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Chapter

1
Introduction

1.1 Background

This thesis presents the results of an experimental study of bypass transition in boundary
layers exposed to free-stream turbulence. An important practical example of this type of
transition is the boundary layer transition process in a gas turbine. Gas turbines play an
important role in today’s daily life. Everyone knows the airplane engine, which makes it the
most commonly known example of a gas turbine. Large turbofan gas turbines are the main
power source in civil and military aviation. Figure 1.1 shows for example the Rolls-Royce
Trent 800 gas turbine which powers the Boeing 777.

The history of the gas turbine starts in 1928 when Frank Whittle published his theory
concerning gas turbines. The most important landmark is the first gas turbine propulsed
airplane flight in 1939. The strong development of the gas turbine in the following decades
is, however, not only a result from efforts by the aviation industry. In fact military efforts
added greatly to the strong development of the gas turbine.

In industrial plants stationary gas turbines are used for the generation of electricity or to
provide mechanical power for example to drive pipe line pumps. Initially, these industrial
gas turbines providedmechanical power up to 10MWwith an efficiency of only about 28-29
percent, even with heat exchangers. However, with the strong development of aircraft gas
turbines, higher powers and better efficiencies became available for industrial gas turbines
as well. As a result the industrial gas turbine became competitive in the mid nineteen

Figure 1.1. The Rolls-Royce Trent 800 powers the Boeing 777.
This photograph is reproduced with the permission of Rolls-Royce , copyright c© Rolls-Royce plc 2005.
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Figure 1.2. 60MW combined cycle power plant at Samarinda, with its twin, high
efficiency industrial RB211 powered gas turbine generating sets.
This photograph is reproduced with the permission of Rolls-Royce, c© Rolls-Royce plc 2005.

fifties and its impact on industrial applications increased progressively. The latest plants
combining several units have a power of up to hundreds of MW, yielding efficiencies of
about 55 percent. A single 60 MW combined cycle power plant at Samarinda, with its twin,
high efficiency industrial RB211 powered gas turbine generating sets is shown in figure 1.2.

Looking from a technical point of view the gas turbine unit can be divided in three sec-
tions, namely compressor, combustion chamber and turbine, see Cohen [14]. The working
medium, predominantly environmental air, enters the system through the compressor in-
let. After entering the air is compressed in several stages. The next section after the energy
consuming compressor stage is the combustion chamber. Fuel is added to the compressed
fluid after which the mixture is ignited. The combustion process results in an enthalpy
increase of the medium. Finally, in the last section the hot combustion gases enter the
turbine. There they expand in the turbine chamber. The corresponding energy conversion
provides the work in the gas turbine unit.

The inlet temperature of the turbine section is a very important parameter in the gas
turbine process. Increasing this temperature results in an increase of the specific power
and the efficiency of the gas turbine unit. This is an important aspect in relation to the
increasing demand for light and powerful turbines. The limiting aspect for this trend is the
metallurgic load of the turbine blades. The high rotational velocities of the turbine blades
in combination with the high gas inlet temperature results in a load near the maximum
allowable load. To put the gas inlet temperature to the limit and avoid damage to the turbine
blades detailed knowledge on the heat transfer from the hot combustion gas to the turbine
blade is essential.

As the hot combustion gasses flow along the surface of the blades a thin region develops
in which due to viscous effects, the velocity increases from zero at the blade surface to the
main flow velocity at a certain distance from the blade. This region is referred to as the
boundary layer. The heat transfer is directly related to the flow conditions in this layer.
As the flow type in the boundary layer transits from laminar to turbulent the heat transfer
increases. As a result the heat transfer in the turbulent parts of the boundary layer is around
a factor three larger compared to the laminar parts. At this point it is important to note that
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the standard flow conditions in a gas turbine are such that around half of the chord of a
turbine blade is located in the transitional regime of the blade boundary layer. Therefore it
is essential to study the turbine blade transition process.

Due to the combustion process and rotor stator interaction a lot of disturbances are in-
troduced in the main gas stream. Due to these strong free-stream disturbances the curva-
ture of the turbine blades has a negligible influence on the turbine blade transition process,
Mayle [38]. Therefore, an important simplification is justified: the turbine blade transition
process can be modelled as a flat plate transition process.

1.2 Flat plate boundary layer

1.2.1 Characteristics of the laminar flat plate boundary layer

Due to viscous effects a boundary layer develops at the fluid-surface interface of the flat
plate, in which the velocity increases from zero at the surface to themain stream velocity at a
certain distance from the surface. The thickness of the boundary layer grows in streamwise
direction, which means that the velocity profile changes across the boundary layer. When a
flat plat with coordinate system (x = (x, y, z)) is exposed to a uniform velocity u = (U∞, 0, 0)
initially a laminar boundary layer will develop on the flat plate. The x-axis of the coordinate
system (x = (x, y, z)) points in the streamwise direction, the y-axis in the wall-normal
direction and the z-axis in the spanwise direction. The corresponding velocity components
are u, v and w.

Blasius [6] was the first to find an approximate analytical solution describing the devel-
opment of the velocity profile in a laminar flat plate boundary layer. He showed that the
solutions at subsequent downstream positions must be self similar, since there is no exter-



4 Introduction

1

2

3
4

5

6

Retr

Ret

flat plate

laminar region

tra
nsitio

n region

turbulent region

y
x

z

δ
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nally imposed length scale in streamwise direction. The self similar Blasius profile of the
streamwise velocity is shown in figure 1.3. The figure presents the dimensionless stream-
wise velocity u/U∞, where U∞ denotes the free-stream velocity, as function of the similarity
coordinate η. The similarity coordinate η is defined as η = y

√
(U∞/(νx)).

The thickness of the developing boundary layer can be expressed by several parameters.
The first parameter can be defined directly from the Blasius velocity profile,figure 1.3. The
profiles show that the streamwise velocity u gradually increases to reach the free-stream
velocity at the boundary layer edge. At this position η equals about 5. Often the boundary
layer thickness is defined as the distance above the plate where the velocity u deviates only
1 % from the free-stream velocity U∞, happening at η = 4.9. The Blasius boundary layer
thickness δ0.99 can then be written as, Schlichting [45]:

δ0.99 = 4.9

√
νx

U∞

= 4.9
x√
Rex

(1.1)

where Rex = U∞x/ν is the Reynolds number with respect to the streamwise position.
Another measure of the boundary layer thickness is the displacement thickness δ∗. It is

defined as the displacement which should be applied to the plate in a hypothetical inviscid
flow to maintain the same volume flux as is the case in a boundary layer flow [45]. It is
expressed as:

δ∗ =

∫ ∞

0

(
1 − u(y)

U∞

)
dy (1.2)

The boundary layer growth in terms of the streamwise coordinate x is then obtained by
substituting the Blasius solution into equation 1.2, which gives:

δ∗ = 1.72

√
νx

U∞

= 1.72
x√
Rex

(1.3)
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1.2.2 Boundary layer transition on a flat plate

When a boundary layer on a flat plate develops in streamwise direction the flow will change
from a laminar to turbulent type, as schematically depict in figure 1.4. The laminar and
fully turbulent parts of the boundary are connected by the transition region. In this region
the flow experiences an intermittent behavior. Some part of the time the flow is laminar
and some part of the time it is turbulent.

The intermittent behavior in the transition region is a result of the presence of trian-
gular turbulent patches in a laminar flow field. These so called turbulent spots were dis-
covered by Emmons [17] already in 1951 and they appear randomly in time and in space in
the boundary layer. The turbulent spot is a result from the fact that the boundary layer
flow on a flat plate is not unconditionally stable. The laminar flow will become unstable for
small disturbances at a certain downstream position, indicated by Retr in figure 1.4. These
disturbances grow and will, on their turn, also become unstable, resulting in the formation
of instabilities and subsequently a turbulent spot. While proceeding downstream, the tur-
bulent spot increases in size and merges with other spots or even can generate new spots
itself. At a certain downstream location, individual spots can not be recognized, implying
that the boundary layer is completely turbulent, Ret in the figure.

A beautiful visualization of a spot from ’An Album of Fluid Motion’ [15] is presented in
figure 1.5. After the formation of a spot it increases in size as it develops in downstream
direction. This growth is a result of the fact that its leading edge travels at a higher speed
than its trailing edge. Remarkably the spreading angle of a spot, α, remains constant.
Schubauer and Klebanoff [49] among others performed an extensive experimental study
on these turbulent spot characteristics. After the initial growth, the spot possesses a self-
similar shape. The area behind the turbulent spot is indicated as the ’calmed region’, in
which the flow field is laminar. Fluid from the surrounding flow field is sucked into the
spot in the center and subsequently transported sideways to the wingtips of the spot, where
the fluid is ejected back into the surrounding flow field. This ejected fluid appears as small
wave packets around the wingtips of the spot, that can grow and initiate on their turn a new
turbulent spot. This process is schematically shown in figure 1.6.

Figure 1.5. Turbulent spot visualized by a suspension of aluminium flakes in water

[15].
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Figure 1.6. Sketch of a turbulent spot with the definition of its main features.

1.3 Transition paths in a flat plate boundary layer

1.3.1 Boundary layer transition processes

With the increasing knowledge on the physics behind a turbulent spot the interest in the
transition process increased. In his road-map to turbulence Morkovin [39] showed (figure
1.7) that the transition process in a flat plate boundary layer can proceed through several
paths. In this road-map five transition modes can be recognized:

A) ’traditional’ Tollmien-Schlichting instability

B) transient growth provides higher amplitude eigenmodes

C) transient growth directly excites secondary instability

D) transient growth excites a full (turbulent) spectrum of disturbances

E) free-stream disturbances intrude directly into the boundary layer and there is no lin-
ear regime

Despite the different paths, all transition processes end with breakdown into turbulent
spots. Traditionally, transition studies focuss on the classical transition scenario. This
classical Tollmien-Schlichting scenario has its origin in the linear theory. There the Orr-
Sommerfeld and Squire equations describe the evolution of a disturbance, linearized around
a base velocity profile. The first solutions of unstable waves were obtained by Tollmien and
Schlichting. They showed that above a critical Reynolds number the unstable waves experi-
ence modal exponential growth. Eventually a secondary instability leads to breakdown, see
Herbert [20] for a overview.

However experiments revealed an unstable boundary layer under conditions that corre-
spond to stable Tollmien-Schlichting waves. This meant that besides exponential growth
also other disturbances may grow, so called non-modal growth.

Figure 1.7 summarizes these different growth mechanisms. Furthermore, the figure
shows that a distinction between different transition paths is made on base of free-stream
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disturbance parameters, for example free-stream turbulence length scale, free-stream tur-
bulence intensity, free-stream turbulence frequency spectrum and so on.

In a turbine, the combustion process and the rotor-stator interaction cause that the tur-
bine blade boundary layer is exposed to strong free-stream turbulence. For the transition
path this means that the classical Tollmien-Schlichting path is bypassed and that transi-
tion occurs through a bypass transition mechanism. For this reason the bypass transition
scenario is highlighted in figure 1.7. According to the road-map two types of bypass mecha-
nisms exist. The first is the mechanism which includes a transient growth stage, indicated
by path D. The second bypass transition path, path E, refers to the case of very large ampli-
tude forcing where there is no linear regime and subcritical turbulent spots or instabilities
occur, see Saric [44].

1.3.2 Bypass transition in a boundary layer perturbed with streaks

To explain the presence of a bypass transition scenario it is necessary to describe a distur-
bance growth mechanism alternative to the Tollmien-Schlichting mechanism. Ellingsen
and Palm [16] proposed a growth mechanism, considering the evolution of an initial distur-
bance without streamwise variation in a shear layer and showed that the streamwise velocity
component can grow linearly in time, within the inviscid approximation, producing span-
wise alternating streaks of low and high streamwise velocity. Later Landahl [30] studied the
linear evolution of localized disturbances and gained physical insight to the linear (or alge-
braic) growth mechanism, which he denoted as the lift-up effect. Since a fluid element in a
shear layer initially retains its streamwise momentum if displaced in the wall-normal direc-
tion, it will cause a perturbation in the streamwise velocity component. The perturbation
results in an alternating pattern of regions with low and high streamwise velocity. Later,
Hultgren and Gustavsson [22], among others, found that with the implementation of vis-
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cous damping the initial linear growth is followed by viscous decay, the so-called transient
growth.

The eigenfunctions of the Orr-Sommerfeld and Squire equations are non-normal, i.e.
the eigenfunctions are nonorthogonal. Reddy andHenningson [41] showed that this means
that for many flow cases a significant transient growth may occur before the subsequent ex-
ponential behavior. This phenomenon of transient growth has been successfully linked to
bypass transition and it is larger for low streamwise wave numbers in a temporal formula-
tion or low frequencies in a spatial one. Reddy et al. [42] reported that the strong transient
growth leads to a secondary instability, for particular perturbations of sufficient magnitude
and this secondary instability triggers turbulence. The optimal perturbations which experi-
ence maximum temporal growth consists of spanwise periodic vortices, which give rise to
a spanwise alternating pattern of low and high speed streaks.

1.3.3 Streak breakdown

The bypass transition scenario (as sketched in figure 1.8) is characterized by the presence of
long elongated structures with alternating low and high streamwise velocity in the boundary
layer. These streaks, resulting from the transient growth process, appear already in the first
stages of the boundary layer and are highly stable. The amplitude of the streaks increases
as they evolve in downstream direction and at a certain point a secondary instability acting
on the streaks will initiate breakdown and finally result in a turbulent spot, Schmid and
Henningson [46].

Figure 1.8 indicates the existence of an inflectional velocity profile between the streaky
structures. Andersson et al. [3] analyzed the appearance of inflectional type of instabilities
by creating infinite long streaks with increasing amplitudes. In figure 1.9 the fundamental
streak secondary instability modes (sinuous and varicose) are presented, from Andersson
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Figure 1.9. Sketch of fundamental streak instability modes in the (x,z)-plane over four
streamwise and two spanwise periods, by contours of the streamwise velocity. Solid

lines present low speed streaks and dashed lines high speed streaks, Andersson et al.
[3].

et al. [3]. It was reported that when the streak amplitude reaches 26 % of the free-stream
velocity breakdown by a sinuous (anti-symmetric) instability occurs. A value of 37 % is
found for the varicose (symmetric) secondary instability.

Brandt et al. [12] and Jacobs and Durbin [23] performed numerical simulations of a
boundary layer exposed to free-stream turbulence. In these numerical studies the authors
are able to retrieve the instabilities initiating a turbulent spot. Both studies report that local-
ized instabilities of single low speed streaks initiate a natural spot. Jacobs and Durbin [23]
report that the breakdown does not arises from a sinuous or varicose instability of a pat-
tern of streaks, but that it appears rather spontaneously in a compact area. In the opposite,
Brandt et al. [12] present flow structures of typical spot precursors that can be classified as
sinuous (anti-symmetric oscillation in spanwise direction) and varicose (symmetric oscil-

δ

flat plate

direct intrusion of disturbances

Flow

Developent into multiple 

disturbances

Free-stream turbulence

impinging on the

boundary

layer

Turbulent spot

Figure 1.10. Sketch of the hypothetical direct transition process, Schook [48].
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lation in spanwise direction) instabilities. Recent results of Hoepffner et al. [21] indicate
that, alike the origin of the streaks, the secondary instability might result from a transient
(non-modal) growth process.

Besides the breakdown by a secondary instability acting on the streaks Schook et al.
[48] reports a hypothetical direct intrusion mechanism initiating breakdown during bypass
transition, as sketched in figure 1.10. The hypothetical direct intrusionmechanism suggests
that free-stream disturbances with a critical size and/or strength can directly intrude into
the boundary layer. This resembles the observation by Jacobs and Durbin [23] that free-
stream eddies can interact with the streaks which extend into the upper portion of the
boundary layer. After intrusion the disturbances break down directly into turbulent spots.
This hypothetical direct bypass transition process is sketched in figure 1.10.

1.4 Motivation of the study and outline

The aim of this research is to provide experimental data of bypass transition in a boundary
layer perturbed with streaks. With that, the streak conditions (such as amplitude, wave-
length and so on) can be identified under which a secondary instability develops on the
streaks. Besides, the streak pattern present at the moment of breakdown will be deter-
mined. Finally, the instabilities initiating streak breakdown will be analyzed in more detail.

In this thesis the ’natural’ (meaning no external triggering is used) breakdown process
during bypass transition in a boundary layer perturbed with streaks is examined using
optical measuring techniques (like PIV and LIF).

The experimental setup and measurement techniques are described in chapter 2. Here,
also, the experimental streamwise velocity profile and free-stream turbulence characteris-
tics are presented.

The streaks characteristics, like amplitude and wavelength, are presented in chapter
3. The velocity profiles present in the streaky boundary layer are shown together with the
disturbance profiles. The specific amplitudes of stable and unstable streaks will also be
analyzed in this chapter.

In chapter 4 the visualizations of sinuous and varicose secondary instability modes are
presented. The secondary instabilities express themselves as a spanwise oscillating motion
in the boundary layer flow. An analysis of the wave-shape of the oscillation is described in
this chapter.

The flow fields of the sinuous and varicose instabilities are studied in chapters 5 and
6. The streak configuration and streak-streak interactions present in the development
of the disturbance fields in each instability are determined. The development of three-
dimensional structures in each of the instabilities is also studied there.

Besides the sinuous and varicose secondary instabilities a different instability was also
found in the bypass transition process. The streak configuration and streak-streak interac-
tions in the flow field development of this single branch instability are presented in chapter
7. The wave-shape of the spanwise oscillation of this instability is also given in this chapter.

For the varicose and single branch instability a mechanism is proposed which may ini-
tiate these instabilities. This mechanism and conclusions are given in chapter 8.



Chapter

2
Experimental set-up and

techniques

2.1 Experimental setup

2.1.1 Water channel

The Reynolds number of the Ludwieg tube setup used for the bypass transition experiments
by Schook [47] founded the design of this water channel. The water channel is schematically
displayed in figure 2.1. The basic components of the setup are two cylindrical reservoirs of
2 m high, with a cross-section of 1.2 m. They are interconnected by an optical accessible
measuring section, made of glass, that is 2.7 m long, 0.57 m wide and 0.45 m wide. A
network of pumps and pipelines between the reservoirs provides the circulation of the water
from the inflow reservoir through the measuring section to the outflow reservoir. The
velocity of the flow is regulated by two valves positioned at the water inlet of the inflow
reservoir.

Before the flow enters the measuring section, it is directed through a straightening unit
which includes a honeycomb aligner and a wire mesh. Its function is to dissipate turbulent
structures present in the flow leaving the inflow reservoir and to obtain a laminar and
uniform main flow. The rectangular gaps of the honeycomb aligner are 5.2 · 10−3 m wide
and 6.1 · 10−3 m high, while the mesh size of the wire mesh is 1.5 · 10−3 m with a thread
thickness of 0.2 · 10−3 m.

The boundary layer will develop along a flat plate with a width equal to the channel

water reservoir
inlet

straightening unit

turbulence grid

flow

suction unit

flat plate

pumps

water reservoir

outlet

straightening unit

Figure 2.1. Sketch of the experimental setup without pumps and pipe network.
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width, a length of 1.8 m and a thickness of 5 · 10−3 m. The plate is positioned at a height
of 5 · 10−2 m parallel to the bottom of the channel. To avoid separation at the leading edge
under-pressure is created by means of a suction unit, located at the end of the water in the
space between the plate and the bottom of the channel channel.

To generate turbulent structures in the main flow a grid is placed in the channel inlet.
It consists of cylindrical copper rods with a diameter of 8 · 10−3 m and a pitch of 40 · 10−3

m. With respect to the grid it is important to note that the Reynolds numbers based on the
mesh size and rod diameter of the grid are very similar to the Reynolds numbers of grid
E in Matsubara and Alfredsson [37]. This makes it interesting to compare some results
in this thesis with the grid E results from Matsubara and Alfredsson. In order to obtain a
fairly homogeneous turbulent flow at the leading edge the distance between the turbulence
grid and the leading edge of the plate is set to 20 times the mesh size of the grid. With the
mesh size being 40 · 10−3 m, the distance between the grid and the leading edge is 0.8 m.

Traditionally wind tunnels are used for transition experiments. One of the advantages of
using water as the flowing medium is its relatively low kinematic viscosity compared to that
of air. As a consequence the velocities necessary to achieve transitional Reynolds numbers
are lower, implying that the time and length scales present in the bypass transition process
are larger and better suitable for analysis with optical measurement techniques.

2.1.2 Traversing system

The setup is surrounded by a camera traversing system, see figure 2.2. On the framework,
two guiding rails are positioned parallel to the measurement section, one above and the
other one in front of the channel. The cameras are mounted alongside on a carriage that
can slide along a guiding rail, while the optical unit creating a laser sheet is mounted on
a separate carriage at the other rail. The rail with the cameras is mounted in such a way
that the cameras traverse approximately at the centerline of the channel. Both carriages are
driven by electric motors, that are also placed on the framework. The translational speed of
the cameras and the optical unit is adjustable by varying the rotational speed of the engines,
that on its turn, is regulated by a central frequency regulator.

With the traversing system the evolution of transitional events in the boundary layer
can be observed while moving along with the flow in downstream direction. Due to this,
the size of the recording area can be chosen smaller. This provides a more detailed close-
up of the flow field. Besides, the reference frame from which the displacement field is
defined is moving along with the main flow, causing that the velocity components are of
the same order of magnitude and that smaller length scales of the transitional flow field
can be detected.

2.2 Measurement techniques

The bypass transition scenario is studied using optical techniques, applied in field measure-
ments. This section presents the optical measurement techniques and their implementa-
tion in field measurements.
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Figure 2.2. Experimental setup with the camera traversing system.

2.2.1 Optical equipment and measurement planes

A pulsed Nd:YAG (λ = 532 nm) laser is the light source in all applied measurement
techniques. To enable field measurements a laser sheet is created with a negative lens
with a focal distance of fc = −12.7 mm. The thickness of the laser sheet is set to 4
mm by means of a diaphragm that is positioned behind the negative lens. HR 532/45 ◦

mirrors guide the laser beam along the setup to the negative lens. Recordings are made
with Kodak Megaplus CCD cameras (1008 × 1018 pixel, 10 bits) equipped with Nikkon AF
50 mm f/1.4D lenses. The recorded images are stored on a computer using the acquisition
software VideoSavant. The laser and cameras are triggered by a Stanford Research Systems
DG535 pulse generator. Furthermore some measurement techniques require filters. A
narrow band pass filter (notch filter: 10 nm bandwidth) selects the Nd:YAG light in a laser
sheet, while a high-pass filter (holographic notch filter: 0% transmission at λ = 532 nm
and 80% transmission at λ = 575 nm blocks the Nd:YAG light.

The bypass transition process is examined in the wall-normal (x-y) plane and horizontal
(x-z) plane in the boundary layer. The z-position of the wall-normal plane coincides with
the centerline of the measuring section. The horizontal plane is positioned symmetrically
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Figure 2.3. Sketch of the LIF visualization method applied in a horizontal configura-

tion

around the centerline of the measuring section, its y-position is located 5 mm above the
plate.

2.2.2 Laser Induced Fluorescence visualization method

Flow visualizations are carried out using a Laser Induced Fluorescence (LIF) visualization
method. Through a spanwise row of holes with an intermediate distance of 1 × 10−2 m and
hole diameter of 1 × 10−3 m the fluorescent dye Rhodamine B is inserted in the boundary
layer, see figure 2.3. The dye inlet is positioned 0.19 m from the leading edge of the flat
plate. In absence of the grid, the inserted dye forms steady streaklines close to the plate.
Excited by an Nd:YAG laser sheet the streaklines emit fluorescent light (the maximum in
the emission spectra of Rhodamine B is located at a wavelength of λ=575 nm). This emitted
light from the streaklines is used to visualize the flow.

A typical visualization result is shown in figure 2.4. It is obtained by a stationary ex-
periment in a horizontal configuration as presented in figure 2.6. The figure shows an
area of 0.56 × 0.56 m2 in the center of the channel and a streamwise position for which
1.13 < x < 1.69 m. The visualization height is slightly lower than δ∗ (see equation 1.3.
The flow is from left to right (which is the case for all subsequent images) and the free-
stream velocity is set to 0.11 m/s. These settings result in a Reynolds number range of
1.24× 105 < Rex < 1.86× 105. Notice that the transitional Reynolds number based on the
streamwise coordinate is of the order 105, which is almost a factor 10 lower than the value
valid for transition at small turbulence levels.

Figure 2.4 clearly shows the emitted fluorescence light by the streaklines. The laminar
parts in the boundary layer are clearly distinguishable by straight aligned streaklines. Also,
passing turbulent spots with swirled streaklines are clearly visible. Comparing this to the
result from Matsubara and Alfredsson [37] shows a good resemblance.

2.2.3 Particle Image Velocimetry

Velocity measurements are performed using Particle Image Velocimetry (PIV). A diagram
of this well known principle is shown in figure 2.5. The flow is seeded with polyamide
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Figure 2.4. Visualization results demonstrating the presence of instabilities in a flat

boundary layer subjected to a free-stream turbulence level of around 6 %. The flow is

from left to right. U∞ = 0.11 [m/s] and 1.24 × 105 < Rex < 1.86 × 105.

seeding particles with a diameter of 20 µm, see table 2.1. The scattered light from the
particles when illuminated by the Nd:Yag laser sheet is recorded by a Kodak CCD camera.
The camera records single exposed images, so two subsequent images from a PIV image
pair. The Stanford Research Systems DG535 pulse generator operates with a base frequency
of 14.8 Hz, so PIV image pairs are recorded with this frequency. The time lapse between
two images making up one image pair is experiment dependent and will be mentioned
with the experimental results or equivalently by the average pixel displacement.

The displacement field of a PIV image pair is determined by the in-house developed
software package fpiv or the commercial software package PIVtec. PIVtec is developed by
the DLR in Göttingen, more information about the package can be found in PIVtec [1]. In
both packages the recorded PIV-images are predominantly subdivided into interrogation
areas of 32× 32 pixels. An overlap of 50% is used to obtain a larger spatial resolution. This
leads to 3844 estimated displacement vectors per image, defined on the PIV-grid points.
The mean displacement vector per interrogation area is estimated by applying a discretized
cross-correlation function on the intensity patterns of the images. The location of the max-
imum correlation peak is detected by means of a 3-point Gaussian peak fit. No outlier
detection criteria have been set during the evaluation of the image frames using PIVtec.
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Figure 2.5. Diagram of the Particle Image Velocimetry principle

The resulting displacement fields are filtered by means of an algorithm which rejects
all vectors having spanwise as well as streamwise displacement components larger than
the mean displacement in the PIV-image plus two times its standard deviation. They are
replaced by a new vector that results from an interpolation scheme based on the displace-
ment values of the neighboring grid points. The pixel displacement data is transferred
into world coordinates and u, v or w velocities are calculated by the calibration technique
described by Kieft [27].

All PIV measurements fulfill the following requirements to enable a good correlation.

• Minimum number of 4 to 8 particles per interrogation area

• Maximal displacement of particles is less than 1/4 of the size of the interrogation area.
The minimal displacement significantly exceeds the sub-pixel accuracy by which a
particle is located.

• Particles are well identifiable in a low background noise environment.

2.2.4 Combined PIV-LIF method

A combined PIV and LIF measurement technique, see figure 2.6, records a particle image
and a LIF visualization image at the same time, using the same laser pulse. Note that as a
result each velocity field is related to two visualization fields. The strong advantage of com-
bining field velocity and visualization measurements in the bypass transition process is that
’stable’ disturbances in the boundary layer can be separated from ’unstable’ disturbances.
The disturbances resulting in a turbulent spot can be isolated in the velocity field.

mean size µm size range µm geometry density g/cm3] reflection index material

20 5 − 35 round, not spherical 1.03 1.5 Polyamide 12

Table 2.1. Material properties Polyamide seeding, from DantecTM
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Figure 2.6. Sketch of the combined PIV-LIF method applied in a horizontal configura-

tion

The combined PIV-LIF technique utilized in a horizontal configuration is shown in
figure 2.6. In the configuration two cameras are mounted above the water channel. The
camera mounted perpendicular to the flow is the PIV camera, while the oblique one is the
visualization camera. The lens of the PIV CCD camera is provided with the narrow band
pass filter, this to block light from the dye streaklines in the PIV-recordings. A holographic
notch filter is mounted on the lens of the LIF CCD camera to block the Nd:YAG light. The
oblique configuration of the cameras enables a maximum overlap between the PIV and
visualization recording areas. By calibrating both recordings with one calibration grid both
calibrated images contain the same world coordinate system.

2.2.5 Combined stereoscopic PIV-LIF method

The breakdown process in a streaky boundary layer is indisputably a three dimensional
process. In the analysis of the breakdown process a combined stereoscopic PIV-LIFmethod,
which measures all three velocity component (u, v and w) in a two dimensional plane, is
used. These semi-three dimensional measurement data provide a better insight in the three
dimensional breakdown process. The stereoscopic PIV is combined with the LIF technique
to idenify the disturbances resulting in a turbulent spot in the velocity field.

The combined stereoscopic PIV-LIF method is utilized in a horizontal configuration in
combination with the camera traversing system, as shown in figure 2.7. In the setup the
two stereoscopic PIV cameras are mounted inclined with respect to the normal of the mea-
suring plane. The opening angle between the two cameras equals 90 degrees. Scheimpflug
mounts are used to position the stereoscopic cameras. As both stereoscopic cameras would
produce blurred images due to refraction at the air-water interface an ocular (filled with wa-
ter) is placed in front of each camera. The end of the ocular is located in a water tray placed
on top of the measuring section. The LIF camera (middle camera) is mounted perpendic-
ular to measuring section. The laser sheet thickness equals 4 mm, which is established
by a diaphragm. By calibrating the velocity field as well as the visualization field with one
calibration grid realizes that both posses the same world coordinate system. The calibration
technique used to determine the third velocity component out of the two displacement data
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Figure 2.7. Combined stereoscopic PIV-LIF method applied in a horizontal configura-

tion in combination with the camera traversing system.

from both stereoscopic cameras and the measurement error are described in appendix B.

2.3 Measurement accuracy

2.3.1 Accuracy in LIF measurements

The LIF measurements are performed to visualize the flow and the results are mainly qual-
itative. They are used to determine whether the boundary layer is laminar or turbulent.
Besides, the dimensions of transitional boundary layer structures are quantitatively ana-
lyzed by a manual determination of its contour. The error in the manual determination of
the structures contours is estimated to be around 3 %.

2.3.2 Accuracy in PIV measurements

The velocities in the experimental boundary are determined using the fpiv (in-house devel-
oped) and the PIVtec software packages. It is assumed that the accuracy of both packages
will not differ significantly. Therefore, only the accuracy of the PIV results obtained with
the fpiv package is estimated.

The accuracy of the fpiv package has been analyzed by Bastiaans [5] using synthetic
data. The accuracy is determined as function of the displacements, the particle diameter at
constant source density as well as at constant image density, the accuracy as function of the
image density at constant particle size and background noise.

The image properties of a standard PIV image (randomly chosen) are determined to
translate the accuracy results valid for the synthetic data to the experimental data. The
source density, Ns, in the standard image equals 0.13. The image density, Ni, is 13.4 and
2.3 is the weighted average particle image size, dτ , is 2.3. Applying these image properties
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Table 2.2. The estimated RMS displacement errors of PIV.

The PIV accuracy as function of RMS displacement errors

subpixel displacements 0.075

maximum displacements 0.040

dτ at constant Ns 0.029

dτ at constant Ni 0.023
Ni at constant dτ 0.040

background noise 0.042

to the results by Bastiaans leads to the estimated rms-displacement errors in table 2.1. The
estimated total error, δpiv, in the PIV results equals then:

δpiv =
√

0.0752 + 0.0292 + 0.0232 + 0.042 + 0.042 + 0.0422 = 0.11 pixel (2.1)

The relative error in a PIV measurement simply depends on the average pixel displace-
ment in the measurement. For example, the average pixel displacement in a standard PIV
measurement with the camera traversing system equals around 2.5 pixels, which means
that the relative error in the velocity is 4.4 %.

2.4 Features of the water channel

The basic property of the channel concerns the boundary layer. The velocity profile of a
laminar boundary layer is compared with the Blasius profile. Furthermore, the features
of the bypass transition process within the experimental setup are important. Therefore,
the free-stream turbulence in the channel is analyzed and quantified. Finally, the turbulent
spot features are determined and compared with literature.

2.4.1 Velocity profile in the laminar experimental boundary layer

Visualization results show that by removing the turbulence grid from the experimental
setup (figure 2.1) a laminar boundary layer is established in the water channel. The tur-
bulent intensity of the channel flow without turbulent grid equals 2%, as determined by
Jovanović [25]. This turbulence intensity is a consequence of low frequency variations in
the free-stream velocity, see appendix C.

The free-stream velocity, U∞, in the investigated flat plate boundary layer is set around
0.12 m/s. The velocity profile in the wall-normal plane is determined by PIVmeasurements
with a measuring domain of 81 mm. The average pixel displacement in the free-stream
region of the recording domain is around 10 pixels. The center of the measurement domain
is located at 0.8 m from the leading edge. The Reynolds number with respect to the leading
edge at the center of the domain equals 9.6 · 104 (Rex = 9.6 · 104).

From all the profiles determined at the center of the measurement domain the ensem-
ble average is determined. This provides an average streamwise velocity, u(y), at discrete
positions above the wall. The average velocity profile made dimensionless using the free-
stream velocity, u(y)/U∞, as function of the wall normal coordinate y, made dimensionless
with the δ0.99 boundary layer thickness, is presented by the ’◦’-symbols in figure 2.8. In
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Figure 2.8. Measured average streamwise velocity (’◦’-symbols) as function of y/δ0.99

at x = 0.8 m and U∞ = 0.125 m/s. The solid line represents the Blasius profile.

this figure the solid line represents the Blasius profile. The figure shows that the velocity
profile in the experimental boundary layer corresponds fairly well with the Blasius profile.
Still the experimental displacement thickness δ∗ determined with equation 1.2 is slightly
smaller than the theoretical displacement thickness according equation 1.3.

The averaged profile in figure 2.8 is determined from 1000 instantaneous velocity pro-
files. The instantaneous profiles are shown in figure 2.9. The figure shows for each profile
the instantaneous streamwise velocity made dimensionless with the instantaneous free-
stream velocity, u(y, t)/U∞(t). The ensemble average of all the profiles is given by the
white line. The figure shows that the instantaneous profiles deviate slightly from the time
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Figure 2.10. Rms-values of streamwise velocity ensemble as function of wall-normal

coordinate at x = 0.8 m and U∞ = 0.125 m/s.

averaged profile. Therefore the rms-value of the velocity ensemble, urms, as function of the
wall-normal position is presented in figure 2.10. The standard deviation is approximately
0.12 pixels in the free-stream region, which agrees well with the estimated PIV error, δpiv,
of 0.11. In the boundary layer the standard deviation values are larger than the estimated
PIV error. This is most probably related to the fact that a strong velocity gradient as present
in the boundary layer deteriorates the PIV quality.

2.4.2 Free-stream turbulence characteristics

The Reynolds numbers based on the mesh size and rod diameter of the grid are very sim-
ilar to the Reynolds numbers of grid E in Matsubara and Alfredsson [37]. Therefore it is
expected that the free-stream turbulence characteristics in the water channel are similar to
the turbulence characteristics reported by [37]. To verify this free-stream turbulence char-
acteristics are determined by means of PIV measurements.

First the streamwise development of the fluctuations of the velocity, u′, v′ and w′ [-] is
examined. The result is shown in figure 2.11, where u′, v′ and w′, made non-dimensional
using the free-stream velocity, U∞, are given at three streamwise positions x = 0,x = 0.88
and x = 1.43 m. Furthermore, the figure presents the non-dimensional total fluctuation,
u′/U∞, at the three positions. The total fluctuation is defined by

u′ =
√

u′2 + v′2 + w′2. (2.2)

The figure shows that the turbulence intensity decays in streamwise direction. The total
turbulence intensity changes from 5.8% at the leading edge to 2.9% at 1.43 m (Rex =1.79×
105) from the leading edge. Matsubara and Alfredsson [37] reported a value of 6.6 % at the
leading edge.

Figure 2.11 also illustrates that the turbulence is fairly isotropic, although streamwise
velocity fluctuations are dominant. In fact the spanwise and wall-normal fluctuations are
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Figure 2.11. Development of the turbulence intensity, based on the three velocity com-

ponents, in streamwise direction, where U∞ = 0.125 m/s.

approximately 75% of the streamwise fluctuation. This feature is well known for grid gen-
erated turbulence, see for example Bradshaw [7]. At x = 1.43 m (Rex =1.79 × 105) the
turbulence has become more isotropic.

The preceding results are obtained with an interrogation window size of 32× 32 pixels,
which equals a physical size of 2.5 × 2.5 mm. The average pixel displacement is about 10
pixels. It is the consequence of the PIV technique that themeasured velocity data represents
the ’average’ velocity in the interrogation area. This filtering effect causes that high-wave
number fluctuations could be lost. Of course, this effect decreases with smaller interroga-
tion areas. The influence of the interrogation area on the turbulence intensity is analyzed
in figure 2.12. It is clear from the figure that the total turbulence intensity depends on
the interrogation area. For larger areas the total turbulence intensity slightly decreases,
apparently according to a linear trend, with increasing interrogation areas. For smaller
interrogation areas the turbulence intensity becomes stronger, as expected. Hereby it is
important to notice that the PIV error considerable rises as the interrogation areas become
smaller. This means that the increase in turbulence intensity for smaller interrogation is
most probably also the consequence of the rise of the PIV error.

Besides, if the interrogation areas would become smaller than the Kolmogorov length
scale the increase of the turbulence intensity should flatten. This behavior is represented
in figure by the dashed line which reaches a limit value for sizes comparable to the Kol-
mogorov scale (0.7 mm ≈ 7 pixel, see equation 2.10).

To get a better impression of the size of the structures in the free-stream turbulence, as
generated by the grid, the integral length scale (L) is estimated from the two point autocor-
relation spectrum of the streamwise velocity fluctuations u′. This normalized longitudinal
autocorrelation function, R11,is determined according to

R11(r) =
u′(x)u′(x + r)√

(u′2(x) u′2(x + r))
(2.3)
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Figure 2.12. Streamwise velocity fluctuation above the leading edge as function of size

of interrogation window, where U∞ = 0.125 m/s.

In this equation r represents the streamwise correlation distance. The resulting autocorre-
lation spectrum is given in figure 2.13, where ’∗’- and ’◦’-symbols in the figure presents R11

as function of the streamwise correlation distance r.
The autocorrelation spectrum is determined from two measurement data sets. The

first set contains the free-stream streamwise velocity data obtained by a PIV measurement
with a total recording area of 84 mm. The second set contains data obtained with a total
recording area of 187 mm. The first set is used to determine the autocorrelation spectrum
for relative small values of r indicated with the ’∗’-symbols in figure 2.13, while the second
set is utilized for the spectrum of larger values of r, ’◦’-symbols. Both data sets are analyzed
with a PIV interrogation area of 16× 16 pixel and the average pixel displacement is around
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10 pixel. The longitudinal integral length scale, L, is defined by

L =

∞∫

0

R11 dr (2.4)

This results in a value of the integral length scale L at the leading edge of 25 mm, which is
a reasonable value compared to the bar diameter of 8 mm and mesh size of 40 mm of the
turbulence grid.

The kinetic energy of free-stream turbulence can be calculated from the velocity fluctu-
ations:

Ekin =
1

2
(u′2 + v′2 + w′2) (2.5)

Mathieu [36] states that the decay of grid generated turbulence is well described by a power
law:

Ekin ∝ t−1.3 (2.6)

The power law in equation 2.6 is valid, if the following condition is satisfied ReL ≫ 1, in
which ReL is the Reynolds number based on the integral length scale, L:

ReL =
u′L
ν

(2.7)

Above the leading edge the estimated integral length scale L equals around 25 mm which
results in an estimated value for ReL of ≈ 125 [-]. Hence, it is expected that the grid gener-
ated turbulence will decay according to the power law in equation 2.6. The development of
the kinetic energy in time is presented in figure 2.14. The kinetic energy of the free-stream
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Figure 2.14. Kinetic energy quantity of the free-stream at four different positions be-

hind the grid, U∞ = 0.125 m/s. ∗-symbol presents measurement points and dashed
line the fitted power law from equation 2.6.
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Figure 2.15. Development of dissipation rate in streamwise direction represented by

dashed line, U∞ = 0.125 m/s. +-symbols present estimated dissipation rates deter-
mined with equation 2.9. The solid line shows development of Kolmogorov length

scale.

is determined at four different positions behind the grid. These streamwise positions are
transferred into time using U∞. The ∗-symbol presents the measurement point and the
dashed line the fitted power law from equation 2.6. It is clear that the decay of the grid
turbulence corresponds well with the decay of the power law.

The dissipation rate, ǫ can be determined from the kinetic energy development. In case
of isotropic turbulence without turbulence production the dissipation rate can be deter-
mined as

ǫ =
−dEkin

dt
(2.8)

The dissipation rate in the water channel presented by the dashed line in figure 2.15
is determined by taking the time derivative of the theoretical fit of the kinetic energy in
figure 2.14. The dissipation rate can also be determined with the following estimate by
Saarenrinne [43]:

ǫ ∝ u′3L (2.9)

The estimated rates determined with equation 2.9 are presented by the +-symbols in figure
2.15.

The information on the dissipation rate is used to estimate the development of the
Kolmogorov scales. The Kolmogorov length scale is given by equation 2.10.

η = (
ν3

ǫ
)

1

4 (2.10)

The development of the Kolmogorov length scale is shown in figure 2.15. Apparently, the
Kolmogorov length scale on the leading edge equals around 0.7mm. The Reynolds number
(according equation 2.7) based on the Kolmogorov length scale equals 3.5, which expresses
that the micro structures are dominated by friction.
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Figure 2.16. Energy of streamwise velocity above leading edge as function of the wave

number, U∞ = 0.125 m/s. The solid line in the spectrum represents −5/3 spectrum.

The wave number spectra of the streamwise velocity is determined by taking the Fourier
transform of the autocorrelation spectrum of the streamwise velocity fluctuations, Brad-
shaw [7]. The resulting wave number spectra is shown in figure 2.16 which presents the
energy of the streamwise velocity as function of the wave number. The solid line in the
spectrum represents the −5/3 spectrum. The observation that the measured energy spec-
trum obeys the −5/3 law shows that the spectrum is located in the inertial subrange and
that small-wave numbers (kolmogorov size) present in the dissipation range are not mea-
sured.

The last analyzed free-stream quantity is the Taylor microscale, denoted by λt. It pos-
sible to determine this length scale from as well the autocorrelation spectrum as from the
following relation:

λt =

√
2u′2

(∂u
∂x

)2
. (2.11)

The streamwise velocity gradient in this equation is determined in the PIV velocity field.
Note that this is the same data set as the first data set used in the estimation of the integral
length scale L. The rms-value of the streamwise velocity is used as an estimate for the
fluctuation of the streamwise velocity u′. This assumption is used in the remainder of this
thesis. This results in an estimated λt of 5.1 mm.

The Taylor microscale can also be estimated from the longitudinal autocorrelation func-
tion, which for small streamwise correlation distances r can be written as:

R11(r) = 1 − (
r

λt

)2 (2.12)

The parabolic function used to estimate λt is shown in figure 2.13 by the gray dashed line.
This gives an estimated λt-value of 5 mm. As expected, this value is similar to the Taylor
microscale value resulting from equation 2.11.
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Figure 2.17. Taylor microscale determined according equation 2.11 as function of the

size of the interrogation window.

It is known that the Taylor microscale decreases for smaller vector grid spacings, see
Saarenrinne et al. [43]. This is shown to depend on the higher random measurement
errors involved with the small interrogation areas. The same behavior is observed within
our results, see figure 2.17, where the Taylor microscale determined according to equation
2.11, is given as function of the size of the interrogation window.

2.4.3 The turbulent spot features

Two image sequences with developing turbulent spots are shown in figure 2.18. The ex-
perimental conditions in both sequences are the same as in figur 2.4, only the streamwise
position differs. The left sequence in figure 2.18 shows the breakdown of a spanwise oscilla-
tion and its development into a triangular turbulent spot. The right sequence clearly shows
the streamwise and spanwise growth of a spot as it convects downstream. The calmed
region behind a turbulent spot is also visible in this sequence.

The growth in streamwise direction is analyzed by determining the leading and trailing
edge velocities of a spot. The development of the location of the spanwise edge provides
information about the spanwise growth. Of course the boundary of a turbulent spot is an
arbitrary definition and is determined from the swirl extent of the streaklines. There is an
estimated error of ± 3 [x/δ∗300] in the location of the edges of a spot, where δ∗300 is a scaling
parameter which is defined as Reδ∗

300
= 300. This scaling parameter δ∗300 will be used in the

remaining part of this thesis as it corresponds to a typical boundary layer thickness around
half way the plate. It is also matches the scaling parameter used in Brandt et al. [12].

The result of the analysis is shown in figure 2.19 and figure 2.20. They respectively
show the development of the leading and trailing edge of a spot as function of time and
the development of the spanwise edge as function of the streamwise position. From this,
both the trailing and leading edge velocity of a turbulent spot and its spreading angle are
determined.

The breakdown of our experimental boundary layer exposed to free-stream turbulence
leads to turbulent spots which have a leading edge velocity of 0.82 U∞, a trailing edge
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Figure 2.18. Two sequences of streak breakdown, sequence rate 3.75 [Hz] and U∞ =
0.11 [m/s]. 1.32 × 105 < Rex < 1.94 × 105



2.4 Features of the water channel 29

t0+
1
15

t0+
3
15

t0+
5
15

t0+
7
15

t0+
9
15

500

520

540

560

580

600

620

640

660

x
/δ

∗ 3
0
0
[-
]

t [s]

Figure 2.19. Streamwise position of leading and trailing edge of a turbulent spot as

function of time, U∞ = 0.11 [m/s].

velocity of 0.5 U∞ and a spreading angle of 11◦. Singer [51] and Schubauer and Klebanoff
[49] respectively report a value of 0.94 and 0.88 U∞ for the leading edge velocity. For the
trailing edge velocity they respectively report 0.63 and 0.5 U∞. Singer [51] found a spreading
angle of 6.4◦ while Schubauer and Klebanoff [49] report a value of 11◦. Comparing these
values with the presented experimental results shows that there is a good agreement.
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Chapter

3
High and low speed streaks in

the bypass transition process

3.1 Introduction

Bypass transition is characterized by the presence of long elongated structures. These
streaky structures appear in the boundary layer in an alternating pattern of low and high
streamwise velocity streaks. The existence of these streaks has been experimentally con-
firmed by Kline [29] in his turbulent boundary layer studies. The streaks appear already
in the first stages of the boundary layer and are highly stable. As the streaks evolve in
downstream direction an instability acting on the streaks will initiate breakdown.

By measuring low frequency oscillations in hot-wire signals, which were attributed to
the slow spanwise motions of streaks, Klebanov [28] identified the presence of high and low
speed streaks in the transitional boundary layer. With respect to features of streaks, Kendall
[26] studied the influence of streaks generated by free-stream turbulence, which he denoted
as Klebanoffmodes, on themean flow profile. He showed that the maximum of streamwise
velocity fluctuations is located in the middle of the boundary layer, in accordance with the
results of Luchini [31] and Andersson et al. [2]. Detailed measurements of a boundary layer
exposed to free-stream turbulence confirmed that the energy growth of the streamwise ve-
locity fluctuation is proportional with the distance from the leading edge, as is the case for
optimal disturbances. Matsubara and Alfredsson [37] concluded in their review article on
the basis of several years of experiments that the initial growth of streaks can be success-
fully described by non-modal theory. They also showed that close to the leading edge the
spanwise scale of streamwise streaks is large compared to the boundary-layer thickness, but
this ratio decreases towards unity as the streaks develop in streamwise direction. All these
features agree well with the results from the optimal growth theory as given by Luchini [31]
and Andersson et al. [2].

The secondary instabilities are assumed to develop if the amplitude of the streaks is
large enough, see Fransson et al. [18]. By direct numerical simulations, Andersson et al. [3]
studied the nonlinear evolution of streaks generated by the optimal vortices resulting from
Andersson et al. [2]. By increasing the amplitude of the vortices, streaky boundary layer
flows with increasing streak amplitude are generated. It was reported that the sinuous
mode is the most critical disturbance. For this mode the streak amplitude is 26 % of the
free-stream velocity at the onset of breakdown. A value of 37 % is found for the varicose
mode, which indicates that this mode is more stable. In a secondary instability experiment
Asai et al. [4] visualized in air the sinuous and varicose modes. In the experiments a
controlled trigger initiates both modes. Note that in his experiment the varicose mode is
the most unstable one.
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The experimental and numerical work till so far showed that it is interesting to find out
if there is a streak amplitude threshold value which, if exceeded, unconditionally leads to
breakdown by a secondary instability and determine them experimentally. Therefore the
development of streaks in a flat plate boundary layer exposed to a high level of free-stream
turbulence is examined. The development of the wavelength and the amplitude of both
stable and unstable streaks is analyzed. With unstable streaks we refer to the streaks which
initiate a natural, unforced, breakdown in the flat plate boundary layer.

This chapter is organized as follows. First, experimental results, are given which show
the wall-normal velocity profiles of the flat plate boundary layer flow exposed to free-stream
turbulence. The experimentally determined wall-normal disturbance distribution as func-
tion of the streamwise coordinate is compared with the distribution resulting from optimal
disturbance growth theory (Luchini [31] and Andersson [2]). The streamwise evolution of
the maximum of the distribution is also analyzed and compared with literature. Next, the
development of the average amplitude and wavelength of the streak pairs is given and also
the maximum amplitude of stable and unstable streak pairs are presented together with the
maximum amplitudes of stable and unstable streaks per ’run’. Finally, the conclusions are
presented and discussed.

3.2 Effect of streaks on the streamwise velocity distribution

3.2.1 Wall normal velocity profiles and their relation with the Blasius pro-

file

The wall-normal velocity profiles in the experimental boundary layer are measured at five
different streamwise locations (x = 0.34, x = 0.55, x = 0.8, x = 1.12 and x = 1.43 m).
At every location two times thousand PIV image pairs are recorded. The thousand PIV
image pairs are equivalent to a time span of almost 70 s. The time span is chosen this large
to ensure that enough statistical events are captured. The width of each image, b, equals
0.082 m and the average pixel displacement in the free-stream region equals around 10
pixels. Recall that the free-stream velocity is set to around 0.125 m/s.

From the instantaneous wall-normal velocity profiles a mean streamwise velocity profile
is determined for every streamwise location by taking the ensemble average, u(y). Figure
3.1 shows a thousand instantaneous normalized profiles, u(y)/U∞ (solid lines), together
with the mean u-profile (’+’-symbols) and the Blasius profile (dashed line) as function of
the dimensionless wall-normal coordinate y/δ∗ at x = 0.8. The mean displacement
thickness in this figure is determined from the mean profile according to equation 1.2. The
figure shows local profiles with a stronger gradient than the mean profile which indicate
the presence of high streamwise velocity streaks. Local profiles with a weaker gradient
correspond to low streamwise velocity streaks in the boundary layer.

The development of mean displacement thickness in the experimental boundary layer
is shown in figure 3.2. The figure presents the measured mean displacement thickness, de-
noted by the ’∗’-symbols, as function of five streamwise positions. The development of the
theoretical displacement thickness, according to equation 1.3, is presented by the dashed
line in the figure. Note hereby that the theoretical displacement thickness starts to develop
0.07 m downstream the leading edge. The figure reveals that the experimental displace-
ment thickness develops as expected according to theory, although the development of the
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Figure 3.1. Thousand instantaneous normalized u-velocity profiles (solid lines) to-

gether with the mean u-profile (’+’-symbols) and Blasius profile (dashed line) as func-

tion of y/δ∗ at x = 0.8 m and U∞ = 0.125 m/s.

experimental boundary layer starts slightly downstream the leading edge. This observation
is a consequence of the presence of the suction unit (which avoids separation at the leading
edge) in the experimental set-up.

The mean streamwise-velocity profiles in the boundary layer at five positions together
with the Blasius solution are shown in figure 3.3. The figure shows that all mean velocity
profiles are still very similar to the Blasius solution. This behavior has already been reported
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Figure 3.2. Streamwise development of the experimental boundary layer displacement

thickness, ’∗’-symbols, U∞ = 0.125 m/s. The development of the theoretical displace-

ment thickness, according to equation 1.3, is presented by the dashed line in which the
theoretical displacement thickness starts to develop 0.07 m downstream of the leading

edge.
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by Matsububara and Alfredsson [37]. However, they also report that the mean profile starts
to deviate from the Blasius profile when the flow becomes more and more unstable. In this
context unstable refers to a streaky boundary layer flow which already contains instabilities.
To verify if a similar behavior is present in the experimental boundary layer, the mean ve-
locity profile in an unstable boundary layer is determined. The result is shown in figure
3.4. Note that this mean profile is determined out of 250 PIV image pairs. The velocity
deviates from the Blasius solution. Compared to the Blasius profile the velocity gradient
near the wall is stronger, while the velocity gradient in the upper part of the boundary layer
is weaker. This behavior is in agreement with the results from Matsububara and Alfreds-
son [37]. In figure 3.1 the streamwise velocity is presented as function of the dimensionless
wall-normal coordinate y/δ∗, in which δ∗ is the displacement thickness of the mean pro-
file. The large variance in the velocity profiles is a result of the presence of the high and
low speed streaks. This makes it logical to scale each instantaneous profile with its instan-
taneous displacement thickness, δ(t). The result is shown in figure 3.5 which represents
the thousand instantaneous normalized profiles, u(y)/U∞ (solid lines), together with the
mean u-profile (’+’-symbols) and the Blasius profile (dashed line) as function of the dimen-
sionless wall-normal coordinate y/δ∗(t). By doing so all the profiles collapse, revealing an
almost self-similar profile for all streaks. This indicates that the streaks scale to the Blasius
profile. It also means that the free-steam turbulence leads to a deviation of the thickness
of the boundary layer compared to the thickness of a laminar boundary layer and that the
velocity profile in the boundary layer is unaffected if scaled with its local thickness.

The development of the boundary layer displacement thickness in the 70 s time span is
shown in figure 3.6 and during the 70 s four high speed streaks and four low speed streak
can be detected. This gives a typical streak length of about 1.1 m.
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Figure 3.3. Mean streamwise velocity profiles in the boundary layer at

x = 0.34(+), 0.55(∗), 0.8(⊲), 1.12(◦) and 1.43(⋄) together with the Blasius solu-
tion, U∞ = 0.125 m/s.
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Figure 3.4. Mean streamwise velocity profile in an unstable boundary layer at x =
1.43(⋄) together with the Blasius solution, U∞ = 0.125 m/s.

3.2.2 Wall normal disturbance profiles

The amplitude and wavelength of these low and high streamwise streaks develops in stream-
wise direction. This development is analyzed in the wall-normal plane by studying the
structure of the velocity perturbations. The structure is represented by a disturbance pro-
file, which gives the rms-value of the streamwise velocity, urms, as function of the nor-
malized wall-normal coordinate. The disturbance profiles of the boundary layer are deter-
mined at the same streamwise locations as in figure 3.3 and are shown in figure 3.7. The
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Figure 3.5. Thousand instantaneous normalized u-velocity profiles (solid lines) to-

gether with the mean u-profile (’+’-symbols) and the Blasius profile (dashed line) as

function of y/δ∗(t), U∞ = 0.125 m/s.
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Figure 3.6. Displacement thickness as function of time at x = 0.8 m and U∞ = 0.125
m/s.

normalized wall-normal coordinate contains the displacement thickness, δ∗, of the mean
velocity profile. It is clear that all profiles develop according to a similar trend and that,
at each streamwise location the disturbance profile has its maximum at y/δ∗ = 1.3 [−].
This increase of the maximum in the profiles represents the increase of the amplitude of
the disturbances in streamwise direction. Although, it should be noted that the difference
between the maximum of the disturbance profiles at x = 0.8(⊲) and 1.12(◦) m is very
small.

This increase of the disturbance energy is shown in figure 3.8, where the maximum
from the disturbance profile squared normalized with the free-stream velocity squared,
u2

rms,max/U
2
∞, as function of the streamwise coordinate is given. Westin et al. [55] and
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Figure 3.7. Rms-values of streamwise velocity as function of y/δ∗ at x =
0.34(+), 0.55(∗), 0.8(⊲), 1.12(◦) and 1.43(⋄) m, U∞ = 0.125 m/s.
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Figure 3.8. The maximum from disturbance profiles in figure 3.7 squared, normalized

with the free-stream velocity squared, u2
rms,max/U2

∞, as function of the streamwise

coordinate. The dashed line presents a linear fit and U∞ = 0.125 m/s.

Matsubara and Alfredsson [37] showed that in the first part of the boundary layer the dis-
turbance energy increases linear in streamwise direction. This linear increase is found by
them until a u2

rms,max/U
2
∞ value of around 11 · 10−3, thereafter it increases faster. In the

boundary layer, the disturbance energy increases according to a linear trend up to a value
of ≈ 12 · 10−3 in figure 3.8, which is in accordance with the results in literature. Still, the
disturbance energy at x = 0.8(⊲) m deviates from this trend. A plausible explanation for
this observation is that the number of transitional events (turbulent spots or instabilities)
present in this 70 s time span significantly exceeds the statistical average of these events at
this streamwise position. This demonstrates that the time span needs to be chosen larger,
but unfortunately this is unfeasible due to practical limitations. The results of Matsub-
ara and Alfredsson [37] also show that the shape of the disturbance profile changes, its
maximum will shift towards the wall, when the disturbance energy increases faster than
expected from the linear trend. To verify if this behavior is also present in the current
boundary layer the disturbance profile is determined from the velocity data in figure 3.4.
The resulting profile is shown in figure 3.9, which presents the rms-values of the stream-
wise velocity as function of the normalized wall-normal coordinate. The maximum in the
profile shifted to a lower position in the boundary layer, y/δ∗ = 0.6 [−] and the rms-value of
0.021 m/s is significantly larger compared to the values in figure 3.7. The reason for this be-
havior is that the turbulent periods in the unstable boundary layer become more dominant.
The turbulent spot causes the shift of the maximum in the disturbance profile towards the
wall and results in a significant larger rms-value.

Luchini [31] and Andersson et al. [2] independently determined that the initial dis-
turbance giving the largest perturbation in the boundary layer consists of streamwise vor-
tices causing the arising of streaks. These studies furthermore show that the energy of
the streamwise disturbance velocity grows linearly with the distance from the leading edge
and that the streamwise velocity fluctuations distribution shows a maximum located at
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Figure 3.9. Rms-values of the streamwise velocity as function of y/δ∗ for an unstable
boundary layer, U∞ = 0.125 m/s.

y ≈ 1.3δ∗. Luchini [31] and Andersson et al. [2] furthermore reveal the self-similar behav-
ior of the wall-normal profile of the streamwise velocity fluctuations when normalized with
the maximum of the streamwise fluctuations. This self-similar disturbance profile agrees
well with experimental results for boundary layers subjected to larger levels of free-stream
turbulence, in which transition occurs via the bypass regime, as shown by Westin et al. [55].

In figure 3.10 the disturbance profilemeasured at x = 0.8m, normalized with themax-
imum of the streamwise fluctuation, is compared to the disturbance distribution resulting
from optimal growing disturbances from Luchini [31]. The figure shows that there is a
good resemblance between the disturbance profile resulting from the optimal disturbance
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Figure 3.10. Disturbance profile measured at x = 0.8 m and U∞ = 0.125 m/s,
normalized with the maximum of the streamwise fluctuation, ◦-symbols, compared to

the optimal growth disturbance distribution from Luchini [31], dashed line.
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Figure 3.11. Rms-values of the streamwise velocity profile (solid line) and ’self-similar’

streamwise velocity profile (dashed line) at x = 0.8 m and U∞ = 0.125 m/s as

function of y/δ∗.

growth theory and the measured disturbance profile. The maximum in the theoretical pro-
file is located at y/δ∗ = 1.3. Only for larger wall-normal positions the two profiles starts
to differ. This is a result of the free-stream turbulence present in the experiment, whereas
for the theoretical profile the free-stream contains no disturbances. This result is also valid
for all the other profiles in figure 3.7 which again expresses the self-similar behavior of
the normalized disturbance profile. The good resemblance between the experimental and
theoretical profiles demonstrates that the profile corresponds to some fundamental mode
triggered in the flat plate boundary layer when exposed to high free-stream turbulence lev-
els.

The results up to here discusses the experimentally obtained rms-values of the stream-
wise velocity profiles. It is interesting to remember that the streamwise velocity profiles
show a sort of self similar behavior when scaled with their instantaneous displacement
thickness, δ∗(t), as shown in figure 3.5. Hence, the free-steam turbulence results in a devia-
tion of the thickness of the boundary layer compared to the thickness of a laminar boundary
layer and that the velocity profile in the boundary layer is unaffected (in comparison with
the Blasius velocity profile) if scaled with its local thickness.

The disturbance profile of the ’self-similar’ profiles in figure 3.5 is determined and com-
pared with the disturbance profile (in the following referred to as the standard disturbance
profile) from figure 3.10. Both profiles determined at x = 0.8 m are shown in figure
3.11 where the rms-values of the standard disturbance profile (solid line) and the ’self-
similar’ streamwise velocity profile (dashed line) are given as function of the normalized
wall-normal coordinate, y/δ∗. It is evident from the figure that in the ’self-similar’ profile
the fluctuations inside the boundary layer are just a little higher that the fluctuations in
the main flow (urms≃0.29), so it obtains a less distinct maximum than the standard dis-
turbance profile. Quantitatively the maximum rms-value is around a factor 3 smaller than
in the standard disturbance profile. The position of the maximums also shifted towards
≈ δ∗. Similar to figure 3.7 the ’self-similar’ disturbance profiles are analyzed at the five
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Figure 3.12. Disturbance profile resulting from the optimal growth theory (dashed

line) and u∂u
∂y

of the Blasius profile (solid line), both normalized with their maximum

value as function of y/δ∗.

streamwise positions. It appeared that all ’self-similar’ profiles have a similar shape, the
maximum does not change significantly.

From the preceding results it is concluded that the disturbance profile, measured in a
boundary layer exposed to strong free-stream turbulence, is largely a result of the presence
of low and high speed streaks. The velocity profile of the streaks (scaled with the instan-
taneous boundary layer displacement thickness) appears to be almost self-similar (figure
3.5). This means that rms-values of velocity profiles mainly are dominated by the velocity
variations resulting from the variation in boundary layer thickness. These velocity varia-
tions depend on u∂u

∂y
of the streak velocity profile. This correspondence is demonstrated in

figure 3.12 which presents the disturbance profile resulting from the optimal growth theory
(figure 3.10) and u∂u

∂y
of the Blasius profile normalized with its maximum value.

3.3 Features of stable and unstable streaks during bypass

transition

3.3.1 Development of the amplitude and wavelength of the streaks

Fluctuation velocity fields

In the horizontal plane the high and low speed streaks disturb the velocity field as shown in
figure 3.13. The figure shows the fluctuations of the measured velocity field by a vector plot.
The total measuring domain equals 165 × 167 mm2 and there is an average displacement
of around 4 pixels. The color in the figure represents the amplitude of the fluctuations.
Clearly, the presence of the alternating low and high speed streaks is seen. Furthermore, it
is evident that the streamwise length scale of the streaks is much larger than the spanwise
scale.

With the use of the camera traversing system these local fluctuation velocity fields are
determined along the flat plate boundary layer. A total of 216 velocity fields are measured
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Figure 3.13. Local disturbance velocity field, U∞ = 0.125 m/s.

per run along the flat plate. Between two velocity fields the camera traverses 6 mm, so
0 < x < 1.296 m. In the following use is made of a data set containing 15 runs, where 14
runs contain a secondary instability. The horizontal measuring plane is positioned 5 mm
above the flat plate. Note that this means that δ∗ differs for each local fluctuation velocity
field.

The variations of the streamwise fluctuation velocity in spanwise direction in figure 3.13
at x = 1.06 m are displayed in figure 3.14. The wavy character of the streaks in spanwise
direction at the specific location are visible. Also a first impression of the amplitudes and
the wavelengths of the streaks is given.

The development of these variations in the streamwise fluctuation velocity as function of
the spanwise coordinate z can be determined from one total run. In figure 3.15 the variation
of the streamwise fluctuation velocity in spanwise direction as function of x is given. Take
into account that the variation is determined in the middle of the measuring area for each
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Figure 3.14. Variation of streamwise velocity in spanwise direction at x = 1.06 m and

U∞ = 0.125 m/s.

fluctuation velocity from the run. The figure presents the amplitudes and wavelengths of
the streaks in the midplane of the measuring area and their development. It is evident that
the configuration of the streaks changes in streamwise direction. This may be related to
the fact that the traversing velocity differs from the local fluid velocity. Another plausible
explanation for the configuration change is interaction between streaks.
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Figure 3.15. Streamwise development of disturbances, U∞ = 0.125 m/s.
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With respect to development of amplitude and wavelength, the figure seems to indicate
that the wavelength does not seem to vary, while the amplitude of the streak increases in
streamwise direction. Considering the amplitude of the streaks no distinct streaky distur-
bances in the fluctuation velocity field are found in the region close to the leading edge.
This can be due to the wall-normal position of the measuring area, since the measuring
area is located significantly above the displacement thickness of the boundary layer in this
region. However, it is also possible that the streaky disturbances are not yet present.

A streak pair is defined in the disturbance field by two adjoining high and low speed
regions. The spanwise range covered by a streak pair is represented by Ωst. The amplitude
of a streak pair, Ast, is defined by

Ast = max ( U(z)high) − min (U(z) low ) for Ωst (3.1)

where Uhigh and Ulow are the velocity profiles in the high and low speed regions respectively.
The wavelength of a streak pair, λst, is defined by

λst = z |U(z)=max ( U(z) high) − z |U(z)=min ( U(z) low) for Ωst (3.2)

According to these definitions about six wavelengths or streak pairs are visible in figures
3.14 and 3.15. The change in configuration of the streaks makes it impossible to define
every adjoining high and low speed region as a streak pair. In the analysis only streak pairs
with a ’constant’ configuration are utilized. This means that in the total data set (resulting
from 15 runs) 41 streak pairs, stable as well as unstable, are analyzed. The development of
the wavelength and amplitude of these streaks pairs in streamwise direction, respectively
λst (x) and Ast (x), are analyzed.

Development of the streaks-wavelength

The ensemble average of the wavelength of the streak pairs λst (x) as function of the stream-
wise coordinate is determined and presented in figure 3.16. The figure shows that the wave-
length of the streak pairs does not change significantly in streamwise direction. The more
or less constant wavelength of the streak pairs equals 5.6 δ∗300, where δ∗300 is a scaling pa-
rameter which is defined as Reδ∗

300
= 300 ([33]). Close to the leading edge the wavelength

is a bit larger. However we should note that there are no distinct streak pairs in this region.
Therefore it is not possible to state if this increase in wavelength is physically present or is
a result of the less distinct presence of streak pairs.

Matsubara and Alfredsson [37] report a larger wavelength in the region close to the
leading edge. However, this concerns a wavelength normalized with δ∗ as function of Rex.
To enable a comparison, the wavelength value of 5.6 δ∗300, normalized with the displacement
thickness at x = 1 m, is determined, which gives a value of 2.8 δ∗. This value is very close
to the ’limit-value’ of Matsubara and Alfredsson [37]. Furthermore, the wavenumber of
the streaks defined as β = 2πδ / 2λst of 0.65 is a bit larger than the optimal wavenumber
of 0.45 reported by Luchini [31]. Note that for this wavenumber δ is again determined at
x = 1.

Development of the streaks-amplitude

The squared average amplitude of the streak pairs, normalized with the square of U∞, as

function of the streamwise coordinate, A2
st (x)/U 2

∞, is shown in figure 3.17. In the first part
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Figure 3.16. Ensemble average of streak pairs wavelengths as function of streamwise

coordinate, U∞ = 0.125 m/s.

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

x [m]

A
2 s
t/

U
2 ∞
[-
]

Figure 3.17. Squared value of ensemble average of streak pairs amplitudes made di-
mensionless with U∞ as function of streamwise coordinate, U∞ = 0.125 m/s.
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of the measurement domain (0 < x < 0.8m) the squared average amplitude increases
in streamwise direction according to a nonlinear profile. At x ≈ 0.8m the squared average

amplitude reaches its maximum, A2
st/U

2
∞ ≈ 0.14. In the remaining part of the measuring

domain the average amplitude decreases. This decrease is coupled with an increase of the

variation of A2
st (x)/U 2

∞. A plausible explanation for this decrease is that the breakdown
process dismantles the streaky configuration of the transitional boundary layer. The offset

in A2
st (x)/U 2

∞ at the leading edge is most probably caused by disturbances resulting from
the free-stream turbulence.

As seen earlier, Westin et al. [55] together with Matsubara and Alfredsson [37], report
that the amplitude of the streamwise velocity perturbation increases as the square root of
x, see figure 3.8. It is verified whether this result also holds for the average amplitude de-
velopment shown in figure 3.17. Note that the assumed increase is valid for the maximum
amplitude of the perturbation and that here the boundary layer displacement thickness, δ∗,
differs for each streamwise position, x. Consequently the measured averaged amplitude
is influenced by the dependence of the wall-normal position as shown in figure 3.10. As a
result the measured average amplitudes need to be transformed to a maximum amplitude
according to the self similar disturbance profiles presented in figure 3.10 before a com-
parison to literature data can be made. The transformed average amplitude, Asttr(x), is
determined according:

Asttr(x) = Ast(x) • urms,max

urms

∣∣∣∣
(x)

(3.3)

The squared value of this transformed average amplitude made dimensionless with the free

stream velocity, A2
sttr

(x)/U 2
∞, is shown as function of the streamwise coordinate in figure

3.18. The figure shows that A2
sttr

(x)/U 2
∞ also increases in streamwise direction similar to

A2
st (x)/U 2

∞ and that it also reaches the maximum value of A2
sttr

(x)/U 2
∞ ≈ 0.14[−]. As pre-

dicted by the results fromWestin et al. [55] andMatsubara and Alfredsson [37], A2
sttr

(x)/U 2
∞

increases according to a linear profile. The linear increase ends at x = 0.8 when the profile
reaches its maximum, after which the transformed averaged amplitude slightly decreases.
Note that the decrease is significant less than the decrease present in figure 3.17.

3.4 Amplitudes of stable and unstable streak pairs

The analysis of the streamwise development of the streak pair amplitude in the previous
section used a data set containing 15 runs. As stated, 41 streak pairs are defined in this
data set. Furthermore it was reported that 14 runs contain an instability. The presence of
an instability is detected in the visualization results. Calibration of as well the PIV as the
visualization images makes it possible to directly link the position of the instability (deter-
mined in the visualization results) to a streak pair in the measured velocity fields. As a
result stable and unstable streak pairs can be defined in the data set of 41 pairs. The ampli-
tude development of the specific stable and unstable streak pairs is analyzed. Furthermore,
it is important to note that it is not possible to determine a transformed specific amplitude
similar to the transformed average amplitude in equation 3.3, as it is not valid to use the
statistical experimental disturbance profile to transform the amplitude of a specific streak
pair. So, in the analysis use is made of the streak amplitude, Ast, as defined in equation 3.1.
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Figure 3.18. Squared value of ensemble average of corrected and normalized streak
pair amplitudes as function of streamwise coordinate, U∞ = 0.125 m/s. Dashed line

demonstrates the linear dependence of the amplitude as proposed by Westin et al. [55]
and Matsubara and Alfredsson [37].

Although the amplitudes of each specific streak pairs develop in streamwise direction
in a specific way, some general characteristics can be found. To that end the maximum
of the in streamwise direction developing streak amplitude is determined, Ast,max. The
maximum is straight forward determined according:

Ast,max = max (Ast(x) ) (3.4)

Themaximum amplitude normalized with the free-stream velocity as function of the stream-
wise coordinate where the maximum is reached, Ast,max/U∞(x), is shown in figure 3.19.
The maximum values of the amplitudes of stable streak pairs are presented by the ’∗’-
symbol, while the values of unstable streak pairs are presented by the ’⋄’-symbol. Surpris-
ingly, there is no quantitative difference between Ast,max/U∞-value for stable or unstable
streak pairs. For instance it is observed that under identical conditions streak pairs with
an amplitude lower than the amplitude of stable streak pairs become unstable and initi-
ate a secondary instability. The figure also shows that the streamwise position, where the
maximum amplitude value is reached, is independent of the ’stable/unstable’ character of
a streak pair. This implies that the amplitude of a streak pair is not the key prescription for
the secondary instability. Note that this figure contains all bypass transition instabilities.
It is evident that it is impossible to define a quantitative threshold for the amplitude of a
streak pair above which streak pairs become unconditionally unstable.

Figure 3.20 shows the maximum amplitude normalized with free-stream velocity per
streak pair, where the vertical lines define the 15 runs. This figure shows the same data
as shown in figure 3.19 but structured in a different way. Again, no absolute difference
between the maximum amplitudes of stable and unstable streak pairs is found. However
the figure also reveals that per run the amplitude of unstable streak pairs is often larger
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Figure 3.19. Maximum amplitude as function of streamwise coordinate where the
maximum is reached, U∞ = 0.125 m/s.
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than the amplitude of stable streak pairs detected in the same run. This behavior is valid
for 12 of the 14 runs containing an instability. This result indicates that other conditions
exist, which must be satisfied by the flow field in order to initiate an instability. The nature
of these conditions are yet unknown to the authors. When these conditions are fulfilled
and the boundary flow has become unstable then the results shown in figure 3.20 seem to
indicate that the instability is initiated in the streak pair with the largest amplitude.

3.5 Conclusion and discussion

The characteristics of the boundary layer flow together with the disturbance profile in the
wall-normal plane have been determined for our experimental setup and they appear to
resemble the results presented by Matsubara and Alfredsson [37], Luchini [31].

The development of the amplitude and wavelength and wavelength of the streak pairs
in downstream direction is analyzed with a combined PIV-dye visualization technique and
with the use of a camera traversing system. In total 15 measurement runs are preformed,
at which 14 runs contain a natural secondary instability. In the measured velocity fields 41
stable and unstable streak pairs are identified. The unstable streaks pairs are the pairs in
which a natural secondary instability develops. They are defined by the visualization results.

The development of the average wavelength of all, as well stable as unstable, streak
pairs in streamwise direction shows that the wavelength does not change significantly in the
entire streamwise domain. The ’constant’ average wavelength of the streaks is 5.6 δ∗300. This
value is very close to the limit value reported by Matsubara and Alfredsson [37]. However it
is larger than the wavenumber of optimal disturbances as reported by Luchini [31].

An interesting conclusion with respect to the transformed average amplitude of the
streak pairs is that this amplitude shows a linear increase with the square root of the stream-
wise coordinate. This result is in accordance with the hotwire results fromWestin et al. [55]
and Matsubara and Alfredsson [37].

With respect to the specific amplitudes of the streak pairs it is surprisingly shown that
there is no quantitative difference between the specific amplitudes of stable and unstable
streak pairs. More specific the results demonstrate that under identical conditions an un-
stable streak pair can have a lower amplitude than a stable streak pair. This means that from
the present results it is impossible to define a quantitative threshold for the amplitude of
a streak pair above which streak pairs become unconditionally unstable. However another
result is that in 12 of the 14 runs containing an instability the amplitude of the unstable
streak pair is larger than the amplitudes of the surrounding stable streak pairs. This indi-
cates that an instability is governed by other conditions than the absolute quantitative value
of the amplitude of a streak pair. In the next chapters these instabilities will be analyzed in
more detail.

The theoretical analysis of Waleffe [54] shows that the streamwise vortices which gener-
ate the streaks are reenergized by the secondary instability via a nonlinear effect. Our exper-
iments can neither confirm or reject this mechanism. However, the presence of streaks has
also been observed in a totally laminar boundary layer. This could imply that the reenergize
process is not a necessary condition for streak generation.



Chapter

4
Wave-shape analysis of sinuous

and varicose secondary

instabilities

4.1 Introduction

The visualization results of Matsubara and Alfredsson [37] showed that, just before break-
down the streaks undergo a streamwise waviness of relatively short wavelength. This oscil-
lation develops further into a turbulent spot.

Swearingen and Blackwelder [53] were the first to report the emergence of streaks with
inflectional profiles. The streaks resulted fromGörtler vortices in a boundary layer on a con-
cave wall. It was shown that instabilities appear in a symmetric or anti-symmetric pattern
with respect to the centerline of the instability. The symmetric or varicose mode is related
with wall-normal inflection points while the more dominant anti-symmetric or sinuous
mode is connected to spanwise inflection points. Later Park and Huerre [40] confirmed
that the dominant sinuous type secondary instability is induced by the spanwise shear and
the varicose mode by wall-normal shear.

Andersson et al. [3] found, by direct numerical simulations, that a sinuous instability is
excited as the amplitude of optimal streaks reaches 26 % of the free-stream velocity. A value
of 37 % is found for the varicose mode The optimal streaks are generated by the optimal
vortices resulting from Andersson et al. [2].

Brandt et al. [9] indicate that, in the shear layers between the high and low speed streaks
in a zero-pressure-gradient boundary layer, wall-normal vorticity can be amplified through a
convective instability. By direct numerical simulations Brandt andHenningson [10] showed
that in the late stages of transition the main structures of a sinuous secondary instability
consist of elongated quasi-streamwise vortices located in the shear zones of the low speed
streaks. In the streamwise direction, the alternating vortices overlap in a staggered pattern.
These main structures are also shown in Brandt et al. [12] and it is concluded that the
breakdown is related to local instabilities driven by the strong shear layers between the
alternating streaks. The sinuous secondary instability is driven by the spanwise shear and
the varicose instability by wall-normal shear.

In a secondary instability experiment Asai et al. [4] visualized in air the sinuous and
varicose modes. In the experiments a controlled trigger initiates both modes. In these
experiments the varicose mode is the most unstable one.

The natural, unforced, breakdown process is examined in the numerical studies of
Brandt et al. [12] and Jacobs and Durbin [23]. Both studies report that natural spot precur-
sors are localized instabilities of single low speed streaks. Jacobs and Durbin [23] observed



50 Wave-shape analysis of sinuous and varicose secondary instabilities

that turbulent spot precursors consist of low speed streaks which interact with free-stream
eddies in the upper part of the boundary layer and then develop into a patch of irregular
motion. However they also report that these patches do not arise from a sinuous instability
of a pattern of streaks. Rather they appear spontaneously in a compact area. Brandt et al.
[12] present flow structures of typical spot precursors which are classified on the basis of
the spanwise symmetry of the wall-normal and spanwise velocities and the location relative
to the underlying streak. Two classes, namely sinuous-like and varicose-like breakdown,
are used to present the flow structures of the spot precursors. Recent results of Hoepffner
et al. [21] indicate that, alike the origin of the streaks, the secondary instability might result
from a transient (non-modal) growth process.

In this and the next three chapters the results of an analysis of the natural breakdown
process during bypass transition in a boundary layer perturbed with streaks are presented.
The shape of the instability wave is analyzed in the visualization results in this chapter an
have been published in Mans et al. [32]. In chapters 5 and 6 the flow fields of the sinu-
ous and varicose instability will be analyzed, while in chapter 7 an unclassified instability,
denoted as single branch, will be discussed.

4.2 Secondary instability modes and features of their oscil-

lating motion

The visualization results and the results presented in this section are obtained by stationary
experiments in a horizontal configuration as presented in figure 2.6. The spanwise oscilla-
tion just before breakdown is analyzed in the visualization results corresponding to figure
2.18 as well as in visualizations resulting from different experiments, under similar condi-
tions as reported with figure 2.18 but using a smaller recording area. The instabilities in
the analyzed results fulfil the requirement that they are surrounded by a laminar boundary
layer, they are not initiated by a nearby turbulent spot. The study reveals the presence of
two types of instability modes, a sinuous and a varicose mode.

In the following the two modes will be discussed by means of two image sequences.
These sequences were chosen from the larger set of measured instabilities. The behavior
of the presented instabilities is representative for all the observed instabilities. Furthermore
it is believed that as time goes on, the most unstable wavelengths eventually emerge. The
characteristic behavior of these emerging unstable wave-packets will be discussed. Note
that an integrating visualization method is used. This means that small perturbations are
not detected. This confirms that the presented instabilities consist of the ’final’ unstable
wavelengths.

In figure 4.1 the left image sequence shows the sinuous instability mode, while the
right image sequence shows the varicose mode. Figure 4.1 shows that at each streamwise
position the sinuous mode has an uni-directional spanwise displacement. Spatially, the dis-
placement varies between a positive and a negative spanwise displacement. The varicose
mode has no uni-directional spanwise displacement at each streamwise position. In fact
the spanwise displacements are symmetric with respect to the centreline of the instabil-
ity mode. At each side of the centreline the spanwise displacement varies spatially again
between zero and the maximum displacement.

The two sequences show that both instability modes have some resemblances. The
figures show that the amplitude of each instability spatially increases in upstream direction.
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Figure 4.1. Two sequences of streak breakdown. The left sequence possesses a se-
quence rate of 7.5 [Hz] and U∞ = 0.13 m/s. 1.06 × 105 < Rex < 1.33 × 105.

The sequence rate of the right sequence equals 5 [Hz] and U∞ = 0.11 m/s.
1.31 × 105 < Rex < 1.79 × 105
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Figure 4.2. A period and its characteristic length scales from the sinuous (left) and

varicose mode (right).

However the last period deviates from this trend. The instability seems to utilize this period
to adapt to the laminar surrounding. In the results of Brandt et al. [12] and Asai et al. [4] the
opposite seems to take place. The amplitude increases spatially in downstream direction
and by means of the first period the instability adapts to the laminar surrounding. The
reason for this may be related to the fact that for example Asai et al. [4] used a controlled
trigger to initiate an instability. Another reason could be that Asai et al. [4] utilizes a
steady fence generated low speed streak. This streak differs from the free-stream turbulence
induced streaks and could therefore behave differently. The beginning of the instability is
defined by the most downstream location where the spanwise motion is visible in the dye
streak. Thismeans that both the sinuous and varicosemode are localized instabilities which
travel with a certain streamwise velocity.

The two sequences also reveal that when the amplitude passes a critical value roll-up
structures appear. These structures continue to develop and finally they interact and merge
resulting in a triangular shaped turbulent spot. In the sinuous mode these roll-up struc-
tures appear in a staggered pattern on the flanks of the low speed streaks as observed in
the DNS by Brandt and Henningson [10]. In the varicose mode the roll-up structures seem
to arise at one side of the instability. With the development in streamwise direction the
structures finally affect the whole instability. Another remarkable resemblance between the
two modes is that both consist of 4 periods. However we should remark that instabilities
can consist also of a slightly different number of periods.

Besides the resemblances some differences exist between the modes. The first differ-
ence lies in the length scales of the instabilities. Figure 4.2 shows in a zoomed view one
period from the sinuous as well as the varicose mode with their spanwise and streamwise
length scales. The periods shown are those where the first roll-up structures appear. The
sinuous instability has a characteristic streamwise length scale of 28 δ∗300 and a spanwise
scale of 2.5 δ∗300, where δ∗300 is a scaling parameter which is defined as Reδ∗

300
= 300. The

scales of the varicose instability are respectively 19 δ∗300 and 5.5 δ∗300. These length scales
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are similar to the scales from DNS as shown in Brandt [8], although the streamwise length
scale of the experimental sinuous instability is significantly larger than the scale of sinu-
ous instability as reported by Brandt. The streamwise and spanwise scales for the sinuous
mode resulting from DNS calculations are respectively 15 δ∗300 and 3 δ∗300 and for the vari-
cose mode 12 δ∗300 and 5 δ∗300. It should be noted that the length scales reported here are
deduced from an integrating visualization method.

4.3 Data sets

The velocity, development of the wavelength and the development of the amplitude of an
instability is analyzed in a set of images from the sequences presented in figure 4.1. Each set
consists of the first image of the sequence till the image where the first roll-up structures
appear. For the sinuous mode this results in a set of 4 images. The time between two
successive images is 2/15 s, the time lapse is therefore 6/15 s. A set of 5 images with a time
step of 1/5 s and time lapse of 4/5 s is used in the analysis of the varicose mode.

For practical reasons, the recording area also differs between the two sets. The recording
area in the varicose set is much bigger than the area of the sinuous set. This means that
the sinuous set contains the first two periods of the total instability, while the varicose set
contains the whole instability.

Due to practical reasons there is also a difference in the visualization height. In the
sinuous set a visualization height of y = 7.5 × 10−3 m is used. A height of y =
6 × 10−3 m is used in the varicose set. These heights are related to the boundary layer
displacement thickness, δ∗, in the center of an image. This gives that the sinuous height
corresponds to 1.6 δ∗ and the varicose height to 1 δ∗.

The wavelengths and amplitudes of the oscillations during the instability modes are
manually determined. The scale of the amplitude of the modes is around one order lower
than the scale of the wavelength, as given by figure 4.2. To simplify the manual deter-
mination of the amplitude the figures used in the analysis are stretched in the spanwise
direction.

Figure 4.3 shows a selection from the stretched sinuous and varicose modes together
with the manually determined valleys, peaks and nodes (stars) of the oscillation. The wave-
length, λ, and the amplitude, A, are also defined in this figure. In the figure the wavelength
in the sinuous mode is defined as the distance between two valleys. However, also the dis-
tance between two peaks is used. This means that the wavelength is determined for each
half period for the sinuous mode, this in contradiction with the varicose mode where only
for each full period a wavelength is determined. In the figure the amplitude in the sinuous
mode is defined as the distance between a peak and a virtual valley, but also the distance
between a valley and a virtual peak is taken as a measure for the amplitude. Therefore
the amplitude is similar to the wavelength determined for each half period of the sinuous
mode. In the varicose mode only for each full period an amplitude is determined.

4.4 Wavelength of the instabilities

In each image from the data sets the wavelength of each period is determined. The develop-
ment of the wavelength is analyzed. The result of the analysis is shown in figures 4.4 and
4.5. For the sinuous instability the spatial development of the wavelength in each image
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Figure 4.4. Spatial development of the sinuous instability wavelength at 4 points in
time, U∞ = 0.13 m/s.

for the set of 4 images is given in figure 4.4, while figure 4.5 presents the spatial develop-
ment of the wavelength in each image for the varicose image set. Each symbol presents
the wavelength of a period at a specific point in time and the solid lines represent the fitted
profiles for the spatial development of the wavelength. Both figures again show that the
streamwise length scale of the sinuous instability mode is larger than the length scale of
the varicose mode. The wavelength of the sinuous mode varies from around 18 δ∗300 to
32 δ∗300, while the varicose wavelength varies between 13 δ∗300 and 20 δ∗300. The estimated
error in the wavelength of the sinuous mode is ± 2 %. For the varicose mode the error is
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± 4 %.
In figure 4.4 the wavelengths determined for period 1.5 deviate from the trend present

in the figure. In each image the wavelength seems to be underestimated. The explanation
for this phenomena is that period 1.5 is already under the influence of the roll-up process.
This means that the peak is ’shifted’ in streamwise direction which results in an underes-
timation of the wavelength. This process is also present in period 2. However the valley
from this period is closer to a dye streakline. Due to the higher dye concentration, the ’base’
oscillation at this period can be followed. The expression ’base’ wave refers to the spanwise
oscillations without roll up structures.

From both figures it is evident that in both the sinuous and the varicose instability the
wavelength spatially increases. The sinuous instability shows a linear increase. Initially the
varicose instability also exhibits a linear spatial development. However, with time, the linear
profile changes into a parabolic profile. This development is also seen by an increase with
time of the wavelengths of the first two periods. The wavelength of third period initially
increases but finally decreases with time and the wavelength of the last period decreases
with time. This change in the spatial profile is not present in the sinuous case. The wave-
lengths in the sinuous instability do not vary significantly with time. Therefore the spatial
development of the sinuous wavelength is represented with one profile in figure 4.4.

4.5 Velocity of instabilities

The phase velocities of the different periods in an instability are estimated by tracking the
positions of the different peaks and valleys in different images. Use is made of the peaks
and valleys from the wavelength analysis.

The results are shown in figures 4.6 and 4.7, in which the relative position of peaks
and valleys as function of time are shown for respectively the sinuous and the varicose
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Figure 4.5. Spatial development of the varicose instability wavelength at 5 points in
time, U∞ = 0.11 m/s.



56 Wave-shape analysis of sinuous and varicose secondary instabilities

         

valley 3
valley 2
valley 1
peak 3   
peak 2   
peak 1   

t0 t0 + 2
15

[s] t0 + 4
15

[s] t0 + 6
15

[s]

0

5

10

15

20

ǫ/
δ∗ 3

0
0
[-
]

Figure 4.6. Relative position, ǫ, of peaks and valleys in the sinuous instability as func-
tion of time, U∞ = 0.13 m/s.

instability. The solid line in the figures represents a fit through the data points. The
relative position, ǫ, of a valley or peak at a certain point in time is determined according:

ǫ =
√

(x − xt0)
2 + (z − zt0)

2 (4.1)

where x is the streamwise position, xt0 the streamwise position at t = t0, z is the spanwise
position, zt0 the spanwise position at t = t0. The estimated error in the relative position, ǫ,
is ± 3 % in both modes.
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Figure 4.7. Relative position, ǫ, of peaks and valleys in the varicose instability as func-
tion of time, U∞ = 0.11 m/s.
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Figure 4.6 shows that in the sinuous instability almost all nodes travel with approxi-
mately the same velocity. This velocity, represented by the fitted solid line, can be inter-
preted as an estimate for the group velocity. The influence of 3D effects and the wavelength
variations are then neglected. Furthermore it is assumed that this velocity represents the
velocity of the envelope of the instability. The analysis gives that the nodes in the instability
travel with an average velocity of 0.75 [u/U∞]. Note that this propagation velocity of the sin-
uous instability is very close to the value of 0.8 reported by Brandt et al. [9]. Furthermore
the study of Brandt et al. [9] revealed that there is a strong correlation between the basic
velocities and the characteristics velocities of a instability. The Blasius velocity, ublas, at the
visualization height of 1.6 δ∗ is 0.82 [u/U∞]. This value is higher than the propagation ve-
locity of the sinuous instability. This difference indicates that, due to the strong correlation
between the basic velocity and this propagation velocity, the instability is located in a low
speed streak. This is also expressed by the ratio of the sinuous propagation velocity and the
Blasius velocity at the visualization height, of 0.91 [u/ublas].

The figure also shows that the node located in the third peak of the sinuous insta-
bility represented by the diamonds deviates from the trend. The velocity of this node is
0.82 [u/U∞]. Probably, the reason for this deviation is that due to the increasing amplitude
of the instability the node of the third peak moves out of the low speed streak and enters
the high shear region between a low and high speed streak. Of course the velocity in this
region is of the same order as the Blasius velocity. Recall that the roll-up process influences
the third peak, section 4.4. The consequence of the information on the location of this peak
is that the roll-up structures also must be generated in this high shear region. Another re-
markable phenomenon is that the nodes of the valleys tend to have a lower velocity than the
nodes of the peaks. This indicates that the initial part of the sinuous instability is located at
one side of a low speed streak.

In figure 4.7 it is shown that in the varicose instability the difference between the phase
velocities of the nodes is larger in the varicose instability than in the sinuous instability. Still
a mean velocity is determined, represented by the solid line. This mean velocity can again
be interpreted as an estimate for the group velocity of the varicose instability. The mean
velocity of the nodes is 0.47 [u/U∞]. At the visualization height of 1 δ∗ the Blasius velocity
is 0.54 [u/U∞]. Therefore, the varicose instability is located in a low speed streak just like
the sinuous instability . In the varicose case the ratio of the propagation and Blasius velocity
is 0.87 [u/ublas].

Taking a closer look at the individual phase velocities of the nodes yields that the first
node, represented with a (∗)-symbol, has the highest velocity. The second (⋄) and third
node (◦) have approximately the same velocity. This velocity is a bit lower than the first
node velocity. This while the fourth (�) and the fifth (×) node again have a lower velocity
than the second and third node. A possible explanation for this interesting phenomenon is
that the varicose instability is oblique positioned compared to the flat plate. So the first node
is positioned higher in the boundary layer than the second, and so on. Another possible
explanation for the velocity difference between the nodes in both the sinuous and varicose
instability is that nonlinear effects play a role.
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4.6 Amplitude of instabilities

The amplitude of each period from the two data sets is again manually determined using
the same peaks and valleys analysis as in figure 4.3. It was already mentioned that the
used dye visualization technique is an integrating visualization method. For a visualized
oscillation this means that its amplitude is a function of the wavelength. To be more exact,
an increase in wavelength will also lead to an increase of the amplitude. To compensate the
measured amplitude for this, a corrected dye amplitude is determined according:

Acor =
2πAdye

λ
(4.2)

The developments of the corrected amplitudes are given in figure 4.8 and 4.9. The
estimated error in the corrected amplitude, Acor, is ± 5 %. Figure 4.8 shows the spatial
development of the amplitude in each image from the set of 4 images from the sinuous
instability. Again each symbol represents a specific point in time and the solid lines show
the fitted profiles for the spatial development of the corrected amplitude. In the following
the corrected amplitude is referred to as amplitude. Figure 4.9 shows the same quantities
for the varicose mode.

From figure 4.8 it is clear that the amplitude of the sinuous instability shows a spatial
increase. The development shows in each image a non-linear profile. Furthermore, the
amplitude grows from a value of 0.11 in period 0.5 in the first image to a maximum value
of 0.23 in period 2 in the last image. Figure 4.8 also gives an indication of the amplitude
growth in time of each period of the sinuous instability. An analysis on the growth showed
that for each period the amplitude seems to increase linear in time. It is remarkable that
all periods approximately have the same relative growth factor, γ, of 3.4 1/s. The relative
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Figure 4.8. Spatial development of the sinuous instability amplitude at 4 points in
time, U∞ = 0.13 m/s.
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Figure 4.9. The spatial development of the varicose instability amplitude at 5 points in
time, U∞ = 0.11 m/s.

growth factor is defined by:

γ =
1

A0

dA

dt
(4.3)

Of course it should be realized that the time lapse of 6/15 s in which the amplitude devel-
opment is analyzed is relatively short.

In each image the varicose amplitude develops according to a non-linear shaped profile,
see figure 4.9. Also the varicose amplitude experience temporal growth. The amplitude
grows from a value of 0.38 in period 1 in the first image to a maximum value of 0.63 in
period 2 of the last image. The amplitude growth in time of the varicose instability, indi-
cated by figure 4.9, is analyzed. The amplitude increase in time of the varicose instability
is linear, just as in the sinuous mode. It is remarkable that the growth factor is not the
same for each period in the varicose instability. However the second and third period have
approximately the same growth factor of 1.6 s−1. The growth factors of the first and last
periods deviate from this value. These growth factors are respectively 1.9 and 1.3 s−1. This
shows that the growth factor of the sinuous instability is approximately two times larger
than the varicose growth factor.

Notice that the maximum amplitude is present in period 2 for both instability modes.
However the amplitude in the varicose mode is around a factor 3 larger than the sinuous
amplitude. In this context it is interesting to mention the numerical study by Andersson
[2]. His results demonstrate that in the varicose mode the velocity difference between the
high and low speed streaks is larger than the velocity difference between the streaks in the
sinuousmode. This also means that shear stress is higher in the varicose mode which gives
a plausible explanation for the larger amplitude.

Comparing the sinuous amplitude development with the development of the first two
periods from the varicose mode in figure 4.9 shows that the behavior is similar. However,
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in the sinuous instability, period 2 and period 1.5 experience a stronger temporal growth
than the first two periods, whereas in the varicose mode the first period experiences the
strongest growth. The temporal growth, defined as the ratio of change in amplitude and
change in time, in the first period of the varicose mode is of the same order as the growth in
the last two periods of the sinuous mode. Hereby it is important to recall that the varicose
time lapse is 4/5 s while the sinuous time lapse is 6/15 s.

The parabolic development in both the sinuous and varicose instability is an indication
for the localized behavior of the instabilities.

It should be noted that the visualization heights in the sinuous and varicose case dif-
fer. As stated, the visualization heights in the sinuous and varicose mode are respectively,
1.6 δ∗ and 1 δ∗. This could have an influence on the comparison between the sinuous and
varicose amplitude. However, the disturbance profile resulting from optimal growth theory,
Luchini [31], has its maximum at the position ≈ 1.3 δ∗. The used visualization heights are
positioned almost symmetric around this maximum. Due to this fact it is assumed that the
characteristics from both modes are comparable.

As pointed out, the presence of roll-up structures is the first sign of breakdown. These
roll-up structures appear as the amplitude of the instabilities reaches a certain value, the
critical amplitude. By relating the profiles shown in figure 4.8 and 4.9 to the appearance of
the roll-up structures in the sequences shown in 4.1 the critical amplitudes in both instabil-
ity modes are determined. For the sinuous and varicose instability the critical amplitude is
respectively 0.22 and 0.59.

4.7 Conclusion and discussion

The presented visualization results in figure 4.1 characterize the instabilities present during
the transition process in a boundary layer perturbed by streaks. The results have demon-
strated that the natural breakdown in a turbulent spot is initiated by a spanwise oscillation.
The analysis on the oscillation revealed the presence of two secondary instability modes,
a sinuous and varicose mode. The characteristic streamwise length scales of the sinuous
and varicose instability are respectively 28δ∗300 and 19δ∗300. The sinuous mode has at each
streamwise position a uni-directional spanwise velocity while the varicose mode has a ve-
locity field which is symmetric around the centerline of the instability. Just as the turbulent
spot, the instabilities are a local phenomenon. Besides, it is striking that both modes con-
sist of 4 periods. Note however that other experimental results under the same conditions
show instabilities with a different number of periods. Still the number of periods remains
in the range of 3-6 periods.

Both modes develop according similar scenarios. The amplitude of the instability in-
creases in upstream direction according to a parabolic profile and with time. The critical
amplitudes of the sinuous and varicose instability are respectively 0.22 and 0.59. As a criti-
cal amplitude is reached the instability breaks down into a turbulent spot.

It was found that the amplitude of the varicose mode is a factor 3 larger than the ampli-
tude of the sinuous mode. This is in accordance with the numerical results by Andersson
[2] who showed that the velocity difference between a low and high speed streak is larger in
the varicose than in the sinuous case.



Chapter

5
Flow field analysis of sinuous

instabilities

The visualization results in the previous chapter demonstrate the existence of a sinuous
instability during the transition process in a boundary layer with streaks. The results re-
veal that the instability is located in a low speed streak. However, the visualization results
unfortunately do not provide any information on the process which initiates the instability.
In this chapter the results of a flow field analysis of the breakdown process of the streaky
boundary layer by a secondary sinuous instability will be presented, [34].

The combined PIV-LIF technique is utilized in a horizontal configuration. This tech-
nique provides velocity fields together with corresponding visualization fields. The record-
ing domain moves with a velocity of 0.09 m/s along with the flow in downstream direc-
tion, enabled by the camera traversing system. Furthermore, the development of three-
dimensional structures in the sinuous instability is analyzed in the horizontal plane using
the combined stereoscopic PIV-LIF method. The recording domain moves at a speed of
0.098 m/s along with the low in streamwise direction. The average pixel displacement in
the PIV data from PIV-LIFmeasurements equals around 2.5 pixels. In stereoscopic PIV-LIF
measurements the average displacement equals around 11 pixels.

5.1 Streak configuration and streak-streak interactions

The ’typical’ sinuous motion of the unstable streak in the dye visualizations are used to
identify the velocity fields in which a sinuous instability develops. The development of
coherent structures and underlying streak configuration of the instability is analyzed in the
velocity fields.

5.1.1 Characteristic disturbance fields

In total, five measurement runs could be selected in which a developing unstable low speed
streak shows a sinuous wavymotion. It is good tomention that due to the random character
of breakdown and the subsequent spot appearance in most of the measurement runs a
stable (laminar) boundary layer is present, which means that the breakdown process is not
present in the camera window. Out of each hundred runs only about 5 give breakdown
in the camera-window. From these five runs less than 5% show the actual start (not the
tail or only a small side-portion of a breakdown structure) of an actual secondary sinuous
instability. Thus, the five measurements presented in this chapter are the result of two
thousand camera runs.
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A typical image sequence from one of the runs obtained with the combined PIV-LIF
technique and with an instability present in the measuring domain is shown in figure 5.1.
The figure, corresponding to instability 1 in table 5.1, shows a sequence of five images in
which the time step between two images is 1/14.8 s. The recording area of each image
is 0.135 × 0.02875 m2 and 1.52 × 105< Rex < 1.56 × 105. Here Rex corresponds to the
Reynolds number based on the center of the instantaneous velocity field. This applies for
all Reynolds numbers reported at subsequent figures. The x-axis of the figure represents
the physical recording area of the image.

The sequence visualizes the sinuous movement of the dye streaklines. The diffusive
behavior of the visualization fluid in the downstream part of the images is a result of weak
flow phenomena in the upstream streaky flow. Furthermore, the vectors in each image
represent the streamwise and spanwise disturbance components, u′ and w′ respectively, of
the instantaneous velocity field. They are obtained by subtracting the median of the u andw
components from the specific flow field within a PIV-image. The velocity disturbance field
shows the presence of low and high-speed streaks. These streaks also oscillate in a sinuous
motion. Finally, it is clear that vortices are present in the high shear region in-between the
high and low speed streaks.

The selected five sinuous secondary instabilities are presented in figure 5.2. Each image
in the figure shows experimental velocity data in a small spanwise region surrounding a sin-
uous instability. The axes indicate the dimensions of the recording area shown. Recall that
the total recording area of a camera equals 0.165× 0.167 m2. The sinuous (anti-symmetric)
oscillation of an unstable low speed streak is present in each image. Each image shows the
average of a sequence of instantaneous velocity fields, the number of instantaneous veloc-
ities in each sequence is reported in table 5.1. The vectors represent the ensemble average
of the streamwise and spanwise disturbance components, u′ and w′. The background color
indicates the amplitude of the average dimensionless streamwise velocity (using the free-
stream velocity, U∞), u/U∞. This is done to elucidate the configuration of the high and low
speed streaks. The color axis in the figure defines the corresponding dimensionless average
velocities. Note that the camera traverses with a velocity of 0.72 U∞.

The variation in the values of the spanwise axis of the different images is due to the
random character of the instability appearance. This random character also causes that
each image represents a different streamwise range, as presented in table 5.1. In this table
Rexstart corresponds to the Reynolds number based on the center of the first instantaneous
velocity field from an instability sequence, while Rexend corresponds to the Reynolds num-
ber of the last image from the sequence. The first instantaneous velocity field taken into
account is chosen as the field in which the displacement field shows the beginning of an
observable spanwise oscillation. The most downstream field of the range is selected as the
field in which the streak breakdown has developed for a certain amount of time while the
streak has not yet lost its coherence. The table also displays the dimensionless time lapse,
∆t∗, of the sequence for each instability, using U∞ and δ∗300 (with Reδ∗

300
= 300). The last

column presents the symbols used in the following to distinguish the different cases.

5.1.2 Main features

First, using the PIV-results, the different structures in the flow field will be denoted, see fig-
ure 5.3. Note that all images in this figure originate from the same event (the first image in
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Figure 5.1. A typical image sequence (image recording area equals 0.135 × 0.02875
m2) obtained with the combined PIV-LIF technique, sequence rate 14.8 [Hz], U∞ =
0.125m/s and 1.52× 105 < Rex < 1.56× 105. The vector plot presents the disturbance
field while the gray-scale indicates the dye intensity, here black states high dye intensity

and white low intensity.
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Figure 5.2. The five analyzed sinuous instabilities. The vector plot presents the en-

semble averaged disturbance field (Rex range is given in table 5.1) and the background
color indicates the amplitude of the average dimensionless streamwise velocity, u/U∞.

The axes of the figure define the dimensions of the measurement plane.
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Table 5.1. Streamwise range of the different instabilities presented in figure 5.2

Event Streamwise range Sequence Length ∆t∗ = ∆tU∞/δ∗300 symbol
Rex start Rex end

instability 1 1.39 × 105 1.63 × 105 31 109 ◦
instability 2 1.73 × 105 1.98 × 105 33 116 ∗
instability 3 0.49 × 105 0.71 × 105 30 106
instability 4 0.39 × 105 0.59 × 105 27 95 ⋄
instability 5 1.17 × 105 1.41 × 105 33 116 ×

figure 5.2 and instability 1 in table 5.1). The images show a region of 0.165× 0.0685 m2 sur-
rounding the instability and the vectors in the image display the instantaneous disturbance
flow field. The applied background coloring is based on the streamwise dimensionless ve-
locity component, u/U∞, of the velocity field. Furthermore, the dimensionless time lapse
relative to the first image is indicated at each image.
The basic streak configuration, which consists of two low speed streaks (lss1 and lss2) at
a small spanwise distance from each other and a high-speed streak (hss1) in between, is
shown in figure 5.3 (a). This image shows the velocity field around x ≈ 0.5 m. Structures
with a velocity lower than the camera velocity (0.72 U∞) move towards the upstream side of
the image, while structures with a larger velocity move downwards. The image reveals that
the streaks are not present in the upstream part of the recording domain. In this region the
disturbance field still seems to be dominated by the free-stream turbulence eddies. This
is due to the wall-normal position of the measuring plane, which is located 5 mm above
the wall. Hence, the measuring plane is positioned above the boundary layer in the region
close to the leading edge. In figure 5.3 (a) half of the measuring plane is apparently located
in the boundary layer, while the upstream half is still situated in the free-stream.

In figure 5.3 (b), the center of the disturbance flow field is located at x ≈ 1.04 m. The
flow field at this point is over the full range perturbed by streaks. The image shows the
blockage of the passage of high speed hss2 at x ≈ 1.07 m. At this point the low speed
streaks lss2 and lss3 merge and form one low velocity region. This blockage is referred to
as discontinuity 1 (disc1). At the same time, a second discontinuity (disc2) has arisen at the
upstream side of the image (just ahead of the picture at x ≈ 0.96 m). These discontinuities
play an important role in the remaining development of the disturbance flow field.

Figure 5.3 (c) displays the disturbance flow field surrounding x ≈ 1.25 m. This image
reveals that both discontinuities (disc1 and disc2) move downstream in the recording area
and that two vortices arise in the vicinity of the discontinuities in the flow field, vtx1 and
vtx2. The vortices are located in the high shear regions between streaks. The presence of
these two vortices is accompanied with a spanwise oscillation of the unstable low speed
streak lss1. The oscillation is anti-symmetric with respect to the centerline of the unstable
low speed streak, which demonstrates that it is of the sinuous type. Note that the attendance
of discontinuity 1 is somewhat dismantled. The blocked high-speed streak hss2 has crossed
the low speed streak lss2 and merges with hss1.

Figure 5.3 (d) shows the flow field around a downstream position of x ≈ 1.31 m. The
image shows regions of high spanwise-momentum fluid below the peaks (x ≈ 1.27 m and
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Figure 5.3. The four main features of the sinuous instability in the horizontal plane,

U∞ = 0.125 m/s and 0.63 × 105 < Rex < 1.63 × 105. Velocity vectors present the
disturbance field and background color refers to the value of the dimensionless stream-

wise velocity component, u/U∞. The dimensionless times relative to the first image

are indicated in the figure, ∆t∗ = ∆tU∞/δ∗300.
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x ≈ 1.37 m) and valley (x ≈ 1.31 m) of lss1, defined as the last main feature. Vtx1, which
was situated between between x ≈ 1.26 m and x ≈ 1.3 m has disappeared from the dis-
turbance field. The intermediate disturbance fields show that vtx1 is pushed aside by the
growing region of high-(spanwise) momentum fluid at the left of it. The strength of vtx1
is diminished, while this region expands in streamwise direction. These high spanwise-
momentum regions are clearly of a three-dimensional nature and are probably the roll-up
structures that appear in a sinuous instability just before the final breakdown of the streak.
Furthermore it is relevant to mention that the basic shape of the unstable low speed streak
lss1 remains distinguishable in the flow field for a long distance despite of the intensity
increase of the irregular motion with the downstream evolution.

Comparison of the flow fields in the different instabilities yields that the development of
the unstable streak configuration shows several consistencies. However, each flow field has
its specific configuration, which of course is a result of the natural breakdown process. The
main features of the sinuous instability, as revealed in the developing disturbance fields
are:

1. The basic configuration of the sinuous instability is formed by two low speed streaks
(denoted by lss) at a small spanwise distance from each other, with a high speed
region (denoted by hss) in between (first image in figure 5.3).

2. The formation of discontinuities (denoted by disc). A discontinuity is defined as the
merging of neighboring low speed streaks. This results into a blockage of the down-
stream path of the high-speed streak situated between the merging low speed streaks
(second image in figure 5.3).

3. The presence of vortices (denoted by vtx) below and above the unstable low speed
streak, which is accompanied with a spanwise oscillation of the unstable low speed
streak (third image in figure 5.3), see also appendix D.

4. Three-dimensional structures in the enclosed high speed region. These structures
are visible as large spanwise velocity components that are orientated in the direction
of the local spanwise oscillation (fourth image in figure 5.3).

5.2 Three-dimensional development

The analysis of the streak configuration and streak-streak interactions demonstrate the ex-
istence of four main features characterizing the development of the sinuous instability in
the horizontal plane. It was also found that three-dimensional structures arise in the devel-
opment of the instability. The development and interaction of these structures is analyzed
using the combined stereoscopic PIV-LIF method and will be discussed using the results
from one run. To avoid image problems due to refraction at the air-water interface in the
setup an ocular is mounted on the camera lens. This results in a maximal recording area
of 0.08 × 0.05 m2, which means that the streamwise domain is half of the domain of the
measurement results used in the discussion of main features, see figure 5.3.
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Figure 5.4. Instantaneous disturbance field (vector plot) in the analyzed sinuous insta-

bility demonstrating the present streak configuration and the presence of vortices in

a staggered pattern around the unstable streak where U∞ = 0.125 m/s. Background
color is based on the streamwise velocity component, u/U∞, of the velocity field and

the axis are made dimensionless using δ∗300.

5.2.1 Presence of main features in stereoscopic PIV-LIF measurements

Figure 5.4 presents an instantaneous disturbance field (vector plots) during the develop-
ment of the instability. The background color is based on the streamwise velocity compo-
nent, u/U∞, of the velocity field and the axes are made dimensionless using δ∗300. A sinuous
oscillation is present in the unstable low speed streak in the figure, taking into account that
due to smaller recording domain only one wavelength is visible. The streak configuration in
the figure is formed by two low speed streaks at a small distance from each other. Only half
of the upper low streak is located at the edge of the recording area. Wall-normal vortices are
present in the high shear zones of the unstable low speed streak as well as in shear zones
of surrounding streaks. Also the first high spanwise momentum regions tend to become
visible in the high speed region on the right side of the figure. The only absent main feature
is the presence of a discontinuity in the streak configuration, but probably the discontinuity
is located just outside the recording area.

5.2.2 Evolution of three-dimensional structures

The evolution of three-dimensional structures present in the sinuous instability is demon-
strated by figures 5.5 and 5.6. Both figures contain four images, in which each image
presents an instantaneous disturbance field by the vector plot. The background color in
figure 5.5 is based on the streamwise velocity component, u/U∞, of the velocity field, while
in figure 5.6 the background color indicates the wall-normal velocity component, v/U∞.

Figure 5.6 (a) presents the first identified three-dimensional structure, a vortex tube, in
the development of the sinuous instability. The tube of streamwise vorticity expresses itself
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as a positive wall-normal velocity in the low speed streak (colored red) and a negative wall-
normal velocity in the adjoining high-speed streak. Combining these twomotions, suggests
that the motions correspond to a vortex tube with a centerline in the high shear zones
between the low and high speed streak. In the vector plots of figures 5.6 (a) and 5.5 (a) a wall-
normal vortex, stretched in streamwise direction, is present at (x/δ∗300, z/δ∗300) ≈ (355, 21).
Relating this vortex to the vortex tube reveals that both represent the same structure, where
the wall-normal vortex results from an intersection of the vortex tube by the laser sheet. The
rotation in the horizontal plane demonstrates that the vortex tube is positioned inclined
with respect to the wall. The downstream end of the tube is located closer to the wall than
the upstream end. Figure 5.5 (a) demonstrates that the corresponding streak configuration
exists of 4 streaks and that at x/δ∗300 > 350, the low speed streak moves in negative spanwise
direction. At the left of this region between x/δ∗300 = 345 and x/δ∗300 = 350 the streak moves
in positive spanwise direction, which indicates the start of the sinuous oscillation.

In figure 5.5 (b) 0.9 s later the sinuous oscillation of the unstable low speed streak is
more evident, its maximum is located at x/δ∗300 ≈ 380. Figure 5.6 (b) shows that the vortex
tube mentioned in the context of the previous images seems to have shifted into down-
stream direction and is now located in the left part of the image, x/δ∗300 < 380. The vector
plot in the region of this tube hardly shows the presence of wall-normal vorticity which
indicates that the inclination of the vortex tube has decreased. However, upstream of the
maximum two counter rotating streamwise vorticity regions appear. The vortex tube lo-
cated in the high shear zone between the unstable low speed streak and the adjoining high
speed streak appears to rotate in the opposite direction of the rotation from the vortex tube
in the left part of the image. Looking carefully at the vector plot reveals a wall-normal vortex
at (x/δ∗300, z/δ∗300) ≈ (390, 21), which indicates that the vortex tube is inclined with respect
to the wall. From the direction of the rotation it is clear that the downstream end of this
vortex tube is located further away from the wall than its upstream end.

The amplitude of the sinuous oscillation has further increased in figure 5.5 (c), repre-
senting the flow field 0.75 s after figure 5.5 (b), but the maximum is still located in the
center of the image (x/δ∗300 ≈ 407). The two vortex tubes, of which the rotation has become
stronger, have moved along with the oscillation of the low speed streak, see figure 5.6 (c).
In the center of the image both tubes moved in positive spanwise direction, while at the
edges they have maintained their spanwise direction. As a result both tubes also become
inclined with respect to x-axis. The wall-normal vortex in the vector field resulting from the
upstream vortex tube seems to have become less stretched and more axi-symmetric. This
implies that the angle of inclination of the vortex tube is increasing.

Figure 5.5 (d) present the disturbance field 1.5 s later. It reveals that the amplitude of
the oscillation has become even larger. The inclination with respect to the x-axis of the
vortex tube in this region, x/δ∗300 > 470, has become larger. The inclination of the other
tube seems to be still the same. The streamwise rotation in both tubes increased again.
The wall-normal vortex in the vector plot resulting from the upstream vortex tube appears
almost axi-symmetric which indicates that the inclination angle of the tube with respect to
wall has increased even further. Finally, both figures show that in the upstream part of the
image the flow starts to breakdown to turbulence and succeeding images reveal that the
flow rapidly becomes turbulent.

Comparing the vortices in figure 5.4 and the streamwise vortex tubes in figure 5.6 re-
veals that not every wall-normal vortex is the result of a tube of streamwise vorticity.
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5.3 Wave-shape analysis

From the description of the main features it was found that the sinuous instability mani-
fests itself as an oscillating motion of streaks. From the observed visualization and displace-
ment fields, it appears that the development of the secondary instability is accompanied
with an increase of the spanwise oscillation. Hence, the development of the instability is
also related to an increasing spanwise deviation of the unstable low speed streak.

In section 4.2 it was already demonstrated that the sinuous instability is characterized
by an anti-symmetric oscillation of a low speed streak. With respect to features of the oscil-
lation it was reported that the amplitude of the oscillation increases spatially as well as in
time. The increase in time is also observed in the previous disturbance fields. Hence,the
increasing amplitude of the unstable low speed streak is an important aspect in the devel-
opment of the sinuous instability and will therefore again be analyzed, but now from the
velocity data.

5.3.1 Amplitude and wavelength identification

The same definitions for the amplitude and the wavelength of the oscillation as used in
chapter 4 (see figure 4.3) are used in the analysis. The points of the streak geometry neces-
sary to calculate the amplitude and wavelength of the oscillation are located at the bound-
aries of the unstable streak. These points are selected by isolating the geometry of the
unstable streak from the remaining of the flow field. The vectors situated in the streak are
found by selecting all vectors that satisfy the following velocity criterion:

ustreak(x, z) < α · ufield. (5.1)

where ufield is the mean streamwise displacement of the considered part of the PIV-domain
and α is a constant. This criterion is based on the finding that the streamwise velocity in an
unstable low speed streak is (in most cases) lower than that of its neighborhood. The value
of α is chosen in such a way that the selected vector coordinates match the streak profile
most optimally. With the contour of the streak known, it is possible to select the points
on the streak edges necessary for the calculation of the amplitude and wavelength of the
sinuous motion.

The amplitude and wavelength development of the oscillation in the velocity fields is
analyzed for four sinuous instabilities. These are the instabilities presented in images 1,2,4
and 5 from figure 5.2 and their corresponding streamwise ranges are given in table 5.1. The
sinuous instability presented in the third image of figure 5.2 is located to far on the edge of
the recording domain to enable a proper analysis. Each measurement point in the figures
5.7 and 5.8 correspond to one moment in time.

The accuracy of the results is largely governed by the original spatial resolution of PIV-
data. In section 2.2.3 it was mentioned that the PIV-analysis has been performed with
interrogation windows of 32 by 32 pixels and an overlap of 50%. This implies that the
spatial resolution is 16 pixels which approximately corresponds to δ∗300. The amplitude and
the wavelength can be calculated with a minimal accuracy of respectively 16 pixels (or δ∗300)
and 32 pixels (or 2δ∗300) as follows from the amplitude and wavelength definitions.
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5.3.2 Amplitude development

The development of the amplitude of the four unstable low speed streaks is displayed in
figure 5.7(a). The relation between the instabilities and the different symbols is given in the
last column of table 5.1. Figure 5.7(a) shows the amplitude (made non-dimensional by δ∗300)
as function of the square root of the local Reynolds number.

The large streamwise domain of the image demonstrates once more the random char-
acter of the instability appearance. This large spanwise domain disables a clear impression
of the development of the four amplitudes. Therefore, a new coordinate is introduced, χ,
which is defined as χ =

√
Rex − C, where C is a constant. This constant is chosen such

that at χ = 0 the amplitude equals δ∗300, which is an arbitrary value. Due to this streamwise
shift, each amplitude development is presented in the same domain. The development of
the different amplitudes as function of χ is shown in figure 5.7(b). Clearly, the development
of the different amplitudes shows a general behavior. The amplitude of the sinuous oscilla-
tion increases linearly in streamwise direction to a maximum value of ≈ 2.3 δ∗300. A data fit
represented by the solid line emphasizes the linear increase.

The linear amplitude increase in the initial part of the sinuous oscillation has already
been reported in section 4.6. However, the results in figure 4.8 present the development
of the sinuous oscillation in the beginning of the sinuous instability, while in the results
of figure 5.7 the total development of the oscillation of a sinuous instability is analyzed.
When the amplitude of the sinuous oscillation has reached its maximum amplitude value,
Amax, the oscillation breaks down due to the arising of three-dimensional structures in
the disturbance field. This breakdown realizes a deformation of the unstable streak which
results in a decrease of the amplitude.

The spanwise spacing of the streaks, λst, in the results presented in figure 3.16 is ap-
proximately 5.6 δ∗300 (independent of the streamwise position). Relating the maximum am-
plitude value of 2.3 δ∗300 to this streak distance λst reveals a ratio Amax / λst ≈ 0.4. This
demonstrates that the breakdown of the instability, accompanied by the arising of three-
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dimensional structures, starts when the oscillation of the unstable low speed streak exceeds
the centerline of the surrounding high-speed streak.

5.3.3 Wavelength development

The development of the wavelengths of three unstable low speed streaks is displayed in
figure 5.8(a). The wavelength of only three sinuous instabilities is analyzed as it proved
impossible to determine a realistic wavelength for the sinuous instability presented in the
fourth image of figure 5.2. These wavelengths are given in terms of δ∗300 without further
normalization. Note that ’instability 3’ was already excluded from the analysis of the oscil-
lation. The streamwise domain is the same as in figure 5.7(a) and this forms an obstacle
for a clear impression of the development. Therefore the development of the wavelength as
function of χ, defined in the previous subsection, is presented in figure 5.8(b).

The wavelength developments of each instability demonstrate a more or less coherent
behavior. Each wavelength decreases in streamwise direction from a value of ≈ 45δ∗300 to a
value of ≈ 35δ∗300. This decrease follows a linear trend as indicated in figure 5.8(b) by the
three solid lines. Each line represents a data fit through each of the three wavelength devel-
opments. The wavelength of ’instability 1’ shows a steep downwards peak at

√
Rex∗ ≈ 32.

Analysis of the corresponding disturbance fields revealed that this is the result of break-
down of the oscillation.

Figure 4.4 presents the results of an analysis of the development of the wavelength of
a sinuous instability in visualization images. Note that figure 4.4 only presents the de-
velopment of the wavelength of the first two periods of a sinuous instability and that the
development is analyzed in a time span of 6/15 s, while the time span which goes together
with the figure 5.8 equals around 2 s. Figure 4.4 demonstrates that the wavelength of a sin-
uous instability increases spatially in upstream direction. There, period two possesses the
largest wavelength of around 32 δ∗300, which is significantly smaller than the wavelengths
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presented in figure 5.8. However, estimating the value of the wavelength of the third period
by extrapolating the trend present in figure 4.4 gives a wavelength of around 40 δ∗300, a value
which corresponds to values in figure 5.8. The first and second period are not present in the
analyzed disturbance fields since the figures 4.8 and 4.4 demonstrate that the amplitudes
of these of periods are smaller than δ∗300, which is the minimal accuracy of the amplitude.

5.4 Discussion

5.4.1 Conclusions

Five natural secondary instabilities (with their random appearance) appearing in the tran-
sition process in a boundary layer with streaks are experimentally investigated in the hori-
zontal plane using a combined PIV and dye visualization measurement technique together
with a camera traversing system.

The presence of a streak configuration with two low speed streaks located at a small
spanwise distance from each other is the first general consistency between all five insta-
bilities. The second main feature is the formation of discontinuities in the streaky flow.
Thirdly, vortices appear below and above the unstable low speed streak, accompanied with
a spanwise oscillation of the unstable streak. The last similarity is the arising of three-
dimensional flow structures at the location where earlier the vortices were present.

These main features of the sinuous instability suggest that wall-normal vortices play a
key role in the breakdown process. The stereoscopic PIV measurements reveal that some
vortices in the horizontal plane result from the presence of an inclined tube of streamwise
vorticity. In the high shear zones two inclined vortex tubes (of opposite rotation) are present.
The first tube is inclined away from the wall (positive inclination angle), while the other
one possesses a negative inclination angle. With the downstream development the tubes
transform into a staggered pattern of long and short tubes and simultaneously the low
speed streak starts to oscillate in an anti-symmetric way.

The amplitude of the oscillating motion of a sinuous instability increases with the de-
velopment of the instability in streamwise direction. An analysis of the development of the
amplitude of the oscillation as function of χ, a coordinate introduced to take account for
the random character of the oscillation appearance, shows the presence of a general ampli-
tude development. It consists of a linear dependence of

√
Rex until a maximum amplitude,

Amax, is reached. At this point the streak structure loses its coherence, and as a result, the
amplitude decreases. Relating the Amax value of 3.8 δ∗300 to the distance between a low and
high-speed streak λst reveals a ratio of Amax / λst ≈ 0.68. This demonstrates that the three-
dimensional breakdown of the oscillation of the instability starts when the oscillation of the
unstable low speed streak exceeds the centerline of the surrounding high-speed streak.

The wavelength development in different oscillations reveals a coherent behavior. Each
wavelength decreases, according to a linear trend, in streamwise direction from a value of
more or less 45δ∗300 to a value of about 35δ∗300.

5.4.2 Comparison to numerical results

Brandt et al. [12] presents in his figures 15 until 17 the evolution of a typical sinuous break-
down. His results are made dimensionless with a scaling parameter δ∗0 , which is equals
to the experimental scaling parameter δ∗300. The numerical sinuous instability develops in
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a time laps of 100, while the time laps in which the experimental equals around 160. The
wavelength of the sinuous oscillation in these numerical simulations is about 15δ∗300 which
is about half of the wavelength found in this experimental research. Comparing the time
sequence showing the sinuous breakdown from Brandt with the sequence presented in
figure 5.3 shows that many similarities exist. Both sequences show that the breakdown is
located on a low speed streak. Furthermore, both sequences show that the unstable low
speed streak starts a sinuous oscillation.

Brandt also found vortex tubes in his simulations, see his figure 17, which is here pre-
sented in figure 5.9. Figure 5.9 presents four cross sections during the sinuous breakdown
process. The four images cover a streamwise area of 10δ∗300. The horizontal axis represents
the spanwise coordinate and the vertical axis shows the wall-normal coordinate. The values
at the axis are given in units δ∗300. The isolines in the figure represent the streamwise ve-
locity component, while the arrows give the velocity in spanwise and wall-normal direction
w and v. The images in figure 5.9 compare to the events appearing in the region of the
maximum of the sinuous oscillation in figures 5.5 and 5.6. Note that the plane in which
the stereoscopic PIV measurements are performed is situated at a wall-normal position of
1.7δ∗300, indicated by the dashed line in figure 5.9. The sinuous movement of this numerical
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simulation is mirrored in spanwise direction compared to the oscillation in the experimen-
tal results. Flipping the horizontal axis in the figures, leads to a similar configuration of
the streak oscillation as present in the figures 5.5 and 5.6. The amplitude of the oscillation
of the low speed streak at the height of the laser sheet is about δ∗300 and this is of the same
order as in the experimental results. In figure 5.9a, a vortex can be seen. Looking at figure
5.9b the vortex is still present, demonstrating the presence of a vortex tube. The vortex tube,
that is located at (1,3) in figure 5.9a, is rotating in counterclockwise direction. The fluid is
moving off the plate in the low speed streak, and the fluid is moving to the plate in the high
speed streak. This is consistent with the long vortex tube described in section 5.2.2. The
position of the vortex in figure 5.9b has moved upward, which suggests that the vortex tube
is inclined off the plate in streamwise direction, as observed in the experimental results. In
figure 5.9b another vortex (also resulting from a vortex tube) appears at (3,2). This one is
rotating in clockwise direction and corresponds to the short vortex tube in the experimental
results. The fluid is still moving off the plate in the low speed streak, but the fluid is mov-
ing down to the plate in the high speed streak at the other side. Figures 5.9c and d, show
that the low speed streak is moving in negative spanwise direction at the laser sheet height,
which is consistent with the positive spanwise movement till the maximum is reached in
our experimental results. Also the vortex tube that is rotating clockwise is moving in the
same direction.

In the experimental results it was found that not every wall-normal vortex is the result
of a vortex tube. This feature also appears in the sinuous breakdown of Brandt. Still, in
both studies all vortices develop into regions of only high spanwise momentum fluid.

Still, comparing the numerical and the experimental streak configuration shows a sig-
nificant difference, besides the wavelength difference. In the experimental configuration
the high speed streaks are present in the entire streamwise domain. The streaks are per-
turbed by patches (short streamwise length of about 8δ∗300) of low speed fluid, while in
the numerical configuration, see figure 5.10 the head of a high speed streak collides with
a downstream low speed streak. The horizontal plane of in the measurements is located
1.7δ∗300 from the wall and figure 5.10 is located at 2.5δ∗0 , but figure 5.9 demonstrates that the
flow events at in these two wall-normal planes do not differ significantly, so that is not an
explanation for the difference. We will later see, chapter 7, that the sinuous-like instability
of Brandt better corresponds to our experimentally observed single branch instability.

5.4.3 Process description

It was observed in figure 5.6 (b) that two tubes of streamwise vorticity (opposite sign) arise
in the high shear region between the unstable low speed streak and an adjoining high
speed streak during the development of the sinuous instability. The first tube possesses
a positive inclination angle with the x-axis, while the inclination angle of the other one is
negative. In the region where both overlap a spanwisemotion is induced due to the opposite
sign of rotation assuming that the tube with negative inclination angle is located above the
tube with positive inclination angle. This spanwise motion results in the anti-symmetric
oscillation of the unstable streak. The tube configuration and its resulting spanwise motion
is sketched in figure 5.11.

Under influence of themain shear of the boundary layer and the ’self induced’ spanwise
motion both vortex tubes deform as they evolve in streamwise direction. The vortex tube
with the positive inclination angle is stretched by the main shear and the other tube slides
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case4. From Brandt et al. [12].

into itself due to the main shear. In the region where both tubes overlap they translate
in spanwise direction by the ’self induced’ motion. As a result the vortex tubes appear
in a staggered pattern (in the wall-normal as well as horizontal plane) of long and short
tubes which give rise to the anti-symmetric oscillation of the unstable streak during the
development of the sinuous instability. The staggered pattern is sketched in figure 5.12.

The development of the general amplitude of the oscillation in a sinuous instability
shows that the breakdown of the instability starts when the oscillation of the unstable low
speed streak exceeds about the centerline of the surrounding high-speed streak. Relating
this to deformation of the vortex tubes as sketched in figure 5.12 yields that this corresponds
to a configuration where the short tube possesses a significant negative inclination angle.
One expects that the tube will be ’pushed’ over if this angle becomes too large, which will
initiate the breakdown of the instability, accompanied by the arising of three-dimensional
structures.

The experimental results reveal that not every wall-normal vortex can be coupled to a
streamwise vortex tube. The fact that three-dimensional motion is absent in these regions
suggests that the wall-normal vortex is initiated by the anti-symmetric oscillation of an un-
stable streak.

The development of the disturbance flow field around the sinuous secondary instability
in figure 5.3 shows that discontinuities play an important role in the breakdown process.
Wall-normal vortices (and thus vortex tubes) appear in the vicinity of the discontinuities,
which suggest a firm relation between the vortices and the discontinuities (and the accom-
panying streak-streak interactions). It may even be the case that the streak-streak interac-
tions in the discontinuity region result in the spanwise perturbations which result, via the
streak transition growthmechanism by Schoppa andHussain [50], into tubes of streamwise
vorticity.
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Lss

Figure 5.11. Sketch of the vortex tube configuration and its resulting spanwise motion

at the initial phase of the sinuous instability.
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Lss

Figure 5.12. Sketch of the staggered pattern (in the wall-normal as well as horizontal

plane) of long and short streamwise vorticity tubes during the sinuous instability.



Chapter

6
Flow field analysis of varicose

instabilities

The visualization experiments, presented in section 4.2 show a varicose instability appear-
ing as a symmetric oscillation. The instability is located in a low speed streak but the
visualization results can not elucidate the initiation process of the varicose instability. The
results of a flow field analysis in a horizontal plane are presented in this chapter.

The flow fields are obtained with the combined PIV-LIF technique as well as the stereo-
scopic PIV-LIF technique, both in combination with the camera traversing system. The
traversing velocity is 0.09 m/s in the PIV-LIF measurements resulting in an average dis-
placement of around 2.5 pixels. In the stereoscopic PIV-LIF measurements the traversing
velocity equals 0.098 m/s and there is an average pixel displacement of around 10 pixels in
the PIV data.

6.1 Streak configuration and streak-streak interaction

The symmetric wavy motion of the unstable streak as seen in the dye visualizations is used
to identify a developing varicose instability in the velocity fields. The streak configuration
of the instability and the presence of coherent structures will be analyzed.

6.1.1 Characteristic disturbance fields

From the obtained experimental results, two velocity sequences have been selected in which
the boundary layer flow undergoes a varicose breakdown. The two sequences are the result
of two thousand measurement runs.

Figure 6.1 shows a sequence of five image (recording area equals 0.0913 × 0.0316 m2)
from one of two measurement runs obtained with the combined PIV-LIF technique. The
x-axis represents the streamwise recording area of the image. The time step between two
images is 1

7.4
s and 1.45 × 105 < Rex < 1.53 × 105, where Rex corresponds to the Reynolds

number based on the center of the instantaneous velocity field. This definition applies for
every Reynolds number reported at all following figures.

The varicose motion of the dye streakline is observable in the image but it is less distinct
than in the visualization results of figure 4.1. Still from the second image in the figure a
clear varicose motion of the dye streakline is visible in the left part of the images, around
(x, z) ≈ (−0.085,−0.007) m. As the instability develops in streamwise direction also other
parts of the dye streakline deform under the influence of the vortical structures.

The vectors in each image represent the streamwise and spanwise disturbance compo-
nents, respectively u′ and w′, of the instantaneous velocity field. The velocity disturbance
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Figure 6.1. A typical image sequence (image recording area equals 0.0913 × 0.02316
m2) obtained with the combined PIV-LIF technique, sequence rate 7.4 [Hz], U∞ =
0.125m/s and 1.45× 105 < Rex < 1.53× 105. The vector plot presents the disturbance
field while the gray-scale indicates the dye intensity, here white states high dye intensity

and black low intensity.
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field illustrates the configuration of the low and high speed streaks. It is also seen that
the varicose instability originates at the end of a low speed streak. Vortices appear in the
high shear zones between the low speed streak and surrounding high speed streaks. As the
instability develops the unstable low speed streak looses its coherence.

6.1.2 Main features

The development of the unstable low speed streak and the vortices is analyzed in the two
varicose sequences and the figures 6.2 plus 6.3 present the characteristic instantaneous
disturbance fields during the development. The images presented in figure 6.2 show a
region of 0.0685 × 0.1643 m2 surrounding the first varicose instability and 1.04 × 105 <
Rex < 1.36 × 105, where Rex corresponds to the Reynolds number based on the center of
the instantaneous velocity field. This is valid for all Reynolds reported at following figures.
The images in figure 6.3 show a region of 0.0578 × 0.1657 m2 surrounding the second
instability, 1.29 × 105 < Rex < 1.51 × 105. The variation in the spanwise and streamwise
axes reflects the random character of the instability appearance. The applied background
coloring is based on the streamwise dimensionless velocity component (using the free-
stream velocity, U∞), u/U∞. The dimensionless time lapses, ∆t∗ = ∆tU∞/δ∗300, relative
to the first image from the figure are indicated at the right side of each image. Also here
δ∗300 (Reδ∗

300
= 300) is used as scaling parameter. The total time lapses together with the

corresponding streamwise ranges are given in table 6.1.

Figure 6.2(a) shows a steady streak configuration at x ≈ 0.83 m with a single low speed
streak (lss 1) surrounded by two high speed streaks (hss 1 and hss 2). The upstream part
of the image reveals the presence of an eye-shaped structure at the position where the
high speed streak frontally collides with the low speed streak. Preceding flow fields show
that the eye arises in a short time span. The divergence of the eye (the spanwise distance
between the two opposing low velocity regions) increases with the streamwise evolution of
the instability.

In figure 6.2(b), the streamwise center of the recording domain is positioned at x ≈ 0.96
m. The disturbance flow field at this downstream coordinate shows that the structure of
the eye has changed; the eye has separated from the downstream part of the low speed
streak. The intermediate disturbance fields show the appearance of small bursts in both
low streamwise velocity regions of the eye. These bursts seem to be induced by the forcing
of the high speed streak (hss 3) in the center of the eye. During a burst high momentum
fluid is transported from hss 3 towards hss 1 and hss 2. The appearance of the bursts in
the eye-shaped structure is probably the onset of the separation of the eye from the initial

Table 6.1. Streamwise ranges and time lapses of the two instabilities presented in

figures 6.2 and 6.3

Event Streamwise range ∆t∗ = ∆tU∞/δ∗300

Rex start Rex end

instability 1 1.04 × 105 1.42 × 105 147
instability 2 1.29 × 105 1.51 × 105 99
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Figure 6.2. The first varicose instability as observed in a horizontal plane, U∞ = 0.125
m/s and 1.04 × 105 < Rex < 1.36 × 105. Velocity vectors present the disturbance

field and background color refers to the value of the dimensionless streamwise velocity
component, u/U∞. The dimensionless times relative to the first image are indicated

in the figure, ∆t∗ = ∆tU∞/δ∗300.
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low speed streak. Furthermore, the image shows that the spanwise size of the low speed
streak just behind the eye, at x ≈ 0.92 m has increased. It appears that at this position
the streamwise disturbances of the low speed streak are the strongest. Finally, it should be
noted that the downstream tail of the low speed streak is probably also participating in the
development of another flow structure at the right-hand side of the recorded domain. This
flow structure could be another eye that is undergoing the same process as the eye at the
upstream side of the recorded area. Note that the ’tale’ of lss 1 seems to be the upper edge
of the downstream eye.

Figure 6.2(c) displays the disturbance flow field around x ≈ 1.01 m. Now the unstable
low speed streak is totally isolated in a high streamwise momentum disturbance region
and it has moved in upstream direction within the recorded area. It also appears that the
spanwise size of the ’head’ of the low speed streak has decreased, resulting in a diamond-
like structure of the low speed streak. Intermediate disturbance flow fields suggest that
this is the result of the continuous forcing of the high momentum fluid on the frontal
part of the low speed streak causing it to stretch in streamwise direction. The disturbance
field furthermore reveals that vortices (vtx 1 and 2) arise in the vicinity of the top of the
diamond-like structure.

The flow field in figure 6.2(d) (x ≈ 1.09 m) displays that the unstable low speed streak
at x ≈ 1.03 m starts to fall apart into smaller three-dimensional flow regions. An analysis of
the disturbance field in between the previous and the current image reveals the appearance
of new vortices (denoted by vtx 3 and 4) in the high shear zones between the streaks. These
vortices arise in the vicinity of the location of the top of the diamond-like structure of the
low speed streak. The flow field furthermore reveals that these vortices (vtx 1,2,3 and 4),
present in a symmetrical arrangement with the centerline located at z ≈ 0.12 m, result in
the ’break-up’ of the unstable low speed streak.

The ’break-up’ process into smaller three-dimensional flow regions results in a Λ-like
structure, as shown in figure 6.4 at x ≈ 1.095 m. The appearance of Λ vortices is character-
istic for the development of an varicose instability as for example shown by the numerical
results of Skote et al. [52].

Hence, the main features of the varicose instability, as they appear from the observed veloc-
ity fields are:

1. The basic configuration of the varicose instability consists of a single high speed
streak which frontally collides with a single low speed streak with an eye-shaped struc-
ture. This eye-shaped structure refers to an arrangement of the low speed streak in
which two spanwise opposing low speed regionsmerge sideways. The spanwise space
between the regions is occupied by the high speed streak (first image in figures 6.2
and 6.3).

2. The separation of the eye-shaped structure from the downstream part of the unstable
low speed streak due to the forcing of the high speed streak in the center of the eye
(second image in figures 6.2 and 6.3).

3. The deformation of the unstable streak by the surrounding high velocity region (third
image in figures 6.2 and 6.3).

4. The appearance of vortical (see also appendix D) and Λ-like structures around the un-
stable low speed streak before and during the breakdown of the streak (fourth image
in figures 6.2 and 6.3).
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Figure 6.4. A Λ-like structure present in the development of the first varicose instabil-
ity, U∞ = 0.125 m/s and Rex = 1.41 × 105. Velocity vectors present the disturbance

field and background color refers to the value of the dimensionless streamwise velocity

component, u/U∞. The dimensionless time is, t = t0 + 175.

6.2 Three-dimensional development

The analysis of the streak configuration and streak-streak interactions demonstrates the ex-
istence of four main features characterizing the development of the varicose instability in
the horizontal plane. It was also found that three-dimensional structures arise in the devel-
opment of the instability. The development and interaction of these structures is analyzed
in one image sequence obtained with the combined stereoscopic PIV-LIF method.

6.2.1 Presence of main features in stereoscopic PIV-LIF measurements

The stereoscopic PIV-LIF setup results in a maximal recording area of 0.08×0.05m2, which
means that the streamwise domain is half of the domain of the measurement results used
in the discussion of main features, figures 6.2 and 6.3. The instantaneous disturbance
field in figure 6.5 (a) shows a low speed streak which at the upstream edge of the domain
frontally collides with a high speed streak (not visible in the image). As a result of the streak-
streak interactions in the interaction region the low speed streak starts to deform, i.e the
spanwise size in the interaction region increase while the spanwise size of the downstream
part decreases. Furthermore, vortices appear in a symmetric pattern around the unstable
streak. An eye-shaped structure is not present in this instability and most probably this
structure is located upstream outside of the recording area. The figure also shows that the
streamwise momentum in the high speed streak located at larger spanwise position (z/δ∗300

≈ 12) is significantly higher than the high speed streak located at z/δ∗300 ≈ 3. Due to this the
spanwise dimension of instability structures initiated in ’lower’ streamwise momentum re-
gion (still forming a high speed streak) will be larger. Figure 6.5 (b) shows an instantaneous
velocity field 0.68 s after the field in figure 6.5 (a). During the development of the insta-
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Figure 6.5. Instantaneous disturbance fields (vector plots) of a varicose instability at

two moments in time (t = t0 and t = t0 + 33). Background color is based on the

streamwise velocity component, u′/U∞, of the velocity field and the axis are made
dimensionless using δ∗300, U∞ = 0.125 m/s.

bility the unstable low speed streak starts to fall apart into smaller three-dimensional flow
regions, for example at (x/δ∗300, z/δ∗300)≈ (269, 8). Furthermore, Λ-like structures starts to
develop in the region 280 < x/δ∗300 < 297.

6.2.2 Evolution of three-dimensional structures

Figure 6.6a presents a streak configuration in which a high speed region collides with a
low speed region. This causes a discontinuity in streamwise direction at around (222,8).
Around this location a spanwise movement is present at the edges of the tail of the unstable
low speed streak. It seems that high speed fluid is moving around the low speed fluid. The
wall-normal movements shown in figure 6.7a demonstrate that upstream of the disconti-
nuity the fluid is moving off-the-plate, which implies that the high speed fluid is forced in
upward direction. Downstream of the discontinuity vortical movement appears around the
tail of the low speed streak at (228,5) and (226,9) which demonstrates that fluid is flowing
around the discontinuity. The fluid in this vortex is moving to-the-plate at the sides of the
low speed streak. In other words the high speed fluid arriving at the discontinuity falls
down sideways (symmetrically) over the tail of the unstable low speed streak into adjoining
high speed regions.
At a dimensionless streamwise position of x/δ∗300 =245 a vortex is present at each side of
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Figure 6.6. Evolution in the horizontal plane of three-dimensional structures present

in a varicose instability, U∞ = 0.125 m/s. Velocity vectors represent the disturbance
components u′ and w′. Background coloring refers to the amplitude of u′.
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the low speed streak. The vortices are moving upward in the low speed streak and down
in the high speed streaks around (see figure 6.7a). The vortices in the horizontal plane
together with the vertical displacements imply the presence of two vortex tubes. The vortex
tubes are cut by the laser sheet, and the rotation in the horizontal plane reveals that they
are inclined away from the plate in positive streamwise direction.

Figures 6.6b and 6.7b, represent the flow field 0.55 s later. The low speed streak has
moved to the left side of the field of view. The vortex positioned at the sides of the tail
of the unstable low speed streak have now moved in streamwise direction to (245,6) and
(244,9) and have become stronger. The two vortices are forming weak vortex tubes with
upward movement in the low speed streak, and downward movement in the surrounding
high speed streak. Like the tubes mentioned in the previous shot, these tubes are also
inclined away from the plate in streamwise direction. At a dimensionless distance of 5
downstream of the vortices, the low speed streak is incised. A patch of low speed fluid is
being formed. The two vortices that where present at x/δ∗300 =245 in the previous figure,
are now positioned at a streamwise position of x/δ∗300 =263. Those vortices are stronger
compared to the upstream located vortices and lead to a second patch of low speed fluid cut
off the unstable low speed streak. The downstream vortex tube pair causes much stronger
vertical movements in the image plane than the upstream pair. The downstream tubes
are inclined towards the streamwise direction, forming a sort of Λ structure, with the head
pointing in downstream direction. In the upper right region of figure 6.7 an off-the-plate
movement appears in the high speed streak.

In the figures 6.6c and 6.7c 0.6 s later, the first patch of low speed fluid is running
out of the field of view at the left, or upstream, side. The vortices accompanying the patch
are now at the edge of the field of view. The strength of the tube they form seems to be
increased. The second patch has also moved to the left. At the upstream side of the second
patch the fluid is again colliding with fluid having a higher speed. The vertical movement
is still stronger than the movement of the first patch. Low speed fluid keeps moving off-the-
plate. The dimensionless length of the vortex tubes next to the second patch is around 10.
A new low speed region appears at the location where the off-the-plate motion is present.
This suggest that the vortex tube located at the edge of the second patch of the unstable low
speed streak is part of a pair of two counter rotating vortex tubes. Downstream the new
low speed region connects with the unstable low speed streak and by this it forms a Λ-like
structure of low streamwise momentum fluid, similar to the structure presented in figure
6.4.

The last images, figure 6.6d and 6.7d, are again taken 0.6s after the previous shot. The
first low speed patch has disappeared completely out of the field of view. The second patch
is still inside the field and keeps on showing the same configuration of vortex tubes. In
later images the flow field is turbulent.

The vortex tubes in the high shear regions of the unstable low speed streak appear
to be present in pairs. This suggests that the wall-normal vortices present in the vortex
configuration in figure D.3 all represent inclined three-dimensional tubes of streamwise
vorticity.
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6.3 Discussion

6.3.1 Conclusions

Two experimental natural secondary varicose instabilities appearing on isolated streaks are
analyzed in a water channel utilizing a combined (stereoscopic)PIV and dye visualization
measurement technique in combination with a camera traversing system.

The presence of a high speed streak which frontally runs into a low speed streak is the
first general consistency in the development of the varicose instabilities. An eye-shaped
structure of low speed fluid is present at the location where the two streaks collide. The
secondmain feature is the separation of the eye-shaped structure from the downstream part
of the unstable low speed streak due to the forcing of the high speed streak in the center
of the ’eye’. Thirdly, both instabilities show that the unstable low speed streak deforms
into a diamond-like structure. The final consistency concerns the appearance of vortical
structures around the unstable low speed streak resulting in the breakdown of the streak.

The vortices in horizontal plane result from the presence of an inclined tube (away
from the wall) of streamwise vorticity. The tubes are present in pairs and are symmetrically
distributed around the low speed streak. The first pair of tubes arise in the interaction
region (where the high speed streak frontally collides with the low streak) as a result of
the process in which high speed fluid curls down sideways (symmetrically). Downstream
of the interaction region the low speed streaks narrows until the presence of a new pair
of inclined vortex tubes at the edge of the low speed streak also with a positive inclination
angle. The downstream parts of these tubes approach each other forming a Λ-like structure
of vorticity.

6.3.2 Comparison to numerical results

Brandt et al. [12] presents in the figures 12 until 14 the evolution of a typical varicose
breakdown. The time sequence showing the varicose-like breakdown in the horizontal
plane from figure 12 (y/δ∗0 = 2.5) in Brandt, here given as figure 6.8, is compared with
the sequences presented in figures 6.2 and 6.3 (y/δ∗300 = 1.7), where the numerical scaling
parameter δ∗0 is equal to the experimental scaling parameter δ∗300. The time span between
the characteristic events in the varicose instability is in the experimental studie is ∆t = 30
and in the numerical study ∆t = 25. Similarities are found despite of the difference in
events appearing in the horizontal plane at y/δ∗300 = 1.7 and events appearing at y/δ∗300 =
2.5, as expressed by figure 6.9.

In both studies Λ structures arise of low streamwise momentum fluid during the devel-
opment of a varicose instabilities. The presence of the Λ structures (with length ≃ 13δ∗300

and width ≃ 8δ∗300) is demonstrated in figure 6.4. The length and width of the Λ structure
present in calculations of Brandt are respectively ≃ 10δ∗300 and ≃ 8δ∗300.

The configuration of the disturbance field, as presented in the first images of the fig-
ures, is also similar. The disturbance fields show a configuration in which a high speed
streak frontally encounters a low speed streak. Furthermore the high speed streak is totally
surrounded by low speed streaks, denoted as the eye in the first main feature.

Another resemblance between both results is the separation of a part of one of the two
streaks involved in the instability. This separation process is present in the second image
of figure 12 in Brandt and in the last images of figures 6.2 and 6.3. However, at the wall-
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Figure 6.8. Time sequence showing the evolution of a typical varicose-like breakdown

in a plane parallel to the wall (y/δ∗0 = 2.5). The velocity vectors represent the stream-

wise perturbation u′ and the spanwise velocity w. Black lines represent isocontours of

wall-normall velocity of value ±0.0075, ±0.0225, ±0.0375...(dashed lines the negative
values). The background shows values of streamwise velocity u′ from negative values

(dark areas) to positive (light areas). From top to bottom t′′ = 0, 25, 50. The displayed
area moves at c = 0.7U∞ to maintain the perturbation in the picture. The range x ∈
[297, 377] corresponds to Rex ∈ [1.19×105, 1.43×105] and the data are extracted from

simulation case4. From Brandt et al. [12].

normal height of (y/δ∗0 = 2.5) in the results of Brandt a part of the high speed streak is
separated from the initial streak, while in the figures 6.2 and 6.3 a part of the low speed
streak has been separated.

Brandt presents in figure 14 six cross sections of the unstable flow, here plotted in figure
6.9. The horizontal axis represents the spanwise coordinate and the vertical axis shows the
wall-normal coordinate. The values at the axis are given in units δ∗300. The isolines in the
figure represent the streamwise velocity component, while the arrows give the velocity in
spanwise and wall-normal direction w and v. Note that this figure shows the instability at
the stage where the Λ-like structures are present. The disturbance fields in the figures 6.6
and 6.7 present the varicose secondary instability at earlier stages than in figure 6.9. Still
the presence of a Λ-structure of streamwise vortex tube is found. The appearance of this
structure can be compared to the figures 6.9d,e and f.

In figure 6.9d, four vortices are present in the figure. Two lie high in the boundary layer
and two vortices are present closer to the plate. The lower vortices are spanwise positioned
at the edges of the low speed streak and they are rotating in such a way that the fluid in
the low speed streak is moving upwards, while the fluid in the neighboring high speed
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Figure 6.9. Numerical results of flow fields in vertical planes in the cross-stream direc-

tions showing details of the varicose breakdown simulation by Brandt [8] The arrows
represent the spanwise and wall-normal velocities, while the solid lines indicate con-

stant streamwise velocity. The thick dashed lines represent constant negative values

of λ2 and show the core of the vortical structures. (a)x = 350, (b)x = 352, (c)x =
354, (d)x = 357, (e)x = 359, (f)x = 361.. The experimental horizontal measuring

plane is denoted by the dashed lines.

streaks is moving downward. In the next two figures (6.9e and f) the two lower vortices are
still present, which means that they represent vortex tubes. The tubes are coming closer
downstream, which implies that they describe a Λ structure with the head downstream.
This structure is also found in the experimental results. The rotation of the vortex tube is
also in accordance with the experimental results. The Λ structure is inclined away from
the plate in downstream direction. This observation is not verifiable in the single plane
stereoscopic PIV measurements.
The low speed patch in the figure has a dimensionless width of about 4. This is equal to the
experimental results. The dimensionless length of the vortex tubes, or Λ structures is 8δ∗300

in streamwise direction. So the tubes are twice the length of a low speed patch. This is
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comparable to the dimensionless length found in the experimental results, which is about
10.

Figure 6.7 reveals the presence of two vortex tube pair in the recording area, which
suggests that a streamwise ’train’ of Λ structures of vorticity appears. This streamwise
’train’ of vortical structures is also present in the numerical calculation by Brandt.

6.3.3 Comparison to the sinuous instability

Comparing the results presented in this chapter with the characteristic features of the ex-
perimental sinuous secondary instability demonstrate several resemblances as well as dis-
crepancies. At first, the streamwise length scales in the sinuous instability (x/δ∗300≃ 30)
are significantly larger than the length scales of x/δ∗300≃ 13 in the varicose instability. The
opposite is valid for the spanwise scales, as the sinuous and varicose spanwise scales are
respectively z/δ∗300≃ 3 and z/δ∗300≃ 8.

With the same effort necessary to obtain two varicose secondary instabilities five sinuous
secondary instabilities were obtained. Of course the number of instabilities is to limited to
provide a statistical supported conclusion, but still it is an indication that the sinuous insta-
bility is more likely to occur than the varicose instability. This conclusion is in accordance
with the results from Anderesson et al. [3] which demonstrate that the sinuous instability
is the most critical disturbance.

The fourth main feature of the varicose instability describes the breakdown of the unsta-
ble low speed streak under the influence of counter rotating vortex pairs. The unstable low
speed streak falls apart in several parts. This is a remarkable difference in comparison with
the sinuous instability where it was observed that even after the breakdown the unstable
low speed preserves its coherence.

Comparing the time lapses in figures 6.2 plus 6.3 with the time lapses between the
main features of the sinuous instability (figure 5.3) reveals that the varicose breakdown
develops in a shorter time laps than the sinuous instability. The results of Andersson et
al. [3] demonstrate that in the varicose mode the velocity difference between the high and
low speed streaks is larger than the velocity difference between the streaks in the sinuous
mode. The two results together seem to indicate that the higher disturbance energy present
in a varicose instability results in a faster development of the varicose instability.

Figure D.3 shows that in the varicose instability vortices appear as counter rotating vor-
tex pairs which are located in the high shear zones surrounding the unstable low speed
streak. The vortex pair is distributed symmetrically around the center line of the low speed
streak. In the sinuous instability the vortices appear in a staggered configuration instead
of the symmetrical configuration shown in this chapter. In addition it is characteristic for a
sinuous instability that the vortices are located not only in the shear zones of the unstable
low speed streak but also in the high shear zones of surrounding streaks.

6.3.4 Process description

On the basis of the experimental results it is found that the varicose instability has its origin
in a frontal collision between a low and high speed streak. At the interface of both streaks a
discontinuity appears in the streak configuration. The disturbance fields shown in figures
6.6 and 6.7 reveal that high streamwise momentum fluid in the high speed streak moves
up over the tail of the low speed streak after which it falls sideways (symmetrically) into
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Figure 6.10. Sketch of streak-streak interactions and generated vortex tubes as a high

speed streak frontally collides with a downstream low speed streak.

the adjoining high speed streaks. As a consequence of the sidelong fall a pair of counter
rotating inclined tubes of streamwise vorticity are generated at the edges of the tail of the
low speed streak, as sketched in figure 6.10.

Downstream of the discontinuity a ’train’ of vortex tube pairs is generated during the
development of the instability (see figure 6.11). The new vortex tube pairs seem to result
from the process in which the high streamwise momentum fluids falls sideways over the
low speed streak.

The description of the development of the disturbance flow field of the varicose instabil-
ity shows that in the varicose instability only two streaks play an active role, one low and one
high speed streak in which the high speed streak frontally runs into the low speed streak.
All interactions between both streaks take place in streamwise direction. This is probably
a result from the fact that a varicose instability is governed by an inflectional wall-normal
profile (for example Park and Huerre [40] and Skote et al. [52]) and therefore initially exists
in the x-y plane.

The flow field description furthermore demonstrates that small bursts in the field result
in the separation of the eye from the unstable low speed streak. This separation process fi-
nally results in theΛ structure, typical for a varicose instability. These burst may be initiated
by direct intrusion of free-stream disturbances.
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Figure 6.11. Sketch of ’train’ of vortex tube pairs during the development of the vari-

cose instability.
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Chapter

7
Wave-shape and flow field

analysis of single branch

instabilities

7.1 Oscillation features

Visualization experiments reveal the existence of a different type of instability mode which
could not be ascribed to either the sinuous or the varicose mode, [35]. This instability, which
will be referred to as the single branch instability, manifests itself as a spanwise oscillation
in the base flow, likewise as the sinuous and varicose instabilities. The characteristic dif-
ference between this new single branch instability and the sinuous and/or varicose mode
lies in the number of periods. Both the streamwise length scale and the number of peri-
ods of the single branch instability are significant smaller than in the case of the sinuous
and varicose secondary instabilities. In this chapter we will analyze this instability in more
detail.

The single branch instability is analyzed with the combined PIV-LIF technique in a hor-
izontal configuration. The recording domain moves with a velocity of 0.09 m/s along with
the flow in downstream direction, enabled by the camera traversing system. The average
pixel displacement in the PIV data equals around 2.5 pixels.

7.1.1 Oscillation characteristics

The presence of a single branch instability has been detected in four measurement runs.
These four runs are found during two thousand camera runs. The oscillating behavior of
the instability as presented in figure 7.1 is representative for all four runs.

The figure elucidates that the single branch instability manifests itself as an anti-symmetric
oscillation in the flow. The streamwise length scale of the single branch instability is small
in comparison with the sinuous sequences shown in figure 4.1. The last images of the
sequence in the figure show that roll-up structures appear when the amplitude of the os-
cillation has become large enough. The instability breaks down into three-dimensional
turbulence short after the arising of the roll-up structures. The three-dimensional turbu-
lence develops quickly into a turbulent spot. The strong diffusion in the last image image
of the sequence indicates the start of the breakdown into three-dimensional turbulence.

Besides the difference in the streamwise length scale, the single branch instability also
differs from the sinuous instability mode with respect to the number of periods present in
the oscillation. The oscillation of the single branch instability in figure 7.1 possesses only
one period, while the sinuous and varicose instability modes always posses a larger number
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Figure 7.1. A sequences of visualization images revealing the development of a sin-

gle branch instability. The sequence possesses a sequence rate of 7.5 [Hz] and U∞ =
0.125 [m/s]. The recording area of each image equals 114.8 × 24.6 mm2. The stream-

wise domain of the sequence corresponds to 1.05 × 105 < Rex < 1.15 × 105.
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Figure 7.2. Full period of instability 1 together with its characteristic wavelength and
amplitude. The streamwise domain of the image corresponds to 0.68 × 105 <
Rex < 0.82 × 105 and U∞ = 0.125 [m/s].

of periods.

7.1.2 Quantitative features

The characteristic length scales of the wavelength and amplitude of the single branch oscil-
lation vary during the development of the single branch instability. The characteristic length
scales presented here in table 7.1 are determined in the last visualization image before the
first roll-up structures arise with the instability, analogous to the analysis of the sinuous
and varicose length scales. Figure 7.2 presents the full period of instability 1 together with
its characteristic wavelength and amplitude.

The table illustrates that each instability possesses its own specific characteristic wave-
length and amplitude. Still, a comparison between the average wavelength of 12.6 δ∗300 and
the wavelength of the sinuous oscillation of 30 δ∗300 demonstrates that the wavelength of the
single branch instability is significantly shorter than the sinuous wavelength.

The dimensionless amplitudes, derived according equation 3.4, of the instabilities 1, 2
and 4 all equal around ≈ 0.35, only the third amplitude of 0.70 differs strongly from this
value. A comparison with the amplitude of the sinuous oscillation (0.22 [-], figure 4.8)
reveals that the amplitude of the single branch instability is significantly larger.

Table 7.1 illustrates also that at the most two periods are present in the oscillation of a
single branch instability, while the number of periods present in the sinuous oscillation at
least equals 3.

Table 7.1. The characteristic features of various single branch instabilities

Event Wavelength/δ∗300 Amplitude/δ∗300 Number of ∆t∗ Rex start Rex end

periods
instability 1 13.2 0.36 1 70 0.70 × 105 0.85 × 105

instability 2 20.5 0.34 2 98 0.74 × 105 0.95 × 105

instability 3 8.5 0.70 2 68 1.03 × 105 1.17 × 105

instability 4 8.3 0.30 1 74 1.08 × 105 1.23 × 105
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The fourth column in the table presents the time span (as defined in table 5.1) between
the image in which an instability exposes itself for the first time and the image in which
the first turbulent three-dimensional structures arise. The three-dimensional turbulence
structures form the first stage of a turbulent spot, so the time span can be interpreted
as a measure for the time in which the instability arises and develops into a turbulent
spot. The results demonstrate that a single branch instability develops into turbulence in a
dimensionless time span of around 80. Comparison with the figures 5.3, 6.2 and 6.3 reveal
that the single branch instability develops more rapidly to turbulence than the sinuous and
varicose instabilities.

The last two columns in the table show the streamwise locations where the various in-
stabilities arise and the locations where they have developed into three-dimensional tur-
bulence. The results in table 7.1 demonstrate that the single branch instability arises
around Rex ≈ 0.9 × 105 and has developed into three-dimensional turbulence around
Rex ≈ 1.05 × 105. The tables 5.1 and 6.1 reveal that a sinuous as well as varicose instability
can occur in the streamwise range in which the single branch instability arises, which is an
obvious result of the natural breakdown process. Still, comparing the ensemble average of
the various start locations indicates that the single branch instabilities are initiated closer
to the leading edge compared to the sinuous and varicose instabilities.

The subcritical initiation together with the differences in wave-shape, wavelength, am-
plitude and number of periods distinct the single branch instability from the sinuous and
varicose instabilities.

7.2 Streak configuration and streak-streak interactions

In this section the streak interactions and coherent structures appearing during the devel-
opment of the single branch instability are analyzed using velocity disturbance fields.

7.2.1 Characteristic disturbance fields

A first impression of the streak configuration and the coherent structures present in the
disturbance fields during a single branch instability is given by figure 7.3. It shows four
consecutive images of the evolution of instability 1 from table 7.1. The images are obtained
with the combined PIV-LIF technique and the time step between two images is 1/14.8 s.
The recording area of each image is 0.065 × 0.03 m2 and 0.79 × 105 < Rex < 0.82 × 105,
where Rex corresponds to the Reynolds number based on the center of the instantaneous
velocity field (this applies to all following figures). The vector plot presents the instanta-
neous disturbance field while the background color indicates the dye intensity, here dark
states high dye intensity and white low intensity.

The visualization illustrates the existence of the single branch instability with its anti-
symmetric oscillation (only period) of small wavelength. The striking feature of the corre-
sponding instantaneous disturbance fields is the presence of a local branch of low speed
fluid located in a streak configuration with one low speed and one high speed streak. The
anti-symmetric oscillation coincides with the position of the branch and vortices appear on
the sides of the branch.
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Figure 7.3. Typical image sequence of a single branch instability obtained with the

combined PIV-LIF technique. Time step between two images is 1/14.8 s, U∞ = 0.125
m/s and 0.79 × 105 < Rex < 0.82 × 105. The recording area of each image is 0.065 ×
0.03 m2. Vector plot presents the instantaneous disturbance field while the gray-scale

indicates the dye intensity, here dark states high dye intensity and white low intensity.
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7.2.2 Main features

The presence and the development of the branch and the vortices on its sides is analyzed
for all four instabilities from table 7.1. To elucidate the process first a description is given
of the development of the disturbance flow fields of instability 3 (vector plots in figure 7.4).
The images in the figure show a region of 0.1633 × 0.0423 m2 and 1.05 × 105 < Rex < 1.18
× 105. The background color refers to the value of the dimensionless streamwise velocity
component, u/U∞.

In the disturbance field in image (a) of figure 7.4 the basic configuration has established
itself. It consists of a low speed streak (lss) with a branch (br) in a surrounding high speed
region (hss). Immediately after the persistent presence of the branch, a vortex (vtx) arises
on the flank of the branch (high shear) which is adjacent to the high speed region. This
dominant vortex is located at (x, z)≈(0.889, 0.076) m in image (b) of figure 7.4 (the term
dominant refers in this context to the role of the vortex in the development of the instability
and not to the size or strength of the vortex). The vortex is also present in image (a) at
(x, z)≈(0.865, 0.077) m where it is more stretched and less distinct. The image demon-
strates that, at the location where the branch is connected to the streak, the spanwise size of
the branch has decreased under influence of the dominant vortex. The configuration of the
streaks with the branch resembles the configuration present in the third image of figure
6.2 and figure 6.3, which reveal the frontal collision of a high speed streak with a low speed
streak during the development of the varicose instability. This resemblance between both
configurations suggests that the dominant vortex in the single branch instability results
from a similar process as in the varicose instability.

As the instability develops new vortices arise. This feature is presented in image (c) of
figure 7.4 where, besides the dominant vortex at (x, z)≈(0.935, 0.076) m, three other vor-
tices are present. One vortex is located at (x, z)≈(0.982, 0.077) m, which is at the same side
of the branch as the dominant vortex. The second vortex is located at (x, z)≈(0.973, 0.068)
m in the high shear zone between the branch and the high speed fluid separating the
branch and the low speed streak. The last vortex is located in the shear zone between the
low speed streak and the adjoining high speed region at (x, z)≈(0.945, 0.06)m. The arising
of these new vortices seems to be coupled to the dismantling of the discontinuity (where the
branch connects to the low speed streak). This resembles the process due to which vortices
arise in the sinuous instability. Besides these vortices the surrounding disturbance fields
demonstrate the existence of other non-persistent vortices. They tend to vanish sometimes
and arise again a short moment later but at a different location. The disturbance field in
this image also reveals that the connection between the branch and its low speed streak has
shifted to a relative more upstream position.

The high speed fluid between the branch and the low speed streak (at z ≈ 0.065 m) is
blocked by the connection between the branch and the low speed streak. The high speed
fluid impinges on this connection and ,together with the development of the vortices in
the disturbance fields, this results in a break through of the blockage. Then the branch is
separated from the low speed streak, as demonstrated in image(d) of figure 7.4. Short after
the separation three-dimensional structures appear, which finally result in a break down of
the instability into a turbulent spot.

Several consistencies exist in the development of the instantaneous disturbance fields of
the various instabilities, although each each development has its own specifics. The main



7.2 Streak configuration and streak-streak interactions 105

0.78 0.8 0.82 0.84 0.86 0.88 0.9 0.92

0.05

0.06

0.07

0.08

0.09

•

0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96

0.05

0.06

0.07

0.08

0.09

•
•

•

0.84 0.86 0.88 0.9 0.92 0.94 0.96 0.98

0.05

0.06

0.07

0.08

0.09

0.86 0.88 0.9 0.92 0.94 0.96 0.98 0.1 0.102

0.05

0.06

0.07

0.08

0.09

x [m]

z
[m

]

0.456 0.544 0.632 0.72 0.808 0.896 0.984

(d)

t = t0 + 56

(c)

t = t0 + 42

(b)

t = t0 + 21

(a)

t = t0

u
U∞

hss

br

lss

vtx

vtx

vtx

vtx

Figure 7.4. The four main features of the single branch instability in the horizontal

plane, U∞ = 0.125 m/s and 1.05 × 105 < Rex < 1.18 × 105. Velocity vectors present
the disturbance field and background color refers to the value of the dimensionless

streamwise velocity component, u/U∞. The dimensionless times relative to the first

image are indicated in the figure, ∆t∗ = ∆tU∞/δ∗300.
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features in the development of the single branch instability are:

1. The basic configuration of the single branch instability is formed by one low speed
streak (denoted by lss), which contains a local branch (denoted by br), and a surround-
ing high speed region (denoted by hss) (image (a) in figure 7.4).

2. The presence of a dominant vortex (denoted by vtx) located at the flank of the branch
(see also appendix D) that faces the high speed streak (image (b) in figure 7.4). The
dominant vortex appears simultaneously with the branch.

3. The presence of new vortices (denoted by vtx) in the high shear regions of both the
branch and the low speed streak (image (c) in figure 7.4). Besides these vortices non-
persistent vortices appear during the evolution of the instability.

4. The branch is separated from the low speed streak, quickly followed by the appearance
of three dimensional structures (image (d )in figure 7.4).

7.3 Discussion

7.3.1 Conclusions

The existence of a different type of instability mode, the single branch instability, is found.
This single branch instability manifests itself as an anti-symmetric spanwise oscillation in
the boundary flow. The single branch instability is different from the sinuous and varicose
instabilities in the wave-shape, streamwise length scales and the number of periods of the
oscillating motion. The characteristic average wavelength of the single branch instability,
determined at a point in the development just before the arising of roll-up structures, equals
12.6 δ∗300. Three instabilities possess an amplitude of around 0.35. At the most two periods
are present in the anti-symmetric oscillation and the single branch instability develops into
three-dimensional turbulence in a time span of around 80. It arises at Rex ≈ 0.9× 105 and
has developed into three-dimensional turbulence around Rex ≈ 1.05 × 105. Comparing
this to the average start location of the sinuous and varicose instabilities reveals that the
single branch instability is initiated at a subcritical location.

The streak interactions and coherent structures appearing during the development of
the single branch instability are analyzed in the velocity disturbance fields. These directly
reveal that the instability is located in the branch of low speed streak and that vortices ap-
pear on the flanks of the branch. The presence and the development of the branch and the
vortices is analyzed for all four instabilities. The analyses prove that several consistencies
exist in the development of the instantaneous disturbance fields of the various instabilities.
The presence of a streak configuration consisting of one low speed streak which posses a
local branch and a surrounding high speed region is the first main feature. The second
main feature is the presence of a dominant vortex located at the flank of the branch that
faces the high speed streak. The dominant vortex appears to be present from the moment
that the branch arises. Thirdly, new vortices appear in the high shear regions of both the
branch and the low speed streak. Besides these vortices non-persistent vortices appear dur-
ing the evolution of the instability. The last consistency is the observation that the branch
becomes separated from the low speed streak, quickly followed by the appearance of three
dimensional structures.
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Figure 7.5. Time sequence showing the evolution of a typical sinuous-like breakdown

in a plane parallel to the wall (y/δ∗0 = 2.5). The velocity vectors represent the stream-

wise perturbation velocity u′ and the spanwise velocity w. Black lines represent isocon-

tours of wall-normall velocity of value ±0.0075, ±0.0225, ±0.0375...(dashed lines the

negative values). The background shows values of streamwise velocity u′ from nega-

tive values (dark areas) to positive (light areas). From top to bottom t′′ = 0, 50, 100.
The displayed area moves at c = 0.7U∞ to maintain the perturbation in the picture.

The range x ∈ [210, 340] corresponds to Rex ∈ [0.9 × 105, 1.32 × 105] and the data are

extracted from simulation case4. From Brandt et al. [12].

7.3.2 Comparison with numerical results

In section 5.4.2 the experimental sinuous instability is compared with a sinuous instability
from direct numerical simulations of Brandt et al. [12]. The wavelength of the experimental
instability was about two times larger than the wavelength of 15δ∗300 of the numerical insta-
bility. The dimensionless amplitude of the numerical sinuous instability is around 0.84.
This numerical wavelength as well as the amplitude strongly resemble the wavelength and
amplitude of the single branch instability. Here we still will refer to the numerical results
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Figure 7.6. The single branch instability in the horizontal plane at t = t0 + 42, U∞ =
0.125 m/s and 1.05 × 105 < Rex < 1.18 × 105, where Rex corresponds to the Reynolds

number based on the center of the instantaneous velocity field. Velocity vectors present

the disturbance field and background color refers to the value of the dimensionless

streamwise velocity component, u/U∞.

as being a sinuous instability.

Figure 15 from Brandt et al. [12] is presented in figure 7.5 and shows the streak config-
uration and streak-streak interactions during the development of the sinuous instability in
the numerical calculations. The images in this figure are comparable with the images in
figure 7.4, the time span in figure 7.5 is 100 and in figure 7.4 50. For comparison figure
7.6 presents image (c) from figure 7.4 with axes in δ∗300 units. The horizontal plane of the
figure is located 1.7δ∗300 from the wall, whereas figure 7.5 is located at 2.5δ∗0 . The experimen-
tal scaling parameter δ∗300 is equal to numerical scaling parameter δ∗0 . As argued in section
5.4.2 figure 5.9 demonstrates that the flow events at in these two wall-normal planes do not
differ significantly.

Comparing figures 7.5 and 7.6 suggest that the low speed region present above the high
speed streak in figure 7.5 corresponds to the branch in the single branch instability de-
scribed here. Unfortunately, the streamwise domain in figure 7.5 is to small to verify this.
Image (a) in the figure reveals that a wall-normal vortex is already present in the first stage
of the instability, likewise as the dominant vortex in the single branch instability. Figure 7.5
shows that with the development of the instability new wall-normal vortices arise in a stag-
gered pattern. The arising of the vortices is accompanied by an anti-symmetric oscillation
of the unstable streak. This process is also present in the single branch instability and is
recognizable in the streamwise region 380< x/δ∗300 <415 of figure 7.6. This region con-
tains four vortices in staggered configuration and at the same time the branch has started
to oscillate anti-symmetrically.

The similar features demonstrate that the experimental single branch instability and the
sinuous instability in the numerical calculations posses an analogue underlying initiation
mechanism.
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Figure 7.7. The streak configuration preceding the arising of the branch at t = t0−63,
in which at z ≈ 0.068 the half of a high speed region collides with a half of a low

speed region. The velocity vectors present the disturbance field. The background color
refers to the value of the dimensionless streamwise velocity component, u/U∞ where

U∞ = 0.125.

7.3.3 Process description

The previous chapters showed that it is well possible that the wall-normal vortices in the
horizontal plane are the result from an inclined tube of streamwise vorticity, a feature which
can not be established by the measurement results in this chapter. Still, interacting overlap-
ping vortex tubes could results in a staggered pattern of tubes (as sketched in figure 5.11),
inducing an anti-symmetric oscillation in the single branch instability. Under influence
of the main shear and ’self induced’ spanwise motions the tubes (assumed to be present)
may deform, as they evolve in downstream direction, and when the inclination angle of the
tubes becomes too large they might be ’pushed’ over and initiate breakdown.

The branch is the key phenomenon in the single branch instability. An analysis of the
disturbance fields preceding the field presented in figure 7.4 (a) reveals that the branch
arises after a streak configuration in which half of a high speed region collides with half of
a low speed region, as shown in figure 7.7. In other words the centerline of the low speed
streak is shifted quarter of a spanwise wavelength (2π) with respect to the centerline of the
high speed streak. The results indicate that in the collision region high speed fluid curls
over sideways from the high speed streak into the low speed streak, as sketched in figure
7.8. This process generates a vortex tube at the collision interface.
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Figure 7.8. Sketch of streak-streak interactions and generated vortex tubes as half of a

high speed streak frontally collides with a half of a downstream low speed streak.



Chapter

8
Concluding discussion

8.1 Conclusions

The bypass transition process in a flat plate boundary layer exposed to free-stream turbu-
lence is investigated in a water channel. The free-stream turbulence at the leading edge is
characterized in the following table. A characteristic value of the boundary layer thickness
is δ∗300 = 2.4 mm.

Table 8.1. Free stream turbulence characteristics above the leading edge of the plate.

Tu Integral Scale Taylor micro scale Kolmogorov scale
u′

ν
m−1 ReL Reλ Reη

5.8 % 5 × 103 125 25 3.5

The disturbance profile in the wall-normal plane resulting from the presences of streaks
possesses a maximum at y = 1.3 δ∗300 which is in agreement with the results from Matsub-
ara and Alfredsson [37] as well as Luchini [31]. The development of the amplitude and
wavelength of the streak pairs in downstream direction is analyzed and it was found that
the wavelength is ’constant’ over the entire domain and equals 5.6 δ∗300. The transformed
amplitude initially demonstrates a linear increase with the square root of the streamwise
coordinate, which is in accordance with the hotwire results from Westin et al. [55] and
Matsubara and Alfredsson [37]. The increase ends at x = 0.8 when the profile reaches

its maximum (A2
sttr

(x)/U 2
∞ ≈ 0.14[−]), after which the transformed averaged amplitude

slightly decreases. With respect to the specific amplitudes of the streak pairs it is surpris-
ingly shown that no quantitative difference exists between stable and unstable streak pairs.
Under identical conditions an unstable streak pair can possess a lower amplitude than a sta-
ble streak pair. Hence, it is impossible to define a quantitative threshold for the amplitude
of a streak pair above which the flow becomes unconditionally unstable.

The analysis of the breakdown process by secondary instabilities revealed the presence
of three types of instability modes: a sinuous, varicose and single branch instability. All
three instabilities express themselves as a spanwise oscillation in the boundary layer flow.
The wave-shape of the oscillations is analyzed and the specific wave-shape features are
summarized in table 8.2. The flow fields in the horizontal plane reveal that each instability
mode possesses a specific streak configuration as well as specific streak-streak interactions,
which will be briefly summarized.



112 Concluding discussion

Table 8.2. The wave-shape features of the three secondary instabilities.

Instability oscillation type Number of Wavelength Amplitude [-] ∆t∗

periods λ/δ∗300 [-]

sinuous anti-symmetric 3 − 6 28 0.22 160
varicose symmetric 3 − 6 19 0.59 125

single branch anti-symmetric 1 − 2 12 0.35 60

The sinuous instability appears in a streak configuration in which two low speed streaks
are located at a small spanwise distance and a high speed streak is positioned in between.
The high speed streaks in the sinuous streak configuration are disturbed by small patches of
low streamwise momentum fluid. These discontinuities block the passage of high stream-
wise momentum fluid in the high speed streak. As this streak configuration evolves in
downstream direction vortices appear in the horizontal plane in a staggered pattern below
and above the unstable low-speed streak in the vicinity of the discontinuities. It is observed
that the presence of inclined tubes of streamwise vorticity account for some vortices in the
horizontal plane. It is found that two inclined counter rotating tubes of streamwise vorticity
(opposite sign) arise in the high shear zone between the low and high speed streaks. In the
region where they both overlap a spanwise motion is induced due to the opposite sign of
rotation. The results indicate that the tube with negative inclination angle is located above
the tube with positive inclination angle. Influenced by the main shear of the boundary
layer the vortex tube with the positive inclination angle is stretched in streamwise direction
while the other tube slides into itself as a telescope. This motion together with the induced
spanwise motion results in a staggered pattern (in the wall-normal as well as horizontal
plane) of long and short vortex tubes which give rise to the anti-symmetric oscillation. The
sinuous instability starts to fall down into three-dimensional structures at the moment that
the short tube possesses a significant negative inclination angle. When the angle becomes
too large the tube is ’pushed’ over, which initiates the breakdown of the instability.

The varicose instability arises in a streak configuration in which a high speed streak
frontally collides with a low speed streak. The results indicate that, due to the streak-streak
interactions at the location of the collision, the tail of the low speed streak is split into two,
which results in an eye-shaped structure. The wall-normal movements demonstrate that
the high speed fluid arriving at the discontinuity first moves upwards in the boundary layer
after which it falls down sideways (symmetrically) over the tail of the unstable low speed
streak into adjoining high speed regions. Downstream of the collision area, the unstable
low speed streak is narrowed. A small streamwise distance further, two other symmetrically
distributed counter rotating inclined vortex tubes arise at both edges of the low speed streak.
Both tubes posses a positive inclination angle and form downstream a lambda-like structure
of streamwise vorticity. With the evolution of the instability a train of lambda-like vortex
structures appear and as a consequence the low speed streak breaks up in several patches
of low streamwise momentum fluid. These patches transform in diamond-like structures
and later on develop into lambda-like structures of low speed fluid.

The single branch instability appears to be initiated in a streak configuration in which
half of a high speed streak collides with half of a low speed streak. The centerline of the low
speed streak shifts π

2
with respect to the center line of the high speed streak. The streak-
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streak interaction at the collision interface results in a branch of low speed fluid (still con-
nected to the unstable low speed streak) in a high speed surrounding. The results suggest
that during the streak-streak interactions high speed momentum fluid rolls sideways over
the collision interface into the low speed region, generating a tube of streamwise vorticity.
The flow field analysis reveals that, from the very beginning of the presence of the branch,
a wall-normal vortex is present in the high shear region of the branch and the adjoining
high speed streak. It is presumed that this wall-normal vortex is part of an inclined tube
of streamwise vorticity with a positive inclination angle and that this tube results from the
streak-streak interactions at the collision point. Influenced by the inclined vortex tube and
the streak-streak interactions at the branch new wall-normal vortices appear in a staggered
pattern around the branch which initiate an anti-symmetric oscillation of the branch. The
branch is eventually separated from the basic low speed streak after which the flow rapidly
falls down into smaller three-dimensional flow regions.

8.2 Breakdown mechanisms

It is difficult to elucidate the underlying mechanisms which initiate the three secondary
instability types. Still, the results demonstrate that in each instability region strong streak-
streak interactions appear in the streak configuration. Moreover it was found in the analy-
sis of stable streaks that streak-streak interactions are always absent in stable regions. This
strongly suggests that the streak-streak interactions play a key role in the mechanisms lead-
ing to the secondary instabilities.

It was found that the varicose as well as the single branch instability appear in a streak
configuration in which a high speed streak approaches a low speed streak. The evolutions
of those two configurations has initiated direct numerical simulations by Brandt and De
Lange [11]. Some of their results will be used in the interpretation of the experimental
findings. In the calculations, with a spanwise periodic domain, high and low speed streaks
are generated in the boundary layer by a pair of counter rotating streamwise vortices. The
streak configuration in which a high speed streak collides with a low speed streak is gen-
erated by a spanwise shift in the vortex locations, after which the developing streak-streak
interactions are analyzed.

8.2.1 Varicose breakdown mechanism

In the varicose instability, the streaks approach each other in such a way that an upstream
high speed streak runs straight into a downstream low speed streak, as shown by direct
numerical simulations in figure 8.1. The calculations in combination with experimental
results lead to the following mechanism by which streak-streak interactions may initiate a
varicose breakdown.

The calculations reveal that where the head of the high speed streak meets the tail of
the downstream low speed streak, the high speed streak is moving slightly in positive wall-
normal direction. The head of the high speed streak also widens in spanwise direction as it
collides with the low speed streak in front. The high speed streak moves at a higher velocity
than the low speed streak in front and searches its way around the low speed streak. The
head of the high speed streak moves over the tail of the low speed streak after which it curls
down outwards (symmetrically) into the adjoining high speed regions, as seen in the third
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Figure 8.1. Evolution of streaky structures during symmetric breakdown, by direct

numerical simulations of Brandt and De Lange [11], depicted at time t =t0, t0 + 50,
t0 + 100 and t0 + 150. The light color displays surfaces of positive streamwise velocity,
whereas low-speed fluid is depicted in dark. The values shown are u− ublas = ±0.1 in

a), u − ublas = ±0.12 in b) and c) and u − ublas = ±0.15 in d).
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Figure 8.2. Lambda structures present in symmetric breakdown, by numerical simu-

lations of Brandt and De Lange [11], depicted at time t0 + 100.

image of figure 8.1.

The third image in figure 8.1 reveals that the high and low speed streak widen at the
collision point, while downstream of the collision the high speed streaks adjoining the low
speed streak narrow and collide with the low speed streak from the side. As a consequence
the low speed streak deforms and becomes smaller.

As the high speed fluid falls over the low speed streak, at each side of the low speed
streak a vortex tube is formed. Those tubes form a lambda structure with the head of the
structure pointing downstream. The tubes are rotating in such a way that the fluid at the
inside of the lambda structure is moving up and fluid at the outside is moving down. A fig-
ure of the numerically calculated lambda structure is shown in figure 8.2. The dimensional
time lapses between the various characteristic events in the development of the varicose
instability are of the same order as the calculated time lapses. Both time lapses are made
dimensionless using U∞ and δ∗0 , in which δ∗0 equals δ∗300.

The head of the lambda structure is positioned higher in the boundary layer, because of
the strong upward movement in the low speed patch. At the head of the lambda structure,
where the high speed fluid collides with the low speed streak from the side, a patch of low
velocity fluid is cut off the low speed streak. This patch forms a lambda-like structure of low
streamwise momentum fluid similar to the lambda-like structures in the measurements. A
typical length scale of the varicose breakdown process is the length of this low speed patch.
For the experiment and the calculation this is between 10δ∗300 to 13δ∗300.

The high speed fluid that was moving around the low speed streak and caused the colli-
sion from the side, continues moving further downstream relative to the low speed streak.
The fluid widens right behind the cut-off point and narrows again further downstream to
cut a second low speed patch from the low speed streak, see the last image of figure 8.1.
This process repeats itself as time goes by and results in a ’train’ of lambda structures, as
also observed in the experiments. Every repetition the vortices become stronger and the
fluid in the low speed patch is pushed further off the plate. As the three-dimensional mo-
tion becomes stronger in time, at a certain point the flow can be called turbulent. All these
characteristic events in the numerical result correspond very well with the characteristic
events in the experimental varicose instability.
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8.2.2 Single branch breakdown mechanism

The single branch instability is characterized by streak pairs approaching each other in a
π
2
shifted pattern. Figure 8.3 shows this configuration in the direct numerical calculations.

The dimensional time lapse between the arising of the branch and the moment that the
instability falls apart in smaller three-dimensional flow regions is 56 in which the experi-
mental single branch instability, which is of the same order as the numerical time lapse in
figure 8.3.

When the head of a high speed streak collides with a π
2
shifted tail of the pair in front,

the head of the streak is forced in the direction of the downstream high speed streak, since
the low speed streak in the downstream pair forms an obstruction for the approaching
high speed streak. The upstream low speed streak that approaches the downstream pair,
is forced in positive wall-normal direction by the blockade of the downstream high speed
streak. This can be seen in the second and third image of figure 8.3.

The upward movement of the low speed streak pushes the fluid in the adjoining high
speed streak away from the plate resulting in the bulge at the high speed streak in the
second image of figure 8.3. The high speed fluid in the bulge curls over the downstream
low speed fluid in a spiral movement. This results in a inclined tube of streamwise vorticity
which has an upwardmovement in the high speed streak and a downwardmovement in the
low speed streak. The tube possesses an inclination away from the wall (positive inclination
angle). This process is also present in the experimental single branch instability.

The continuous forcing of this spiral movement induces a streamwise rotation which
transfers low momentum fluid from the low speed streak into the high speed streak. This
results in the presence of a branch on the low speed located in the high streamwise mo-
mentum fluid as shown in the last two images of figure 8.3, likewise as in the measurement
results. The front part of the spiral movement also extends in downstream direction and as
a consequence a second vortex tube arises. This tube rotates in the opposite direction but is
also inclined away from the wall (positive inclination angle). The interaction of both tubes
results in the anti-symmetric movement of the branch with a small number of periods and
a wavelength of around 10 δ∗300. This strongly resembles the features of the experimental
single branch instability.

As the streak-streak interactions and the vortex tubes evolve in streamwise direction the
flow in the branch starts to fall apart into smaller three-dimensional regions similar to the
breakdown in the experimental single branch instability.

8.2.3 Sinuous breakdown mechanism

The sinuous instability arises in a streak configuration in which two low speed streaks are
located at a small spanwise distance from each other and in between a high speed streak
is situated. It is characteristic for the sinuous streak configuration that this as well as the
surrounding high speed streaks are perturbed with patches (width equals streak width) of
low streamwisemomentumfluid. The streamwise length of these patches is small. At these
discontinuities in the streak pattern strong streak-streak interactions will occur, likewise as
in the varicose and single branch instabilities.

It was found that wall-normal vortices (and thus vortex tubes) appear in the vicinity
of the discontinuities in a staggered pattern. However, the origin of the inclined tubes
of streamwise vorticity can not be explained by the experimental results. Since no streak-
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Figure 8.3. Evolution of the streaky structures during the asymmetric breakdown, by

numerical simulations of Brandt and De Lange [11], depicted at time t =t0, t0 + 50,
t0 + 100 and t0 + 150. The light color displays surfaces of positive streamwise velocity,
whereas low-speed fluid is depicted in dark. The values shown are u− ublas = ±0.1 in

a), u − ublas = ±0.12 in b) and c) and u − ublas = ±0.15 in d).
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Figure 8.4. Lambda structures present in asymmetric breakdown, by numerical simu-

lations of Brandt and De Lange [11], depicted at time t0 + 100.

streak collisions appear in the direct numerical calculations by Brandt and De Lange [11]
they also could not elucidate the underlying mechanism in the sinuous instability.

Still, the fact that strong streak-streak interactions are present in the discontinuity re-
gion suggests a relation between the vortices and the discontinuities. It may even be the
case that the streak-streak interactions in the discontinuity region result in spanwise per-
turbations which generate tubes of streamwise vorticity via the streak transition growth
mechanism as described by Schoppa and Hussain ([50]). The spanwise perturbations in
the streak transient growth mechanism may also result from the direct intrusion of free-
stream eddies into the boundary layer as suggested by Schook et al. [48].

8.3 Recommendations

It is interesting to analyse in the future the varicose and single branch mechanism in more
detail in model experiments. By means of three slots in combination with a blowing and
or suction unit a combination of three streaks can be generated. By applying an opposite
blow and suction routine a frontal collision between a high and a low speed streaks can be
established. The streak-streak interactions in the collision region can be analyzed with a
serie of static stereoscopic PIV-LIF systems.

A similar experimental setup with slots can be used in a study which aims at the con-
trol of turbulence. After the generation of colliding streaks a serie of slots (in streamwise
direction) combined with a blowing and suction unit can be used to diminish the stream-
wise variation of the streamwise velocity (∂u/∂x) in the convecting collision region. The
evolution of the flow and the observation if transition to turbulence can be controlled can
be analyzed with the same static stereoscopic PIV-LIF systems.

Another interesting future experiment is related to the sinuous instability. It is could
be enlightening to analyse the sinuous instability with a three-dimensional Particle Track-
ing Velocimetry system using a relative large recording domain (∼= 70δ∗300). The three-
dimensional velocity data could than be compared with the streak transient growth results
from Schoppa and Hussain [50] and Hoepffner et al. [21].
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Appendix

A
Limitation of the laser light

reflections from a wall

Reflections from the wall of a plate will provide a high background noise in the PIV record-
ings. Consequently, the particles are hardly identifiable in the region affected by the reflec-
tions. This results in a poor correlation and consequently wrong velocity results. For good
PIV measurements it is essential to minimize the reflections originating from the flat plate
surface.

The influence of three anti-reflective materials on the reflections from the wall of a flat
plate is investigated. The functioning of anti-reflective materials is analyzed by comparing
the resulting reflection intensities with each other and with the reflection intensity coming
from the wall of a stainless steel plate. The anti-reflective materials are:

• Mat black spray paint

• Mat black foil

• Black felt

The materials are applied on the bottom of a perspex flat plate, where the last part of the
plate has no anti-reflective material. The perspex test plate is placed on a small stainless
steel plate. The light intensity (pixels) in the recorded images quantifies the reflection of a
configuration.

All materials are compared with the same optical settings, diaphragm, magnification
factor and so on. The average of the pixel values of each image line as function of the height
above the flat plate is determined for the four configurations and shown in figure A.1. The
results clearly demonstrate that compared to the non-treated situation all configurations
with an anti-reflective material reduce the intensity of the reflections. The configuration
with mat black spray paint results in the largest reduction of the reflection intensity. A PIV
set-up with this configuration will provide the optimum contrast between the background
noise and the particle intensities. To establish this configuration, in the water channel a
new perspex plate with mat black spray paint applied on the bottom will serve as measuring
plate. This measuring plate is placed on a stainless plate.
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Figure A.1. Average light intensity per image line normalized with the maximum

intensity, I/Imax, as function of the height above the plate, y, for four configurations.
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B
Stereo PIV calibration

B.1 Calibration procedure

In the analysis of the stereo PIV experiments the pixel data of the two stereo cameras are
transferred into physical displacements using the following set of equations:
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where ∂i
∂x
, ∂i

∂y
, ∂i

∂z
, ∂j

∂x
, ∂j

∂y
and ∂j

∂z
represent calibration factors, the indices 1 en 2 denote

camera 1 plus camera 2, ∂I is the measured pixel displacement of seeding particles in the
i-direction in the camera and so is ∂J in the j-direction. The physical displacements in x-,
y- and z-direction of the seeding particles are denoted by respectively ∂x, ∂y and ∂z, they
are determined by solving the set of four equations by a least square method.

The calibration technique by Kieft [27] is used to determine the calibration factors. The
base component in this technique is the calibration grid. In the Stereo PIV procedure a
three dimensional calibration grid is used. The grid consists of a perspex plate of 4 mm
thickness, on which at the top and bottom small dots are milled with a diameter of 0.6 mm.
These dots are positioned in a square line-out with an equal spacing 8 mm, by which the
dots at the top surface and the dots at the bottom are positioned above each other with an
accuracy of 10 µm.

B.2 Accuracy

The calibration of the PIV images is crucial for the systematic errors in the stereoscopic
PIV measurements. The accuracy of the calibration is validated by determining the PIV
displacements of the calibration images and comparing them with the known x,y and z
displacements of respectively 0,4 and 0 mm. The histograms of the x,y and z displace-
ments resulting from the PIV procedure are shown in figure B.1. It is found that the x and
z displacement indeed are around zero. The mean of the x displacement equals −0.0135
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mm and the z displacement possesses a mean of 0.0063 mm. The mean of the y dis-
placement is 4.0629 mm. The rms-values of the displacements provide an indication of
the accuracy in the determined displacements. The rms-values of the x,y and z displace-
ments are respectively 0.0206, 0.1528 and 0.0300 mm. The x displacement is a directly
determined displacement in the sense that both both cameras record this movement inde-
pendently, while the z and y displacements result from a coupling of the recorded images
from both cameras. This explains the fact that the mean of the x displacement is the closest
to the known displacement. Each camera possesses three dominant calibration factors. In
the present stereoscopic setup the factors ∂i

∂x
, ∂j

∂y
and ∂j

∂z
are dominant in the equations B.1

and B.2. At which ∂i
∂x

and ∂j

∂z
are of comparable magnitude, while the magnitude of ∂i

∂y
is

significantly less. This explains the observation that the rms-value of the y displacement is
the largest.
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Figure B.1. Histograms of the determined PIV displacements of the calibration im-
ages, for which the known x,y and z displacements are respectively 0,4 and 0 mm.
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Appendix

C
Low frequency variation in the

free-stream velocity

An analysis of the free-stream velocity in absence of the static turbulence grid revealed
the presence of a low frequency variation in the velocity, as shown in figure C.1a. The
figure presents the free-stream velocity as function of time. The figure shows that the free-
stream velocity varies around 8% around the average value of 0.121 m/s. An analysis of the
frequency spectrum of the velocity yield a dominant frequency of 0.081 Hz, which clearly
corresponds to the low frequency oscillation in the free-stream velocity.

Figure C.1b gives the free-stream velocity as function of time in the presence of the static
turbulence grid. The figure shows an average velocity of around 0.123 m/s on which high
frequency variations, resulting from the grid generated free-stream turbulence, are present.
The low frequency variation has clearly disappeared. The reason for the low frequency
variation in the free-stream velocity is related to the features of the experimental setup. An
important feature of the water channel is that the flow in the measuring section is pressure
driven. Consequently, the mass flow in the measuring section is influenced by pressure
fluctuations in the section. The friction in the measuring section significantly increases if
one single turbulent spot arises, which results in a pressure fluctuation and consequently in
a variation of the free-stream velocity. This means that if the spot production rate, defined
as the number of spot initiated per time span in themeasuring section, is not approximately
constant this will result in a variation in the free-stream velocity.

In absence of the turbulence grid it is expected that the natural Tollmien-Schlichting
transition process is present in the measuring section. The transition region starts at a
significantly higher Reynolds numbers compared to the bypass transition (for which this
setup is designed), which implies that the spot production rate in the measuring section
will be low. This means that an approximately constant spot production rate can not be
expected, which will result in a variation in the free-stream velocity as present in figure
C.1a.

In the configuration with a static turbulence grid a bypass transition scenario is estab-
lished in the measuring section. The free-stream velocity of around 0.125 m/s leads up to
a high free-stream turbulence disturbance level. This results in an approximately constant
spot production rate and consequently in a constant free-stream velocity (neglecting fluc-
tuations due to the free-stream turbulence) as present in figure C.1b. An approximately
constant production rate is ideal to analyze separate instabilities, therefore a free-stream
velocity of around 0.125 m/s is established in the channel.
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FigureC.1. a) The free-stream velocity as function of time in absence of the turbulence

grid.

b) The free-stream velocity as function of time in presence of the turbulence grid.



Appendix

D
Vortex configurations of the

various instabilities

D.1 Vortex identification algorithm

The most general method to identify the location of vortices comprises the calculation of
the vorticity of the velocity field. The wall-normal vorticity in the disturbance fields as for
example shown in figure 5.3 can be estimated by calculating the circulation per unit area
using a two-dimensional finite difference scheme. However, in the velocity fields character-
istic for a sinuous breakdown strong shear layers between streaks are present. Therefore,
the vorticity field is dominated by this large velocity gradient, ∂u

∂z
. As a result, vortices are

difficult to detect since their numerical vorticity should significantly exceed the shear vor-
ticity value. This means that a vorticity estimation which utilizes ∂u

∂z
is less suitable for the

identification of vortices in a shear flow.
Similarly, two major problems occur in applying more advanced vortex identification

criteria eg. λ2-criterion (Jeong and Hussain [24]) or Q-criterion (Chong et al. [13]). The
first is that the determination of spatial derivatives in the experimental results is inherently
difficult. The accuracy of the instantaneous PIV-fields is insufficient to give reliable gradi-
ent distributions. Furthermore, the results give (instantaneous) two-dimensional velocity
fields from which neither the wall-normal velocity nor the wall-normal derivatives can be
determined, which also reduces the applicability of the advanced identification methods.

Another manner to detect vortices quantitatively in a flow field is based on the orienta-
tion of the velocity field instead of differential quantities like the vorticity. In Graftieaux et
al. [19], a scalar function Υ1 has been derived which is used to detect the center of a vortex.
In the algorithm vortices are identified on the basis of the orientation of the disturbance
field. A scalar function Υ1 has been derived which is used to detect the center of a vortex.
The dimensionless scalar Υ1 is defined as [19]:

Υ1(P ) =
1

S

∫

M∈S

(PM ∧ UM) · z
‖PM‖ · ‖UM‖ dS =

1

S

∫

S

sin(θM)dS (D.1)

where P represents a fixed point in the measurement domain, S is a two-dimensional area
enclosing P , M is situated in S, z is the unit vector normal to the measurement plane and
θM is the angle between the velocity vector UM and the radius vector PM .
When using PIV, the velocity data is given at discrete positions in space. S is then a rect-
angular area of fixed size and geometry with point P in the center and expression D.1 is
approximated by:

Υ1(P ) =
1

N

N∑

i=1

sin(θMi
) (D.2)
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where N is the number of points M inside area S.
For an axi-symmetrical vortex the absolute value of Υ1 equals 1 at the position of the vortex
center. The sign of Υ1 provides information about the rotation direction of the vortex.

This vortex center detection algorithm has been applied to the PIV data, where the PIV-
domain is divided into areas of 64×64 pixels, which corresponds to 5×5 mesh points
of the original PIV-grid. These dimensions are empirically determined and are those for
which smaller vortices are just detectable. In practice, a vortex is very often not fully axi-
symmetrical, therefore an absolute threshold value lower than 1 namely 0.75 has been ap-
plied in the detection procedure. Note that regions of shear flow correspond to ‖Υ1‖ ≈ 0.5.

D.2 Sinuous vortex configuration

A typical result of the application of this vortex center detection algorithm to a sinuous
disturbance field is shown in figure D.1a. The image presents a zoomed view of an area
(0.08 × 0.0421 m2) where a sinuous instability (the third image in figure 5.2 and image 3
in table 5.1) is present. The vectors present the instantaneous disturbance field at a spe-
cific moment in time, while the applied background coloring is based on the streamwise
dimensionless velocity component, u/U∞. The white dots in the image represent the loca-
tions where a vortex is detected. It is clear that in this image three vortices are present in
the high shear zones between the high and low speed streaks. Remarkably, these vortices
are present not only in the high shear regions of the unstable streak but also in regions
of surrounding streaks. The presence of vortices in the disturbance fields sequences from
table 5.1 has been analyzed using the vortex detection algorithm and the appearance fre-
quency of all detected vortex centers is also determined. The locations in the displacement
field, which are associated with two or more detected vortex centers, are assigned as actual
vortex locations. In this way accidental vortices are rejected.

A typical vortex configuration of a secondary sinuous instability (the first image in figure
5.2 and image 1 in table 5.1) is displayed in figure D.1b. It should be noted that the axes of
the figure are associated with the dimensions of the measurement plane, implying that the
figure does not contain any temporal information about the origination of the vortices. The
figure shows a region surrounding the unstable low speed streak for Reynolds numbers
between Rex = 1.39 × 105 and Rex = 1.63 × 105 and the ’•’- and ’+’-symbol indicate the
locations where a vortex center is detected.

The ’•’- and ’+’-symbols appear in clusters and each cluster indicates the presence of a
vortex, marked with a number. The ’cluster symbols’ of each vortex indicate the rotation di-
rection of the vortex. The positive vortices indicated with the ’+’-symbol have their rotation
axis along the positive wall-normal axis, the opposite is valid for the vortices represented by
the ’•’-symbol. The sign of a vortex is directly related to the configuration of the related low
and high-speed streaks, as the direction of the spanwise gradient of the streamwise velocity
determines the rotation direction of a vortex.

Figure D.1b reveals an ensemble of 6 vortices. The vortices related to the unstable
streak are vortex 1 (situated at the upper side of the streak) and regions 3 and 5 (at the lower
side). The vortex regions 2, 4 and 6 are associated with the low speed streak below. The
vortices are clearly present in a staggered configuration, resulting in the anti-symmetric or
sinuous oscillation of the unstable streak. Furthermore, the vortex configuration contains
two vortices (1 and 2) of dominant size. These vortices manifest themselves by a large
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Figure D.1. (a) Instantaneous disturbance field, presented by the vectors, of a sinuous

instability (image 3 in table 5.1), U∞ = 0.125 m/s and Rex = 0.68 × 105. Background

coloring refers to the amplitude streamwise velocity, u/U∞. White dots represent vor-

tex locations.

(b) Vortex configuration of a typical sinuous secondary instability (image 1 in table 5.1).

Numbers in the image are used to elucidate the distinction between the various present
vortices. The ’+’-symbols denote positive vortices and negative vortices are represented

by the ’•’-symbol. Vectors represent the ensemble average of the streamwise and span-

wise disturbance components, u′ and w′. Background color indicates the amplitude of

the average streamwise velocity, u/U∞.

cluster. These dominant vortices are located at a small streamwise distance from each
other. One is located in the shear region of the unstable low speed streak while the other
one is located in a shear zone of a surrounding low speed streak. This feature as well
as the staggered vortex configuration appears to be valid for all the 5 sinuous secondary
instabilities.

To give an indication of the strength of the vortices present in figure D.1b the out of
plane vorticity component, ωy, is estimated at the vortex locations. The vorticity is made
dimensionless using the free-stream velocity and δ∗300. Estimation of ωy of (x, z)-gridded
PIV velocity data with window size (dx, dz) is achieved by calculating the circulation per
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unit area according to:

ωy (x,z) =
Γ

4dxdz
(D.3)

Γ = 0.5dx(ux−1,z−1 + 2ux,z−1 + ux+1,z−1) (D.4)

+ 0.5dz(wx+1,z−1 + 2wx+1,z + wx+1,z+1)

− 0.5dx(ux−1,z+1 + 2ux,z+1 + ux+1,z+1)

− 0.5dz(wx+1,z−1 + 2wx+1,z + wx+1,z+1)

At each vortex center location in figure D.1b the time average, ωy is determined. Next the

cluster average, ω̂y, is determined and this value is used as an estimation for the strength
of a vortex, table D.1. The table illustrates that the strength of the vortices increases in the
direction of the discontinuity on the left side, indicated as disc2 in figure 5.3. No plausible
explanation could be given for this observation. Finally, the table again elucidates the sign
of the vortices.

D.3 Varicose vortex configuration

The varicose wall-normal vortex investigation is performed on the two image sequences in
between the first and last images from figures 6.2 and 6.3.

A typical result of the application of the vortex center detection algorithm to a varicose
disturbance field is shown in figure D.2. The image presents the first varicose instability in
a zoomed view (0.095× 0.0438 m2) at a stage corresponding to the last image of figure 6.2.
The vectors again present the instantaneous disturbance field at a specific moment in time,
while the applied background coloring is again based on the streamwise dimensionless
velocity component, u/U∞. The clusters of black dots in the image represent the identified
vortex centers. Five vortices (two vortex pairs respectively at x ≃ 0.01 and x ≃ 0.01 m
and a single vortex at x ≃ 0.085 m) are present in the high shear zones between the high
and low speed streaks. The image shows that vortices appear in a symmetric configuration,
where the centerline of the unstable low speed streak is the axis of symmetry. The image
elucidates that the vortices split up the tail of of the unstable low speed streak. In the
downstream part of the image another vortex is present which seems not to be involved in
the ’break-up’ process.

It should be noted that the instability in figure 6.2 develops over a larger image sequence
than the instability presented in figure 6.3. To overcome this difference both instabilities
are analyzed over an equal sequence length. Therefore, the second varicose instability pre-
sented in figure 6.3 is analyzed over the Reynolds number range RexLe

= 1.25 × 105 until

Table D.1. The estimated vorticity of the vortices in figure D.1b

vortex 1 2 3 4 5 6

ω̂y [−] -6.8 -7.6 3.8 -4.1 8.8 8.6
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Figure D.2. Instantaneous disturbance field, presented by the vectors, of the varicose

instability from figure 6.2, U∞ = 0.125 m/s and Rex = 1.25 × 105, where Rex

corresponds to the Reynolds number based on the center of the instantaneous velocity
field. Background coloring refers to the amplitude streamwise velocity, u/U∞. Black

dots represent vortex locations.

RexLe
= 1.57 × 105. The appearance frequency of all detected vortex centers in both se-

quences has been calculated. The locations in the disturbance field field which are associ-
ated with two or more detected vortex centers are determined and assigned as actual vortex
locations.

The vortex configurations of the two varicose secondary instabilities are displayed in
figure D.3. The upper image presents the vortex configuration of the varicose instability
shown in figure 6.2, while the lower image shows the configuration of the instability pre-
sented in figure 6.3. The ’•’- and ’+’-symbol indicate the locations where a vortex center is
detected in a region surrounding the unstable low speed streak. The vectors represent the
ensemble average of the streamwise and spanwise disturbance components, u′ and w′ and
background color indicates the amplitude of the average dimensionless streamwise velocity
(using the free-stream velocity, U∞), u/U∞.

The ’•’- and ’+’-symbols appear in clusters and each cluster indicates the presence of
a vortex, marked with a number. The ’cluster symbols’ of each vortex indicate the rotation
direction of the vortex, analogue to the notation used in the sinuous vortex configuration.
The positive vortices indicated with the ’+’-symbol have their rotation axis along the positive
wall-normal axis, the opposite is valid for the vortices represented by the ’•’-symbol.

The first image in figure D.3 shows an ensemble of 7 numbered vortices. These vortices
are all related to the unstable low speed streak. The vortices 1,3,5 and 7 are situated at the
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Figure D.3. The upper image presents the vortex configuration of the varicose in-

stability shown in figure 6.2 and the lower image the configuration of the instability

presented in figure 6.3. Numbers in the image are used to elucidate the distinction

between the various present vortices. The ’+’-symbols denote positive vortices and

negative vortices are represented by the ’•’-symbol. Vectors represent the ensemble av-
erage of the streamwise and spanwise disturbance components, u′ andw′. Background

color indicates the amplitude of the average streamwise velocity, u/U∞.

upper side of the streak, while the vortices 2,4 and 6 are located at the lower side. The
vortices are present in a symmetric configuration and they appear in counter rotating pairs.
The image shows two vortices located in the ’eye-shaped’ structure. Vortex 1 arises in the
first part of the image sequence. This vortex is related to the bursting process as described
at the second image in figure 6.2. Vortex 2 arises in the last part of the image sequence
and is related to ’break-up’ process as described with the last image from figure 6.2. This
explains the fact that both vortices are co-rotating.

Vortex 2 in combination with the adjoining vortices 3 and 4 are involved in the ’break-
up’ process of the unstable low speed streak. Figure D.2 reveals however that 4 vortices
are involved in the ’break-up’ process. The reason for this discrepancy is that the image
sequence analyzed with the vortex identification algorithm ends with the ’break-up’ process.
As a result, the upper left vortex center in figure D.2 is detected only once and is therefore
not present in the first image of figure D.3.

In the second image of figure D.3, nine numbered vortices are present. Likewise as in
the first image of the figure all vortices are related to the unstable low speed streak and they
appear in counter rotating pairs. Again, the eye shaped structure of this instability contains
only one vortex. A similar reason as stated above explains the absence of the upper vortex
in the eye shaped structure in the second image of figure D.3. The vortex located in the eye
shaped structure participates together with the vortices 2 and 3 in the ’break-up’ process of
the unstable low speed streak, likewise as vortex 2 in figure D.2.

To present an indication of the strength of the vortices present in figure D.1b the out
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Table D.2. The estimated vorticity of the vortices in figure D.3

vortex 1 2 3 4 5 6 7 8 9

Varicose instability A ω̂y [−] 6.2 11.8 -7.6 9.3 -5.0 7.0 -8.5

Varicose instability A ω̂y [−] 14.3 17.9 -10.2 11.0 -13.2 -9.0 9.5 -14.3 12.8

of plane vorticity component, ωy, (made dimensionless using the free-stream velocity and
δ∗300) is estimated at the vortex locations.Estimation of ωy of (x, z)-gridded PIV velocity data
is achieved by calculating the circulation per unit area using a two-dimensional finite dif-
ference scheme. At each vortex center location in figure D.1b the time average, ωy is deter-

mined. Next, the cluster average, ω̂y, is determined and this value is used as an estimation
for the strength of a vortex, table D.2. The table shows that the vortices with a smaller
dimension have a larger vorticity value. Furthermore the table seems to indicate that the
strength of the vortices tends to increase in the direction of the head of the unstable low
speed streak.

D.4 Single branch vortex configuration

The vortex configuration in single branch instability 3 is presented in figure D.4. The vec-
tors present the average disturbance field between the first and last image of figure 7.4,
equivalent to a range of 1.06 × 105 < Rex < 1.18 × 105. The axes of the figure are associ-
ated with the dimensions of the measurement plane. The applied background coloring is
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Figure D.4. Vortex configuration of single branch instability 3. Numbers in the im-

age are used to elucidate the distinction between the various present vortices. The

’+’-symbols denote positive vortices and negative vortices are represented by the ’•’-
symbol. Vectors represent the ensemble average of the streamwise and spanwise dis-
turbance components, u′ and w′. Background color indicates the amplitude of the

average streamwise velocity, u/U∞.
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Table D.3. The estimated vorticity of the vortices in figure D.1b

vortex 1 2 3 4 5 6

ω̂y [−] -13.7 13.6 15.8 -15.9 13.8 -15.1

based on the streamwise dimensionless velocity component, u/U∞. Each cluster indicates
the presence of a vortex. Each vortex is marked with a number. The ’cluster symbols’ of
each vortex indicate the rotation direction of the vortex. The positive vortices indicated with
the ’+’-symbol have their rotation axis along the positive wall-normal axis, while the oppo-
site is valid for the vortices represented by the ’•’-symbol. As the direction of the spanwise
gradient of the streamwise velocity determines the rotation direction of a vortex, the sign of
a vortex is directly related to the configuration of the related low and high-speed streaks.

The figure reveals an ensemble of 6 vortices. The dominant vortex (denoted by number
2) forms one of the largest clusters. Three other vortices (numbers 4,5 and 6) also appear
as relatively large clusters. The configuration reveals that two of those vortices (numbers 5
and 6) are located at opposite sides of the branch, where they form a counter rotating vortex
pair. Likewise as in the sinuous configuration, the pair is positioned in a staggered config-
uration. This explains why the single branch instability expresses itself as a anti-symmetric
oscillation. Another resemblance between the single branch and sinuous configuration is
the finding that one vortex (number 4 in this case) is located in the high shear zone of a sur-
rounding low speed streak. Besides these large cluster type of vortices, the configuration
contains two small cluster vortices. These vortices represent the non-persistent vortices.
They tend to vanish sometimes and they arise again a short moment later but at a different
location. Due to the restriction in the detection algorithm (a minimum number of appear-
ance of 2 has been applied) the non-persistent vortices result in small clusters.

The strength of the out of plane vorticity component, ωy, is estimated at the vortex
locations. The vorticity is made dimensionless using the free-stream velocity and δ∗300. The
estimation is achieved by calculating the circulation per unit area using a two-dimensional
finite difference scheme. At each vortex center location in figure D.1b the time average, ωy

is determined and from that the cluster ensemble, ω̂y, is calculated, table D.3. The vorticity
in single branch instability is stronger than the vorticity present in the development of the
sinuous and varicose instabilities.



Summary

Streak development and breakdown during bypass
transition

The bypass transition process in a flat plate boundary layer exposed to strong free-stream
disturbances plays an important role in many practical applications, for example gas tur-
bines. This thesis presents the results of an experimental investigation of the streak devel-
opment and breakdown process during bypass transition.

The experimental set-up consists of a water channel in which a flat plate is positioned in
the measuring section. The developing flat plate boundary layer is exposed to free-stream
turbulence generated by a static turbulence grid. A natural breakdown process is present
in the boundary layer, that means, no additional triggering is used to initiate an instabil-
ity. This natural breakdown process is analyzed using a LIF visualization technique, Parti-
cle Image Velocimetry (PIV), a combined PIV-LIF technique and a combined stereoscopic
PIV-LIF technique. Furthermore, all techniques are applied in combination with a camera
traversing system, by which the cameras are translated in downstream direction with the
main stream velocity.

The bypass transition mechanism is characterized by the presence of long elongated
structures in the boundary layer. These streaks form a spanwise alternating pattern of low
and high streamwise velocity. They appear already in the first stages of the boundary layer
and are highly stable.

The average amplitude of the streaks increases linearly until it reaches its maximum

value of A2
sttr

(x)/U 2
∞ ≈ 0.14. The amplitude slightly decreases after it has reached its

maximum value. The streaks obtain a constant wavelength of around 5.6δ∗300. A study on
the specific amplitude of streak pairs reveals that there is no relation between the amplitude
value of a steak pair and the event that a streak becomes unstable, i.e. the amplitude of
unstable streak pairs can be lower than the amplitude of stable streak pairs. Hence, the
amplitude of a streak pair does not plays a decisive role in the breakdown process, which is
in contrast to what was expected.

The breakdown appears to be initiated by spanwise oscillations with a short wavelength.
A detailed investigation of the oscillation indicates the presence of three types of secondary
instabilities: a sinuous, varicose and a previously unclassified one, denoted as single branch
instability. A distinction between these different types of instabilities is made on the basis
of the wave-shape, the number of periods and the wavelength of the spanwise oscillation.

The sinuous instability appears as an anti-symmetric spanwise oscillation in the bound-
ary layer. The oscillation consists of around 3−6 periods and its wave-shape amplitude and
wavelength are respectively 0.2 and 28δ∗300. The instability arises in a streak configuration
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of alternating low and high speed streaks. In the configuration two low speed streaks are
present at a small spanwise distance from each other. Characteristic for the sinuous streak
configuration is the presence of perturbations in the form of short (in streamwise direction)
patches of low speed fluid in the high speed streaks. In the vicinity of these discontinuities
inclined (with respect to wall) tubes of streamwise vorticity arise in the high shear zone be-
tween the unstable low speed streak and adjoining high speed streaks. Since the tubes are
inclined they manifest themselves as wall-normal vorticity in the horizontal plane. In the
measurements two counter rotating tubes are present at one side of the unstable low speed
streak. The most downstream tube is inclined towards the plate, while the upstream tube
is inclined away from the plate. The measurement results indicate that the most down-
stream tube is located above the upstream tube in the region where both tubes overlap and
so form a local dipole-like structure. Consequently, a spanwise motion is induced in the
overlap region. Influenced by the mean shear the upstream tube is stretched while the
downstream tube slides into itself, like a telescope. This gives a staggered pattern of long
and short tubes around the unstable streak and through that the streak starts to oscillate in
an anti-symmetric way. When the inclination angle of the downstream tube becomes too
large it is ’pushed’ over after which the flow falls apart into smaller three-dimensional flow
regions.

The varicose instability expresses itself as a symmetric oscillation with a wavelength
of 19δ∗300 and an amplitude of 0.6. The oscillation possesses around 3 − 6 periods. The
instability appears in a streak configuration in which a high speed streak frontally collides
with a downstream low speed streak. At the collision point high speed fluid curls down
sideways (symmetrically) into high speed streaks adjoining the low speed streak, generating
two inclined (with respect to the wall as well as the x-axis) tubes of streamwise vorticity. The
strong streak-streak interaction at the collision interface results downstream into two new
tubes. These tubes form a Λ-like structure. Due to the streak-streak interactions and the
Λ-like structure the unstable low speed streak narrows and with the streamwise evolution a
patch of low speed fluid is separated from the initial low speed streak. This process repeats
itself and consequently a ’train’ of Λ-like structures (and thus patches) appears. Finally, the
low speed streak starts to fall apart into smaller three-dimensional flow regions.

The single branch instability appears in the boundary layer as an anti-symmetric os-
cillation. The wavelength of the oscillation equals 12δ∗300 and the amplitude equals 0.35.
The single branch instability arises in a streak configuration in which, likewise as in the
varicose mode, a collision between a high speed streak and a downstream low speed streak
occurs. Yet, in the single branch instability the center lines of both streaks are shifted with
respect to each other in such a way that half of the high speed streak collides with half of
the low speed streak. At the collision point high speed fluid rolls sideways over the collision
interface into the low speed streak, by which an inclined tube of streamwise vorticity is gen-
erated. Due to this spiral motion a local branch of low speed fluid arises. The measurement
results indicate that under the influence of the streak-streak interactions at the branch new
tubes appear in a staggered pattern around the branch which initiate an anti-symmetric
oscillation of the branch. With the downstream evolution the branch is separated from
the low speed streak after which the branch falls apart into smaller three-dimensional flow
regions.

The varicose as well as the single branch instability seem to arise due to a collision
between a high speed streak and a downstream low speed streak. By direct numerical
calculations de Lange and Brandt [11] analyzed the development of the frontal and ’half’
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collision. The occuring flow structures in the numerical results and their evolution strongly
correspond with the experimental structures and their development. This establishes that
both instabilities result from the collision between streaks and the corresponding streak-
streak interactions. The mechanism which generates streamwise vorticity in the sinuous
instability remains unclear. Still, the results demonstrate that the vorticity is generated in
the vicinity of the discontinuities and it may be that the streak-streak interactions appearing
at a discontinuity results in the spanwise perturbations which will generate streamwise
vorticity via the streak transient growth mechanism of Schoppa and Hussain [50].
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