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Abstract

Bypass transition, i.e. transition of a boundary layer at subcritical Reynolds
numbers, has been studied. Fundamental studies of the phenomenon as such
have been performed side by side with experiments aimed at controlling, i.e.
delaying, transition. The experiments have been performed in three different
flow facilities, two with air as the working fluid (a plane channel flow and a
wind-tunnel) and one with water (a water channel).

From the water channel data the well known low-speed streaks appearing
in a boundary layer under a turbulent free stream are found to be correlated
with upward motion in the boundary layer.

The streaks are found to scale in proportion to the boundary-layer thickness
in both the streamwise and wall-normal directions. The streamwise length is
around hundred boundary-layer thicknesses.

It is found that the secondary instability of the streaks grows slower for
disturbances consisting of less than four wavelengths, as compared to continu-
ous wavetrains.

Elongated low-speed structures are controlled, first in the plane channel
flow and then by a reactive system in the wind-tunnel. In the channel, the
breakdown of generated streaks is delayed by applying localized suction under
the regions of low velocity. Measurements of the disturbance environment with
and without control applied show that both the growth of the secondary insta-
bility and its spreading in the spanwise direction are reduced when applying
the control. In order to be successful, the control has to be applied to a nar-
row region (about 1/10th of a streak width) around the position of minimum
velocity.

The reactive system in the windtunnel, comprising four upstream sensors
and four suction ports downstream, inhibits the growth of the amplitude of
the streaks for a certain distance downstream of the suction ports. After the
inhibited growth the disturbances start to grow again and far downstream the
streak amplitude returns to close to the uncontrolled values.

Descriptors: Fluid mechanics, Active control, Laminar-turbulent transition,
Free-stream turbulence
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Preface

This thesis considers experimental studies of bypass transition and its control
and is based on the following papers:

Paper 1 Ayumu Inasawa, Fredrik Lundell, Masaharu Matsubara,
Yasuaki Kohama & P. Henrik Alfredsson, Velocity statistics and flow
structures observed in bypass transition using stereo PTV To appear in Exper-
iment in Fluids

Paper 2 Fredrik Lundell & P. Henrik Alfredsson Streamwise scal-
ing of streaks in laminar boundary layers subjected to free-stream turbulence
Submitted for publication

Paper 3 Fredrik Lundell Streak oscillations of finite length: disturbance
distribution and growth

Paper 4 Fredrik Lundell & P. Henrik Alfredsson Experiments on
control of streamwise streaks Submitted for publication

Paper 5 Fredrik Lundell Reactive control of free-stream turbulence in-
duced transition: an experimental study

Paper 6 Fredrik Lundell, Ayumu Inasawa, Satoshi Kikuchi & Ya-
suaki Kohama Streak control by a surface-mounted piezo-ceramic flap

Paper 7 Fredrik Lundell Pulse-width modulated blowing/suction as a flow-
control actuator

The first part of this thesis consists of an introduction to the subject, reviews
of relevant work and a summary of the results presented in the papers. The
second part consists of the seven papers.
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CHAPTER 1

Introduction

1.1. Fluids engineering and flow control

Engineers specializing in fluid mechanics make designs so that interaction be-
tween the fluid and the construction gives rise to a specific outcome. Such
outcomes can be the lift on an airfoil, the drag on a car or the heat transfer
in a heat exchanger. One may say that the success of a fluids engineer relies
on his/her ability to control the flow within certain design constraints. For
instance in the design of a wing, not only lift is important, but also drag and
geometrical constraints. Similarly, in the aerodynamic design of a car many
different constraints have to be accounted for. In the design of a heat exchanger
there is always a balance between the heat transfer needed and the allowable
pressure loss as well as space limitations.

The term “flow control”, however, has often a more specific meaning. It
usually refers to means affecting the flow in a given geometry by passive or
active measures. One of the driving forces in flow control has been the possi-
bility to reduce friction drag on vehicles (airplanes and ships) or in pipelines.
In these cases, the main emphasis has been on reduction of the skin friction by
manipulation of the turbulence in the boundary layer close to the wall. One
may say that the idea of controlling near-wall turbulence stems from the re-
search on near-wall coherent structures which was done several decades ago.
This research showed that near-wall turbulence is highly non-isotropic: close
to the wall it consists of streamwise elongated regions of high- and low-speed
flow. The structures are connected to so called bursting events, during which
most of the turbulence production occurs. The idea behind most control at-
tempts has been to limit the bursting events (e.g. by reducing their strength
and/or frequency of occurrence) by affecting the streaky structures near the
wall. There are however several practical complications if this is to be done,
mainly because the physical size of these structures is extremely small (of the
order of a fraction of a millimetre), not only in the applications but also in
most laboratory experiments. In addition, care has to be taken so that the
measurements are accurate enough to carefully determine the control effect.

In the present thesis some flow situations with streaky structures near the
wall will be studied and the effect of some control attempts presented. An
advantage with the flow situations studied in this thesis is that the spatial
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1. INTRODUCTION

scales of the flow structures are much larger than in a real, turbulent flow.
This simplifies both control and measurements. One of the cases – a laminar
boundary layer subjected to free-stream turbulence – is also an interesting
engineering case and the study of this case can be motivated as such.

1.2. Laminar-turbulent transition

Laminar-turbulent transition is the process through which a flow transfers from
a laminar state to a chaotic turbulent motion. One example is water streaming
out from the water tap; at low velocities the flow is laminar but at higher
velocities, the flow gets turbulent. Laminar-turbulent transition can also be
studied from a sailing yacht if there is a thin layer of oil on the water surface
(bio-degradable vegetable oil can be poured on the water in front of the yacht
if no ”natural” oil is available). Close to the bow, the oil will form a thin layer
along the hull. Further abaft, the layer thickens and even further astern of the
bow, the layer will become irregular due to laminar-turbulent transition of the
flow closest to the hull. Transitions between laminar and turbulent flow appear
in many engineering situations, for instance in boundary layers on solid walls
(airplane wings, ship hulls, turbine blades, heat-exchanger surfaces etc.).

The goal of the research presented in this thesis is to explore the possibili-
ties to control transition induced by Free-Stream Turbulence (FST). Transition
induced by FST is characterized by the growth and breakdown of high and low-
speed streaks inside the boundary layer. Delaying transition may be of interest
in applications where a laminar flow is preferable, e.g. to reduce friction or heat
transfer. As will be shown, the flow structures observed in a boundary layer
subjected to FST are similar to those appearing near the wall in turbulent
boundary layer flows. The understanding and control/delay of FST induced
transition thus may have implications also to other flow cases, specifically infor-
mation on what is needed to achieve control of wall-bounded, fully-developed
turbulent flows can be expected.

A paper by Reynolds, which was published 120 years ago (Reynolds 1883),
can be viewed as the starting point of transition research. Reynolds performed
visualizations of the flow in pipes under laminar, turbulent and transitional
conditions. He found that the flow was laminar if a certain dimensionless
parameter combination was below a critical value. The dimensionless number
has been given his name and is defined as Re = UL/ν where U and L are
characteristic velocity and length scales of the flow situation (mean flow velocity
and pipe diameter in Reynolds’ case) and ν is the kinematical viscosity of the
fluid. Even though the knowledge about transition has increased over the years
that have passed since Reynolds presented his results, there are still important
phenomena related to transition that remain to be understood.

The development of transition and hydrodynamic stability research is il-
lustrated by the development of the texts on the subject. Most of the research
has aimed at exploring the stability of wall-bounded flows. Four standard
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1.3. FLOW CONTROL

text books on hydrodynamic stability have been published over the last 50
years: Lin (1955), Chandrasekhar (1961), Drazin & Reid (1981) and Schmid &
Henningson (2001). Through the development of direct numerical simulations,
increased measurement possibilities and theoretical development, the field has
changed from studying linear single-mode instabilities analytically to describ-
ing the full non-linear transition scenario. The present thesis contributes with
some results regarding transition under the influence of FST, addressing open
questions in the field.

1.3. Flow control

Drag reduction using polymer additives in water was a strongly pursued re-
search area during the 1960’s and 1970’s. The interest originated from the
result that minute concentrations (10 ppm) of certain polymer additives mixed
with the fluid reduced the drag in turbulent flows with up to 80%. This dra-
matic effect sparked the search for other ways to reduce drag.

The research field of reactive flow control arose with the early experimental
studies reported by Liepmann et al. (1982), who used a heating strip to cancel
single-mode, 2-dimensional instability waves. The initial wave was successfully
cancelled by out of phase disturbances introduced further downstream and
natural transition in a low-disturbance (low FST) environment was delayed. If
reactive control should be implemented for more complicated disturbances, it
is probably necessary that both sensing and actuation are made at the wall. So
called MEMS technology (Micro-Electro-Mechanical-System) has ignited the
hope for a large number of sensors and actuators to be designed and manu-
factured inexpensively, similarly to microelectronic components. The sensors
and actuators would thereafter be mounted on the surface where control is at-
tempted. A number of review articles and books dealing with flow control issues
have been published since 1989, see for instance Gad-el-Hak (1989, 1996, 2000)
, Bushnell & McGinley (1989), Ho & Tai (1998), Joslin (1998) and Löfdahl &
Gad-el-Hak (1999).

Only a few experimental studies of reactive control of more complicated (as
compared to 2D instability waves) disturbances in the transitional or turbulent
flow regime have been made and the results from the existing studies are so far
inconclusive. On the other hand many studies using Direct Numerical Simu-
lations (DNS) to control the Navier-Stokes equation have been done and good
control results have been obtained. DNS allow the control algorithms to be
tested without actually building the complicated sensor/actuator systems and
fast processing units necessary for physical implementation. However, many of
the sensing and actuation schemes chosen in the numerical simulations seem
to be impossible to realize physically in the near future. The emphasis of the
present thesis is therefore to show how or if available technology can be used to
successfully realize reactive flow control of streaky structures in boundary-layer
flows. The progress in numerical work shows large energy-saving potentials if
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1. INTRODUCTION

reactive control could be applied to turbulent flows. However, in order to
maximize the fluids engineering potential, numerical and experimental work
on reactive flow control should join forces and aim towards efficient, realizable
control schemes. Successful experimental demonstrations will hopefully help
the forces to be joined.

1.4. Scope of thesis

In summary the work performed within the framework of the present thesis
has had the following objectives:

• To study the nature of FST induced transition in order to gain further
knowledge of the process.

• To perform experiments in which disturbances, modelled after the ones
appearing naturally in a boundary layer subjected to free-stream turbu-
lence, are generated. Such simplified disturbances, generated at prede-
termined positions at selected times, can, if properly designed, increase
the understanding of the processes behind transition to turbulence.

• To control model disturbances in order to evaluate actuator performance
and control strategies.

• To implement and evaluate the performance of a reactive control system
in a flat-plate boundary layer subjected to FST designed to reduce the
disturbance level and eventually delay transition.

The main experiments have been designed so that they allow studies on more
than one objective in parallel.

Chapter 2 gives some basic theoretical and experimental background to the
work, whereas chapter 3 is a brief review of results on transition in boundary-
layer flows, with an emphasis on FST induced transition. Chapter 4 gives an
introduction to various control methods and strategies. The flow apparatuses
and measurement techniques of the present work are described in chapter 5
and the main results are summarized in chapter 6. Chapter 7 gives an outlook
and discusses future possibilities for transition and control research.
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CHAPTER 2

Basic concepts

The equations describing the flow of Newtonian fluids are well established and
have a history of more than 150 years. Unfortunately, the equations are non-
linear and cannot, except in some special cases, be solved analytically. With
supercomputers it is possible to simulate fluid flow with both full time and
space resolution for simple flow cases at low Reynolds numbers. More compli-
cated flow situations as well as high Reynolds numbers have to be studied via
simplified theories and/or experiments. In this chapter a short presentation of
the governing equations and experimental methods with special relevance to
the present work will be made.

2.1. Theory and governing equations

2.1.1. Navier-Stokes equations

In this work, incompressible flow of a Newtonian fluid with constant viscosity
is considered. The equations of motion of such a fluid are the Navier-Stokes
equations,

∂ũi

∂t
+ ũj

∂ũi

∂xj
= −1

ρ

∂p̃

∂xi
+ ν

∂2ũi

∂xj∂xj
(2.1)

together with the continuity equation:
∂ũi

∂xi
= 0 (2.2)

where ũi denotes the velocity components, p̃ the pressure, ρ the fluid density
and ν the kinematical viscosity of the fluid. The velocity vector consists of the
components ũ = ũ1, ṽ = ũ2 and w̃ = ũ3 in the x = x1, y = x2 and z = x3

directions. The coordinates are usually chosen so that x is the streamwise, y
the wall normal and z the spanwise direction.

To solve a given problem equation 2.1 together with equation 2.2 should be
integrated in time using proper initial and boundary conditions. For laminar
flows this can usually be done without problems but for high Reynolds numbers
the flow will become turbulent and the solution will be time dependent. To get
useful results it will be necessary to average (time, space or ensemble averaging)
the quantities of interest (mean velocity distribution, wall friction etc.). Due
to the non-linearities of the equations and the multitude of scales present in
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2. BASIC CONCEPTS

turbulent flow, a direct integration of the equations, resolving all scales in time
and space, put large demands on the computational power, why it can be
done only for simple cases. Such a simulation can serve as a complement or
alternative to experiments, and are called Direct Numerical Simulations (DNS).

2.1.2. The Orr-Sommerfeld and Squire equations

For flows which undergo a transition from laminar flow to turbulence, a useful
approach is to study the behaviour of small disturbances to see whether they
grow or not. Such small disturbances can be with linear stability theory. If the
disturbance amplitude grows, the flow is unstable and one would expect transi-
tion to turbulence. The advantage with this approach is that the equations can
be linearized which make them accessible for theoretical analysis. First, the
velocity components are decomposed into a mean (U, V,W ) and a fluctuating
part (u, v, w), i.e.

ũ = U + u (2.3)
and similarly for ṽ and w̃.

For the disturbance analysis, we can assume the steady and laminar base
flow to be parallel and dependent on one spatial coordinate only:

(U, V,W ) = (U(y), 0, 0) (2.4)

and the disturbances to be of the form

u(x, y, z, t) = û(y) exp [i(αx + βz − ωt)] . (2.5)

With these assumptions, one can derive the Orr-Sommerfeld (OS) equation:[
(−iω + iαU)(D2 − k2)− iαU ′′ − 1

Re
(D2 − k2)2

]
v̂ = 0 (2.6)

together with the Squire equation[
(−iω + iαU)− 1

Re
(D2 − k2)

]
η̂ = iβU ′v̂ (2.7)

from equations (2.1) and (2.2). Above, D and prime denote derivation with
respect to y, k2 = α2 + β2 and η̂ is the normal vorticity defined as

η̂ = βû− αŵ. (2.8)

The Reynolds number, Re, is defined as

Re =
U∞L

ν
(2.9)

where U∞ and L are the velocity and length scales used to non-dimensionalize
the variables. The OS and Squire equations constitute an eigenvalue problem:
for a given Reynolds number Re and wavenumber pair (αk, βk), there exist
eigenvalues ωk with corresponding eigenfunctions ûk(y). From equation (2.5)
it follows that the stability of such an eigenmode is given by the imaginary part
of ωk: if it is positive, the amplitude of the disturbance grows exponentially
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2.1. THEORY AND GOVERNING EQUATIONS
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Figure 2.1. Transient growth. Even though the lengths of
the vectors A and B both decrease exponentially, their sum
A+B exhibits an initial growth before it decays.

and if it is negative, the amplitude decays. The analysis can also be performed
in a spatial context by fixing ωk and solve for the eigenvalue αk together with
its eigenfunction uk(y).

From the derivation and reasoning above, it could be believed that it is
enough to study the stability of individual modes in order to determine whether
a flow will stay laminar or not. This is however not the case and the reason is
that the eigenfunctions uk(y) are non-orthogonal. Due to this fact, a sum of
eigenmodes might show an initial growth Even if linear stability theory predicts
that all eigenmodes decay exponentially. The process is sketched in figure 2.1.
Mathematically it is understood such that a disturbance uN made up of N
modes with weights ak, i.e.

uN (x, y, z, t) =
N∑

k=1

akuk(y)exp [i(αkx + βkz − ωkt)] , (2.10)

might increase in amplitude (as measured by e.g.
∫

x

∫
y

∫
z
u2

N ) even though
all imaginary parts of ωk are negative. This mechanism is denoted transient
growth. The linear dynamics are thus sufficient for disturbance growth to ap-
pear even if all eigenmodes are stable. After the growth of disturbance am-
plitude by linear mechanisms, non-linear mixing becomes important for the
regeneration of turbulence.
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2. BASIC CONCEPTS

2.2. Experimental fluid dynamics

Before the computers were fast enough to simulate the Navier-Stokes equations,
so called Direct Numerical Simulation (DNS), the knowledge of fluid motion
had to be increased by a mutual development of theory and experiments. The
development is indeed mutual: in some cases, a phenomenon has been ob-
served experimentally and later been explained by a theory while in other
cases, a clever theoretical investigation has predicted a phenomenon, later to
be confirmed by a suitably designed experiment. Since this thesis is based on
experimental studies, the fundamentals of fluid mechanical experiments will be
discussed in general. An overview of the experimental techniques used in the
present work will also be given.

2.2.1. Experiment design

There are two ways to gain knowledge from an experiment. Perhaps the most
obvious way is to come up with a question and then design an experiment
answering this specific question. For such an experiment to be succesful, the
question has to be simple enough, so that it can be answered by a single ex-
periment. If not, the question has to be divided into subquestions, answerable
one by one. Once a question of suitable complexity has been isolated, the ex-
periment has to be designed. The experiment should be complex enough to
answer the question, but preferably not more complex than that.

The second way to gain knowledge from experiments is to identify a phe-
nomenon to be studied, design an experiment containing this phenomenon and
perform measurements capturing it. Such an experiment is usually done in the
laboratory but can sometimes also be observations of natural phenomena (such
as the atmospheric boundary layer). With the data securily in the notebook,
on film or on disk, it is possible to study the phenomenon in the detail allowed
by the data. This process is usually highly iterative: after studying the initial
data it might be necessary to perform complementary measurements to answer
new questions.

For any experiment, the investigator has to choose a suitable combination
of measurement techniques providing enough information of the flow with a
reasonable investment of money and time. The factors determining such de-
cisions can be the complexity of the flow or the necessary accuracy and time
resolution as well as the equipment available in the laboratory.

2.2.2. Data evaluation and presentation

An experienced experimentalist usually has some idea, even if it is vague, of
what to do with the data after the measurements. Distributions of mean and
fluctuating quantities are obvious and natural. So are spectra, which give in-
formation of the frequency content of the signals. Correlations can provide
important information on typical length scales as well as flow structures and
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2.2. EXPERIMENTAL FLUID DYNAMICS

wavelets allow for studies of structures or oscillations appearing intermittently.
In order to study repeated features of the flow, ensemble or conditional aver-
aging can be useful.

2.2.3. Measurements techniques

The quantities of interest in a flow experiment are one or more of the pressure,
the velocity, the shear stress at a wall or the temperature. For all properties,
both mean and fluctuating quantities might be of interest. There are a number
of possible techniques available to measure them and below follows a brief
introduction to the methods used in the present work. The presentation is
intended for the reader with little experience of fluid dynamic experiments.
All methods are, to various extents, susceptible to general problems such as
accuracy and resolution in frequency and space. To evaluate an experiment
correctly one needs information on how the techniques have been applied as
well as on the flow apparatus used. To correctly interpret experimental results
and their shortcomings an extensive experience is usually also necessary.

2.2.3a. Visualization. Flow visualization can for some flow situations give a
very good overall idea of the flow. In order to perform a visualization, particles
(often called markers or tracers) have to be inserted in the flow and the particles
chosen are assumed to move with the flow. This means that the density and
size have to be chosen such that the fluid force (viscous drag) on the particle
is large enough for the particle to follow the flow accurately. One possibility
is to introduce the markers in a controlled manner. Smoke in air and dye in
water can be injected trough an opening at the surface or a thin wire stretched
through the flow can be used to generate smoke in air or hydrogen bubbles in
water. The displacement of the particles with time can then be viewed and
interpreted in terms of motion of the fluid. Another possibility is to mix reflec-
tive particles into the fluid so that their collective behaviour gives qualitative
information on the flow behaviour. Similarly a smoke sheet moving around a
bluff body or along the surface of a rigid body gives a qualitative picture of the
flow.

Today flow visualization is usually registered on digital video and modern
image processing techniques make it possible to perform advanced analysis
of images, allowing also quantitative data to be deduced from visualizations.
Structures seen in flow visualizations must however be interpreted with care,
since they do not necessarily result from the local flow field. However a good
visualization sequence can say more than weeks of measurements and is also
often useful before a measurement campaign is started.

2.2.3b. Pressure measurements. Measurements of the mean pressure is a stan-
dard method in all fluid laboratories. The static pressure in a fluid is most easily
measured through a small hole drilled in a surface. The fluctuating pressure
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2. BASIC CONCEPTS

must usually be measured directly at the wall by having a small microphone
membrane mounted flush with the wall.

The simplest transducer, which can be used to determine a mean pressure,
is a ruler together with a U-shaped tube filled with a liquid. The pressure to be
measured is connected to one end of the tube and the other end is connected
to a known pressure. In this way the U-tube can be said to be a differential
transducer. Electrical gauges can also be used. Among the principles available
for conversion of the pressure to an electrical signal are capacitive (measuring
the capacitance between two surfaces, one of which is moved if the pressure is
changed), resistive (such as a strain gauge on a membrane), light intensity (a
mirror is moved if the pressure is changed) or frequency (the eigenfrequency
of a structure changing with pressure). Furthermore, paints that change color,
reflectance or other properties with pressure are available. The time response
of the paints is typically of the order of 1 s, while electrical gauges (such as
microphones) usually can respond to frequencies up to several kHz.

2.2.3c. Velocity measurements. The velocity of a flow can be measured in sev-
eral ways. The methods can be categorized as methods based on pressure, heat
transfer or displacement/movement of particles following the flow.

Pressure-based methods. The dynamic pressure, 1
2ρu2, i.e. the pressure

difference between a pressure hole facing the flow and one positioned in a wall
parallel to the flow can be used to measure the velocity by Prandtl or Pitot
tubes. In the present work this technique is used e.g. to determine the flow
velocity in the free stream of the wind-tunnel.

Hot-wire anemometry. The heat transfer from a heated body to a flowing
fluid is the basis for hot-wire anemometry. In practise a thin (0.6-20 µm) wire,
typically made of tungsten or platinum is heated to a temperature of 100-200
degrees above the ambient temperature. The velocity is then given by the heat
transfer from the wire, which can be detected thanks to the fact that the re-
sistance of the wire increases with temperature. Most often this is done by
keeping the wire at a constant resistance, i.e. temperature, (Constant Temper-
ature Anemometry, CTA). After calibration of the system, the instantaneous
velocity can be deduced from the voltage over the wire. By arranging two or
several wires close together at different angles to the flow direction, not only
the magnitude but also the direction of the velocity can be measured.

Typical advantages of hot wires are quick time response and the possibility
to perform time-resolved measurements. The main disadvantages are that in
order to get quantitative data the wire has to be calibrated. Also the wire has
to be hold in the flow by some kind of probe support potentially disturbing the
flow and the approximate flow direction must usually be known beforehand.

Laser Doppler Velocimetry. Laser Doppler Velocimetry (LDV) utilizes the
Doppler shift in frequency of the light scattered by particles moving in the
intersection of two laser beams. The method provides the velocity without
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any calibration: knowing the frequency of the light in the laser beams and
their angle of intersection, the velocity can be obtained by detecting the light
scattered by the moving particle. With laser beams of different colours, the
velocity can be measured in more than one direction. The method provides
accurate measurements of the velocity of particles passing the measurement
volume. If the particles follow the flow, that measure also gives the flow velocity.

The advantages are that optical access to the measurment area is sufficient,
no probes have to be put in the flow. In addition, the measurements can be
performed without calibration. The price one has to pay is that there have to
be particles in the fluid and that the velocity is obtained only when particles
are passing the measurement volume. Therefore it is not straightforward to
perform time resolved measurements.

Particle Image Velocimetry. The third major method used for velocity
measurements is Particle Image Velocimetry, PIV, which has evolved dramat-
ically during the last ten years thanks to the development of digital cameras
and fast data processing units. It is now possible to set up close to automatic
measurement systems based on this technique. In PIV, a light sheet is used
in order to take two images of a plane of the particle-filled flow. The images
are taken with a small time interval. Cross-correlation of selected areas of
the images can then be used to deduce the displacement of the particles from
the first image to the other. (In some systems, a double exposured image is
used and the displacements calculated from the autocorrelation of this image.)
The displacement together with the known time interval between the images
or exposures give the velocity of the particles in the area of the image un-
der study. The advantage is the distribution of the measurements: with two
cameras and stereo imaging techniques, all three velocity components can be
measured simultaneously in a plane. The main disadvantages are low data
rates and resolution/accuracy.

One may say that PIV has replaced what was earlier denoted PTV or
Particle Tracking Velocimetry. In the latter technique individual particles are
followed and velocities are calculated from their subsequent positions. With
many particles in the flow there are problems to know the identity of particles
from one picture to the next. This problem is overcome by the PIV technique.
In the present thesis a new technique where tracers are released in a controlled
manner, facilitating the identification of particles from one image to the next,
has been developed. This may be seen as a development of the PTV technique.

2.2.3d. Shear-stress measurements. The shear stress (friction) at a wall is of-
ten of great interest, both for performance measurements, diagnostics of a flow
or flow physics investigations. The shear stress is also often used as input in
reactive control loops, since it can be measured non-intrusively at the wall. In
order to measure the shear stress, one can in principle measure the force on a
small part of the wall (floating element) or use other, more intricate methods.

11
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Whether the mean or fluctuations of the shear stress are to be measured, dif-
ferent methods are used. If only the mean is needed and the flow is turbulent,
Preston tubes, i.e. tubes mounted at the wall, parallel to the flow (so that their
openings are normal to the flow), can be used. A floating element can also be
used in these cases. Another possibility for measuring the mean shear stress is
to use the oil-film method, in which the development of a thin oil film on the
wall is studied by the movements of the fringes appearing when it is illuminated
by monocromatic light. There are also shear-stress sensitive paints available,
which change color depending on the shear stress applied to them.

Time resolved (fluctuation) measurements of the shear stress are typically
made by thermal sensors, similar to the hot wires/films used for velocity mea-
surements but mounted at or in the close vicinity of the wall. This kind of
sensor is the standard in reactive flow control experiments.

2.3. Two generic setups for transition studies

In order to investigate fundamental aspects of the flow physics in different pro-
cesses, such as laminar/turbulent transition, different model setups are used
in experiments as well as DNS. Two generic setups for transition and con-
trol studies are the plane channel flow (plane Poiseuille flow) and the flat-
plate boundary-layer flow (Blasius boundary layer). Both these are used in the
present work and are described in some detail below.

2.3.1. The Poiseuille flow channel

Two rigid walls with fluid moving between them constitute a Poiseuille flow
channel as illustrated in figure 2.2 (a). The flow through the channel is driven by
a pressure gradient balancing the friction forces on the walls. If the Reynolds
number is low (Re = U∞h/ν < 1000), the flow between the walls will be
laminar independently of the disturbance environment. The velocity variation
between the walls will then take the form of a parabola, with the velocity
being zero at the walls and showing a maximum in the centre of the channel.
Ideally, the length and the spanwise width of the channel are infinite, which
in an experiment is translated to “large enough”. To get the fully developed
parabolic profile the development length from the inlet has to be of the order
100-200h, the higher the Re the longer the inlet length. For stability work the
width should preferably be larger than 50h.

In a direct numerical simulation, the flow is usually decomposed into pe-
riodic Fourier modes, why the simulated channel tend to be periodic (i.e. the
flow in a wide enough channel flanked by channels with identical flows on both
sides). Such periodic boundary conditions are usually used both in the stream-
wise and spanwise directions.
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Figure 2.2. Two generic flow cases for transition studies, (a)
plane channel (Poiseuille) flow and (b) flat-plate boundary-
layer (Blasius) flow.

2.3.2. The Blasius boundary layer

A boundary layer forming on a flat plate under a free stream of constant velocity
is denoted a Blasius boundary layer. As in the channel, the velocity is zero
at the plate and increases away from the plate, ultimately reaching the free-
stream velocity far away. With the free-stream velocity being constant, there
are no pressure gradients present why the friction at the wall is balanced by the
growth of the boundary layer; the boundary-layer thickness increases (i.e. the
fluid velocity further away from the plate is decreasing) with the downstream
direction. The thickness of the boundary layer can be characterized by different
measures. The displacement thickness, i.e. the distance streamlines outside the
boundary layer are displaced because of the growing boundary layer, is defined
as

δ∗ =
∫ ∞

0

[
1− u(y)

U∞

]
dy. (2.11)

Another important measure is the momentum loss thickness,

θ =
∫ ∞

0

u(y)
U∞

[
1− u(y)

U∞

]
dy, (2.12)

the growth of which is related to the friction drag on the plate. In this thesis,
the lengthscale δ =

√
xν/U∞ is often used. The displacement and momentum

thicknesses for a Blasius boundary layer are related to δ so that δ∗ = 1.72δ and
θ = 0.66δ. Other measures of the thickness can be used, such as δ99 indicated in
figure 2.2, the height at which the velocity has reached 99% of the free-stream
velocity.
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2.4. Concluding remarks

There are three approaches to gain knowledge of fluid flow — theory, exper-
iments and simulations — obviously each has its own unique difficulties and
pitfalls. Different aspects of a phenomenon are more or less suited for different
approaches, and so are different phases of the investigation. Due to the physical
nature of an experiment, there are parameters which do not suit themselves
for variation in an experiment, such as geometry. However, other parameters
can be scanned very quickly in an experimental setup, since the flow response
to the new parameter setting is more or less immediate.
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CHAPTER 3

Free-stream turbulence induced transition

3.1. Transition scenarios

Transition to turbulence in boundary layer flows may follow different routes
depending on the flow situation. In all cases disturbances enter the boundary
layer which grow in amplitude whereupon transition may occur. The simplest
and most studied case is two-dimensional wave disturbances which can be the-
oretically studied through the linearized equations of the flow, the OS-equation
(2.6). Such waves are denoted Tollmien-Schlichting (T-S) waves, which either
decay or grow exponentially. If they grow they will soon reach high enough
amplitudes for non-linearities to set in and trigger transition. The starting
point of this scenario, the amplification of T-S waves, was studied theoretically
in the 1930’s by Tollmien (1935) and Schlichting (1935). An experiment by
Schubauer & Skramstad (1948) confirmed that 2D waves in a boundary layer
will be amplified under approximately the conditions predicted by Tollmien
and Schlichting. Even though the experiment confirmed the main results of
the theory, it was not until the DNS study by Fasel & Konzelmann (1990) and
the experiment by Klingmann et al. (1993) that it was finally agreed upon that
the OS-equation was sufficient to describe the physics of the problem.

After the initial growth of single modes of the disturbance equations, differ-
ent routes are possible, depending on the disturbance environment. Generally,
nonlinear interactions set in when a T-S wave has reached a level (urms) of
1–2% of the free-stream velocity. For a detailed description of the transition
process and relevant references the reader is referred to Schmid & Henningson
(2001).

Transition scenarios which do not start with T-S waves are usually denoted
bypass transition and one such is transition which occurs at high free-stream
turbulence levels. In that case low-frequency oscillations in the streamwise
velocity appear in the boundary layer. These oscillations are due to streamwise
streaks of alternating high and low-velocity and flow visualization studies show
that the streaks meander slowly sideways and thereby give rise to the observed
low frequency variations. If the energy of the streamwise velocity fluctuations
is measured in the boundary layer, it is found to have its maximum in the
centre of the boundary layer and to exhibit an initial amplification which is
linear with downstream distance, in contrast to amplified T-S waves which grow
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exponentially. The streak spacing in the spanwise direction is of the order of the
boundary layer thickness and the streaks reach peak-to-peak amplitudes of the
order of 50% or more of U∞ prior to transition. The process of transition is not
undisputed, but there are strong indications that the streaks are susceptible
to a secondary instability which is of inflectional (in the spanwise direction)
origin. Such an instability may grow rapidly and give breakdown which would
lead to formation of turbulent spots and finally a fully developed turbulent
boundary layer.

Free stream turbulence induced transition is typically studied by placing a
grid, creating free-stream turbulence, in a wind-tunnel upstream of the leading
edge of the plate or airfoil over which the boundary layer develops. Measure-
ments have been performed by e.g. Kendall (1990), Roach & Brierly (1990)
and Westin et al. (1994), Alfredsson & Matsubara (2000) and Matsubara &
Alfredsson (2001), and the field have been reviewed by Kendall (1998). Jacobs
& Durbin (2001) performed a DNS of free-stream turbulence induced transition,
which successfully reproduced most of the results of Roach & Brierly (1990).
As always, a DNS gives detailed information about flow structures etc. Also
in the DNS-study streaks are the dominant feature of the boundary layer be-
fore breakdown to turbulent spots. However, Jacobs & Durbin did not observe
secondary instabilities prior to breakdown, instead they argue that turbulence
spots are formed due to “backward jets” in the boundary layer, interacting
with the small scales in the turbulence in the free stream.

3.2. Transient growth

The appearance of streaks in shear flows is a phenomenon studied not only
for its importance to free-stream turbulence induced transition. Streaks are
present also in turbulent shear flows, and the mechanism creating them is
believed to be “lift up”, a conception coined by Landahl (1980) although the
mechanism was already recognized by Ellingsen & Palm (1975). The process is
easy to interpret: a wall-normal velocity disturbance lifts slow fluid from close
to the wall to regions of higher velocity in the shear flow. This is a linear and
inviscid mechanism and the mathematical background is the coupling between
the wall-normal velocity and the normal vorticity in the Squire equation (2.7).
Mathematically the eigenmodes to the coupled eigenvalue problem, given by
equations (2.6) and (2.7), are not orthogonal, why transients, appearing due
to initial cancellation of nearly parallel modes, can be of major importance to
the disturbance evolution.

In transition studies, the concept of transient growth was adopted by Hult-
gren & Gustavsson (1981) who explored transient growth in plane channel
flow. Gustavsson (1991) continued with three dimensional disturbances and
Butler & Farrell (1992) performed the analysis for both plane channel flows
and parallel boundary layers. Luchini (2000) and Andersson, Berggren & Hen-
ningson (1999) calculated the optimal disturbance for Blasius boundary-layer
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flow. The optimal disturbance is the initial condition maximizing the ratio of
some disturbance-energy measure between two points and was found to be a
weak streamwise vortex. The wall normal disturbance profile obtained from the
theory agrees well with the disturbance profiles measured in boundary layers
subjected to free-stream turbulence.

Brandt, Henningson & Ponziani (2002) performed a non-linear receptivity
analysis which showed that wave-like disturbances in the free stream can gen-
erate streaks via non-linear interactions. This receptivity process takes place
downstream of the leading edge. The results show that disturbances in the free
stream above a boundary layer can introduce streaks in the boundary layer.

3.2.1. Model experiments of transient disturbances

The response of a boundary layer to localized forcing through a hole in the
wall was studied by Grek et al. (1985), who concluded that three different
kinds of disturbances can be generated. The one related to transient growth is
long structures of near constant spanwise width, at first growing in amplitude
but decaying further downstream. The two others are T-S wave packets of
Gaster type and the immediate formation of turbulent spots. In contrast to
the transient disturbance, both the wave packet and the turbulent spot grow
significantly in the spanwise direction while propagating downstream.

A localized disturbance in laminar flow was studied by Gad-el-Hak & Hus-
sain (1986) who intended to model the sub-layer streaks of a turbulent bound-
ary layer by transiently growing intermittent streaks generated from a hole in a
plate under a laminar boundary layer. Breuer & Haritonidis (1990) disturbed
the boundary layer with a flexible membrane moving upwards or downwards.
Bakchinov et al. (1998) used two kinds of disturbance generation; first they
generated a disturbance in the free-stream and then they compared the devel-
opment of this disturbance with the development of a disturbance introduced
from a hole in the plate. In all experiments, the same observation is made:
a long structure is formed, which at first grows in amplitude to a maximum
whereupon it decays in amplitude while it propagates downstream. During
its development, the length of the disturbance is constantly growing. Similar
results were obtained by Elofsson, Kawakami & Alfredsson (1999) who intro-
duced continuous suction through a spanwise array of holes in a channel flow.
They observed longitudinal streaks which first grew in amplitude and then
decayed.

3.3. Secondary instabilities and breakdown

The elongated, transiently growing disturbances generated by localized dist-
urbances decay after the initial growth, rather than developing into turbulent
spots as seen in a boundary layer subjected to free-stream turbulence. Thus,
transient growth is not providing the complete description of the transition
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process. For turbulence to occur, there has to be some secondary mechanism
acting on the streaks, or a primary instability unrelated to the streaks. This is
an open question and relevant work is reviewed below.

3.3.1. Experiments

The first candidate for providing high frequency oscillations eventually lead-
ing to the formation of a turbulent spot are T-S waves. Boiko et al. (1994)
generated 2D T-S waves in a boundary layer subjected to FST and found that
the growth factors of the 2D disturbances are considerably lower as compared
to what is predicted by linear theory for a Blasius boundary layer without
streaks. This was also found in the simulations by Cossu & Brandt (2002),
where a boundary layer with stable streaks, generated by optimal disturban-
ces, was studied.

A boundary layer containing streamwise streaks generated by upstream
roughness elements was studied by Bakchinov et al. (1995). They found a
competition between 2D T-S waves and a new instability appearing at higher
frequencies, traveling with the local velocity at the position of maximum ampli-
tude. The maximum amplitude was found at the position of maximum spanwise
shear. These facts indicate that the new instability is an inflectional instability
of the streaks.

Westin et al. (1998) found that transient, localized disturbances (presum-
ably similar to individual streaks in a boundary layer subjected to FST) can be
driven to breakdown if 2D T-S waves are present. The transient disturbance
was found to interact with the T-S wave, generating oblique structures eventu-
ally leading to a process similar to oblique transition, studied by e.g. Schmid
& Henningson (1992), Berlin, Wiegel & Henningson (1999) and Elofsson &
Alfredsson (2000). From the visualization images of FST induced transition
presented by Matsubara & Alfredsson (2001), there seems to be a secondary
instability acting on the streaks, assumed to be similar to the secondary in-
stability of streaks found in other flows with streak like structures (e.g. curved
channel flow). The secondary instability of velocity streaks in a plane channel
flow was studied by Elofsson et al. (1999) whereas Asai, Minagawa & Nish-
ioka (2002) studied the secondary instability of low-speed streaks in a Blasius
boundary layer. In the plane channel used by Elofsson et al. (1999), only the
anti-symmetric mode was amplified. Asai et al. (2002) used two streaks of
different width and forced both the symmetric and the anti-symmetric mode.
It was found that the width of the streak is critical for the mode selection:
the symmetric mode was most strongly amplified for the wide streak, whereas
the opposite was valid for the anti-symmetric mode. The visualizations of
the anti-symmetric mode from the controlled model experiment of Asai et al.
(2002) show an astonishing similarity with the single “wiggle” captured in a
high-speed video sequence by Matsubara & Alfredsson (2001).
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3.3.2. Theory

It is well known that streak-like mean velocity disturbances can be subject
to exponentially growing disturbances. One example is the velocity pattern
created by Görtler vortices, the secondary instability which was studied by
Bottaro & Klingmann (1996). The secondary instability can be either sym-
metric or anti-symmetric, and in the case of the quickly developing Görtler
vortices, the most unstable mode is found to change from the antisymmetric
to the symmetric with downstream distance.

The secondary instability of streaks generated by the optimal disturbance
in a laminar boundary layer was studied by Andersson et al. (2001). The
streaks were found to be subject to exponentially growing disturbances once
they reached a threshold amplitude of 26%. The most unstable mode was an
antisymmetric oscillation of the low-velocity streaks.

In the comprehensive study of Schoppa & Hussain (2002), it was found
that the secondary instability of velocity streaks is subject to a transiently
growing disturbance, i.e. that a wiggle of a streak grows linearly at first before
single mode exponential growth sets in. The possibility of an initial quick
transient growth for exponentially unstable cases is also emphasized by Schmid
& Henningson (2001).

3.3.3. Numerical studies

The scenario sketched above, first growth of streaky structures and thereafter
the appearance of a secondary instability, is questioned by Jacobs & Durbin
(2001) based on data from their numerical simulations. Rather than a sec-
ondary instability, they claim that breakdown of the low-speed structures in
the boundary layer (denoted “backward jets”) is forced through an interaction
between the streaks (jets) and small scales in the free stream.

The T-S wave scenario was studied numerically by Fasel (2002). He shows
that the structures appearing during the breakdown process are fairly un-
changed by the presence of the streaks.

Finally, the process of breakdown suggested by the experimental and the-
oretical studies has been simulated. Brandt & Henningson (2002) forced the
secondary instability of a streak created by the optimal disturbance and stud-
ied the growth of the secondary instability and its breakdown to turbulence.
The structures created in the latter part of the breakdown process showed
similarities with other types of breakdown.

3.4. Relations to the regeneration cycle of turbulence

The cause and relevance of sub-layer streaks in turbulent boundary layers are
a large research area and have been reviewed by e.g. Panton (2001). It may be
hypothesized that the dynamics of such streaks and the dynamics in a boundary
layer subjected to free-stream turbulence are similar, why a short review of the
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subject is relevant in this thesis. If the dynamics are similar, the control results
in this thesis are relevant not only for transition delay, but also for control of
turbulence.

Visualizations and correlation measurements near the wall in turbulent
boundary layers by e.g. Kline et al. (1967) show the existence of low velocity
streaks. The reason for and significance of these streaks have been the subject
of intense study through the years. Landahl (1990) gives a review of a number
of theoretical explanations for sublayer streaks and Johansson, Alfredsson &
Kim (1991) show quantitative results for streaks obtained from the analysis
of data bases obtained from DNS. One model for the creation and re-creation
of streaks is that the streaks are one of the stages in a regeneration cycle,
according to which a streak is generated by streamwise vorticity and growing
until it breaks down, generating strong high frequency oscillations, either by
a secondary instability or by some other, non-linear mechanism. After the
bursting, non-linear mechanisms redistribute the vorticity so that new streaks
are formed and the cycle continues. This cycle was studied in data from a
DNS of low Reynolds number turbulent channel flow by Hamilton, Kim &
Waleffe (1995) who concluded that the low-velocity streak breaks down due
to a secondary instability. The secondary instability of instantaneous low ve-
locity streaks in turbulent flow has also been studied by Skote, Haritonidis &
Henningson (2002), who concluded that there exists a symmetric instability,
occurring due to the inflectional normal velocity profile.

An alternative scenario is the parent-offspring scenario, according to which
streaks are induced by older streaks. Jiménez (1994) studied the structure of
near wall flow and found a regeneration cycle in which streak generation is
one vital ingredient. The second ingredient is shear tilting of vertical vorticity
blobs originating from the streaks, forming almost horizontal vorticity. The
horizontal vorticity then generates a new streak.

Schoppa & Hussain (2002) study necessary conditions to be fulfilled for a
low-velocity streak to be unstable and find a universal criterion for a streak
to be unstable, namely that the “streak lift-up angle” has to be larger than a
certain value. Statistics from DNS data bases show that few streaks stronger
than the threshold value exist.

Low-dimensional mathematical models illustrating the cyclic behaviour of
systems like the regeneration cycle described above have been studied by Wal-
effe (1995, 1997).

The importance of both the linear and non-linear terms in the Navier-
Stokes equations for turbulence regeneration is highlighted in a numerical ex-
periment performed by Kim & Lim (2000). They performed DNS of a tur-
bulent channel flow, and studied the flow when the linear coupling between
mean streamwise shear and wall-normal velocity was turned off. In a second
experiment, they turned off the non-linear terms instead. By observing the
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development of random initial conditions in the two cases, they concluded that
the linear coupling is responsible for the streak generation, and that the non-
linear terms are responsible for the regeneration process. Both are necessary
for self-sustained turbulence, why it is enough to cancel one of them in or-
der to inhibit the regeneration cycle. Various regeneration cycle scenarios are
reviewed by Panton (2001).

3.5. Prospects for flow control

The dynamics of the streaks found in free-stream turbulence might be similar to
streaks found in turbulent boundary layers. It is agreed in both cases that the
streaks are generated by lift up whereas several mechanisms, parent-offspring,
backward jets or secondary instabilities (symmetric or anti-symmetric modes,
transiently or exponentially growing) have been proposed for regeneration and
breakdown of the streaks. The exact process of breakdown of streaks is not of
paramount interest from a control perspective, since a control system limiting
streak growth will delay transition and/or reduce turbulence independent of
the details of the breakdown process.
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CHAPTER 4

Boundary layer flow control

4.1. General characteristics of flow control

As mentioned in chapter 1 there are many different types of control, how-
ever in the flow control literature, the categorization of control methods is not
unambiguous. In figure 4.1 four different situations are described, (a) a sys-
tem to which no control is applied, (b) a system where the fluid properties
or boundaries have been changed, but there are no external energy usage, (c)
non-reactive control where external energy is supplied to the system and finally
(d) reactive control where information from the system together with external
energy are used to control the system.

The underlying idea of flow control is that small design modifications, or
minute energy input, can improve the performance of a given system. The aim
can be to decrease drag or increase lift. Other aims can be to improve mixing
or suppress noise. In order to obtain the target, the system can be manipulated
in different ways.

All physical systems are subjected to external disturbances which will affect
the output of the system. Some examples are surface vibrations, acoustic noise,
free-stream turbulence outside a boundary layer or variations of the flow rate.
Each system also has its internal dynamics. The control objectives can be
reached by changing the system dynamics and/or by counteracting the input
noise.

4.1.1. Passive methods

A passive method controls the flow by changing the system itself. Two examples
are placing riblets on a surface to effect the near-wall turbulent structures and
adding polymers to the fluid in order to decrease turbulent friction drag, i.e. by
changing the rheological properties of the fluid. An important application area
for passive methods is control of separation. A well known example is vortex
generators on the upper surface of airfoils generating vortices which enhance
mixing in the boundary layer so that separation is avoided. Another example
is the surface structure of golf balls, where the dimples promote transition to
turbulence which delays separation and thereby decreases the drag.
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Figure 4.1. Different control approaches.

A number of passive methods which aim either to reduce turbulent drag
or delay transition are reviewed in section 4.2.

4.1.2. Non-reactive methods

Non-reactive methods are characterized by the fact that they use energy in
order to obtain the control purpose. The underlying idea is of course that the
energy savings or quality improvements thanks to the control shall at least
compensate the energy spent on the control. Examples of such methods are
steady surface suction or predetermined surface movement. Such examples are
reviewed in section 4.3.

4.1.3. Reactive methods

Reactive methods are different from non-reactive in that they respond to the
instant state of the system or the time-varying external disturbances, as is
illustrated in figure 4.1(d). In a physical system this means that both the sens-
ing and actuation are localized. Depending on the input to the controller, the
system is feedforward (if it utilizes the measured input noise only) or feedback
(if it uses the measured state of the system and/or the engineering output).
The distinction between feedforward and feedback is not distinct, and that
categorization will not be emphasized in the following.
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In a physical experiment or application, three elements have to be available
in order to build a reactive control system, namely sensors, actuators and the
controller. Numerical studies, on the other hand, automatically have access to
full flow information. In a simulation, it is also straightforward to apply body
forces anywhere in the flow or apply blowing/suction at the wall which can
be distributed on the scale of the computational grid. Simulations of control
with wall-movements can also be performed in codes made for the purpose. It
is thus natural, that numerical studies tend to concentrate on the design of
controllers, while most experimental work have concentrated on different kinds
of actuators. Physical realizations of reactive control systems are so far very
few.

There are many methodologies available for controller design. Physical
insight, neural networks, linear optimal control, linear cancellation or direct
optimization over time horizons varying form very short to infinity are some
of the possibilities. In the review of reactive control of turbulence and transi-
tion in section 4.4, sensor and actuator technology are reviewed together with
controller design.

4.2. Passive flow control

There are several methods which fit under the heading “Passive flow control”
and all methods appearing in this section have been studied for several decades.
This section has no intention to give a complete review of the field and only a
few papers have been referred to for each method.

4.2.1. Polymer additives

The pressure needed to drive a turbulent water flow through a pipe can be dra-
matically decreased by the addition of elastic polymers, Paterson & Abernathy
(1970). The reduction in shear stress can be up to 80% and the phenome-
non has been studied extensively but there is yet no complete explanation.
Den Toonder et al. (1997) compared two different models for the effect of the
polymers in direct numerical simulations and compared the results with ex-
perimental data. They concluded that the viscous anisotropy introduced by
the polymers is important for drag reduction to occur whereas the elasticity
is not. However, Sreenivasan & White (2000) managed to reproduce both the
onset of drag reduction and the maximum drag reduction asymptote found in
experiments, using a theory which is based on elastic effects.

After 50 years of research and some 2500 papers devoted to the phenome-
non, Sreenivasan & White (2000) state that to gain more knowledge, “. . . one
requires new experiments at high Reynolds numbers, an integral part of which
should be the characterization of the polymer. Such experiments must be di-
rected towards problems that have a chance of being posed adequately in the-
oretical terms – such as the ones chosen here – rather than to the exploration
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of a whole range of fascinating but ill-posed problems.”. The importance of
using experiments, theory and simulations hand-in-hand when planning future
studies can be extrapolated to all flow control studies!

4.2.2. Riblets

Riblets are ridges in the surface and are known to decrease the drag in turbu-
lent boundary layer flows. In order to obtain the drag reduction, the riblets
have to have proper dimension and be aligned with the flow. An extensive
experimental investigation by Bechert et al. (1997) varied all relevant param-
eters in a turbulent channel flow and a drag reduction of 9% was achieved for
the optimal parameter settings. The mechanism behind the drag reduction is
not clear and under continuous investigation, see Falcomer & Armenio (2002).
Another experimental study of the flow over riblets is Choi (1989), where the
results indicate that the riblets inhibit spanwise movements of the near-wall
streaks, decreasing the bursting and thereby reducing the drag.

For transition studies, riblets mounted across the flow has proven to some-
what delay the later stages of transition induced by T-S waves (Grek et al.
1995). In a later experiment by Grek et al. (1996), the same riblets were found
to dramatically decrease the growth of streamwise streaks induced by surface
roughnesses.

4.2.3. LEBUs

A Large Eddy BreakUp device (LEBU) is a wing profile mounted in the outer
part of a boundary layer and has been proposed to give drag reduction by, as
the name indicates, breaking up the large eddies in the boundary layer. The un-
derlying idea is that the bursting in the boundary layer is triggered by the large
scales and that their destruction would decrease the bursting activity. Some
preliminary studies showed large overall drag reduction and many different re-
search groups around the world became excited by the prospects of LEBUs
and got involved in this research. Several groups also showed that behind the
LEBUs there were a strong decrease in the local skin friction, however in order
to get a positive drag reduction effect the integrated skin-friction reduction has
to be larger than the penalty drag on the LEBUs themselves. Careful towing
tank experiments by Sahlin, Alfredsson & Johansson (1986); Sahlin, Johansson
& Alfredsson (1988) showed that no positive effect on total drag was achieved
when using LEBUs. This method has thereafter, at times, been denoted “the
cold fusion of turbulence research”.

4.2.4. Compliant surfaces

The swimming performance and speed of dolphins have always fascinated man.
Through estimates of the muscle power of dolphins, it was found that the power
available was too small to overcome the assumed friction of the swimming
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dolphin. This lead to the idea that the soft and elastic skin of the dolphin
could reduce drag. Since then research on the effect of compliant surfaces on
both laminar and turbulent boundary layers has been been pursued and most
of the work is reviewed by Gad-el-Hak (2000). For instance it is suggested from
theoretical considerations and verified in experiments that compliant coatings
can reduce the growth of instability waves and thereby increase the transition
Reynolds number with almost an order of magnitude.

Compliant coatings have also been suggested to decrease the friction drag
of a turbulent boundary layer. In an experimental study, Choi et al. (1997)
found a drag reduction of 7% in a turbulent boundary layer over a compliant
coating. The fluctuations of the velocity, shear stress and pressure were also
reduced. Recently, Endo & Himeno (2002) performed numerical simulations of
the phenomenon and concluded that the drag reduction in a turbulent chan-
nel flow momentarily reached 7% and 2.7% in the mean. The possibilities to
optimize the parameters of the compliant coatings can probably improve the
performance.

4.3. Non-reactive flow control

The methods cited so far are all passive in the sense that there is no need for
external energy input in order to drive the control system; the methods rely
on passive utilization of the flow dynamics. However, allowing oneself to use
external energy to control the flow the possibilities increases.

4.3.1. Steady suction

One control concept is to use steady and continuous suction through the wall
in order to change the mean flow and thereby obtain the desired control ef-
fect. According to Schlichting & Gersten (2000), with a suction velocity at
the wall of 1.2 × 10−4U∞, the boundary layer is stable to T-S waves and will
remain laminar. The drag reduction obtained is then 60–80% depending on the
Reynolds number. For other types of disturbances, such as those introduced
by free-stream turbulence, much stronger suction is needed in order to obtain
stabilization. Some recent work on transition delay using the method of steady
suction is reviewed below.

4.3.1a. Experimental work. Fransson (2001) performed experiments on the ef-
fect of continuous suction in a boundary layer subjected to free-stram turbu-
lence. With a FST level of 1.4%, he found that a suction velocity of 2.5 ×
10−3U∞ was necessary in order to inhibit disturbance growth in the bound-
ary layer. This value is 20 times larger than the value given by Schlichting &
Gersten (2000). This shows that the disturbances introduced in the boundary
layer by the free-stream turbulence need much stronger control as compared to
the T-S waves accounted for in earlier studies.

26



4.3. NON-REACTIVE FLOW CONTROL

The ultimate goal of transition control is not necessarily to maintain lami-
nar flow over the whole surface, e.g. turbulent flow might be preferable at some
point in order to avoid separation. Nelson et al. (1997) experimentally demon-
strated the use of multiple suction strips together with an iterative algorithm
in order to move the transition point to a predetermined position.

In a practical application suction is usually performed through a perfo-
rated surface with discrete holes. This means that the suction is not uniformly
distributed over the surface, but instead rather localized. The effect of such
localized suction was studied by MacManus & Eaton (2000) who showed that
the suction rate through individual holes may not exceed a critical value, above
which the flow induced by the sharp sides of the hole can generate large dist-
urbances in the flow.

4.3.1b. Theoretical studies. The suction distributions minimizing the distur-
bance amplitude growth of a disturbance (or selected group of disturbances)
have been obtained by optimization processes by Balakumar & Hall (1999) and
Pralits, Hanifi & Henningson (2002). Their results show that for a given energy
consumption, the maximum effect, as measured by the growth of disturbances
in the flow, usually is obtained if most of the suction is used upstream and the
suction rate then is decreased downstream.

Cathalifaud & Luchini (2000) calculated the steady blowing/suction distri-
bution which most efficiently decreases the growth of optimal disturbances. It
was found that the actuation should be of high amplitude at the upstream end
of the region over which transpiration was applied. The study only considers
steady (infinitely long) optimal disturbances.

4.3.2. Non-reactive structure manipulation

Applying steady suction changes the mean flow to a more stable state. Turbu-
lence or transition can however be affected also by actuation affecting mainly
structures in the flow.

4.3.2a. Spanwise oscillation. If the wall below a turbulent boundary layer os-
cillates in the spanwise direction, the turbulence activity inside the boundary
layer has been observed to decrease for certain parameter values (frequency
and amplitude). This effect has been studied experimentally by Jung et al.
(1992). The numerical study of Laadhari et al. (1994) showed a drag reduc-
tion of up to 40% by oscillating the wall. Later studies by Choi, DeBisschop
& Clayton (1998) and Choi & Clayton (2001) confirm the drag reduction re-
sults and show that the underlying mechanism is that the oscillating wall tilts
vorticity towards the spanwise direction. The thus created spanwise vorticity
alters the mean velocity profile by decreasing the velocity close to the wall and
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increasing it further out from the wall. At the same time, the spanwise vor-
ticity obstructs the streak-creating longitudinal vortices, thereby reducing the
bursting activity.

4.3.2b. Transverse traveling waves. Schoppa & Hussain (1998) show in a nu-
merical simulation that a spanwise traveling wave, obtained through blowing
and suction at the wall of a turbulent channel flow, may reduce the friction
drag. This is equivalent to a spanwise traveling surface wave. The amplitude
of their actuation is fairly high and the best results were obtained with a blow-
ing/suction amplitude of 6% of the centreline velocity. Du et al. (2002) reports
result from a simulation, showing that a spanwise traveling wave can reduce
turbulent drag. At optimal conditions, the spanwise traveling wave reduced
the drag with 30%. The control scheme can be realized by moving walls or
electromagnetic forces in conductive media, such as salt water.

4.4. Reactive control

The reason for suggesting reactive control of flow instabilities is that the en-
ergy spent for controlling can be used more efficiently if knowledge of the flow
state is used. The potential of reactive control is illustrated by Bewley et al.
(2001), who found that a turbulent channel flow can be relaminarized by suc-
tion/blowing at the wall, if it at each instant is adjusted to minimize future flow
oscillations (accessible in advance via DNS). The basic idea is that the state
of the flow is measured by a sufficient number of sensors whereupon an appro-
priate control action is calculated by a controller. Finally this control action is
applied via blowing/suction at the wall or some other actuation method.

When entering the field of reactive flow control, a comment has to be
made regarding the choice of method: experiments or DNS. In flow studies,
the approaches differ in the data they provide: a DNS provides full field data
of certain parameter values whereas an experimental study typically provides
data from chosen positions, but possibly for a larger number of parameter set-
tings. In flow control, additional differences appear. Numerically, distributed
actuation can be applied, whereas the experimental approach has to rely on
localized actuation. The localized actuation tend to create a near-field, espe-
cially close to the wall, in which the global flow field does not affect the velocity
variation. This disparity does not only hinder the comparison of experimental
and numerical data, but also the experimentalists who wish to make use of
progress from numerical studies.

It is well known that transition induced by T-S waves can be delayed by
introducing anti-phase waves. The anti-phase wave can be introduced by oscil-
lating suction/blowing through a slot, a vibrating ribbon or intermittent heat-
ing and the concept has been demonstrated experimentally by Milling (1981)
(vibrating ribbon) and Liepmann, Brown & Nosenchuck (1982) (intermittent
heating). In a follow up experiment, Liepmann & Nosenchuck (1982) showed
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how transition induced by 2D wave disturbances can be delayed by reactive
control systems relying on linear wave cancellation.

The localized nature of flow disturbances appearing in some transition
scenarios and turbulence, makes it necessary to produce large quantities of
sensors and actuators. MEMS (Micro-Electro-Mechanical-Systems) promise to
enable the production of sensors and actuators in large quantities (Ho & Tai
1996; Löfdahl & Gad-el-Hak 1999).

MEMS are built utilizing the techniques of the fabrication of integrated
chips. Three dimensional structures with beams, membranes, flaps, etc. can be
built on silicon substrates. The ultimate goal is to build sensors, actuators and
the necessary controller electronics on the same chip. So far, hot-film sensors
for shear stress and different pressure sensors have been produced (Löfdahl &
Gad-el-Hak 1999) whereas there are few (if any) successful experiments with in-
tegrated control systems comprising sensors and actuators manufactured with
MEMS-technology. A self cleaning valve, designed for use in aeronautic appli-
cations, has however been successfully built and tested (Kerho 2002).

A selection of studies on reactive control of turbulent and transitional flows
are summarized in table 1, where the sensor/sensed quantity, controller and
result are shown for a selection of references. The sensors are fairly well de-
veloped. The situation is different when it comes to actuators and controllers.
The controller is the algorithm used to calculate the actuation based on mea-
surements (c.f. figure 4.1).

4.4.1. Sensors

Time resolved information of the flow for control purposes should be obtained
from non-intrusive sensors and is therefore typically obtained from wall wires
or hot films. Such sensors give information of the instantaneous wall shear
stress. Even though the frequency response of such sensors can vary with the
frequency, as pointed out by Alfredsson et al. (1988), they are suitable for
detecting flow structures in the near-wall region.

It has been shown by Bewley & Protas (2002) that it is necessary to com-
bine shear stress measurements with pressure measurements at the wall if the
flow field above the wall is to be efficiently estimated. This means that in ad-
dition to the shear-stress sensors, pressure sensors such as microphones might
have to be used.

4.4.2. Actuator principles

There are a multitude of mechanisms, which can be used to affect a flow for
control purposes. Some have already been touched upon, such as vibrating
ribbons or intermittent heating, which have been used to reduce the amplitude
of T-S waves. The most important ones used for transition and turbulence
control will be described below, together with reviews of the results obtained.
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4.4.2a. Localized suction and/or blowing. Spatially and temporally modulated
suction and/or blowing have been used in numerical work as well as in exper-
iments. Suction through a narrow streamwise slot or a hole in a boundary
layer plate have been used to inhibit bursting of generated structures by Gad-
el-Hak & Blackwelder (1989). Myose & Blackwelder (1995) delayed transition
of Görtler vortices by applying suction below the low velocity regions. A sim-
ilar technique was used by Egami & Kohama (1999) who delayed transition
induced by cross-flow vortices.

Tardu (2001) experimentally studied the effect of periodic suction/blowing
through a spanwise slot on a turbulent boundary layer. It was found that pe-
riodic blowing, oscillating between zero and a certain amplitude, had similar
effects on the mean flow as continuous blowing with the same integrated am-
plitude. However, the time dependent forcing had interesting effects during the
cycle: at certain positions and periods of time, the flow seemed to relaminarize.

Rebbeck & Choi (2001) studied the effect of sudden blowing through a hole
on structures in a turbulent boundary layer. The actuator was activated with
a fixed frequency and the randomly appearing structures were detected by a
wall wire. In the post processing, time exerpts in which the structure appeared
at similar times relative the actuator were ensemble averaged. By this method,
the effect of the actuator could be tried without the need of reactive control.
It was found that properly applied, the actuation inhibited the bursting of the
streaks and smeared out the rapid deceleration typically occurring during the
bursting process .

Transition of transiently growing low velocity disturbances in a laminar
boundary layer has been inhibited by suction through a hole by Bakchinov et al.
(1999). Later experiments (Bakchinov et al. 2000) showed that the opposite
also works, i.e. that blowing can be used to decrease the amplitude and inhibit
breakdown of high-speed streaks.

4.4.2b. Vertical wall motion. Suction/blowing have shown to be an efficient ac-
tuation technique. In applications, such as on an aircraft wing or in a pipe line,
it might however be unpractical. Therefore, vertical wall motion with the same
velocity as the blowing/suction has been proposed, since the boundary condi-
tion becomes the same, provided the curvature of the wall is small. Breuer,
Haritonidis & Landahl (1989) showed that the growth of a transient distur-
bance can be inhibited by vertical motion instead of suction (compare with
the results of Gad-el-Hak & Blackwelder (1989) and Bakchinov et al. (1999)
above). A streamwise array of membranes was moved down one after another
with a suitable time delay. The breakdown of a disturbance generated by a
similar membrane upstream of the others, moved in the opposite direction,
was successfully inhibited.
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The motions introduced by the sudden upwards movement of a part of
the wall was studied by Hofmann & Herbert (1997). The simulations aimed at
examining the flow patterns produced by an experimentally realizable actuator.

Vertical wall motion has also been tested in numerical studies of turbulence
control. This will be touched upon under the review of controllers.

4.4.2c. Synthetic jets. On average, a high frequency oscillating zero-mass-flux
suction/blowing through a hole generates a pair of streamwise vortices together
with a jet. This effect was used by Rathnasingham & Breuer (1997) (together
with a linear system identification scheme to be described below) to decrease
bursting in a turbulent boundary layer. Glezer & Amitay (2002) review the
use of such synthetic jets and illustrate its ability to control separation on a
cylinder.

4.4.2d. Flap based configurations. Jacobson & Reynolds (1998) used an actua-
tor based on an electromagnetically driven flap, which was placed over a cavity.
The two gaps on the sides of the flap were of different width and when the flap
was moving up and down at resonance, a pair of streamwise vortices were
generated over the narrow gap, somewhat similar to the synthetic jets. The
vortices created by the actuator can be made to interact with longitudinal wall
structures for flow control purposes.

4.4.2e. Electromagnetic actuation. Among others, Rossi & Thibault (2002) re-
port on the use of electromagnetic forcing, which can be used in conductive
media such as salt water. Such a device can generate localized as well as more
homogeneous body forces and thereby act as a flow control actuator.

4.4.3. Controller design and its evaluation

With sensors and actuators available, the third component in a control system,
the controller, determining what control action to apply based on the sensor
signal(s), has to be designed. It can be designed based on physical arguments
or from a mathematical analysis. The methods below are the most important
ones tried.

4.4.3a. Opposition control. The perhaps most obvious control is to apply an
action which opposes structures which have been identified as critical in the
flow. This approach is called opposition control and was tried by Choi et al.
(1994). They performed a DNS and set the normal velocity at the wall to
the opposite of the normal velocity at a suitable distance from the wall. The
distance at which the measurements were taken was found by tuning. Drag
reduction of up to 25% was obtained in the turbulent channel flow under study.
The scheme is however not realizable in a physical experiment, since distributed
measurements of the wall-normal velocity at a distance above the wall cannot
be performed.
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A similar controller used together with vertical wall motion and some phys-
ical constraints on amplitude and size of the wall elements to be moved, was
found to give a drag reduction of 12% in the simulation of Endo et al. (2000).
Reference simulations showed that the decrease in efficiency as compared to
Choi et al. (1994) was due to the physical constraints and not due to the
change of actuation principle.

Chang et al. (2002) applied the opposition control scheme at different Rey-
nolds numbers. At low Reynolds numbers, the opposition control scheme man-
aged to relaminarize the flow whereas at higher Reynolds numbers, a drag
reduction, decreasing with Reynolds number, was obtained.

4.4.3b. Other cancellation schemes. Opposition control has developed into a
benchmark method in control of turbulence for drag reduction. The idea of
cancellation has however been used also in other ways, both experimentally,
in simulations and in more theoretical work and some examples will be given
below.

In an experimental demonstration of reactive control of turbulence, Kerho
et al. (2000) showed that suction, triggered by the time derivative of the stream-
wise wall shear stress from upstream sensors, can be used to reduce the drag. It
was assumed that quick acceleration (fast increase of the shear stress) is related
to upward motions, which in turn create streaks. The suction is then supposed
to cancel the upward motion. The scheme was tried in a turbulent boundary
layer and drag reduction of up to 22%, based on mean profile measurements,
was reported.

A second reactive control experiment is the one by Rathnasingham &
Breuer (1997). Also this study relies on a cancellation scheme. But instead of
an assumed physical behaviour, as in the case of Kerho et al. (2000), the actual
development of disturbances in the turbulent boundary layer under study is
modeled. In the experiments of Rathnasingham & Breuer (1997), the stream-
wise velocity at some distance above the wall downstream of the sensors is
modeled from the sensor signals by FIR (finite impulse response) filters, i.e.
weighted sums. Similar filters are used to model the velocity variation resulting
from the actuator output. The filters can be used to apply actuator output
designed to cancel the expected velocity variation, which first is modeled from
the sensor signals. Rathnasingham (1997) report drag reduction of 7% in a
turbulent boundary layer. Also here, the drag reduction was deduced from
mean flow profiles. The approach relies on the assumption that the dynamics
are linear in the sense that the response to actuation does not change with the
flow.

Koumoutsakos (1997) proposed and made numerical studies of a scheme
based on the vorticity flux in and out from the wall. The actuation was applied
such that a preset vorticity flux at the wall was obtained. Simulations showed
that the method can extinguish near-wall vortices. With a vortex flux into the
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wall, near-wall vortices are found to be sucked into the wall (i.e. the flow, not
the fluid).

Gmelin & Rist (2001) delayed transition in a simulation by measuring the
normal vorticity at the wall and apply the opposite as a boundary condition
with a time delay found to be optimal. The scheme showed to be more robust
to non-linear features of the flow as compared to schemes using the velocity or
streamwise shear instead of the vorticity.

Using the spanwise wall shear stress as input and body forces in the flow,
Lee & Kim (2002) obtained a drag reduction of 35%. If the scheme is to be
implemented in low conducting media, such as salt sea water, the body force
cannot be too large and Lee & Kim mention that a realistic drag reduction,
leading to a net gain, is of the order of 20%.

4.4.3c. Neural network. A neural network is a tool which can be used to obtain
controllers. It consists of an input layer, some hidden layer(s) and an output
layer. A signal arriving at the input layer is transferred to the output layer
via the hidden layers. At the hidden layers, different linear and/or nonlinear
transformations of the signal are made. During the tuning (training), the
transformations are tuned so that the output gives the desired result. Once
tuned (trained), the neural network can be used as a controller. Lee et al.
(1997) trained a neural network to minimize the drag in a turbulent channel.
A drag reduction of 20% was obtained and in this study, only measurements at
the wall were used. The resulting network was found to be exchangeable with
simple proportional controllers.

4.4.3d. Direct optimization. The methods so far have relied on some simple
intuitive or empirical models to design the controller. However, since the gov-
erning equations are known to be the Navier-Stokes equations, they can be used
for the controller design. In complexity, the opposite of the opposition control
is direct optimization, which means that among all possible control actions, the
one minimizing a suitable performance measure is chosen. Bewley et al. (2001)
performed a simulation applying such a control. At each timestep, an iteration
had to be performed in order to find the optimal control action. During the
iteration, simulations had to be performed in order to obtain the result of the
control. This very time consuming and information arduous controller proved
to be successful: optimally applied blowing and suction proved to be able to
relaminarize the turbulent channel flow used as a test case.

4.4.3e. Linear optimal control. Linear optimal control theory provides the opti-
mal feedback gains to be applied to a linear system so that some some objective
function is minimized. The general theory is explained by Doyle et al. (1989)
and was applied to the discretized Navier-Stokes equations by Bewley & Liu
(1998). The methodology has also proven to be successful in transitional flows
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studied by Högberg, Henningson & Bewley (2002) and Högberg & Henning-
son (2002), where transition could be delayed substantially. Högberg has also
managed to relaminarize a turbulent channel flow with the optimal controller
(private communication).

A reduced order optimal controller was tried by Lee et al. (2001) together
with blowing/suction. A drag reduction of 17% was obtained. The development
of reduced order controllers is a necessary step if the controllers are to be
implemented physically.

4.4.3f. Suboptimal control. The suboptimal control strategy differs from the
direct optimization in the way that the control is optimized over a very short
time-scale, a time horizon of only one time step is usually used. This approach
was used by Lee et al. (1998) who report a drag reduction of 22% in a turbulent
channel flow.

4.4.3g. Systems theory. Joshi et al. (1997) derived a single-input/single-output
system from the linearized Navier-Stokes equations, describing the development
of a single mode from an input position to a downstream output one. The
derived system was written on traditional transfer-function form, so that the
feedback control of the system could be studied within the framework of systems
theory. A compensator built up of a constant feedback gain together with an
integrator, was shown to stabilize the system. However transients, potentially
driving the system to transition, occurred due to the feedback.

4.4.4. Estimation

If controllers designed by optimal control are to be realized in physical exper-
iments, the whole flow field has to be estimated from the available measure-
ments. Estimation is thus a crucial step if the advances from numerical studies
are to be implemented physically.

One approach is to run a simulation of the flow (complete with all dynamics
or with simplified dynamics) and numerically force this simulation (the esti-
mator) towards the state of the real flow from which some measurements are
taken. The control to be applied is then based on the states in the simulated
flow (the estimate). The quality of the estimate is found to be crucial in order
to obtain good control results (Högberg et al. 2002).

The use of Wiener filters for estimation was tested by Amonlirdviman &
Breuer (2000), who showed that the streamwise velocity can be fairly well
predicted from the spanwise wall shear stress. This is in agreement with the
prediction results of Rathnasingham & Breuer (1997), who managed to predict
the low frequency fluctuations of the streamwise velocity near the wall in a
turbulent boundary layer very well from a wall wire mounted in the streamwise
direction, i.e. parallel to the flow.
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An additional candidate for estimation of the flow field from sparse mea-
surements is Proper Orthogonal Decomposition (POD). In POD analysis, or-
thogonal modes of the measurements from the system are sought, so that,
at any level of truncation, as much as possible of the fluctuation energy is
contained. POD analysis of a turbulent channel flow was done by Podvin &
Lumley (1998). It was concluded that if wall shear stress measurements with
a resolution possible to obtain in an experiment was used, the mean error of
the estimate as compared to the real flow was about 20%. An additional com-
plication with the POD approach is also that, as control is applied, the system
changes and POD modes obtained without control applied are not the correct
ones anymore (Prabhu et al. 2001).

In this context, it is appropriate to remind of the result of Bewley & Protas
(2002). They used Taylor expansions of the flow to show that when estimating
the flow over a wall, the streamwise shear stress, the spanwise shear stress and
the pressure all provide unique and valuable information. This indicates that
in order to get a good estimation of the flow above a wall, all three quantities
may have to be measured.

4.5. Concluding remarks

Control of fluid flow in order to achieve certain design goals can be done with
different methods, in this thesis categorized as passive, non-reactive and reac-
tive. The methods differs in the use of external energy and the use of infor-
mation of the state of the flow. For turbulent drag reduction, the addition of
polymers in the fluid can give very large (60% or more, Sreenivasan & White
(2000)) reductions in the friction drag. Surface modifications such as riblets
can give a drag reduction of up to 9% (Bechert et al. 1997) and similar values
have been reported for compliant surfaces (Choi & Clayton 2001). Non-reactive
methods, such as spanwise oscillation or transverse waves, have proven to give
drag reduction of up to 30%. The energy penalty for applying the control is
however fairly large. On the other hand, reactive methods show the possibil-
ity to relaminarize low Reynolds-number turbulence and reduce the drag at
higher Reynolds numbers with less penalty. Relaminarization typically results
in drag reduction on the order of 60–80%, while the typical value for reactively
controlled non-relaminarized turbulence seems to be around 20–25%.

When it comes to transition delay, transition induced by T-S waves can
be delayed by reactive control, using ribbons, blowing/suction or heating to
introduce out-of-phase disturbances. The transition delay is substantial. Com-
pliant coatings is another mean to delay transition to four or six times higher
Reynolds numbers.

Reactive control of transition induced by FST has not been studied previ-
ously, although some numerical studies on the control of optimal disturbances
have been performed. These show that if optimal disturbances are to be con-
trolled, much larger actuator strength is needed, as compared to what is needed
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4.5. CONCLUDING REMARKS

to delay transition induced by T-S waves. The numerical findings are comple-
mented by the experimental study of Fransson (2001), who showed that the
steady wall suction needed to inhibit disturbance growth in a boundary layer
subjected to FST is 20 times the value stabilizing T-S waves.
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CHAPTER 5

Methodologies of the present work

5.1. Why experiments?

After reading the review on flow control, or simply after studying table 1, it
should be obvious that the gap between physically implemented control systems
and the ones studied numerically is large. Also, the experimental studies on
simple reactive controllers usually lack the detail in the measurements of the
effect necessary to draw safe conclusions of how the physical processes are
affected. Therefore, the aim of the present project has been to control FST
induced transition. Once a successful control system was designed, detailed
measurements have been performed to study the control effect.

In order to isolate a phenomenon appearing randomly in the real applica-
tion, model disturbances have been used. The relevance of such studies is of
course related to the similarity between the randomly appearing disturbances
and the model disturbance. In the present work, the use of model disturbances
made it possible to study the effect of actuation without the need of reactive
control.

5.2. The flow apparatuses

As opposed to the rest of the thesis, the flow apparatuses are presented in order
of appearance, i.e. the order the author came to work with them.

5.2.1. Poiseuille flow channel

Papers 3 and 4 consider work performed in a plane Poiseuille flow channel. The
channel consists of two glass plates separated 8.2 mm by aluminum bars. In
between the glass plates, air is blown by a centrifugal fan. The channel has been
used for numerous previous experiments, e.g. Elofsson & Alfredsson (1998),
Elofsson, Kawakami & Alfredsson (1999) and Talamelli, Westin & Alfredsson
(2000). The present experiments make use of the streak generation technique
developed by Elofsson et al. (1999). The aim was to study the possibilities to
control streamwise streaks by localized suction (Paper 4) and the growth of
streak instabilities limited to a few wavelengths (Paper 3).
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Figure 5.1. Overview of experimental setup for (a) non-
reactive streak control and (b) reactive control.

One of the advantages of the channel was that it was accessible for a long
period of time. Also, the existing disturbance generation system used by Elof-
sson et al. (1999) could easily be adapted to the needs of the present studies.
For the present study, the channel was equipped for random disturbance gen-
eration, making it possible to randomly force streaks as well as their secondary
instability. The control system used suction through a spanwise array of holes
or streamwise slots, turned on and off by fast solenoid valves based on mea-
surements of the oscillations of the streamwise shear stress upstream of the
actuators.
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Figure 5.2. Top view of water channel.

Figure 5.3. Test section setup with PTV-system.

5.2.2. The water channel in Sendai

Paper 1 reports measurements in a water channel (see figure 5.2), which was
designed by Dr. Masaharu Matsubara and built mainly by him and Mr. Ayumu
Inasawa at the Institute of Fluid Science at Tohoku University in Sendai, Japan.
During a four month visit of Fredrik Lundell in 1999 the channel was completed,
trimmed and equipped with a flat plate (the set up is shown in figure 5.3). The
water channel was dedicately designed to allow time resolved measurements
of the wall-normal velocity in a zero-pressure-gradient boundary layer under a
turbulent free stream.

The main advantage of the water channel as compared to air apparatuses
is that typical time scales are much longer. The development of the structures
can be studied with the eye if suitable markers are present in the flow and time
resolved stereo digital Particle Tracking Velocimetry (PTV) could be performed
utilizing off-the-shelf products for digital video production.

5.2.3. The MTL wind-tunnel

The MTL (Minimum Turbulence Level) wind-tunnel at KTH was inaugurated
in 1990. Free-stream turbulence induced transition has been studied in it by
Westin et al. (1994), Alfredsson & Matsubara (2000), Matsubara & Alfredsson
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Figure 5.4. Setup in MTL wind-tunnel.

(2001), Fransson (2001) and Yoshioka, Fransson & Alfredsson (2003). The
tunnel is equipped with a five axis traverse system. The flat plate setup and hot-
wire measurements are well established from previous studies. Also, a number
of turbulence generating grids are available. During the present experiments,
instrumental plugs with sensors and actuators have been designed and built for
the plate.

5.3. Experimental techniques

5.3.1. Velocity measurements

5.3.1a. Hot-wire anemometry. For all experiments in air, the velocity was mea-
sured by a single hot wire measuring the streamwise velocity component. The
reasons for choosing the hot wire were the time resolution and the simple syn-
chronization of the measurements with other measurements, control systems
and disturbance generation.

5.3.1b. Bubble tracking velocimetry. In order to measure the wall-normal ve-
locity in the water channel, a stereo particle tracking system was designed
and built. The system consists of two cameras, viewing chains of hydrogen
bubbles, generated by a straight wire, under different angles. Stereo-viewing
techniques were then used to reconstruct the three-dimensional position of the
bubble chain, by which both the streamwise and wall-normal velocity could be
deduced. The system allowed time resolved measurements of the instantaneous
spanwise distribution of both the streamwise and wall-normal velocity.

5.3.1c. Laser Doppler Velocimetry. A Laser Doppler Velocimeter was used to
confirm the accuracy of the bubble-image velocimetry system. The advantage
of the LDV system was that measurements could be performed without cali-
bration, thus being the perfect reference.
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5. METHODOLOGIES OF THE PRESENT WORK

5.3.2. Skin-friction sensing with wall wires

In Paper 4 and 5, reactive control is studied. In both studies, the fluctuating
wall shear stress is used as input to the controller. The fluctuating wall shear
stress was sensed with wall wires. Even though special considerations have to
be taken if the wall-shear stress is to be measured correctly with a wall wire, it
is a convenient sensor for flow control studies due to its fast frequency response
and high signal-to-noise ratio. A similar wall wire was used also in Paper 2,
were correlations between a wall wire and a traversable hot wire were used to
study the development of disturbances inside the boundary layer.

5.3.3. Model disturbances

5.3.3a. Velocity streaks in the channel. In the Poiseuille flow channel, velocity
streaks were generated by applying suction through five streamwise slots, sepa-
rated in the spanwise direction. Further downstream, the secondary instability
of the streaks was forced by speakers. If the secondary instability is forced
at a suitable frequency and the streak amplitude is large enough, breakdown
to turbulence occurs after an amplification of the secondary instability. Both
the streak generation and secondary instability forcing could be made random,
simulating disturbances appearing in a boundary layer subjected to FST.

5.3.3b. Localized disturbances in the wind-tunnel. Model disturbances have also
been used in the MTL wind-tunnel, where they were generated by blowing and
suction through a hole in the plate. If high frequency noise was added to the
disturbance, the high frequency fluctuations were amplified and the disturbance
developed into an incipient spot. The disturbances were used to investigate the
possibility to delay breakdown by a piezo-ceramic flap actuator.

5.3.4. Actuation

5.3.4a. Localized suction. In both the control Papers 4 and 5, suction through
holes or narrow slots is used for actuation. Suction through holes has been used
by previous investigators, and in the present work suction was first confirmed
to be able to decrease the amplitude of steady and randomly appearing streaks
in the channel (Paper 4). It was thereafter used for reactive control of FST
induced transition (Paper 5). The suction was maintained by an air pump and
turned on and off by solenoid valves. The main disadvantages are that it does
neither allow amplitude-modulated nor opposite (blowing) actuation.

5.3.4b. Piezo-ceramic flap. With proper activation, a piezo-ceramic flap showed
to successfully inhibit breakdown of streaky disturbances generated in the
boundary layer. The results are presented in Paper 6. The piezo flap promises
to provide amplitude modulated actuation as well as actuation action of both
signs (downward motion and upward motion). These aspects were however not
explored during this work.
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5.3. EXPERIMENTAL TECHNIQUES

5.3.4c. Pulse-width modulated blowing/suction. Amplitude modulation can also
be achieved by using pulse-width modulation. Within the present work, pulse-
width modulated blowing/suction was tried as an actuator and a high cor-
relation between the generating signal and the response of an undisturbed
boundary layer was obtained. The results are presented in Paper 7.
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CHAPTER 6

Results

In this chapter, the results from Papers 1–7 are presented briefly. For details
and further discussions, the papers enclosed in the thesis should be consulted.
The results are separated into two sections. First, fundamental studies related
to FST induced transition are studied. The relevant papers are Papers 1–3. In
the second section of this chapter, the flow control results from Papers 4–7 are
reviewed.

6.1. Free-stream turbulence induced transition

6.1.1. Streak growth

Figures 6.1 and 6.2 from Paper 1 show velocity data from the boundary layer
measured in the water channel. In figure 6.1, the mean velocity (U) and dis-
turbance (urms) profiles in the boundary layer are shown. There is good agree-
ment between the stereo-PTV measurements and the LDV data as well as with
theory. This also illustrates the accuracy of the newly developed stereo-PTV
system.

Simultaneous time traces of the streamwise, u, and wall-normal, v, veloci-
ties and their product (uv) at a point in a boundary layer subjected to FST, as
measured by the PTV-system, are shown in figure 6.2. Strong fluctuations are
seen in the streamwise velocity component, as streaks of high and low-velocity
pass the measurement position. Note that the scale varies for the three com-
ponents: v is amplified ten times as compared to u. The wall-normal velocity
is seen to be negatively correlated with the streamwise component. This illus-
trates the concept of lift up, i.e. that the low-speed streaks are generated as
low-velocity fluid is moved by a positive (upwards) wall-normal velocity dis-
turbance to higher regions in the boundary layer and vice versa for high-speed
streaks. Studying figure 6.1 in more detail, it is seen that high-speed dist-
urbances start before the generating wall-normal disturbance while low-speed
disturbances exist also after the corresponding period of positive wall-normal
velocity fluctuation. The mechanism behind this effect is yet to be described.
The observation serves as an illustration of the intriguing dynamics and kine-
matics of the low frequency disturbances under study.

The zt-distributions of the velocity disturbances in the boundary layer (fig-
ure 6.3) show that the fluctuations seen in figure 6.2 are related with elongated
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Figure 6.1. Profiles of (a) U and (b) urms measured by PTV
and LDV in the boundary layer, x = 800 mm, U∞ = 0.092 m/s
and Tu = 3.4%.
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Figure 6.2. Simultaneous time signals of u (—), v (· · · ), and
uv (·−·−) in a boundary layer subjected to 3.4% of FST. Data
from y/δ∗ = 1.48.

structures in the boundary layer. Time resolved, spanwise distributed measure-
ments of the streamwise and wall-normal velocity components in a boundary
layer subjected to FST have not been performed before.
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Figure 6.3. Contour maps of (a) u, (b) v and (c) uv at
y/δ∗ = 1.48. Data taken by the stereo PTV-system in the
water channel, U∞ = 0.108 m/s, Tu = 3.4%. Contour lev-
els: (a), ±5, 10, . . . mm/s, (b), ±0.3, 0.6, . . . mm/s and (c),
±3, 6, . . . mm2/s2. Negative contours are filled with grey.

In Paper 2, the streamwise scaling of such structures is studied. The cor-
relation between a wall wire and a traversable hot wire is used to study the
development of the structures over the flat plate in the MTL wind-tunnel.
The structures were found to scale as the boundary-layer thickness in both
the streamwise and wall-normal direction. The mean correlation structure is
shown in figure 6.4(a) together with its propagation speed along constant non-
dimensional y. The wall-normal coordinate in the boundary layer is now scaled
with δ.

The velocities in figure 6.4(b) show that the structures propagate down-
stream at a speed which is constant and equal to the mean flow velocity around
y = 2.6. At other y, Ustruc varies with the streamwise position.

Due to the growth of the boundary layer, the kinematics of the disturbances
are non-intuitive. The variation of the propagation velocity, both through
the boundary layer and in the streamwise direction, can be explained by the
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assumption of self-similar structures developing in the boundary layer. Further
details are found in Paper 2.

6.1.2. Streak breakdown

Having studied the generation mechanism and scaling of streaks in boundary
layers in Papers 1 and 2, an aspect of the breakdown of streaks due to the
growth of a secondary instability is studied in Paper 3. The steady velocity
streaks in the Poiseuille channel are forced by a known noise signal. At certain
times, the disturbance signal exhibits (instantaneously) a frequency amplified
by the streaks. At such times, a wiggle with a length of a few wavelengths is
observed in the velocity signal. An example of such a disturbance at different
streamwise positions is seen in figure 6.5.

In Paper 3, the initial disturbance distribution of such instabilities is found
to be similar to what has been observed for infinite wavetrains. However, the
dynamics of the leading and trailing edges of a localized disturbance cannot be
observed if the streak is forced by infinite wavetrains.

For disturbances longer than four wavelengths, the growth rate was found
to be constant and equal to that obtained for infinite wavetrains. The growth
of the secondary instability was however found to be slower for disturbances
shorter than four wavelengths as shown in figure 6.6. For this figure, the growth
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Figure 6.5. Data taken on streaks forced by random noise
in the Posieuille flow channel. Ensemble-averaged disturbance
velocity u at y = 0.36 and (a) x = 88, (b) 112 and (c) 161. All
coordinates are scaled with the half-channel height. Contour
levels are (a, b) 0.3% and (c) 1% of UCL. Negative contours
are dashed. To get a physical aspect ratio the figure, the time
axis has to be stretched twice.

rate was measured by forcing the secondary instability with signals consisting
of a predetermined number of wavelengths, N , ranging from 0.5 to 30.
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Figure 6.6. Growth factor of wavy disturbances as a function
of number of wavelengths. The line denotes the value obtained
for N = 30.

6.2. Control

6.2.1. Channel flow results

The first control results are presented in Paper 4 and considers delay of tran-
sition in the Poiseuille flow channel. In figure 6.7, the streaks generated in
the channel are shown (a) with and (b) without control applied. The control,
which is localized suction applied under the low velocity streaks, is seen to
slightly decrease the peak-to-peak amplitude (in the spanwise direction) of the
streaks. Studying the corresponding amplitudes of the secondary instability in
figure 6.7(b) and (d), the control is seen to radically reduce the amplitude of
the secondary instability and substantially delay the breakdown to turbulence.

In figure 6.8 the streamwise development of the amplification factor N,
defined as ln(urms/urms,min) is shown both with and without control applied
and the instability is seen to grow exponentially in both cases. Without control,
the amplitude of the secondary instability grows as exp(0.082x) and level out
around x = 150, where a turbulent wedge starts to form. With control applied,
the growth factor is reduced with a factor of three and the disturbance hence
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Figure 6.7. Mean velocity disturbance (a, c) and velocity
rms (b, d) of the streaks in the channel without (a, b) and with
(c, d) control applied. The velocity contours in (a) and (c) are
±5%, ±15% of UCL after subtraction of the mean velocity in
the region 90 < x < 180, −3.6 < z < 3.6; the rms-contours
in (b) and (d) are logarithmic 1.75%, 2.5%, 3.8%. . . of UCL.
Data is taken at y = 0.6.
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Figure 6.8. Growth of the secondary instability (◦) without
and (*) with control applied. The lines have slopes 0.082 and
0.029, respectively. N is calculated as ln(urms/urms,min). At
each spanwise position, the disturbance level is chosen as the
maximum of urms in the spanwise direction at y = 0.6.

grows much slower. Consequently, breakdown is delayed to downstream of
x = 180.

In order to achieve the positive control results reported in figures 6.7 and
6.8, the control suction has to be applied within a narrow region close to the
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urms(x = 145, y = 0.6, z = 0) for different actuation positions
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centre of the low-speed streak. This is illustrated in figure 6.8 where the fluc-
tuation level at x = 145 is shown as a function of the position at which the
control suction is applied (za).

6.2.2. Boundary layer results

The boundary layer results demonstrate the use of a reactive control system
to delay FST induced transition, a flow case which may give insights towards
the control of fully turbulent boundary layer flows as well. The system consists
of four wall-wire sensors, four suction holes and a controller. Figure 6.10(a)
shows the streamwise development of the integrated disturbance energy in the
boundary layer, E, with and without control. The control is applied at x =
450 mm. The control is seen to inhibit the disturbance growth for about
200 mm. After x = 600 mm, the fluctuations grow towards the uncontrolled
value again. In relative terms, the maximum reduction in disturbance energy is
around 27%, as seen in figure 6.10(b). The length ∆x shown in figure 6.10(c) is
the distance the disturbance development is delayed by the reactive control. It
is seen that the delay is approximately 200 mm for a long distance downstream
of the actuator. In this work, a very simple threshold controller were used.

In the controller, three parameters was used: the threshold on streamwise
shear for suction to be applied, the delay between detection and actuation and
the suction velocity.
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Figure 6.10. Streamwise development of the disturbance en-
ergy E =

∫ y=6

0
urms(y, z = 0)2dy; (a) control on (∗) and off

(◦), (b) Eon/Eoff and (c) ∆x, the distance disturbance growth
is delayed by the control.

6.2.3. Control of a model disturbance with a flap

In addition to the suction used in the experiments above, two other actuator
principles were also tried within the present work. The first was a surface-
mounted piezo-ceramic flap, which was used to inhibit breakdown of streamwise
elongated model disturbances in the boundary layer. Figure 6.11 shows velocity
traces from different streamwise positions. In (a), the development of the model
disturbance is seen. At x = 230 mm, a low velocity structure is seen. Following
the structure downstream, the structure appears at later and later times. At
x = 600 mm, some high frequency oscillations can be seen around t = 0.15 s.
This oscillation is amplified downstream and the structure ultimately turns
into a turbulent spot, the trace of which is seen at x = 2000 mm.

If, however, the flap is activated in a suitable manner, the development into
a turbulent spot can be inhibited, as seen in figure 6.11(b). It is seen that the
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flap generates a high velocity disturbance in front of the low velocity structure.
This inhibits the appearance of high frequency oscillations at x = 600 mm and
at x = 2000 mm, there is no trace of a turbulent spot.

6.2.4. Pulse-width modulated blowing/suction

The last actuation principle which has been studied is Pulse-Width-Modulated
(PWM) blowing/suction. The reason to try it is the wish for an amplitude-
modulated actuator, which is capable to produce actuation of both signs even
for an on/off actuator (such as a solenoid valve). PWM blowing/suction is
a candidate for such an actuator. In figure 6.12 the correlation between the
generating signal and the response of the streamwise velocity is shown for
various time-delays between the signals.

As seen in figure 6.12, the PWM blowing/suction creates an elongated
structure in the boundary layer, which tilts down as time proceeds (a–f). Close
to the hole, through which the blowing/suction is performed (positioned at
x = 450 mm), the correlation between the velocity variation in the boundary
layer and the generating signal is up to 90%. The rms-amplitude of the velocity
variation generated by the PWM blowing/suction is 3% of U∞.
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Figure 6.12. Spatio-temporal development of correlation be-
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blowing/suction. Delay between signals are (a) 0, (b) 25 ms,
. . . , (f) 125 ms. Contours are 10% apart, negative contours
and the 50% contour are dashed.
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CHAPTER 7

Discussion and outlook

7.1. Free-stream turbulence induced transition

The main features of FST transition are well known and were outlined in the
review (chapter 3). The present thesis give some further information on the
physical processes involved. The main contributions of the present work, which
will be discussed in more detail below, are:

• The correlation and spatial distribution of the wall-normal and stream-
wise velocity in a boundary layer subjected to FST has been obtained
with a newly developed experimental technique, Paper 1.

• The development of the streamwise length of FST induced structures,
and the propagation speed have been determined. The observed prop-
agation speed of the structure has been explained kinematically, Paper
2.

• It has been shown that also short, localized wave disturbances on streaks
can be viewed as a secondary instability, Paper 3.

The spanwise and temporal correlations of the wall-normal and streamwise
velocity shown in Paper 1, show that the wall-normal disturbance is more
localized than the streaks in the streamwise velocity, generated by lift up.
Furthermore, the time traces of the streamwise and wall-normal velocities show
that for high-speed streaks, the wall-normal disturbance appears at the rear
end of the streaks. Low-speed streaks on the other hand are trailing the wall-
normal disturbance which created it. The results are probably of significance
also for turbulent boundary layers , since lift up is the mechanism also behind
sub-layer streaks in turbulent flow (Johansson, Alfredsson & Kim 1991). For
control systems where the wall shear stress serves as input, this is also important
information.

From temporal spectra, Matsubara & Alfredsson (2001) deduced that the
streamwise length of the streaks in FST transition grows in linear proportion
to the boundary-layer thickness. Their conclusion was based on the validity
of Taylor’s hypothesis which may be questionable for this type of disturbance.
However, the spatial correlation measurements presented in Paper 2 confirm
this finding and also shed some light on the propagation velocity of the struc-
tures, which is far from obvious due to their scaling. The disturbances in the
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boundary layer are seen to scale as the boundary-layer length scale throughout
their development. This result shows that if FST induced transition is to be
modeled correctly, long, but intermittent, disturbances have to be studied.

The flow visualizations of Matsubara & Alfredsson (2001) indicate that a
wave-like secondary instability seems to precede breakdown of streaks in FST
induced transition. The present results corroborate that such short disturban-
ces can indeed amplify and trigger non-linearities which may lead to breakdown.

The central mechanism of transition induced by FST, i.e. the growth of
long streamwise structures, is now well established and future studies should
aim towards explaining the mechanism introducing the disturbances into the
boundary layer together with more conclusive studies of the breakdown process.
This includes measuring and explaining the size distribution of the streaks
together with the influence of the turbulence in the free stream. In part, such
studies can be made numerically, but experiments are necessary to get long
time records for statistical accuracy. At a first stage, details of the breakdown
can probably be accessed from existing databases, obtained by DNS and in
wind-tunnel experiments.

7.2. Control of transition and turbulence

In this thesis, control of transitional flow structures are reported. The main
results are summarized as:

• The breakdown of generated streamwise streaks in a plane Poiseuille
flow can be delayed by localized suction, however, the suction is only
effective within a small spanwise range below the low velocity streak,
Paper 4.

• A reactive control system has been designed and used to inhibit the
growth of velocity streaks in a laminar boundary-layer subjected to FST,
Paper 5.

• A surface mounted piezo-ceramic flap has shown to suffice to inhibit
breakdown to turbulence of streaky structures, Paper 6.

• Pulse-width modulated blowing/suction has been shown to produce am-
plitude modulated actuation of both signs in a laminar flow, Paper 7.

The measurements reported in Papers 4 and 5 provide more detailed mea-
surements than previous experimental studies when it comes to the effect of the
control. This has been possible to achieve thanks to well-documented distur-
bances, controlled experimental conditions and automated measurement pro-
cedures.

Paper 5 shows that the amplitude of randomly appearing and transiently
growing streaks in FST induced transition can be decreased by reactively con-
trolled localized suction. The results on control of FST induced transition are
however not as striking as results obtained for individual model disturbances
(Gad-el-Hak 1989; Bakchinov et al. 2000). In addition to this, the reactive
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control system which have been used decreases the disturbance amplitude far
less than the optimal controller using full state information which was applied
to optimal disturbances in a DNS by Högberg & Henningson (2002). Since the
numerical study uses a lot more information from the flow as input to the con-
troller and applies the actuation modulated and distributed over the wall, an
experimental result at the level of the result from the numerical study cannot be
expected. The discrepancy to the model-disturbance results can be explained
by the continuous forcing from the free stream and from the uncontrolled areas
at the sides. This is of course also an important difference compared to the
DNS control of an optimal disturbance.

Since flow control is a subject inherently connected to engineering, it is
impossible not to discuss the engineering possibilities appearing in the light of
this thesis and other work on flow control aiming towards control of turbulence.
Even though some numerical studies, either utilizing full flow information or
studying low Reynolds numbers, report relaminarization of the flow (Bewley
et al. 2001; Chang et al. 2002), the typical result at slightly higher Reynolds
numbers and/or using simpler controllers and less information, is a drag re-
duction of 25% or less (Choi et al. 1994; Lee et al. 1997, 1998, 2001; Kang &
Choi 2000; Endo et al. 2000; Chang et al. 2002). The 25% should be compared
to the optimal riblets, found to give a drag reduction of 9% by Bechert et al.
(1997). An important difference is of course that riblets have to be designed
for a rather specific operating condition, while a reactive control system can
give good results over a larger design range.

The experimental studies of Rathnasingham & Breuer (1997) and Kerho
et al. (2000) were both made in turbulent boundary layers and both show
reductions in skin friction, namely 7% and up to 25%, respectively. However
skin friction is hard to measure accurately and the skin friction reductions
reported need to be independently confirmed. Their results still indicate that
drag reduction by reactive control is possible also in physical experiments, and
that a reduction of the friction drag of the order of 20-25% may be achievable.
Still this is far less than the 60-80% which can be obtained by polymer additives.

The design of a practical control system is a true challenge, which, if it
is to be tackled successfully, probably involves carefully scheduled experiments
together with numerical and theoretical studies. The numerical simulations
done today use input data and actuator output that are not feasible for ex-
perimental implementation. On the other hand the experiments are in heavy
demand for numerical support from simulations. A starting point would be
to decide on a promising durable low-power actuator. The response of this
actuator must then be studied experimentally, aiming to build a database of
the interaction between the actuator and the flow. From such a data base, a
numerical model of the actuation can be developed and used in the simulation.
With the dynamics of the system thus determined, various control theories can
be tried to determine a control scheme which gives a suitable result.
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The process outlined above includes several years of carefully scheduled
experiments and simulations. But if an energy efficient demonstrator of reactive
control is to be built, such an approach is probably necessary.
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