-type and acts on a low speed streak. This is clearly visualized in
the particular sequence shown in ﬁgure 2.11.

Figure 2.10. Smoke visualization of free stream turbulence
induced transition in a ﬂat plate boundary layer. Flow direction is from left to right. T u = 2.2%, U∞ = 6 m/s, and the
streamwise extent of the photograph is 220–700 mm. From Alfredsson & Matsubara (2000).
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(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.11. Smoke visualization of free stream turbulence
induced transition in a ﬂat plate boundary layer. Sequence of
a typical breakdown. U∞ = 3 m/s and T u = 2.2%. Note that
this is a natural scenario, i.e. there is no artiﬁcial triggering
on the streak.
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CHAPTER 3

Boundary layer ﬂow control
One area of signiﬁcant recent interest in ﬂuid dynamics is laminar ﬂow control
(LFC). A possible method of LFC is to apply suction at the wall. A deﬁnition of
this control method is given in Joslin (1998), where it is pointed out that LFC is
a method to delay the laminar-turbulent transition and not to relaminarize the
ﬂow. The energy cost is typically one order of magnitude higher in the latter
case, which makes the deﬁnition appropriate since the optimal performance
is not obtained (as one may believe) when the suction completely absorbs
the boundary layer. The more suction that is used the steeper the velocity
gradient of the boundary layer at the wall implying an increase in skin-friction.
Therefore, the balance between retaining the ﬂow laminar and keeping low
energy consumption is actually the optimal performance.
The viscous drag accounts for 50% of the total drag of a commercial transport aircraft, and since the diﬀerence between the turbulent and the laminar
skin-friction typically is one order of magnitude at the same Reynolds number
the interest in LFC (or hybrid laminar ﬂow control HLFC) is motivated by the
reduced fuel consumption that may be achieved (see Saric 1985; Joslin 1998).
In connection to drag reduction experiments (i.e. LFC) suction through
spanwise slots, porous panels and discrete holes has been applied (see e.g. Pfenninger & Groth 1961; Reynolds & Saric 1986; and MacManus & Eaton 2000 as
well as Roberts et al. 2001, respectively). A general review of various types of
surfaces and of the results achieved in wind tunnel tests is given by Gregory
(1961), where pros and cons for practical applications on aircraft are discussed.
The ﬂow characteristics through laser drilled titanium sheets were investigated
by Poll et al. (1992b) and was shown to be laminar, incompressible and pipe
like. Poll et al. (1992a) conducted a cylinder experiment made of a similar
laser drilled titanium sheet. The eﬀect of suction was found to have a powerful
eﬀect upon cross-ﬂow induced transition.
In an experimental and numerical study performed by MacManus & Eaton
(2000) the ﬂow physics of boundary layer suction through discrete holes was
investigated. The aim was to use a realizable design and ﬁnd a critical suction
criterion for transonic cruise conditions. They showed that the suction may
destabilize the ﬂow by introduction of contra-rotating streamwise vortices but
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that for small enough perforations (d/δ1 < 0.6) transition is not provoked by
suction independent of suction velocity.
Roberts et al. (2001) found that two types of instability are possible when
non-uniformities of suction are present. The ﬁrst one is connected to the classical TS-wave that is modiﬁed due to the non-uniformities and the second one
are streamwise vortices that are induced due to the non-uniformities alone.
The latter instability was triggered by a ﬁnite band of suction wave numbers
and the strength of this instability was shown to increase almost linearly with
the amplitude of the suction non-uniformities and ﬂow Reynolds number.
The application of optimal control theory to laminar ﬂow control has
sparked a renaissance in the ﬁeld (Bewley & Liu 2001). An extensive amount
of work has been done on the subject of ﬂow control in general and the interested reader is addressed to Moin & Bewley (1994); Joslin et al. (1996);
Joslin (1998); Lumley & Blossey (1998); Balakumar & Hall (1999); Högberg
(2001); Lundell (2003), just to mention a few works on both experimental and
numerical control. Pralits et al. (2002); Pralits (2003) and Airiau et al. (2003)
have recently outlined methods in which modiﬁcations to the boundary layer
ﬂow by spatially-varying steady suction create conditions which stabilize linear
disturbances.
The diﬃculties of sensing boundary layer disturbances in an aerospace
setting on the one hand, and the inherent complexity of a system capable
of delivering variable suction at an arbitrary position on a lifting surface on
the other, pose formidable implementation challenges with technology available
today. The simple case where the boundary layer is subject to uniform, constant
suction, as initially envisioned by the pioneers in the ﬁeld, is far more likely
to ﬁnd application in practice (see also Amoignon et al. 2003, in where shape
optimization is used in order to theoretically delay transition ).

3.1. Asymptotic suction boundary layer
When uniform wall-normal surface suction is applied over a large area the
well known asymptotic suction proﬁle will be reached after some evolution
region. According to Schlichting (1979) it was Meridith and Griﬃth that ﬁrst
derived the asymptotic suction proﬁle, which is an exact solution of the Navier–
Stokes equations in the asymptotic limit of constant suction. Assuming that
the streamwise velocity varies only in y and that the wall-normal velocity is
constant the subsequent simpliﬁcation of the x-momentum equation permits
its direct integration to,


U (y) = U∞ 1 − ey V0 /ν ,

(3.1)

where V0 is the normal velocity applied at the wall. Physical solutions are
associated only with the suction case V0 < 0 (see Schlichting 1979; White 1991,
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and their references for more details). Since the streamwise velocity is given
by an analytic expression (3.1) the characteristic boundary layer scales may be
calculated exactly and the result is shown below
δ1 = −

δ0.99 =

uτ =

ν
;
V0

δ2 = −

1 ν
;
2 V0

(3.2)

ν
log(0.01) = δ1 log(100) ;
V0



−V0 U∞ ;

δ1
;
#= √
Re

where uτ and # are the viscous velocity and length scales, respectively. Re
is the Reynolds number based on δ1 and is solely determined by U∞ and V0
according to

Re =

U∞ δ1
U∞
.
=−
ν
V0

(3.3)

Note that the exponent in equation (3.1) is equivalent to −y/δ1 , and that the
shape factor of the asymptotic suction boundary layer becomes exactly 2.
In ﬁgure 3.1 experimentally measured velocity proﬁles are shown at different Re both in a Blasius boundary layer and in three asymptotic suction
boundary layers (see caption for symbols).
The measured proﬁles in ﬁgure 3.1 veriﬁes the similarity proﬁle feature that
both these boundary layers possess. Iglisch1 extended the asymptotic work by
Meridith and Griﬃth to the non-similar ﬂow arising before the asymptotic
state establishes itself, and outlined a method for ﬁnding the velocity proﬁle
corresponding to an arbitrary suction distribution. Later, Rheinboldt (1956)
developed this further to include an impermeable entry length followed by a
region of uniform suction through the surface, and the problem was solved through series expansion. This impermeable entry length approach is considered
below.
If an impermeable area is considered from the leading edge to where the
suction starts the boundary layer will be allowed to grow and a Blasius velocity
proﬁle will be developed for a zero pressure gradient ﬂow. In the evolution
region the proﬁle will then undergo a transformation from the Blasius state to
the asymptotic suction state. This spatial evolution can from a simple approach
be described through a non-dimensional evolution equation. The ﬁrst step is
to introduce a stream function according to
1 See

Schlichting (1979) for reference.
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Figure 3.1. Velocity proﬁles for the Blasius and the asymptotic suction boundary layers at diﬀerent Re. The Blasius
proﬁles with (+)- and ( )-symbols correspond to Re = 544
and 1333, respectively. The asymptotic suction proﬁles are
shown for Re = 250, 357, and 500 with the symbols (♦), (),
and () respectively. The solid lines are the corresponding
theoretical Blasius- and asymptotic suction proﬁles, and the
dashed line shows the diﬀerence between the two proﬁles.

ψ=

−V0
ξ=x
U∞




νxU∞ f(ξ, η) ,


U∞
;
νx

η=y

U∞
.
νx

The streamwise and normal velocity components are recovered through
∂f
u(η) = U∞
∂η


and

v(η) =

U∞ ν
4x


η

∂f
∂f
−ξ
−f
∂η
∂ξ


,

respectively. When applied to the boundary layer equations we get the following
third order non-linear partial diﬀerential equation
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Figure 3.2. The displacement thickness evolution from the
evolution equation (3.4) vs the downstream distance to the
power of two. See text for comments.

∂ 3f
1 ∂2f
1
+ f 2 + ξ
3
∂η
2 ∂η
2



∂f ∂ 2 f
∂f ∂ 2 f
−
2
∂ξ ∂η
∂η ∂η∂ξ


= 0,

(3.4)

with the corresponding boundary conditions
f
∂f
∂η

= ξ (suction)
= 0 (no-slip)

at η = 0 and

∂f
→ 1 as η → ∞ .
∂η

Along the impermeable entry length a Blasius boundary layer is assumed to
develop and is given as input to the evolution equation.
In ﬁgure 3.2 the displacement thickness (δ1 ) of the proﬁles in the evolution
region is plotted. The diﬀerent curves (0, 1, 2, 3, and 4) can be seen as diﬀerent impermeable entry lengths shown with the dotted lines, i.e. they belong to
diﬀerent values of the initial length (ξL ). Independently of the impermeable entry length all curves asymptotes to unity, which corresponds to the asymptotic
suction condition (cf. expression 3.2 and note the scaling).
The skin–friction coeﬃcient deﬁned in expression 2.1 can in the asymptotic
limit be expressed as
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Figure 3.3. Skin–friction coeﬃcient versus Rex . Solid lines
correspond to laminar and turbulent values of cf . Dash-dotted
and dashed lines correspond to the suction rates 0.01% and
0.1% of U∞ , and the diﬀerent curves belong to diﬀerent impermeable entry lengths (see ﬁgure 3.2).

cf =

τw
2ν ∂u
= 2
q
U∞ ∂y

=
y=0

2ν
= 2Re−1 .
U∞ δ1

(3.5)

Note that in the asymptotic limit cf is x independent and thus becomes
constant. Another interesting observation is that cf is viscosity independent.
As mentioned earlier the more suction that is applied (at a constant U∞ ) the
higher becomes the cf value, and for strong enough suction the skin–friction
actually becomes larger than the turbulent boundary layer. This is illustrated
in ﬁgure 3.3 where suction rates of 0.01% and 0.1% of the free stream velocity
have been considered and are plotted with dash-dotted and dashed lines, respectively. The diﬀerent curves belong to diﬀerent impermeable entry lengths
and are the same as in ﬁgure 3.2.
A fuller velocity proﬁle compared with the Blasius, such as a turbulent
proﬁle or the exponentially asymptotic suction proﬁle, carries more momentum
close to the wall and is therefore more resistant to ﬂow separation. This feature
is of course preferable at large angles of attack of an aircraft wing in order to
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Figure 3.4. Experimental and theoretical results of integral
boundary layer parameters. No suction (unﬁlled-) and suction
(ﬁlled symbols). () δ̃1 and (◦) δ̃2 are the displacement- and
momentum thickness, respectively, normalized with L1 ( UνL )1/2 .
( ) H12 is the shape factor. L = 360 mm.
avoid the wing from stalling and maintain a high lift force. The draw back
is the higher skin–friction that has to be balanced accordingly to meet the
requirements on the wing performance.
The experimental results of the integral boundary layer parameters show
excellent agreement with theoretical results (see ﬁgure 3.4). The dash-dotted
lines are from the Blasius solution and the solid lines originate from the evolution equation (3.4). L is the impermeable entry length.
3.1.1. Tollmien–Schlichting waves
Additional terms in the familiar Orr–Sommerfeld/Squire system (eqs. 2.2–2.3)
describing linear stability appear as a consequence of the normal velocity component in the asymptotic suction boundary layer, from here on these new equations are denoted the modiﬁed OS- and S-equation. However, it has long been
known that the change in shape of the mean streamwise velocity proﬁle is
the main reason for the altered stability characteristics of the ﬂow (Drazin
& Reid 1981). That this change is considerable is reﬂected by a two order
of magnitude increase in critical Reynolds number (Hocking 1975; Fransson
& Alfredsson 2003a). In turn, this indicates that modal Tollmien–Schlichting
disturbances are signiﬁcant in ﬂows where the free stream velocity dominates
the suction velocity.
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Figure 3.5. Amplitude distribution proﬁles for diﬀerent
downstream positions in an asymptotic suction boundary layer
for F =59 and Re = 347. Symbols are measured data, solid
line is the modiﬁed OS-solution and dotted line the OSsolution.

One should be aware of that the cross ﬂow does not have a stabilizing eﬀect
in all ﬂow conﬁgurations. Fransson & Alfredsson (2003b) showed that for the
case of channel ﬂow with permeable walls and cross ﬂow the situation becomes
more complicated and can give rise to both stabilization and destabilization
depending on the rate of cross ﬂow. The critical Reynolds number is lowered
by an order of magnitude (Rec = 667.4) as compared to plane Poiseuille ﬂow
at a cross ﬂow velocity of 5.7% of the streamwise velocity.
In ﬁgure 3.5 experimental and theoretical amplitude distribution proﬁles
are compared at diﬀerent downstream positions. Here, Re = 347 which implies that the TS-wave will decay rapidly after its generation. The solid line
is the solution from the modiﬁed OS-equation and the dotted is the ordinary
OS-equation. Note that the last proﬁle shown is only 350 mm from the disturbance source. Close to the disturbance source the experimental results show
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Figure 3.6. Phase distribution in the streamwise direction at
F =59 and Re = 347 in the asymptotic suction boundary layer.
quite good agreement with the modiﬁed OS-solution, whereas further downstream the disturbance is seen to be spread out towards the upper part of
the boundary layer and from x=2100 mm the measured data start to appear
somewhat scattered.
The phase velocity of the TS-wave with F =59 is determined in ﬁgure 3.6.
The solid line is the modiﬁed OS-solution and this solution almost corresponds
to a curve ﬁt to the measured data. The dotted line is the ordinary OS-solution.
The experimental phase velocity is determined to be c = 0.48U∞ , which is the
phase velocity predicted by the modiﬁed OS-solution.
In ﬁgure 3.7 the amplitude decay is shown together with theoretical results. The theoretical results overpredicts the stability of the TS-wave. The
experimental result gives a damping factor of αi = 0.0153 mm−1 , when the
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Figure 3.7. Amplitude decay versus the downstream distance for F =59 and Re = 347.
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ﬁrst six points are used for the curve ﬁt, and the modiﬁed OS-solution predicts
αi = 0.0263 mm−1 , i.e. a factor 1.72 higher.
3.1.2. Free stream turbulence
As already mentioned free stream turbulence gives rise to regions of high and
low velocity (streaky structures) and in a Blasius boundary layer the streamwise disturbance energy grows in linear proportion to the downstream distance. These streaky structures move slowly in the spanwise direction and if
the streamwise disturbance amplitude is measured (urms ) it is seen to increase
with the downstream distance when no suction is applied. However, in the
suction case (for this typical suction rate 0.3% of U∞ ) this amplitude increase
is found to be eliminated and the urms -proﬁles more or less collapse on each
other independent of the downstream position with a ﬁx free stream turbulence
intensity applied. This can be observed in ﬁgure 3.8 where the urms -proﬁles are
plotted for both cases, i.e. with and without suction, for the T u = 1.4%. The
position above the plate, where the maximum urms -value appears, does hardly
change in y/δ1 -units and is approximately 1.5, this corresponds to 1/2- and 1/3
of the boundary layer thickness without suction and with suction, respectively.
Similar results are found for other free stream turbulence intensities.
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Figure 3.8. urms -proﬁles for diﬀerent downstream positions
from the leading edge with T u = 1.4%. No suction (unﬁlled-)
and suction (ﬁlled markers). () Re = 889 mm; () Re = 994
mm and ( ) Re = 1088 mm. Solid lines are curve ﬁts to data.
Re = 347 in the suction case.
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Figure 3.9. The growth of the average disturbance energy
δ
inside the boundary layer, deﬁned as Eu = δU12 0 u2rms dy
∞
(where δ = δ0.99 ). a) T u = 1.4 %, b) T u = 2.2%, and c)
T u = 4.0%.
In ﬁgure 3.9 the averaged disturbance energy (Eu ) inside the boundary
layer is plotted versus the downstream distance from the leading edge. This
ﬁgure reﬂects the growth elimination observed in ﬁgure 3.8 in the suction case.
The ﬁgures show the well known linear growth of the disturbance energy with
the downstream distance for the no suction case and for all T u-levels. In the
case with suction the energy growth ceases and a more or less constant level
for each grid is obtained. Note that a larger suction would make the energy
disturbance level decay whilst smaller suction rates would simply dampen the
growth Yoshioka, Fransson & Alfredsson (2003).
The spanwise scale of the streaks can be determined through two-point
correlation measurements of the streamwise velocity component, deﬁned as

Ruu =

u(z)u(z + ∆z)
u(z)2

,

(3.6)
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Figure 3.10. Contour plots of the correlation coeﬃcient in
the (y, z)-plane. a) Blasius boundary layer x = 1800 mm
(Re = 1333), and b) asymptotic suction boundary layer
x = 1800 mm (Re = 347). T u = 1.4 %.
where ∆z is the distance between the two probes. It is well known that the position where the streamwise correlation coeﬃcient shows a distinct minimum can
be interpreted as half the dominating spanwise wavelength of the streaks (see
e.g. Westin 1997; Matsubara & Alfredsson 2001). From contour plots of Ruu
in the (y, z)-plane an overview of the structure inside the boundary layer is
achieved. In ﬁgure 3.10 such contour plots are shown for both the Blasius an
the asymptotic suction boundary layer at T u = 1.4%. These show that the
spanwise scale of the streaky structures is only slightly decreased by suction,
despite a twofold reduction in boundary layer thickness. This indicates that
disturbances inside the boundary layer is strongly dependent of the scale of the
FST.
So far only the streamwise velocity ﬂuctuation component has been considered and it has been shown to be strongly damped when suction is applied
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Figure 3.11. X-probe versus LDV measurements in boundary layers inﬂuenced by free stream turbulence. a) HWmeasurements, () no suction and () with suction. b) LDVmeasurements, (◦) no suction and (•) with suction. Measurements with no suction applied are performed at x = 1800 mm
(δ0.99 = 11.6 mm) and when suction applied at x = 2400 mm
(δ0.99 = 5 mm).
compared with the no suction case. In ﬁgure 3.11 both Hot-Wire (HW) data
(X-probe) in a) and Laser-Doppler-Velocimetry (LDV) data in b) of the wallnormal velocity ﬂuctuation are shown. The wall-normal distance has been
chosen to be dimensional for direct comparison between the no suction and
suction case. The peculiar peak observed in the HW-data inside the boundary
layer is a measurement error due to unsteady velocity gradients when using
X-probes (see Fransson & Westin 2002, for details). The diﬀerence in vrms
measured by the X-probe is a direct consequence of a much smaller amplitude of the streaks in the suction case. Aronson, Johansson & Löfdahl (1997)
showed that the wall-normal velocity component is damped over a region extending roughly one macroscale out from the wall in a shear free boundary, i.e.
it is actually the presence of the wall that dampens vrms and not the shear
layer that is created due to the wall (see also Hunt & Graham 1978). The
shear free boundary was created by having a moving wall at the same speed as
the free stream. Figure 3.11 show that in the no suction and the suction cases
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Figure 3.12. Streamwise perturbation velocity proﬁles at
R = 347. Lines are OP response (i.e. disturbance at tγ : solid
line for β = 0.33, the measured streak separation; dash-dotted
for β = 0.53, the maximum global optimal), symbols represent
experimental data (urms ) at diﬀerent downstream positions,
x = 1m (), 1.6 m ( ), 2m () for a ﬂow with T u = 1.4%.
the vrms -proﬁles are similar and decrease monotonously from the free stream
towards the wall. This indicates that the suction does not strongly inﬂuence
the normal velocity ﬂuctuations close to the wall.
As shown by Fransson & Westin (2002) X-probe measurements to get the
wall-normal ﬂuctuation in streaky boundary layers is not an alternative (see
also Talamelli et al. 2000, for further complications). LDV give accurate data
but it is diﬃcult to get high concentration of smoke close to the wall which
implies that the sampling time increases enormously when approaching the
wall. Due to diﬃculties in measuring the wall-normal ﬂuctuation it has unfortunately been passed over. A large eddy simulation performed by Yang &
Voke (1993) show that it is the pressure- and wall normal velocity ﬂuctuations
that are most eﬃcient in exciting perturbations in the boundary layer, whereas
streamwise ﬂuctuations are rather harmless. This means that a high correlation between the disturbances (and their scales) inside the boundary layer and
the wall-normal ﬂuctuation in the free stream is to be expected, and should be
investigated in more detail.
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The asymptotic suction boundary layer is one case in which the algebraic
growth mechanism presents the only viable linear route to transition at Reynolds numbers of practical interest. In this context it is reasonable to compare
the optimal response state to disturbances measured inside the boundary layer
(cf. §6 of Luchini (2000) for more details). Figure 3.12 compares perturbation
velocity proﬁles of two diﬀerent optimal perturbations (OP) with measurements
at three diﬀerent streamwise stations when T u = 1.4%. The agreement is good
between the theoretical predictions, corresponding to the maximum global optimal for this ﬂow and the global optimal at the measured streak spacing, and
measurements carried out at three x-stations. As might be expected the concordance is slightly better for the optimal whose spanwise periodicity matches
the experimental conditions (for further details and results see Fransson &
Corbett 2003).
Fransson & Alfredsson (2003a) report a decrease of the spanwise scale inside the boundary layer with increasing T u for a Blasius ﬂow, and good agreement of the spanwise scale with spatially predicted OP-scales by Andersson
et al. (1999) and Luchini (2000). In Fransson & Corbett (2003) this hypothesis
is strengthened since it is shown that for high enough T u (if directly connected
to the streak spacing) the boundary layer preferentially ampliﬁes disturbances
whose scales are close to that of the optimal disturbance. However, it should be
remembered that the free stream scales are important and that the FST level
does probably not set the spanwise scale inside the boundary layer by itself.

3.2. Steady streaks and its eﬀect upon stability
The stability properties of the streaky three-dimensional (3D) boundary layers
may strongly diﬀer from those of the two-dimensional (2D) Blasius boundary
layer and depend on the streak amplitude and shape.
For streaks of suﬃciently large amplitude the inﬂection points, appearing
in the 3D basic ﬂow, are able to support high frequency secondary instabilities
of inviscid nature. Andersson et al. (2001) analyzed the linear inviscid stability
of a family of streaky boundary layers parameterized by the amplitude of the
linearly-optimal vortices, which are forced at the leading edge of the ﬂat plate
. They found that the inﬂectional instability sets in when the maximum streak
amplitude exceeds a critical value of 26% of the free stream velocity.
The viscous stability of the same family of basic ﬂows considered by Andersson et al. (2001) has been recently explored in the case of moderate amplitudes
of the streaks (< 26%U∞), which are therefore stable to inviscid instability. It
was found (Cossu & Brandt 2002; Brandt et al. 2003) that, in that case, the
streaks have a stabilizing eﬀect on the viscous Tollmien-Schlichting waves. It
was therefore suggested to artiﬁcially force such moderate amplitude, steady
streaks in the 2D Blasius boundary layer in order to delay the onset of the
viscous TS instability, and, hopefully the onset of turbulence, to larger values
of the Reynolds number.
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Preliminary wind tunnel tests have been performed in order to verify the
stabilization eﬀect of TS-waves, which show promising results. However, it is
important to deﬁne a proper measure of the energy growth/decay in order to
”prove” the stabilization eﬀect, and to get rid of the higher harmonics in the
initial generation process of the steady streaks, which otherwise will undesirely
inﬂuence the stability and comparison with theory will be diﬃcult.
White (2002) shows by Fourier decomposition of the velocity ﬁeld into
diﬀerent modes that roughness elements induce harmonics in a wide range of
spanwise wavenumbers. Furthermore, comparison with optimal perturbation
theory is done and turns out to disagree, implying that the streaks generated
by White (2002) were not the optimal. The question whether it is possible to
generate an optimal streak or not still remains unanswered. However, the generated streaks in Fransson et al. (2003a) were shown to agree with suboptimal
theory. Here, both the optimized initial perturbation’s position (corresponding
to the position of the experimental roughness elements) as well as the perturbation’s location in the wall-normal direction was considered. The former
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Figure 3.13. Comparison between the experimental results
and suboptimal perturbation theory. a) Wall-normal maximum of the streak amplitude, and its corresponding position
above the wall in b). For further information consult Paper
6.
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consideration was investigated by Levin & Henningson (2003), but can not
alone explain the suboptimal streaks observed in experiments. The latter consideration was implemented by stretching or compressing the the wall-normal
velocity proﬁle of the optimal upstream perturbation. The result is shown
in ﬁgure 3.13 where the stretching/compressing parameter has been tuned to
match the experimental data, and it turns out that the optimal perturbation
has to be compressed (i.e. the maxima in the initial perturbation is found closer
to the wall) in order to agree with the amplitude evolution of the experimental
streaks.
3.2.1. Generation mechanisms
A comparison of the present results with similar experimental studies in literature shows that two distinct ﬂow conﬁgurations can be induced by the presence
of roughness elements; they are both characterised by the formation of streamwise elongated velocity perturbations and diﬀer in the relative position of the
high- and low speed streaks with respect to the roughness elements. In the
experiments by Kendall (1990), Gaster et al. (1994) and related simulations
by Joslin & Grosch (1995), White (2002), and Asai et al. (2002), a region of
defect velocity is formed straight behind the element. This is most likely due
to the presence of the wake, which persists downstream forming the low speed
streak. Conversely, in the present experiment, similarly to what was observed
by Bakchinov et al. (1995), a high-speed region is induced behind the roughness
element. Two diﬀerent generation mechanisms are therefore dominating and in
Paper 6 of the present thesis we attempt an explanation for this behaviour by
considering the perturbation induced by a roughness element in a wall-bounded
shear ﬂow (see Acarlar & Smith 1987). For other streak generation techniques
see Fransson et al. (2003a), Paper 6.

CHAPTER 4

Porous cylinder and ﬂow control
A ﬂow conﬁguration that has attracted researchers and scientists over many
years is the ﬂow past bluﬀ bodies. This conﬁguration oﬀers the interaction
of three shear layers to be studied (cf. e.g. Williamson 1996), namely the
boundary layer, the separating free shear layer, and the wake ﬂow. From a
fundamental research point of view it is a very complex ﬂow geometry that can
advance many ﬂow phenomena in diﬀerent Reynolds number ranges, such as
boundary layer separation, periodic vortex shedding, wake transition, boundary layer transition, ﬂow reattachment, separation bubbles etc. These ﬂow
phenomena are of direct relevance to many practical and industrial applications, where the vortex shedding in particular plays an important role, such as
in telecom masts, aircraft and missile aerodynamics, civil and wind engineering,
marine structures, and underwater acoustics. The periodic vortex shedding can
lead to devastating structural vibrations that ﬁnally lead to material fatigue
and structural failure in this context denoted vortex induced vibrations.
The vortex shedding instability is a self excited oscillation that will set in
even if all sources of noise are removed (see Gillies 1998), and can be shown
to be attributed to the local stability property of the two-dimensional mean
velocity wake proﬁle behind a bluﬀ body. Monkewitz (1988) identiﬁed a sequence of stability transitions by using a family of wake proﬁles, that resulted
in ReC < ReA < ReK , where ReC (≈ 5), ReA (≈ 25), and ReK (≈ 47) are critical Reynolds numbers that mark the onset of convective, absolute, and von
Kármán shedding instability, respectively. This sequence was in fully agreement with the qualitative model predictions by Chomaz et al. (1988) the same
year. The onset of the global von Kármán shedding mode occurs via a so-called
supercritical Hopfh bifurcation (see e.g. Provansal et al. 1987). For a review on
the stability properties of open ﬂows in general the interested reader is referred
to Huerre & Monkewitz (1990), and for reviews on cylinder ﬂows in particular
see e.g. Williamson (1996); Buresti (1998); Norberg (2003); Zdravkovich (1997,
2003).
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a)

b)

c)

Figure 4.1. Saguaro cactus. a) Two fairly young Saguaros
(approximately 85 years of age). b) A toppled Saguaro. c)
Close-up of the Saguaro’s spines and cavities.

4.1. Biological example of ﬂow control
A good example of geometrical ﬂow control, by thousands of years of evolution,
is the Saguaro cactus (see ﬁgure1 4.1a). The Saguaro is the largest cactus in
USA and reaches commonly heights of 12 m with a diameter of 0.5 m. However,
due to their heights the Saguaro is vulnerable to high speed winds (storms)
which sometimes make them topple but not necessarily brake (cf. ﬁgure 4.1b).
The Saguaro can be viewed as a giant cylindrical structure and as mentioned
above the wake will become unstable and a von Kármán eddy street will develop
in the wake which will cause huge side forces on the cactus. Years and years
of evolution has provided the Saguaro with a very complex outer geometry
wich is most probably the optimal by means of minimizing induced side forces.
This geometry has taken the form of longitudinal V-shaped cavities and spines
(see ﬁgure 4.1c). For references on the topic the interested reader is referred
to Talley & Mungal (2002).

4.2. Vortex shedding control
The ability to control the wake and the vortex shedding of a bluﬀ body can
for instance be used to reduce drag, increase heat transfer and mixing, and
1 The

images were downloaded from http://helios.bto.ed.ac.uk/bto/desbiome/saguaro.htm
and http://www.nps.gov/sagu/Saguaros/saguaro.htm

4.2. VORTEX SHEDDING CONTROL

35

enhance combustion. Over the second half of the last century there has been a
number of successful attempts to control the shedding wake behind bluﬀ bodies
with the practical goal of reducing the pressure drag on the body.
4.2.1. Rectangular-based forebody
A control approach that has shown to be eﬀective in reducing the average
strength of the vortices and the shedding frequency is base bleed (cf. e.g.
Wood 1967; Bearman 1967). For successively increasing bleeding rates the
regular shedding of vortices ceases, intermittently at ﬁrst, and then completely.
Hannemann & Oertel (1989) performed numerical simulations on the eﬀect of
uniform blowing from the base, and reported a critical value2 (cq = 0.214) for
which vortex shedding was suppressed. Uniform suction from the base was
considered numerically by Hammond & Redekopp (1997) and they report a
continuous decline of the wake shedding frequency with a gradual increase of
suction until an abrupt suppression occurs at a suﬃciently high suction rate.
4.2.2. Cylinder
A simple passive control method is to place a thin splitter plate aligned in
the streamwise direction on the centreline of the near wake (see Roshko 1955,
1961). For a speciﬁc length of the splitter plate the sinuous von Kármán mode
is altered for a varicouse mode that causes a pair of twin–vortices to be formed,
one on each side of the plate. More recently, Grinstein et al. (1991) carried out
numerical simulations on the eﬀect of an interference plate in the wake of a
thick plate and found that the base pressure coeﬃcient could decrease by a
factor of 3 depending on the length of the interference plate and its separation
from the base.
Experiments on circular cylinders with forced rotary oscillations have shown
to give a drag reduction of up to 80% at Re = 15000 for certain ranges of frequency and amplitude of the sinusoidal rotary oscillation (see Tokumaru &
Dimotakis 1991). Shiels & Leonard (2001) performed numerical simulations of
this control approach, where the above experimental foundings were veriﬁed,
and showed indications that this kind of control could be even more eﬃcient
at higher Re.
Control approaches using feedback control have also been attempted. Roussopoulos (1993) carried out experiments in a wind tunnel with acoustic waves
from a loudspeaker as actuation as well as by vibrating the cylinder. In a numerical study by Park et al. (1994) blowing and suction through slots on the
rear part of the cylinder were utilized as actuation. However, this investigation
2 c = m∗ /U D ∗ , were m∗ is the mass ﬂow rate divided by density and for unit depth which
q
∞
is blown into the wake at the base of the plate, U∞ is the free stream velocity, and D ∗ is the
thickness of the plate.
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were performed at relatively low Reynolds numbers (< 300) and so far it does
not exist any results on higher Re-ﬂows.
Glezer & Amitay (2002) used synthetic jets, which provide a localized
addition of momentum normal to the surface, on selected positions over the
cylinder in order to delay separation in both laminar and turbulent boundary
layers. They argued that this delay was caused by increased mixing within
the boundary layer. In addition, the interaction between the jet and the cross
ﬂow has a profound eﬀect both on the separated shear layer and on the wake;
the magnitude of the Reynolds stresses is reduced indicating that the delay in
separation is not merely the result of a transition to turbulence in the boundary
layer.
Experiments with suction or blowing through the entire surface of the
cylinder in order to control the vortex shedding have been considered by e.g.
Pankhurst & Thwaites (1950); Hurley & Thwaites (1951); Mathelin et al.
(2001a,b); Fransson et al. (2003b). Pankhurst & Thwaites (1950) made combined experiments with continuous suction through the surface and a ﬂap in
form of a short splitter plate at diﬀerent angles. They showed through surface
pressure and wake velocity measurements that with
√ the ﬂap directed in the
streamwise direction and for suﬃcient suction3 (Cq R  10) the separation is
entirely prevented and a remarkable close approximation to the potential ﬂow
solution is achieved. Further, Hurley & Thwaites (1951) performed boundary
layer measurements on the same porous cylinder and found in general good
agreement with laminar boundary layer theory. However, no time resolved
measurements to determine the vortex shedding frequency were reported.
The von Kármán frequency is Reynolds number dependent, whilst the dimensionless frequency known as the Strouhal number is constant (≈ 0.2) in
the range 102  Re  105 . Mathelin et al. (2001a,b) considered the case
of continuous blowing through the entire cylinder surface. Among the eﬀects
observed are the wider wake and a decrease of the Strouhal number with increasing blowing. They report an analytical relation of an equivalent Reynolds
number of the canonical case which produces the same ﬂow characteristics in
terms of vortex shedding instability as the case with blowing. The decrease of
the Strouhal number with blowing result was experimentally veriﬁed by Fransson et al. (2003b), who also considered the eﬀect of continuous suction which
turns out to have the contrary eﬀect on the Strouhal number. Note that uniform suction from the base of a rectangular-based forebody, interestingly, gives
the opposite behaviour (cf. Hammond & Redekopp 1997). In Fransson et al.
(2003b) the changes in the ﬂow due to blowing or suction was analyzed in
terms of mean and ﬂuctuating velocity proﬁles in the wake through hot-wire

3 Here

Cq is a suction coeﬃcient deﬁned as the suction velocity per unit area divided by the
free stream velocity.
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anemometry, pressure distributions on the cylinder, and drag and vortex shedding measurements. Furthermore, smoke visualizations of the ﬂow ﬁeld in the
near wake of the cylinder for diﬀerent blowing or suction rates were reported.
Image averaging enabled the retrieval of quantitative information, such as the
vortex formation length, which showed that the vortex formation length is decreased by 75% and increased by 150% for 5% of suction and blowing of the
free stream velocity, respectively.

4.3. The eﬀect of applying continuous suction or blowing
In the following section some results of applying continuous suction or blowing
through the cylinder surface will be shown brieﬂy. The amount of suction or
blowing applied through the cylinder surface is characterized by the parameter
Γ. This parameter is simply deﬁned as the velocity through the cylinder surface
Vsurf. (being negative for suction and positive for blowing) in percentage of of
the free stream velocity U∞ , i.e. Γ = 100 ×Vsurf. /U∞ . Flow visualizations show
a very complex ﬂow around the cylinder at Reyndols numbers of the order of
Γ = -2.6
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Figure 4.2. Instantaneous ﬂow visualization images in the
near wake of a porous cylinder subject to continuous suction
or blowing for R = 3300.
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Figure 4.3. The pressure distribution around the cylinder
is shown for diﬀerent Γ-values. a) shows the eﬀect of blowing/suction with a laminar oncoming ﬂow (U = 2.5 m/s,
R∗ = 8300, T u = 0.5%). b) shows the eﬀect of free stream turbulence generated by a turbulence generating grid, the blowing/suction is Γ = ±0.4 (U = 25 m/s, R = 10×R∗ , T u = 3%).
Dash-dotted line is the potential ﬂow solution.
104 , see ﬁgure 4.2. These images clearly show the eﬀect of applying suction
and blowing; with suction the wake shrinks and with blowing it enlarges.
In ﬁgure 4.3a) the eﬀect of diﬀerent suction and blowing rates on the Cp distribution is shown and compared with the potential ﬂow solution (dashdotted line). There are three major remarks that can be made; ﬁrstly, one can
observe how Cp,min is reduced down to a value close to −2 for Γ = −2.6 and
tends to −1 for Γ = +2.6; secondly for suction the separation point (φs ) moves
towards larger angles (φs ≈ 105o for Γ = −2.6), and when blowing is applied,
the ﬂow is seen to separate at lower angles; thirdly the base pressure coeﬃcient
(Cp,B ) is increased for the case of suction producing a signiﬁcant increase in
the adverse pressure recovery (Cp,B − Cp,min ), whilst for the case of suﬃciently
large blowing rates, the recovery region is eliminated.
The inﬂection point in region IP on the Cp -curve, marked with a dashed
ellipse in ﬁgure 4.3a), is often used to estimate the location of the separation
point and this is the criterion employed in the preceding paragraph. Suction
makes the boundary layer proﬁle fuller and hence more resistant to separation,
in analogy to high Reynolds number ﬂow. At Re ∼ 105 transition in the
boundary layer occurs (the exact Re-value depends on the ﬂow quality and
the surface roughness) and the separation point moves from the front part of
the cylinder to the rear part, due to the turbulent boundary layer that can
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Figure 4.4. Shows the eﬀect of the drag coeﬃcient (CD )
when blowing or suction is applied. CD is here estimated by
calculating the momentum loss in the far wake.
make the ﬂow adhere for a longer distance to the surface. In ﬁgure 4.3b) the
free stream velocity is increased ten times and the Cp -distribution is compared
with results when a turbulence intensity (T u = urms /U∞ ) of 3% is present
(causing transition in the boundary layer at subcritical Reynolds numbers);
this was done by installing a turbulence generating grid at the inlet of the testsection. It is clearly seen, by comparing the (◦)-symbols in ﬁgure 4.3a) with the
(∗)-symbols in b), that suction and high levels of free stream turbulence have
the same impact on the Cp -distribution. Furthermore, in b), one can observe
how a small blowing/suction rate (Γ = ±0.4) eﬀects the location of Cp,min
and consequently the separation point, but not the base pressure coeﬃcient.
In ﬁgure 4.4 the drag coeﬃcient (CD ) is plotted versus diﬀerent blowing and
suction rates. The shape of the drag distribution vs Γ may be compared with
that obtained for diﬀerent Reynolds numbers in the case of a solid cylinder,
see e.g. Schlichting (1979) (page 17 ﬁgure 1.4.) with experimental data from
Wieselsberger.
The drop in CD for Γ ≈ −2.5 is related to the shift of the separation point
as described previously in connection with ﬁgure 4.3, which is also present for
high Reynolds numbers (Re ∼ 105 ) due to the laminar-turbulent boundary
layer transition. Both the turbulent proﬁle and the fuller laminar proﬁle due
to suction are more resistent to separation which is the actual cause for the
shift. For further results the intereseted reader is referred to Fransson et al.
(2003b) and Fransson (2003).
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CHAPTER 5

Experimental techniques and set-ups
In this thesis experiments have been performed in three diﬀerent wind-tunnels,
in where eight diﬀerent experimental conﬁgurations or techniques have been
used. This chapter will provide a short summary for the interested reader of
the tunnels, experimental set-ups and experimental techniques that have been
used.

5.1. Wind-tunnels
All three wind-tunnels are low-speed tunnels of closed loop circuit type. The
MTL tunnel1 is specially designed for transition and turbulence research studies
and is located at KTH Mechanics, Stockholm. The test section is 7 m long, 0.8
m high and 1.2 m wide, and the maximum speed is 70 m/s. The background
disturbance level is considered low with a streamwise turbulence intensity lower
than 0.025% of the free stream velocity and with both the cross ﬂow turbulence
intensities lower than 0.035% at U∞ = 25 m/s. The tunnel is equipped with
a heat exchanger and the desired temperature is easily set by the user on the
control panel of the tunnel. At 25 m/s the temperature and pressure variations
over the cross section area are less than ±0.05 ◦ C and ±0.06%, respectively.
For further details see Lindgren (2002).
The BL wind tunnel2 is located at KTH Mechanics, Stockholm, and the
test section has a cross sectional area of 0.5 × 0.75 m2 , and a length of 4.2
m. The maximum speed is 48 m/s. The ﬂow quality in this tunnel is also
considered good with a turbulence intensity (of all three components) of less
than 0.04% of the free stream velocity. The tunnel was successfully designed
with expanding corners (larger outlet than inlet cross section area) in order to
reduce the total wind-tunnel circuit length with only a negligible increase of
the total pressure loss. The interested reader is referred to Lindgren (2002).
The S4 wind-tunnel is located at IMFT in Toulouse and is equipped with
a three-dimensional traversing mechanism and allows automatized computer
controlled measuring and traversing in one of the cross sectional directions
with an accuracy of 1/80 mm. The dimension of the cross sectional area of the
1 Minimum
2 Boundary

Turbulence Level or Mårten Theodore Landahl named after its late initiator.
Layer or Björn Lindgren named after its designer.
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test section is 0.7 ×0.6 m2 and the length is 1.8 m. The background streamwise
disturbance level amounts to 0.1% at a free stream velocity of 25 m/s.

5.2. Experimental set-ups
The asymptotic suction boundary layer has been created over a porous ﬂat
plate in the MTL wind-tunnel, and this plate has been used for paper 1 & 4.
For this set-up a removable asymmetric leading edge was specially designed
and built (see paper 10). The plate is of sandwich-construction type, and in
the front of the plate the removable leading edge is mounted and in the back
there is a possibility to extend the plate by additional plates of aluminium.
The plate is constructed on a base plate of aluminium with a frame, and is
designed having two 250 mm long plenum chambers starting 360 mm from the
leading edge followed by a 1750 mm long plenum chamber. The subdivision
into three chambers is for future work in where the suction rate then is allowed
to change with the downstream distance. Inside the plenum chamber spacing
elements made of hollowed T-proﬁles are glued, with a spanwise separation of
50 mm, in order to support the porous plates and avoid bending the plates
when suction is applied. On these T-proﬁles three porous plates with the total
dimension 2250 × 1000 × 3.2 mm3 (length, width, thickness) were mounted into
the frame plate. See Fransson (2001) and paper 1 for details and schematics of
the experimental set-up. The disturbance generating device based on blowing
and suction through a slot in the plate has been used previously and was
designed by Elofsson (1998) in where the interested reader will ﬁnd all details.
For paper 5 an active turbulence generating grid was designed and built
to ﬁt the MTL wind-tunnel. The grid is active in the sense that it ejects
secondary ﬂuid jets into the ﬂuid upstream, i.e. counterﬂow injection. By
regulating the injection rate the free stream turbulence intensity can be changed
without changing the set-up in the test section and with a small change of the
characteristic turbulence scales. This grid has been used successfully in paper
1 & 4 as well. Consult Fransson (2001) appendix B and paper 5 for details and
schematics of the active turbulence generating grid.
In paper 7 a porous cylinder with four inner chambers and connection pipes
for tube connections to a high/low pressure source, and pressure holes on the
surface, was designed and built. This cylinder was designed in order to ﬁt both
the S4 and the BL wind-tunnel. The experimental set-ups are described in
paper 7 & 8.
Steady streaks may be generated by diﬀerent means. One way of doing this
is outlined in paper 6 where the method of roughness elements have been applied. The elements were made at KTH Mechanics and are standing cylinders
(cylinder axis perpendicular to the plate) glued to the plate with a diameter
and height of 2 mm and 777 µm, respectively. The plate used in this investigation is named the ”Laminar plate” and has been used for several transition
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experiments over the past years in the MTL wind-tunnel. See paper 6 for
further details of the experimental set-up.

5.3. Experimental techniques
5.3.1. Velocity measurements
Hot-Wire Anemometry (HWA) is an old technique from the beginning of last
century and is based on the heat convection from an inﬁnitely long cylinder.
This technique permits high time resolved data and is even today the most
attractive technique for transition and turbulence measurements. A drawback
is its inability to be applied in back ﬂow regions, such as separation bubbles
and near wake ﬂows. However, there exist HWA based techniques – or – tricks
that are developed for these kinds of ﬂow measurements, such as pulsed hotwires, ﬂying probes, and multi-wire probes (see e.g. Bruun 1995; Häggmark
et al. 2000; Häggmark 2000). Another complication with this method is the
need of calibration. Here, the single wire probe calibration was done against
a Prandtl tube using a modiﬁed King’s law (cf. Johansson & Alfredsson 1982)
taking into account the natural convection which becomes signiﬁcant at low
velocities. For the X-probe an angle calibration was carried out and two ﬁfthorder polynomials were ﬁtted to the calibration data (cf. eg. Österlund 1999).
In this thesis close to all hot-wire measurements were carried out with an
AN–1003 anemometer apparatus. The hot-wire probes both single wire- and
X-probes were manufactured by the author at KTH Mechanics, except for the
measurements carried out at IMFT, Toulouse, where a commercial single wire
Dantec probe was used.
The Laser Doppler Velocimetry (LDV) is based on the detection of the
doppler frequency shift that appears from scattered light from particles that
follow the stream. The frequency shift is directly proportional to the velocity
and the proportionality constant is solely determined by geometry and the wave
length of the scattered light, which makes this device easy to use since it does
not need any calibration. Other advantages are for instance the insensitivity to
the temperature and the compound of the ﬂuid as well as it is a nonintrusive
technique in contrary to HWA. Drawbacks with this technique is for instance
its relatively big measurement volume and the need of transparent ﬂuids. Furthermore, the ﬂuid has to be seeded with particles correctly, since the actual
measured velocity is not the ﬂuid’s – it is the particles’. The LDV-system used
in paper 9 is an integrated one dimensional laser-optics unit, including a 10
mW He-Ne laser of wavelength 632.8 nm. A beam expander was mounted to
the lens to reduce the measurement volume, which can be approximated as
an ellipsoid with axes lengths 0.14 mm and 2.4 mm. See paper 9 for further
details.
Particle Image Velocimetry (PIV) is a relatively new technique which allows
capturing a whole ﬁeld of instantaneous velocities. This technique is based
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on the simple equation speed equals distance over time. With a laser sheet
illuminating the seeded ﬂow a camera is used to capture two fast images with a
known time interval. The images are decomposed into interrogation areas that
are correlated to produce an average particle displacement vector, from where
the velocity and direction is achieved. A drawback is the temporal resolution,
however, today there exist high speed PIV-systems that allows sampling rates
of around 1 kHz. The PIV-system used consists of a Spectra Physics 400 mJ
double pulsed Nd:Yag laser operating at 15 Hz as a light source and the camera
is a double-frame Kodak ES1.0 8-bit CCD camera with 1018 × 1008 pixels (cf.
Angele 2003, for use of this system in the MTL and in the BL wind-tunnels).
See paper 8 for a schematic of the experimental set-up.
5.3.2. Flow visualization technique
Many ﬂuids are of transparent media, i.e. their motion remains invisible, why
ﬂow visualization is such an important tool in ﬂuid mechanics research. An
image says more than thousand words and a movie says more than thousand
images is a qualiﬁed truth, but the fact is that insights into any ﬂow phenomenon will be improved if this process may be observed visually. In this thesis a
ﬂow visualization technique has been developed and applied on the ﬂow around
a porous circular cylinder in the BL wind-tunnel. The technique is reported
in paper 7. In ﬁgure 5.1 the ﬂow visualization setup is shown. A horizontal
smoke sheet was created by injecting smoke through a slot in a wing-proﬁle,
which was located over the whole spanwise distance in the stagnation chamber
of the windtunnel. The proﬁle has two tubing inlets, one on each side close to
the walls. The smoke was generated by heating a glycol based liquid with a
H
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Figure 5.1. Flow visualization set-up of the porous cylinder.
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disco smoke generator, JEM ZR20 Mk II, and forced by a small fan through
the tubing into the proﬁle enabling a steady leakage of smoke through the slot.
The light source was a continuous Ar–ion laser, LEXEL 95–4, which gave
the high light intensity needed for the short camera shutter times. The laser
beam (1.5 W) was aligned through a cylinder lens creating a light sheet intersecting with the smoke sheet from the side (perpendicular to the ﬂow ﬁeld and
the test section). The collection of ﬂow visualization images was taken with a
digital video camera, SONY TRV900 576 × 720 pixels, with a shutter time of
2 ms and with a rate of 20 images per second.

CHAPTER 6

Conclusions
In this chapter the most important conclusions from the diﬀerent investigations
are summarized. For further results the reader is referred to the separate papers
in Part II of the present thesis.

Asymptotic suction boundary layer
• Base ﬂow. The mean ﬂow development from the leading edge of the
plate is shown to be in good agreement with a theoretical boundary layer
analysis and when the asymptotic suction region is reached there is an
excellent agreement between the theoretical and experimental boundary
layer proﬁles.
• Tollmien–Schlichting waves. The correspondence, of the streamwise amplitude proﬁles and the phase velocity is good, between linear spatial
stability analysis and experimental results. However, the decay factor
predicted by theory is slightly overestimated compared to the experimental results.
• Optimal perturbation. The spanwise wavenumber of the optimal perturbation in the asymptotic suction boundary layer is β = 0.53, when
normalized with the displacement thickness.

Free stream turbulence induced transition
• In the initially laminar, but disturbed region, it has been found that the
disturbance energy grows linearly as T u2 Rex .
• The transitional Reynolds number was found to vary as T u−2 .
• It was found that the length of the transitional zone has a minimum
value and it increases linearly with Retr . This result puts earlier attempts to model the length of the transitional zone into doubt.
• The relative length of the transitional zone increases with increasing T u.
• The intermittency function is found to have a relatively well-deﬁned
distribution, valid for all T u.
• The spanwise scale of the streaks decreases with increasing level of free
stream turbulence and approaches the scale given by optimal perturbation theory.
• The spanwise scale of the streaks is maintained when suction is applied
compared with the no suction case, despite the fact that the boundary
45
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layer thickness can decrease substantially depending on the suction rate.
The streaks are compressed but not splitted, indicating the importance
of the receptivity process.
• The disturbance energy growth of the streaks are inhibited or even become negative in the asymptotic suction boundary layer, it may be
possible that the streaks initiated at the leading edge become mainly
passive disturbances which are convected downstream by the ﬂow.
• The optimal perturbation velocity proﬁle agrees well with experimentally measured disturbance proﬁles in the asymptotic suction boundary
layer.

Porous cylinder with continuous suction/blowing
• Strong enough suction moves the separation line to the rear part of the
cylinder in a similar way as it does when the cylinder boundary layer
becomes turbulent. This results in a narrower wake.
• When blowing is applied the separation point moves forward on the
cylinder and the drag is shown to increase linearly with increasing magnitude of blowing. Correspondingly this is shown to result in a widening
of the wake.
• The turbulence on the wake centreline decreases throughout the whole
wake (at least up to x/D = 20) if suction is applied on the cylinder,
whereas there is hardly any eﬀect from blowing beyond x/D = 5.
• The Strouhal number increases strongly with suction (up to 50% for a
suction rate of 2.5% of the free stream velocity), whereas blowing has
the opposite eﬀect (decrease of around 25% for a blowing rate of 5% of
the free stream velocity).
• It has been shown that it is possible to ﬁnd a relation between an effective Reynolds number and the blowing/suction rate. The relation
proposed was veriﬁed in the Reynolds number range Re ∼ 102 − 106 .
• The position of maximum back-ﬂow behind the cylinder and the position where the two stationary vortices (appearing in the mean ﬁeld)
conﬂuence, i.e. the stagnation point in the ﬂow ﬁeld, have been shown
to be related by a factor of 1.4 (in average) for diﬀerent blowing and
suction rates.
• The vortex formation length have been shown to decrease and increase
with suction and blowing, respectively. However, the absolute size in
the streamwise direction of the recirculating region is not signiﬁcantly
inﬂuenced by suction nor blowing.
• For high enough suction and blowing rates a compression and an extension, respectively, of the vortices across the wake have been found.
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Other results
• The energy growth and streamwise wall-normal disturbance peak location of experimentally generated steady streaks have been found to
agree well with sub–optimal perturbation theory.
• The critical Reynolds number for channel ﬂows with uniform cross ﬂow
has been found to be lowered by an order of magnitude as compared
to plane Poiseuille ﬂow. This critical value occurs when the cross ﬂow
velocity to the maximum streamwise velocity ratio is 5.7%.

CHAPTER 7
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Paper 1
On the disturbance growth in an asymptotic suction boundary layer.
J. H. M. Fransson (JF) & P. H. Alfredsson (HAL). J. Fluid Mech. 482, 51–90.
This work is of both experimental and theoretical character on the asymptotic suction boundary layer and was published as part of the Licentiate thesis
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Paper 2
Optimal linear growth in the asymptotic suction boundary layer.
J. H. M. Fransson & P. Corbett (PC). Eur. J. Mech. B/Fluids 22, 259–270.
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were made between the state of the theoretical optimal perturbation and wind
tunnel experiments (performed by JF). The numerical code was originally written by PC for the Falkner–Skan–Cooke family of boundary layers. The derivation of the equations and extension of the existing code was done by JF under
guidance of PC. Computations and post-processing were performed by JF and
the paper was written by JF and PC jointly.
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J. H. M. Fransson & P. H. Alfredsson. Phys. Fluids 15, 436–441.
This work is a theoretical investigation of the linear stability problem of an
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done by JF (supervised by HAL) and the numerical code was written by JF.
The computations and the post-processing were performed by JF and the analysis of the results, and the writing were done in cooperation with HAL. Part
of this work was presented as a model problem in the Licentiate thesis of JF.

Paper 4
Free stream turbulence induced disturbances in boundary layers with wall suction. S. Yoshioka (SY), J. H. M. Fransson & P. H. Alfredsson
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was performed by SY with help from JF. The experiments were mainly performed by SY but also by JF. Post-processing and ﬁgure generation was done
by SY. A shorter version of this paper was published as a proceeding of TSFP3,
Sendai, Japan, where JF participated in the writing. This paper is based on the
proceeding and was written by SY and HAL with feed-back from JF. These
results were further presented at the European Fluid Mechanics Conference
2003, Toulouse, France.

Paper 5
Transition induced by free stream turbulence
J. H. M. Fransson, M. Matsubara (MM) & P. H. Alfredsson
This paper deals with free stream turbulence induced transition on a ﬂat plate
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collection of data. Most of the data evaluation was done by MM, whereas most
of the data analysis was done by JF under supervision of HAL. The paper was
written by JF and HAL with input from MM.

Paper 6
On streamwise streaks generated by roughness elements in the boundary layer
on a ﬂat plate.
J. H. M. Fransson, L. Brandt (LB), A. Talamelli (AT) & C. Cossu (CC)
This paper treats of the generation of high amplitude steady streaks in a ﬂat
plate boundary layer by means of roughness elements. Both wind tunnel experiments as well as suboptimal perturbation calculations have been carried
out. The experiments were performed by JF and AT with input from CC, and
the calculations was performed by LB. The paper was written jointly by all
authors. This work was presented at the 17th AIMETA Congress of Theoretical and Applied Mechanics, and at the American Physical Society 56th annual
meeting Division of Fluid Dynamics 2003, New York, USA.
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J. H. M. Fransson, P. Konieczny (PK) & P. H. Alfredsson
In this paper the ﬂow past a porous cylinder and the eﬀect of applying continuous suction or blowing through the porous surface was investigated. The
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designed by JF. The experimental set-up in Toulouse, as well as the pressure
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Paper 8
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blowing. J. H. M. Fransson
This work was performed by the author.
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Errors in hot-wire X-probe measurements induced by unsteady velocity gradients. J. H. M. Fransson & K. J. A. Westin (JW). Exp. Fluids 32, 413–415.
The experimental set-up, measurements, evaluation and writing were performed
jointly by JF and JW. This work was presented at the 15th AIMETA Congress
of Theoretical and Applied Mechanics.

Paper 10
Leading edge design process using a commercial ﬂow solver. J. H. M. Fransson
This work was performed by the author.
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