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Samenvatting 

In dit verslag is een experimenteel onderzoek verricht naar de karakteristieke streak-structuren 
en de fundamentele secundaire instabiliteiten, die leiden tot een natuurlijke afbraak van de 
streak-structuren, in een grenslaag over een vlakke plaat, waarin transitie plaatsvindt via het 
bypass mechanisme. Het doel van experimentele onderzoek is het karakteriseren van de on
twikkeling van secundaire instabiliteiten en het daarmee gepaard gaande gedrag van streaks. 
De experimenten zijn uitgevoerd in een waterkanaal waarin de in transitie zijnde grenslaag is 
geobserveerd. Als meetmethoden is gebruik gemaakt van PIV en gecombineerde Stereo-PIV 
en LIP-visualisatie in verschillende meetvlakken. Turbulentie, die het bypass transitie mech
anisme induceert, is opgewekt door een statisch turbulentie rooster. Met de PIV methode 
zijn enkele vrije stroom turbulentie karakteristieken bepaald, zoals de turbulentie intensiteit 
en de turbulente lengteschalen. Met de PIV methode is de ontwikkeling van de grenslaag · 
geobserveerd in een verticaal vlak, parallel aan de stroomrichting. Uit de resultaten blijkt 
dat het gemiddelde snelheidsprotiel en de grenslaagdikte overeenkomt met de grenslaagtheo
rie van Blasius. De fluctuaties op het snelheidsprotiel zijn vergelijkbaar met waarden uit de 
literatuur en het maximum van de fluctuaties vertoont een lineaire toename over het meet
domein in de stroomrichting. Als de snelheidsprofielen worden gedeeld door hun instantarre 
verplaatstingsdikte schalen ze terug naar het genormaliseerde Blasius profiel. Dit betekent 
dat de snelheidsverdeling in de lage- en hoge-snelheidsstreak vergelijkbaar is met de Blasius 
snelheidsverdeling, en dat de streaks alleen een andere grenslaagdikte hebben. 
De twee fundamentele instabiliteiten (varicose en sinuous) zijn geanalyseerd, met behulp van 
een set van stromingsvelden verkregen door gecombineerde Stereo-PIV en LIP-visualisatie. 
De 3D structuren die voorkomen in het meetvlak zijn beschreven. In het sinuous experiment 
zijn een lange en een korte vortexbuis waarneembaar op de grens tussen de lage- en hoge
snelheidsstreak. Het varicose experiment laat zien dat er A(Lambda)-structuren ontstaan rond 
een lage-snelheidsstreak die een stroomopwaartse hoge-snelheidsstreak binnendringt. Deze A
structuren snijden lage-snelheidsgebieden af van de lage-snelheidsstreak. In deze gebieden 
worden de eerste turbulente verschijnselen waargenomen. 
Naar aanleiding van de experimenten is er een hypothese opgesteld, die gebaseerd is op het 
botsen van streak-paren. De resulterende afbraakprocessen als gevolg van symmetrische en 
asymmetrische botsingen zijn omschreven. Het blijkt dat de varicose instabiliteit uit de ex
perimenten overeenkomt met de hypothetische symmetrische botsing. De structuren en de 
lengteschalen uit de experimenten komen overeen met die van de hypothese. De sinuous in
stabiliteit blijkt qua structuren noch qua lengteschalen overeen te komen met een van beide 
modes van de botsingshypothese. Blijkbaar is de waargenomen sinuous instabiliteit het gevolg 
van een ander mechanisme. De single branch instabiliteit, gevonden door Mans [19] in zijn 
experimenteel onderzoek, lijkt overeen te komen met de asymmetrische botsing. 



Summary 

In a boundary layer undergoing bypass transition, the characteristic streaky structures and the 
fundamental secondary instability modes, resulting in a natural breakdown of those streaky 
structures, have been experimentally studied. The objective of this study is to characterize 
the development of fundamental secondary instability modes during bypass transition, result
ing in a natural breakdown of the boundary layer streaks. The experiments are performed in 
a water channel, in which the transitional boundary layer flow is monitored, using PIV and 
combined Stereo-PIV and LIF visualization measurements in different measuring planes. A 
turbulent free stream, generated by a static turbulence grid, is inducing the bypass transition 
behavior. Thefree stream turbulence characteristics, as turbulence intensity and turbulent 
length scales, are estimated using PIV in the free stream. The fiat plate boundary layer 
development in the water channel is observed, using PIV in the vertical plane parallel to 
the streamwise axis, and it appears that the average velocity profiles and the displacement 
thickness satisfies the theoretica! Blasius profile. The fiuctuations of the velocity profiles are 
comparable to the literature, and the maximum fiuctuations for the different downstream 
positions show a linear increase over the total measurement domain in downstreani direction. 
The velocity profiles scale back to the theoretica! Blasius profile, when scaled with the instan
taneous displacement thickness. This means that the velocity distribution in high and low 
speed streaks all campare to the theoretica! Blasius profile, but only have a different boundary 
layer thickness. 
A set of downstream flow fields, obtained by combined Stereo-PIV and LIF-visualization, 
of both fundamental instability modes ( sinuous and varicose) has been analyzed. The 3D 
transitional events, appearing in the measurement plane, are identified. In the sinuous ex
periment, a long and a short vortex tube are present at the edge of a high and a low speed 
streak. At the short tube, turbulent behavior is first recognized. The varicose experiment 
shows the presence of A(Lambda)-structures around a low speed streak that is penetrating in 
an upstream high speed streak. As the A-structures cut low speed patches off the low speed 
streak. At those patches, the first turbulent motion is seen. 
A hypothesis, descrihing a callision behavior of streak pairs has been proposed. For symmetrie 
and asymmetrie collision, the subsequent breakdown processes have been described. It ap
peared that the experimental varicose instability compares with the hypothetical symmetrie 
mode. Equal A-structures are found, cutting low speed patches off a low speed streak. The 
length scales of the vortex tubes present in the flow are also comparable. The sinuous break
down observed, is not comparable to the asymmetrie or symmetri'c mode. The structures are 
different, although they look like each other, and the length scales of the structures do not 
match either. The sinuous breakdown observed is probably induced by another instability 
mechanism. The single branch breakdown mode, found by experimental research of Mans 
[19], seems to show a good match with the asymmetrie mode. 

ii 



Contents 

1 Introduetion 
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . 
1.2 The Flat Plate Boundary Layer . . . . . . . . . . . . . . 

1.2.1 Characteristics of the Flat Plate Boundary Layer 
1.2.2 Transition Paths in a Flat Plate Boundary Layer 

1.3 Motivation of the Study and Outline . . . . . . . . . . . 

2 Experimental Setup and Techniques 
2.1 Experimental Setup ..... . 

2.1.1 The Water Channel .. 
2.1.2 The Traversing System . 

2.2 Measurement Techniques ... 
2.2.1 Optical Equipment and Measuring Planes 
2.2.2 Partiele Image Velocimetry . . . . 
2.2.3 Stereo Partiele Image Velocimetry 
2.2.4 Combined Stereo PIV-LIF Method 

2.3 Water Channel Characteristics 
2.3.1 Boundary Layer 
2.3.2 Free Stream . . . . . . . 

1 
1 
2 
2 
4 
7 

9 
9 
9 

10 
11 
11 
12 
13 
16 
17 
17 
20 

3 Free Stream Turbulence Characteristics 23 
3.1 Turbulence Intensity . . . 23 
3.2 Kolmogorov Length Scale 25 
3.3 Taylor Micro Scale 28 
3.4 Flow Conditions . . . . . 29 

4 High- and Low Speed Streaks in a Transitional Boundary Layer 30 
4.1 Wall Normal Velocity Profiles and their Relation with the Blasius Profile 30 
4.2 Wall Normal Disturbance Profiles . 34 
4.3 Adjusted Sealing . . . . . . . . . 36 

5 Sinuous and Varicose Instahilities 39 
5.1 Introduetion. . . . . . . . . . . . 39 
5.2 Analysis of the Breakdown Process 39 

5.2.1 Sinuous Breakdown . . . . 40 
5.2.2 Varicose Breakdown . . . . 44 

5.3 Comparison to Numerical Results . 47 

iii 



Contents 

5.3.1 Sinuous Comparison .... 
5.3.2 Varicose Comparison . . .. 

5.4 Hypothesis Breakdown Mechanism 
5.4.1 Symmetrie Mode ..... . 
5.4.2 Asymmetrie Mode .... . 
5.4.3 Comparison Experimental Results with Hypothesis . 

6 Conclusions and Recommendations 

Bibliography 

A Stereo-PIV 
A.1 Stereo-PIV Calibration . 
A.2 Light Path Distortions 
A.3 Accuracy . . . . . . . 

B Channel Improvements 

C Temperature Sensitivity of the Boundary Layer Thickness 

D Low Frequency Variation in the Free-stream Velocity 

iv 

47 
48 
50 
51 
51 
53 

57 

61 

62 
62 
63 
64 

66 

69 

71 



Chapter 1 

Introduetion 

1.1 Background 

owadays, gas turbines play an important role in daily life. The most eommonly known ex
ample of a gas turbine is the airplane engine. Large turbofan gas turbines are the main power 
souree in ei vil and military aviation. Figure 1.1 shows for example the Rolls-Royee Trent 
800 gas turbine which powers the Boeing 777. Besides the aviation industry, gas turbines are 
widely applieable in other fields of industry also. In industrial plants stationary gas turbines 
are used for the generation of eleetricity or to provide meehanieal power, for instanee to drive 
pumps. 

A gas t urbine ean be divided into three seetions, namely the compressor, the cambustion 
chamber and the turbine. The working fluid , mainly environmental air, enters t he system 
through the compressor inlet. The fluid is compressed in several stages by changing the ki
netic energy into statical energy. After the energy consuming compressor stage, the working 
fluid enters the cambustion chamber. Fuel is added to the eompressed fluid, after which the 
mixture is ignited. The cambustion process results in an enthalpy increase of the fluid. Now, 

Figure 1.1: The Rolls-Royce Trent 800 powers the Boeing 777. This photograph is reproduced with 
the permission of Rolls-Royce, copyright @Rolls-Royce plc 2005. 
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Chapter 1. Introduetion 

the hot cambustion gases enter the the last section, the turbine. In the turbine chamber, the 
gases expand by converting statical energy into kinetic energy, which provides the work. 
The inlet temperature of the turbinesectionis a very important parameter in the gas turbine 
process. An increase in this temperature leads to an increase in specific power and also in 
efficiency of the turbine. As the demand for light and powerful turbines is increasing and 
energy saving becomes more and more an issue, this is an important aspect. The limiting 
factor is the metallurgie load of the turbine blades. High rotational velocities, resulting into 
a high mechanicalload, tagether with the high gas inlet temperature, which leads to a high 
thermalload, result in a load close to the maximum allowable load. To raise the temperature 
to the limit without darnaging the blades, a detailed knowledge on the heat transfer from the 
hot cambustion gases to the turbine is essential. 
As the hot cambustion 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 main 
flow velocity at a certain distance from the plate. This region is called boundary layer. The 
flow conditions in this boundary layer are directly related to the heat transfer. As the flow 
in the boundary layer transits form laminar to turbulent, the heat transfer changes from a 
conductive to a forced convective type. This leads to a heat transfer which is three times 
higher in the turbulent parts of the boundary layer compared to the laminar parts. It is 
important to note that the standard flow conditions in a gas turbine are so that around half 
of the chord of a turbinebladeis located in the transition regime of the boundary layer. This 
makes it essential to study the transition process occurring on turbine blades. 
The cambustion process and the rotor stator interaction introduce a lot of disturbances in 
the main gas flow. Due to these strong free-stream disturbances the curvature of the turbine 
blades has a neglectful influence, Mayle [21]. This justifies an important simplification to 
model the turbine blade transition process as a flat plate transition process. 

1.2 The Flat Plate Boundary Layer 

In this section the theoretica! background of the research in this report is given. First, some 
flat plate boundary layer characteristics are given, after which insight is given in the transi
tional processes in the boundary layer investigated in this report. 

1.2.1 Characteristics of the Flat Plate Boundary Layer 

In figure 1.2, a schematic representation of a boundary layer is shown, which develops on 
a flat plate while exposed to a uniform main flow velocity u = (U00 , 0, 0). In the figure, 
the coordinate system, x, is presented. The "x" -axis of this coordinate system points is 
the streamwise direction, the "y"-axis in the wali-normal direction and the "z"-axis in the 
spanwise direction. The conesponding veloeities in x, y and z direction are u, v and w, 
respectively. This orientation of the coordinate system is used continuously throughout this 
report. 
In figure 1.2 a smooth increase in boundary layer tickness o can be seen. As long as the 
boundary layer is in the laminar region, it can be described analytically. Blasius was the first 
to find an analytica! solution descrihing the velocity profile and its development in a laminar 
flat plate boundary layer. He showed that the solution at subsequent downstream positions 
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z 

0 
Figure 1.2: A schematic representation of a boundary layer which develops on a fiat plat when it is 

exposed toa uniform boundary velocity u= (U00 , 0, 0). 

must be self similar, since there is no externally imposed length scale in the streamwise direc
tion. The Blasius profile of the streamwise velocity is shown in figure 1.3. The dimensionless 
streamwise velocity uiUoo is plotted against the similarity coordinate ry. The similarity co
ordinate rJ is defined as rJ = y I y'I{ë;. Where Rex = U 00 X I v is the Reynolds number with 
respect to the streamwise position. U 00 stands for the main flow velo city. 

The thickness of the developing boundary layer can be expressed by several parameters. 
One parameter can be defined directly from the Blasius velocity profile. The profile shows 

1 

t\j-l 
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Figure 1.3: Blasius solution of the streamwise velocity u jU 00 , as function of the similarity coordinate 
7], defined as 'I]= yJ(Uoo/(vx)). 
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Chapter 1. Introduetion 

that the streamwise velocity u gradually increases till it reaches the main flow velocity U00 at 
the edge of the boundary layer. At this position 'T) equals about 5. Because it is difficult to 
determine at what point the velocity u is exactly equal to U00 , the boundary layer thickness 
is defined as the position where the velocity u deviates 1% from the main flow velocity U 00 . 

This happens at 'fJ = 4.9. The Blasius boundary layer thickness 6o.9g canthen be written as, 
[31]: 

6o.99 = 4.9 ~ = 4.9 ~ V Uoo v Rex 
(1.1) 

Des pi te taking the position w here the velocity u deviates 1% of the main flow velocity U 00 , 

this measure for the boundary layer thickness is still arbitrary. The deviation limit could also 
be chosen to be 5% instead of 1%. 
A more suitable, less arbitrary, measure of the boundary layer thickness is the displacement 
thickness 6*. It is defined as the displacement which should be applied to the plate in a 
hypothetical inviscid flow to maintain the samevolume flux as is the case in a viscid boundary 
layer flow [31]. It is expressed as: 

6* = roo (1- u(y) )dy 
Jo Uoo 

(1.2) 

Por the Blasius boundary layer the displacement thickness can be written in terms of the 
streamwise position x as: 

* ~x x 6 = 1.72 -u. = 1.72 ~ 
oo vRex 

(1.3) 

As a boundary layer on a flat plate develops in streamwise direction the flow will change from 
a laminar to a turbulent type. Before being fully turbulent, the boundary layer will be in 
the transition region. In this region the flow experiences an intermittent behavior. At some 
part of time the flow is laminar and at some part of time it is turbulent. The intermittent 
behavior in the transition region is a result of the presence of triangular turbulent patches 
in a laminar flow field. These so called turbulent spots are a result of the fact that the 
boundary layer flow on a flat plate is not unconditionally stable. The laminar flow becomes 
unstable for small disturbances at a certain downstream position, indicated by Retr in figure 
1.2. Those disturbances grow and, on their turn, become unstable. This results in the 
formation of instabilities, and subsequently, a turbulent spot. While proceeding downstream, 
the turbulent spot increases in size and merges with other spots or can even generate spots 
itself. At a certain downstream location, individual spots cannot be recognized, implying that 
the boundary layer is completely turbulent, depicted as Ret in figure 1.2. A nice visualization 
of a turbulent spot from 'An Album of Fluid Motion' by Van Dijke [18] is presented in figure 
1.4. 

1.2.2 Transition Paths in a Flat Plate Boundary Layer 

The transition process can proceed through several routes, depending on the disturbance level 
of the main flow. Morkovin [22] set up a possible route map for the transition process which 
is given in figure 1.5. 
According to Morkovin five modes can be recognized: 
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Chapter 1. Introduetion 

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; there is no linear regime 

In all paths, the transition process ends with breakdown into a turbulent spot. Ttadition
ally, transition studies focus on the classical scenario, with the Tollmien-Schlichting scenario. 
However, experiments revealed an unstable boundary layer under conditions that correspond 
to stable Tollmien-Schlichting waves. This means that besides exponential growth also other 
disturbances may grow, so called non-modal growth. A distinction between the different 
transition paths is made on base of the free-stream disturbance parameters. Examples of 
free-stream disturbance parameters are the free-stream turbulence length scales and the free
stream turbulence intensity. 
The preceding cambustion process and the rotor-stator interaction cause that a turbine blade 
boundary layer is exposed to strong free-stream turbulence parameters. For the transition 
path this means that the classical Tollmien-Schlichting path is bypassed and that transition 
occurs through a bypass transition mechanism. The bypass routes are highlighted in figure 
1.5. Two types of bypass transition exist. The first path includes a transient growth stage, 
indicated by path D. This route is denoted as non-modal growth mechanism in this report. 
The second bypass transition path, path E, refers to the case of very large amplitude forcing 
where there is no lineair regime and turbulent spots or subcritical instahilities occur, see Saric 
[29]. In this report a bypass transition mechanism is investigated that seems to be placedin 
path D. In the next section this mechanism is globally described by findingsin earlier research. 

Ellingsen and Palm [5] introduced an initial disturbance without streamwise variation in a 
shear layer and showed that the streamwise velocity component can grow linearly in time, 
within the inviscid approximation, producing alternating low and high speed streaks. Landahl 
[15] stuclied the linear evolution of localized disturbances and supplied the physical insight to 
the linear ( or algebraic) growth mechanism, which he denoted as the lift-up effect. Since a 
fiuid element in a shear layer will initially retain its streamwise momenturn if displaced in the 
wali-normal direction, it will cause a perturbation in the streamwise velocity component. The 
perturbation expresses itself as an alternating pattem of regions with low and high streamwise 

Figure 1.4: A turbulent spot visualized by a suspension of aluminium fiakes in water [18]. 
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lncreasing disturbance 

Forcing Environmental Disturbances 

Receptivity Mechanisms 

·Breakdown 

Bypass 
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Figure 1.5: Schematic representation of different transition paths related to the initia! disturbance 
level in the main flow according to Morkovin [22]. 

velocity. Later Hultgren and Gustavson [10] among others found that the implementation of 
viseaus damping the initial growth is foliowed by viseaus deeay, the so-ealled transient growth. 
Aeeording to Reddy and Henningson [27], it is clear that the eigenfunctions of Orr-Sommerfeld 

i ---Free-stream turbulence 
~ i i 91 91 impinging on the 

91 
~ 91 ~ 91 bounda~ 

@ ~ i 91 
1 

layer 

@I @i~~~ 
-i lc..e.« 
&I ~e: 

Secondary instability 
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Figure 1.6: A sketch of the non-madal growth proeess (path D). 
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and Squire equations are non-normaL This means that for many flow cases a significant 
transient growth may occur before the subsequent exponential behavior. This transient dis
turbanee growth is a key phenomenon in mode D. Physically, the non-modal growth scenario 
(sketched in figure 1.6) is characterized by the preserree 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. A possible origin of the high and low velocity streaks, is ascribed to the 
preserree of streamwise vorticity in the main flow. It is believed that those streaky structures 
are probably maintained by the presence of vortex tubes in the boundary layer. In the low 
speed streak, fluid is pulled upward, while in the high speed streakthefluid is pushed down
ward. The amplitude of the streaks increases as they evolve in downstream direction. There 
is now a consensus that an inflectional secondary instability will occur if the amplitude of the 
streaks is large enough, see Fransson et al. [ 6). The secondary instability on the streaks will 
initiate breakdown and finally result in a turbulent spot, Schmid and Henningson [25). 

1.3 Motivation of the Study and Outline 

In previous experiment al and numerical studies many features of the bypass transition process 
in flat boundary layers, exposed to free-stream turbulence, have been clarified. However, the 
breakdown into turbulent spots through secondary instahilities on isolated streaksin the flow 
field is not yet clear. The natural, unforced, breakdown process is experimentally difficult 
to study due to the random character of the instability appearance. Till about four years 
ago, as far as the author knows, this breakdown process was examined experimentally only 
in studies where a controlled trigger initiates the secondary instabilities. 
Brandt et al. [4] and Jacobs and Durbin [12] performed numerical simulations of a bound
ary layer exposed to free-stream turbulence. In these numerical studies the authors are able 
to retrieve the instahilities initiating a turbulent spot. This made it possible to study the 
natural, unforced, breakdown process. Both the studies report that natural spot precursors 
are localized instahilities of single low speed streaks. Recent results of Hoepffner et al. [9] 
indicate that, alike the origin of the streaks, the secondary instability might result from a 
transient (non-modal) growth process. 
Recently Mans [19], Clerx [2] and Kadijk [13] were the first to examine the breakdown ex
perimentally in a boundary layer exposed to free stream turbulence. They investigated the 
boundary layer in a water channel with free stream turbulence generated by a turbulence 
grid. Using PIV the boundary layer was examined in a 2D plane. The free stream turbulence 
characteristics d uring those experiments in which the transition process occurred are not de
termined yet. The transition processin the boundary layer is highly 3D, this 3D motion could 
not be measured using PIV. 

The main objective of this work is to examine the development of fundamental secondary 
instability modes during bypass transition, resulting in a natural breakdown of the boundary 
layer streaks. Since this is a rather general formulation, the following specific research topics 
are posed: 

1. What are the free stream turbulence characteristics of the experimental setup, that 
cause the occurrence of streaks and the instahilities inducing breakdown? 
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2. What is the development of the streaks present in the boundary layer and how does 
that compare with the optimal growth theory? 

3. What are the charaderistic 3D features of the development of the fundamental sec
ondary instability modes, i.e. sinuous and varicose instabilities? 

The approach concerns experiment al studies of the characteristics of the main flow and of the 
downstream development of the transitional flow field of a boundary layer. The experiments 
answering the fust two questions are performed using PIV, but different planes are viewed. 
For the quantitative analysis of the free stream turbulence characteristics, measurements are 
performed in the free stream in the horizontal plane and in the vertical plane parallel to the 
streamwise axis. For the development of the streaks, an experiment is carried out observing 
the boundary layer in a vertical plane parallel to the streamwise axis. For the last question, 
Stereo-PIV is used to reeover the third component, while the transitional flow field is molli
tored in a plane parallel to a flat plate. With the help of the visualization method, LIF, the 
fundamental secondary instahilities are recognized in the transitional flow field and they are 
qualitatively analyzed by the Stereo-PIV results. 

The outline of this report is as follows. The measurement techniques and the experimen
tal setup used, are described in chapter 2. The free stream turbulence characteristics that 
influence the boundary layer are investigated in chapter 3. The vertical boundary layer exper
iments performed by Kadijk [13], in which the streaks occurring in the boundary layer were 
observed, are repeated in chapter 4, in which some additional conclusions can be drawn. In 
chapter 5, the transitional process is observed in the horizontal plane with its third compo
nent, using an extended technique of PIV, called Stereo-PIV. In this chapter also a hypothesis 
is proposed descrihing the main features of the transitional processes. Finally, the most im
portant conclusions obtained from the presented results together with some recommendations 
are presented in chapter 6. 
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Chapter 2 

Experimental Setup and Techniques 

In this chapter the measurement techniques and the experimental setup used in this report 
are explained. First, the basic test setup is described. Then, the measurement techniques 
and their accuracy are clarified. And finally, the flow conditions of the channel, without tur
bulence grid, are observed. 

2.1 Experimental Setup 

The experimental setup consists of a water channel. 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 veloeities necessary to achieve transitionai'Reynolds numbers are lower, 
implying that the time and length scales present in the bypass transition process are larger. 

2.1.1 The Water Channel 

The Reynolds number scaled dimensions of the Ludwieg tube setup, used for the bypass 
transition experiments by Schook [30], founded the design of the water channel. The water 
channel is schematically displayed in figure 2.1. The basic componentsof the setup are two 
cylindrical reservoirs of 2m high, with a cross-section of 1.2m. They are interconnected by an 
optical accessible measuring section, made of glass, that is 2. 7m long, 0.57m wide and 0.45m 
wide. A network of pumps and pipelines, situated between the reservoirs, provides a pressure 
driven 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 straightener and a wire mesh. lts 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 straightener are 5.2 · 10-3m wide and 
6.1 · 10-3m high and 5 · 10-2m long, while the mesh size of the wire mesh is 1.5 · 10-3m with 
a thread thickness of 0.2 · 10-3m. 
The boundary layer will develop along a flat plate with a width equal to the channel width, a 
lengthof 1.8m and a thickness of 5 · 10-3m. The plateis positioned at a height of 5 · 10-2m 
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Figure 2.1: Schematic representation of the experimental setup. 

parallel to the bottorn of the channel. The space between the plate and the bottorn of the 
channel enables the creation of an under-pressure underneath the plate. The under-pressure 
is created by means of a suction unit, located at the end of the water channel. The under
pressure is applied to avoid separation at the leading edge, so a laminar boundary layer will 
develop with a stagnation line at the leading edge. 
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 · 10-3m and a pitch of 4 · 10-2m. With 
respect to the grid it is important to note that the Reynolds numbers basedon the mesh size 
and rod diameter of the grid are similar to the Reynolds numbers of grid E in Matsubara 
and Alfredsson [20]. With a main flow velocity of about 0.125m/s, the Reynolds numbers are 
ReM= U00Mjv = 5000 and ReR = U00Rjv = 1000. 
The distance between the turbulence grid and the leading edge of the plateis set to 20 times 
the mesh size of the grid, to obtain a fairly homogeneaus turbulent flow at the leading edge 
[20]. With the mesh size being 4 · 10-2m, this distance between the turbulence grid and the 
leading edge is 0.8m. 

2.1.2 The Traversing System 

The setup is surrounded by an adjustable frame that forms the basis of a camera travers
ing system (see figure 2.2). On the frame, two guiding rails are positioned parallel to the 
measurement section. One guiding rail is positioned above and the other one in front of the 
channel. One guiding rail supports the cameras while the other supports the optical unit for 
the creation of the laser sheet. The cameras are mounted on a carriage that can slide along 
a guiding rail, while the optical unit is mounted on a separate carriage at the other rail. The 
top rail is mounted in such away that it runs above the centerline of the channel. The top and 
the side rail can variate in height and horizontal position, so the flow can be observed with 
different field of views at different locations. Both carriages are driven by electric motors, 
that are placed on the frame. 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. This has two advantages. 
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G) Measuring section 
Cl> Statica I frame work 

I 
Upper guiding rail of camera traversing system 
Lower guiding rail of camera traversing system 
Motor driving the camera traversing system 
PIV CCD camera (J) HR 532/45 mirror 

®Optica I unit: 
HR 532/45 mirror 
Negative lens 
Diaphragm 

Figure 2.2: Schematic representation of the experimental set up with the camera traversing system. 

First, the size of the recording area can be chosen smaller. This provides a more detailed 
close-up of the flow field, because the structures can be followed. Second, the reference frame 
from which the displacement field is defined is moving along with the main flow , meaning 
that the velocity components are of the same order of magnitude. This means t hat smaller 
length scales of the transit ional flow field can be detected. 

2.2 Measurement Techniques 

The bypass transition scenario is stuclied using opt ical techniques, applied in field measure
ments. This section presents the optical measurement techniques and their implementation in 
field measurements. First a smalloverview is given of the optical equipment used in all tech
niques. The same subsection also presents the measurement planes in which the transition 
process is examined. The second, third and last subsections describe PIV and Stereo-PIV 
and the combined Stereo-PIV-LIF method. 

2.2.1 Optical Equipment and Measuring Planes 

A pulsed Nd:YAG (À = 532nm) laser forms the light souree in all applied measurement 
techniques. To enable field measurements a laser sheet is created with a negative lens with a 
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focal distance of fc = -12. 7mm. The thickness of the laser sheet is set to 4mm by means 
of a diaphragm that is positioned behind the negative lens. HR 532/45 o mirrors guide the 
laser beam along the setup to the negative lens. Recordings are made with Kodak Megaplus 
CCD cameras (1008 x 1018 pixel, 10 bits) equipped with Nikkon AF 50mm 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 a filter. A high-pass filter (holographic 
notch filter: 0% transmission at À = 532 nm and 80% transmission at À = 575nm blocks the 
Nd:YAG light. 
In this report, the bypass transition processis examined in the wali-normal (x-y) plane and 
horizontal (x- z) plane in the boundary layer. The z-position of the wall-normal plane equals 
the centerline of the measuring section. The horizontal plane is positioned symmetrically 
around a horizontal spanwise centerline, with a y-position of 4mm above the plate surface. 

2.2.2 Partiele Image Velocimetry 

Velocity measurements are performed using Partiele Image Velocimetry (PIV). A diagram 
of this well known principle is shown in figure 2.3. First, the flow is seeded with polyamide 
seeding particles with a diameter of 20J.Lm, for specifications see table 2.1. The scattered light 
from the particles, when illuminated by the Nd:Yag laser sheet, is recorded by a CCD camera. 
The camera records single exposed images, so two subsequent imagesforma PIV image pair. 
The Stanford Research Systems DG535 pulse generator operates with a base frequency of 
14.8H z, this means that 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 stated 
with the experimental results. 
The displacement field of a PIV image pair is determined with the commercial software 
package PIVtec. PIVtec is developed by DLR in Göttingen. The recorded PIV-images are 
predominantly subdivided into interrogation areas of, which size can be chosen and will be 
different for the different experiments, for instanee 32 x 32 pixels with an overlap of 50% option, 
to obtain a larger spatial resolution, or without overlap when the data need to be independent. 
In a 32 x 32 pixels 50% overlap setup, this will result into 3844 estimated displacement 
veetors per image, defined on the PIV-grid points. It will be stated with the presented results 
which size of interrogation area and overlap are used. 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 maximum 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 PIVview. 
If filtering is needed, the resulting displacement fields are filtered by means of an algorithm 

mean size [p,m] variation in I geometry I density refiection I material 
I size [p,m] [g/cm3

] index [-] 

I 20 5-35 I round, not 11.03 1.5 I Polyamide 12 
spherical 

Table 2.1: Material properties Polyamide seeding, from Dantec™ 
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Figure 2.3: Diagram of the Partiele Image Velocimetry principle. 

that uses the absolute magnitudes of the displacement componentsas a filter criterion. Veetors 
exceeding specific length criteria are replaced by a new vector that results from an interpo
lation scheme based on the displacement values of the neighboring grid points. The use of 
filtering depends on the experiment and it will be stated, together with its criteria, with the 
experimental results. The pixel displacement data is transferred into world coordinates and 
u, v or w veloeities by the calibration technique described by Kieft [14}. 

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

• Minimal number of 4 to 8 particles per interrogation area. 

• Using the grid refinement option, the maximum displacement of the particles is less 
than 1/3 of the size of the interrogation area. The minimal displacement significantly 
exceeds the sub-pixel accuracy by which a partiele is located. 

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

The accuracy of PIV in this configuration is estimated by Mans [19] using the accuracy 
analysis of Bastiaans [3]. In the analysis optical inaccuracies are taken into account as well 
as inaccuracies concerning the software package. The resulting estimated total error, Opiv, is 
O.llpix. Unless stated otherwise, the maximum pixel displacementsin the PIV measurements 
in this report is 10pix. Therefore, the accuracy of the measurements is 1%. 

2.2.3 Stereo Partiele Image Velocimetry 

Another method used for velocity measurements is Stereo Partiele Image Velocimetry (Stereo
PTV). While with 'classica!' PIV only the two in-plane componentsof the velocity can be deter
mined, for Stereo-PIVit is possible todetermine the out-of-plane component, also. Therefore, 
Stereo-PIV makes it easier to understand flows with highly 3D motion, which is the case in 
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this report when the breakdown processes are observed. 

Principle of Stereo-PIV 

The principle of Stereo-PIV is mainly equal to the 'classica!' PIV method as described in 
2.2.2. With Stereo-PIV, however, two cameras capture images of the illuminated sheet at the 
same time from a different direction. The cameras are placed in such a way that the normal 
veetors of the image plane are making an angle compared to the normal vector of the object 
plane. The precision of the out-of-plane component increases as the opening angle between 
the two cameras reaches 90 degrees. 
Now, we get two image pairs with information about the samesheet volume of the flow. The 
laser sheet has a specific thickness, which is 4 . w-3m in this case. If a partiele in the flow 
moves in the out-of-plane direction inside the sheet, the movement of the partiele will he 
in a different direction for both of the cameras. For instance, when a partiele moves in the 
wali-normal direction inthesheet and one camera captures images from the upper left, while 
the other camera captures from the upper right, then a displacement will he captured of the 
opposite sign for the two cameras. 
Out of the difference between the displacements h and h, the sheet-normal displacement can 
he recovered. For the reconstruction of the veloei ties, the following equations are solved (Van 
Vliet [32]): 

oi oi oi 
oh= ox ox 11 + oy oy h + oz 0)1 (2.1) 

oj oj oj 
oJl = ox oxll + oyoyll + oz o)l (2.2) 

oi oi oi 
0!2 = ox ox 12 + oy oy 12 + oz 0)2 (2.3) 

oj oj oj 
oh = ox ox l2 + oy oy l2 + oz 0)2 (2.4) 

oi 8i The indices 1 and 2 in those equations refer to camera 1 and camera 2 respectively. ox, Oii' 

J~, and ~' M;, * represent calibration factors. When all parameters above are known, ox, 
oy, and oz, the physical displacementsof the seeding particles in x-, y-, and z-direction in 
the measured volume, can be determined. 
The calibration factors are determined by a calibration technique of Kieft [14] using a 3D 
grid. More information about the grid is described in appendix A.l. 

Optica! Adjustments using Stereo-PIV 

The configuration in which the cameras view the laser sheet under an angle results in some 
problems for the focus of the images. 
The lenses used in the setup have a relatively small depth of field. Now the sheet is observed 
under an angle, only a small part of the object can be focussed within this depthof field. The 
Scheimpflug criterion gives an outcome in this situation [17]. It states that a sharp image can 
be obtained in this situation when the image plane, lens plane and the object plane for each of 
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Figure 2.4: Schematic representation of the Scheimpfiug condition. 

the camerasinterseet in a common point. A schematic representation using the Scheimpflug 
condition is presented in figure 2.4. With a Scheimpflug mount the image plane has been 
tilted compared to the lens of the camera. 

As the experiments are performed in a waterchannel, a second problem arises. The rays from 
the object to the image plane are passing different media, i.e. water, glass and air, which have 
different refraction indices, i.e. 1.33, 1,50 and 1.00, respectively. The planes where the media 
switch from one to the other are under an angle compared toeach other. Therefore, the rays 
going through the edge of the lens will bend differently than the rays passing the lens in the 
center. This leads to the fact that the rays will not focus in one point on the image plane. 
A salution for this problem is to make all the media-switching surfaces parallel to each other 
and to be sure every switch in medium happens a second time in opposite direction. This 
will result in a translation of the ray, but no deflection. The ray will continue in the same 
direction. For this, an ocular is placed in front of the lens, consisting of a perspex cilinder 
filled with water, with the upper surface (perspex) parallel to the lens and the bottorn sur
face (glass) parallel to the top glass plate of the channel. To give a better understanding, a 
schematic representation of this is given in figure A.2 in appendix A.2. 
But with this measure, still a problem remains. A sort of abberation occurs in this configu
ration. The rays passing the lens at the upper and lower side will experience the translation 
described above, but the rays passing the lens at the centerline in spanwise direction will not 
get this translation, because they will relatively pass all media parallel to its normal in that 
direction. The rays focus in different points. This is made clear in figure A.3 in appendix 
A.2. 
For this reason, an additional adjustment has been made to the setup. Because the glass 
to air refraction is large and the air layer is fairly thick, this leads to the largest translation 
effects. Therefore, the air layer is removed by placing a box of water on top of the channel 
with the lower surface of the oculars under the water surface. Note that with replacing the 
air layer with a water layer, the bottorn of the ocular doesnothave to be parallel to the water 
channel for refraction reasans as described above. However, the bottorn surface is kept this 
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Figure 2.5: Experimental setup used for Stereo-PIV measurements. 

way, because otherwise it would lead to a rather high water level in the box on top of the 
channel. 

The total setup for Stereo-PIV withall its adjustments is presented in figure 2.5. The accuracy 
of Stereo-PIVis estimated by the processing of a reference field with known physical displace
ments. This is described in appendix A.3. The rms-values of the three directions are different, 
since the field is reconstructed by a least squares method. The rms-values and the mean of 
the x,y and z displacements are a measure of the accuracy. When a known displacement 
field of Sx = 0, Sy = 4 and Sz = Omm is postprocessed, the rms-values are 0.021, 0.153 and 
0.030mm, respectively, with mean displacementsof 0.006, 4.06 and 0.030mm. The inaccuracy 
in y-direction is significantly higher than the other two, because this concerns the wali-normal 
displacements which have to be reconstructed out of the streamwise and spanwise component. 

2.2.4 Combined Stereo PIV-LIF 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 · w-2m and 
hole diameter of 1·10- 3m the fluorescent dye Rhodamine Bis inserted in the boundary layer, 
see figure 2.6. The dye inlet is positioned 0.19m 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 theemission 
spectra of Rhodamine B is located at a wavelength of À=575 nm) . This emitted light from 
the streaklines is used to visualize the flow. 

16 



Chapter 2. Expe'rimental Setup and Techniques 

Rh-B CCD camera 

~ ' • ,. 
I I I o 

Rhodamine-B f i : '.. 
flow ... 

grid 

mirror 

... . . . . . 

laser 

Figure 2.6: Schematic representation of the LIF method applied in a horizontal configuration. 

In the experimental study on the bypass transition process use is made of a combined Stereo
P IV and LIP measurement technique, see figure. With this technique two partiele images 
and one LIP-visualization image are recorded tagether at the same time, using t he same laser 
pulse. Note that as a result each velocity field is related to two visualization fields. The 
strong advantage of combining 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 he isolated in the 
velocity field. 

Predominantly, the LIP measurement results are qualitative used to determine the boundary 
layer condition, that is laminar, transitional or turbulent. Since t he LIP method is not used 
quantitatively, no accuracy is determined for this method. 

2.3 Water Channel Characteristics 

In this section the water channel charaderistics for the water channel are determined. This 
is for the situation when there is no static turbulence grid placed in the measuring section. 

2.3.1 Boundary Layer 

After an impravement of the water channel, described in appendix B, a vertical boundary 
experiment on the flat plate is carried out for a laminar main flow, so without turbulence 
grid. Por this experiment the camera is positioned at 0.8m downstream the leading edge of 
the plate, and the field of view is 0.08x0.08m. The main flow velocity is around 0.12m/ s. 
The results contain 1000 image pairs and with 14.8H z, this covers a t ime span of about 70 
seconds. The time step is chosen to be 7ms, which is equivalent to lOpix as the maximum 
displacements. The results are postprocessed with an in terragation window of 24x 24pix 
without overlap. Of every image pair, one column of velocity vectors, situated in the center 
of the field of view, is taken. The velocity profiles in vertical direction are presented in figure 
2.7. 
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Figure 2. 7: Velocity profiles obtained without turbulence grid at 0.12m/ s and 0.8m from the leading 
edge. 

T he yellow lines represent velocity profiles divided by t he average main flow velocity, while 
t he blue lines represent t he same velocity profiles but now divided by instantaneous main flow 
velocity. The thick white line shows t he average velocity profile. The velocity starts at about 
zero at t he plate surface and goestoa main flow velocity of about 0.12m/ s as t he height 
increases. The main flow velocity is reached at about 0.015m above the plate, which is an 
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Figure 2.8: Mean velocity profile obtained without turbulence grid at 0. 12m/ s and 0.80m compared 
to the Blasius profile. 
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approximation for the boundary layer thickness 6°·99 . 

To compare the results with Blasius, the average velocity profile is plotted tagether with the 
theoretica! Blasius salution in figure 2.8. The average velocity profile is divided by the average 
main flow velocity. The vertical position y is divided by the theoretica! boundary layer thick
ness at the average main flow velocity ( equation 1.1). Because of the temperature sensitivity 
of the kinematic viscosity v, see appendix C, the temperature also has been measured. The 
measured temperature is for this experiment 23.0°C. In the remainder of this report, the 
temperature is kept close to this value. 
Now, the dimensionless profile can be plotted tagether with the theoretica! Blasius profile 
(figure 2.8). 
The experimentally found velocity profile "o" matches the theoretica! Blasius salution "-". 
The theoretica! displacement thickness for under these conditions should be 4.3·10-3m (equa
tion 1.3, with U00 = 0.12m/ s and a temperature of 23°C). Experimentally, a displacement 
thickness of 4.3 . w-3m is found. 

In figure 2. 7 the velocity profiles are divided by the average main flow velocity (yellow), but 
also divided by the instantaneous main flow velocity (blue). When the profiles are scaled with 
the instantaneous main flow velocity, the band of profiles in the main flow is narrower. To get 
a better view, the turbulence intensity Tu [8], in terms of the streamwise velocity component, 
is plotted against the vertical distance from the plate in figure 2.9. The turbulence intensity 
is a measure for the fluctuations as shown in equation 2.5: 

Tu = Urms · 100% 
Uoo 

where Urms is the root-mean-square of the streamwise velocity. 
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Figure 2.9: Thrbulence intensity, in terms of the streamwise velocity component, for the situation 
scaled by average main flow velocity ( o) and by instantaneous main flow velocity ( +), 
obtained without turbulence grid at 0.12m/ s and 0.8m from the leading edge. 
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Inside the boundary layer, the streamwise fluctuations are approximately the same for both 
sealing methods. In the main flow, however, the fluctuations are around 2.5% when scaled 
with the average main flow velocity "o", and 1.2% when scaled with the instantaneous main 
flow velocity "+". It seems that the main flow is fluctuating in time, during the measure
ment. A low frequency variation is found (appendix D), which is probably caused by the 
pressure-driven character of the flow. It is shown that when a turbulence grid is placed in the 
channel, which is the case in all the transition measurements, the low frequency fluctuation 
is not present anymore. 
When the low frequency fluctuation is filtered, by sealing the velocity profiles with the in
stantaneous main flow velocity, the 1.2% fluctuation remains. This camplies with the PIV 
accuracy estimation in section 2.2.2. An explanation for the fact that the fluctuations inside 
the boundary layer are higher than the estimated PIV error, is that it is probably related to 
astrong velocity gradient present in the boundary layer. This gradient possibly deteriorates 
the PIV quality. 

2.3.2 Free Stream 

As the flow travels through the channel, boundary layers grow at the walls of the channel 
and also at the plate. Therefore, the main flow cross-section will decrease in downstream di
rection. This causes an increase in the free stream velocity. From an estimated displacement 
thickness, the development of the main flow velocity can be calculated. Assumed is that the 
boundary layers at the side walls and the ceiling start to grow right after the turbulence grid, 
while the boundary layer growing at the surface of the plate starts at the leading edge of 
the plate. Because the velocity underneath the plate, generated by the suction unit, is not 
exactly equal to the main flow velocity above the plate, the main flow befare the leading edge 
cannot be predicted. 
Out of two sets of experiments executed in the main flow, the free stream velocity is deter
mined. Every set of experiments contains three streamwise positions, to know 0.0, 0.8 and 
1.43m measured from the leading edge of the plate. One set has a vertical configuration, 
where the laser sheet comes from the top, with the sheet parallel to the flow direction and 
the camera captures the images from the side at a center height of 0.3m above the plate. The 
other set of experiments has a horizontal configuration, where the laser sheet is projected 
horizontally from the side at a height of 0.3m above the plate surface and the camera is 
viewing from the top at the center position in spanwise direction. The captured image pairs 
are postprocessed with 32 x 32 interrogation window sizes. The field of view for the vertical 
experiment is 0.080 x 0.080m and for the experiment where the laser sheet is projected hor
izontally it is 0.057 x 0.057m. Every experiment covers a time span of 70s at 14.8H z. This 
leads to 1000 image pairs. Of every image pair, only one column is taken for the calculations, 
so all values are independent. 

In figure 2.10, theoretica! profile is presented as a solid line, the results of the vertical set of 
experiments are plotted with "*" markers, and of the horizontal set with "o" markers. To 
compare all the experiments with each other, the veloeities are scaled by the mean velocity of 
the three measured points per experiment. The average main flow velocity above the leading 
edge is 0.12m/s. The standard deviation of the measurements at 0, 0.80 and 1.43m are 4%, 
3% and 2%, respectively. During the experiments an increase in main flow velocity of about 
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3.5% is found. This corresponds with the theoretical increase. 
Of the same two sets of experiments as described above, the fluctuations are determined. Out 
of the vertical set of experiments the fluctuations in streamwise u' and vertical v' direction 
are determined, and out of the horizontal set the fluctuations in spanwise w' direction are 
determined. Those fluctuations are normalized by dividing them by the average main flow 
velocity U00 • U00 is taken as the average main flow velocity in streamwise u direction for 
all directions. To get a value for the total turbulence intensity the three components are 
combined as explained in equation 2.6. In figure 2.11 the separate velocity fluctuations are 
given. 

(2.6) 

The streamwise fluctuations are presented by "*", the wali-normal displacements by "+" and 
the spanwise fluctuations by "o". The total fluctuations are shown by "<>". The fluctuation 
in vertical direction v is around the 1% as is expected. The other two directions, however, 
have a higher turbulence intensity starting at 3% above the leading edge and show a decay 
to about 1%. One reason for the higher fluctuations streamwise direction u, is that the flow 
straightener could be acting like a turbulence grid at this relatively high velocity. Right after 
the straightener vortices are created by the walls of the small channels. Those vortices are 
oriented around the spanwise and vertical axis, which leads to a higher fluctuation in the 
streamwise direction. Another reason for the high fluctuations in streamwise and spanwise 
direction is that they are possibly caused by the fluctuating free stream velocity (appendix 
D). The shown fluctuations are not corrected for this low frequency variation. The total 
fluctuation is 2.5% and shows a decay to 1.1 %. Correcting for the low frequency variation 
leads to a turbulence intensity of around 1%, which compares with the inaccuracy of the 
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Figure 2.10: Increasing velocity in streamwise direction in the situation without turbulence grid. 
The y-axis corresponds to the normalized streamwise velocity. The x-axis represents 
the distance from the leading edge of the plate. (*) and ( o) are experiment al results 
and (-) is the theoretica! increase. 
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Figure 2.11: Development of the velocity fluctuations over the plate in the situation without turbu
lence grid. The y-axis corresponds to the normalized fiuctuations. The x-axis represents 
the distance from the leading edge of the plate. 

measurement method. 
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Chapter 3 

Free Stream Turbulence 
Characteristics 

The transition processin a boundary layer can praeeed through several paths (figure 1.5). In 
this report, the transition process called bypass transition is studied. Therefore, free stream 
turbulence is induced in the channel. To generate free-stream turbulence, a turbulence grid 
is placed in the water channel. In this chapter, the main flow and the characteristics of the 
free stream turbulence, generated by the turbulence grid, are examined. First, the main flow 
velocity and its fluctuations are determined. Then, estimations are given of the turbulent 
length scales. 

3.1 Turbulence Intensity 

The sets of experiments described in the previous chapter are performed again, but now with 
the static turbulence grid placed in the measurement section. The fluctuations are determined 
and the results are plotted in figure 3.1. 
The streamwise fluctuations are presented by "*", the wali-normal displacements by "+" and 
the spanwise fluctuations by "o". The normalized fluctuation in streamwise u direction is 4% 
above the leading edge and then shows a decay to 2% at 1.43m from the leading edge. The 
vertical v and spanwise w directions are almost equal to each other and show a decay from 
3% to 1.5%. The results have an uncertainty of 1%, explained insection 2.2.2. However, the 
findings by Bradshaw [23], that the spanwise and vertical fluctuations are a bout 75% of the 
streamwise fluctuations, seem to be found for this case of turbulence too. 
If the results in figure 3.1 are now compared to the results for the plain setup shown in figure 
2.11, another remarkable thing has occurred. The turbulence grid caused an increase in turbu
lence intensity in streamwise and vertical direction, but in spanwise direction, the turbulence 
intensity almost stayed the same as in the plain setup. The total velocity fluctuation, also 
called the turbulence intensity, is determined by equation 2.6. The total fluctuation increased 
with the placement of the static turbulence grid from 2.5% to 3.2% above the leading edge. 

In the figure presented above (3.1) the PIV-algorithm is performed with an interrogation 
window size of 32x32 pixels. Given that every pixel stands for approximately 0.08mm, 
the interrogation window has a physical size of 2.5x2.5mm. Knowing this, there are two 
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Figure 3.1: Development of the velocity fiuctuations over the plate. The y-a.xis corresponds to the 
normalized fiuctuations. The x-a.xis represents the distance from the leading edge of the 
plate. 

phenomena that have to be kept in mind, viewing the results presented in this chapter. 
In the first place, the velocity field, divided into the small interrogation areas, does not 
represent the actuallocal veloei ties, but averaged veloeities over the 2.5 x 2.5mm interrogation 
windows. Especially, regarding the velocity fiuctuations, this causes a loss of information. The 
smaller the interrogation window, the less averaging takes place, so the better the estimation 
is. But taking too small interrogation windows leads to another problem. PIV neecis a certain 
amount of particles to correlate correctly. When there are not enough particles there is no 
significant correlation peak and the resulting velocity vector presented by the algorithm is 
erroneous. In figure 3.2 the total velocity fiuctuation above the leading edge of the plate is 
plotted for varying interrogation window sizes from 64x64 to 8x8 pixels. 
A more or less linear increase can be observed when decreasing the size of the interrogation 
window. The fiuctuations resulting with a window size of 16x16 and 8x8 pixels are higher 
than would be expected by the linear increase. This is caused by the occurrence of wrong 
velocity vectors. In table 3.1 the percentage of wrong veetors is given per interrogation window 
size. 
The criterium for a vector to be judged as wrong, is a deviation of more than 3a from the 
mean velocity per direction (where a is the standard deviation of the velocity veetors in a 
field). The chosen interrogation window of 32 x 32 pixels for this set of experiments is resulting 

singlelinecheck=off 
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Figure 3.2: Resulting velocity fiuctuations above the leading edge for varying interrogation window 
sizes. 

in 0.1% wrong vectors. 
The linear increase of velocity fluctuations with decreasing interrogation window sizes does 
notcontinue till an interrogation window close to zero. In the energy spectrum of turbulence 
the energy is divided in vortices ranging from the largest, integral, scales till the smallest, Kol
mogorov, scales. When the vortices reach the Kolmogorov length scale, dissipation converts 
the turbulence into heat. If the interrogation area would decrease till below the Kolmogorov 
length scale, the increase in velocity fluctuations should flatten out. No extra velocity fluc
tuations are measured below the size of the Kolmogorov length scale. The actual fluctuation 
above the leading edge is a little bit higher than the 3.2%, as was determined for a 32x32 
window. It is estimated to be around 3.6%. 

3.2 Kolmogorov Length Scale 

Out of the velocity fluctuations the turbulent kinetic energy can be calculated with equation 
3.1. 

(3.1) 

Taking the total velocity flucutations, the result "*" is plotted in figure 3.3 on a double 
logarithmic scale. 
The vertical axis represents the kinetic energy of the fluctuations in [J] and the horizontal 
axis represents time in [s]. The time is related to the streamwise position above the plate, 
which is divided by the average free stream velocity U00 • With an free stream velocity of 
about 0.12m/ s, the leading edge is reached at t = 7.5s. 
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Figure 3.3: Development of turbulent kinetic energy over the plate. 

The turbulent kinetic energy decays over the plate. Mathieu [11] states that the decay of grid 
turbulence is well described by a power law as: 

(3.2) 

The condition for this equation to be appropriate, is that ReL » 1. The ReL is defined as 
the Reynolds number based on the integral scale, as in equation 3.3. 

u'L 
ReL=

v 
(3.3) 

in which L is the integral scale. According to literature [26], the integral scale has a size 
between the rod diameter (8mm) and the mesh diameter (40mm) of the grid. Mans [19] 
estimated the integral scale for the water channel from auto-correlation and that resulted in 
25mm. Above the leading edge till the end of the plate the Reynolds decays from 100 to 
75[-], respectively. Those values all meet ReL » 1, soit can be assumed that equation 3.2 
hol ds. 
The dashed line plotted in figure 3.3 represents a theoretica! decay using the power law pre
sented in equation 3.2. The theoretica! decay of the power -1.3 fits the measured decay in 
the channel. The kinetic energy above the leading edge is about 2 · w-5 J for a cubic volume 
with a riblengthof the interrogation window (2.5mm). 

For a characterization of the turbulent structures present in the flow, the vortices can be 
described by three turbulent length scales. The integral scale stands for the size of the largest 
turbulent vortices. Those vortices are induced by the turbulent grid, placed in the beginning 
of the channel. The Kolmogorov scales represent the size of the smallest, dissipative scales of 
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turbulence. The Kolmogorov length scale is given by: 

(3.4) 

In which vis the kinematic viscosity and Eis the energy dissipation of the turbulence. Before 
an estimation can be made for the Kolmogorov length scale, the dissipation has to be esti
mated fi.rst. 

Out of the kinetic energy profile, the dissipation rate E can be determined. The dissipation 
rate is defined as (Nieuwstadt [7]): 

de kin 
--=-E 

dt 
(3.5) 

Taking the time derivative of the theoretica! fit of the kinetic energy 3.3 the dissipation is 
plotted as asolid line in figure 3.4. 
Another estimation for the dissipation rate is given by (Saarenrinne [28]): 

(3.6) 

In this equation "A" is a constant ( equal to 1.6), u' is the turbulent velocity and L is the 
integral length scale. The result is plotted by "+" in figure 3.4. This estimation for the 
dissipation of the turbulent kinetic energy is of the sameorder as obtained with equation 3.5. 
The dissipation rate above the leading edge is a bout 4 · 10-6m2 I 83. 

Now the energy dissipation rateis estimated, the Kolmogorov scale can be determined from 
equation 3.4. Taking the energy dissipation above the leading edge, 4 * 10-6m2 I 83, and as
suming a kinematic viscosity of 1 *10-6m2 I 8, the Kolmogorov length scale r; is in the order of 
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Figure 3.4: Development of the dissipation ra te E over the plate ( dashed line and "+") and of the 
Kolmogorov length scale TJ ( solid line). 
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0. 7mm. The development of the Kolmogorov length scale is plotted in figure 3.5 by asolid line. 

3.3 Taylor Micro Scale 

The Taylor micro scale Àux stands for the scale for which the viscous dissipation begins to 
affect the eddies. It is given by (Piirto [24]): 

2u~MS 
(g~)2 

(3.7) 

The Taylor micro scale for an interrogation window size of 32x32 is plotted by markers in 
figure 3.5. 
The dashed line represents the theoretica! increase curve, determined by the power law pre
sented in equation 3.8 [11]. 

(3.8) 

The size of the Taylor micro scale above the leading edge is around 8mm, according to figure 
3.5. The calculated size for the Taylor micro scale strongly depends on the chosen interroga
tion window. A large interrogation window size smoothes the velocity profile. The gradient 
in equation 3. 7 fiattens faster than the velocity fiuctuations. Smaller interrogation windows 
then lead to a smaller Taylor micro scale, but the occurrence of wrong veetors exaggerate this 
effect. The velocity gradient is highly infiuenced by wrong vectors. So, physically, the Taylor 
micro scale is probably smaller than the one presented. 
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Figure 3.5: Development of the Taylor micro scale over the plate. 
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3.4 Flow Conditions 

Summarizing this chapter, a table is given with the free stream characteristics of the flow 
above the leading edge of the plate. The length scales are given in mm, but by sealing the 
scales with 3L = 5000m-1, they can be made dimensionless. 

1/ 

Table 3.2: Free stream turbulence characteristics above the leading edge of the plate. 

3.2% 25mm 8mm 0.7mm 

3!.... 

5. lüa m 1 
Tu Integral Scale L Taylor micro scale À Kolmogorov scale rJ 
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Chapter 4 

High- and Low Speed Streaks 
'Iransitional Boundary Layer 

• In a 

With the appearance of a turbulent main flow, the transitional process from a laminar to a 
turbulent boundary layer takes place via bypass transition. In bypass transition, streaks are 
formed in the boundary layer, as explained in section 1.2.2. Kadijk [13] already did some 
research regarding those streaks. Since then, the channel flow has been improved and exper
iments have been performed with a larger timespan. 
The boundary layer is observed in a vertical plane, parallel to the streamwise axis, using the 
PIV method. First, the velocity profiles are shown. After that, the wali-normal disturbance 
distributions at several streamwise positions are presented and compared with the distribu
tion resulting from the optimal growth theory (Luchini [16] and Andersson [1]). 

4.1 Wall Normal Velocity Profiles and their Relation with the 
Blasius Profile 

The boundary layer is observed at five streamwise positions measured from the leading edge 
of the plate (x = 0.34, x = 0.55, x = 0.80, x = 1.12 and x = 1.43m). The laser sheet is 
placed verticaliy, parallel to the streamwise direction of the flow, and in the center of the 
water channel. At every position two times a thousand image pairs are captured, which is 
similar two timespansof about 70s. The timespan is chosen this large to ensure that enough 
statistica! events are captured. The possible events are positive and negative streaks as weli 
as turbulent spots. The order of the length of a streak is about one length of the plate. 
Withaplate lengthof 1.70m and a main flow velocity of about 0.125m/s this gives a dura
tion of about 14 seconds per streak, or 5 streaks per experiment. The width of each image 
equals 0.082m and the average pixel displacement in the free-stream region is about 10 pixels. 

From the instantaneous wali-normal velocity profiles an average streamwise velocity profile 
is determined for every streamwise location, by taking the ensemble average, U(y). In figure 
4.1, a thousand normalized instantaneous velocity profiles u(y)jU00 , as function of the di
mensionless wali-normal coordinate y/8* of the experiment at streamwise position x= 0.80m 
are presented by solid lines. The average velocity profile "+" is drawn and the theoretica! 
Blasius boundary layer is given by the dashed line. The average displacement thickness 8* is 
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determined from the average velocity profile using equation 1.2. 
The displacement t hickness is determined several times in this section. For a higher accuracy, 
only the data till 4 times the theoretica! displacement thickness is used in the determination. 
All data above this point are far outside the boundary layer and only cause errors in t he 
determination. The cutoff point is not chosen too small, because then it is possible that it is 
inside t he boundary layer. That would also result in a wrong estimate of the displacement 
thickness. 
The average velocity profile matches the Blasius profile, but t he separate profiles do not match 
this Blasius profile most of the time. The presence of streaks results in a wide range of bound
ary layer profiles. The instantaneous profiles with a stronger gradient show the presence of 
high speed streaks, while the profiles with a weaker gradient show the presence of low velocity 
streaks in the boundary layer . 

In figure 4.2, t he average streamwise velocity profiles in t he boundary layer at x = 0.34( + ), 
0.55(*), 0.80(t>), 1.12(o), 1.43(<>) are presented, together with the theoretica! Blasius profile 
(-). The figure shows that all average velocity profiles are very similar to the Blasius solution. 
This behavior has already been reported by Matsubara and Alfredsson [20]. 

Of t he two experiments at all five positions the displacement t hickness is determined. In fig
ure 4.3, the mean of the determined displacement thickness at the five streamwise positions 
are plotted against t he streamwise location "*". The theoretica! displacement thickness in 
case of a laminar boundary layer (Blasius solution) is plotted by the dashed line. 

The displacement thicknesses compare with a theoretica! profile that is displaced 7cm down
stream. This implies that t he stagnation line is not positioned at t he leading edge, but 7cm 
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Figure 4.1: A thousand normalized instantaneous u-velocity profiles (solid lines) together with the 
average profile ( +) and the Blasius profile ( dashed line) as function of the dimensionless 
wali-normal coordinate yjo*. 

31 



Chapter 4. High- and Low Speed Streaks in a Transitional Boundary Layer 

Figure 4.2: Average velocity profiles for the boundary layer, in case of grid turbulence, at x 
0.34(+), 0.55(*), 0.80(1>), 1.12(o) , 1.43(o) , Blasius profile(- ). 

downstream of the leading edge. The experimental displacement thickness at a streamwise 
position of 1.43m is slightly larger than the theoretica} value at that position. The boundary 
layer is probably in transition to t urbulence sometimes at the end of t he plate. A turbulent 
boundary layer has a larger displacement thickness. 

0.6 0.8 1 
Streamwise position x (m) 

Figure 4.3: Displacement thickness developing over the plate "*" compared with theoretica! profile 
"- " shifted 0.07m downstream. 
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In figure 4.1 the streamwise velocity is presentedas function of the dimensionless wali-normal 
coordinate y / ó* , in which ó* is the displacement thickness of the average velocity profile. As 
mentioned above, t he presence of streaks resulted in a wide range of velocity profiles. If the 
velocity profiles are scaled by t heir instantaneous displacement thickness ó* ( t), the varianee 
in profiles is much less. In figure 4.4 the same t housand normalized instantaneous velocity 
profiles u(y) jU 00 are plotted, but now as function of t he dimensionless wali-normal coordinate 
yjó*(t). The average velocity profile is drawn with "+" markers and the theoretica! Blasius 
boundary layer is given by the dashed line. The figure shows that the profiles coliapse, reveal
ing an almast self-similar profile. The velocity profiles in t he streaks scale back to t he Blasius 
solution. It also means that the free-stream t urbulence results in a deviation of t he thickness 
of t he boundary layer. At high speed streaks, the boundary layer thickness is smaller, while 
in low speed streaks the boundary layer is thicker than in the laminar case. The velocity 
profile is unaffected if scaled with the instantaneous displacement thickness compared to a 
laminar boundary layer matching the Blasius solut ion. 

One could state that the fluctuation in the free stream velocity, as mentioned in appendix 
D, can cause this variation boundary layer thickness. To exclude this possibility, the correla
tion coefficient between the instantaneous displacement thickness ó*(t) and the instantaneous 
main flow velocity U00 (t), shown tagether in figure 4.5, is determined. Out of the resulting 
correlation coefficient of - 0.20 it can be concluded that a possible fluctuation in main flow 
velocity is not the cause of the varying boundary layer thickness. 

Out of the plotted instantaneous displacement in figure 4.5 the typical streak-length can be 
determined. The high peaks represent low speed streaks, and t he valieys are high speed 
streaks. During t he experiment of 70s 4 high speed streaks and 4 low speed streaks can be 
detected. This gives a typical streak lengthof about 9s or l.lm. 

Figure 4.4: Velocity profiles scaled with instantaneous displacement thicknesses. 
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Figure 4.5: Comparison of instantaneous displacement thickness (red) and instantaneous main flow 
velocity (black). 

I 
"~ 

0.015,----,---.-----.-----.----.---.---.------, 

0.01 

0.005 

0.5 1.5 2 
yl~' 

2.5 3.5 

F igure 4 .6: Disturbance profiles as function of the normalized wali-normal coordinate yj8* at x = 
0.34(+) , 0.55( *), O.SO(t>), 1.12(o), 1.43(o)m. 

4.2 Wall Normal Disturbance Profiles 

The structure of the velocity perturbations is represented by a disturbance profile, which 
gives t he rms-value of the streamwise velocity Urms as function of t he normalized wall-normal 
coordinate, containing the mean displacement thickness o*. For all five positions, mentioned 
in the previous section, the disturbance profiles are determined for the two sets per location 
and t he average of t he two results are shown in figure 4.6. 
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The figure shows that all disturbance profiles show a similar trend, reaching a maximum 
at yjo* = 1.3[-]. For increasing streamwise positions, the maximum gets larger. This 
means that the amplitude of the disturbances increases in streamwise direction. This is also 
presented in figure 4.7, where the disturbance energy is shown as the squared maximum of 
the disturbance profile normalized with the squared main flow velocity, as function of the 
streamwise coordinate. 
The values in the figure have a accuracy of 1(mm/s)2 and they show a linear increase in 
disturbance energy till a value of 12 · 10-3 for u~ms,maxfU!. This corresponds with the re
sults obtained by Matsubara and Alfredsson [20], who showed that the disturbance energy 
increases linear in streamwise direction till a value of 11·10-3 for u;ms maxi U!, after which it 
increases faster. Only the disturbance energy at x = 0.8(1>) deviates' from this linear trend. 
A plausible explanation is that the number of transitional events present in those two time 
spans of 70s significantly exceeds the statistica! average at this streamwise position. If the 
time spans were chosen to be larger the results would become more accurate, statistically, 
but unfortunately this is not feasible due to practicallimitations. 

Luchini [16] and Andersson et al. [1] independently determined in their numerical studies 
that the initial disturbance giving the largest perturbation in the boundary layer consists of 
streamwise vortices causing the arising of streaks. These studies show the linear increase in 
disturbance energy mentioned above with a maximum at yjo* ~ 1.3[-]. The experimentally 
found disturbance profile at x = 0.8m is compared with the numerically found disturbance 
profile found by Luchini [16] in figure 4.8. 
The experimental profile shows a good comparison with the numerical disturbance profile 
resulting from optima! growing disturbances from Luchini [16]. Only for large wali-normal 
positions the profiles start to differ from each other, as the experimental profile is higher than 
the numerical profile. This is because in the experiments the boundary layer is subjected to 
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Figure 4. 7: Maximum val u es of the rms of U (y) in the boundary layer in case of grid turbulence. 
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Figure 4.8: The disturbance profile at x= 0.80m normalized with the maximum of the streamwise 
fiuctuation (-o-) compared with the numerically found profile by Luchini (-). 

a turbulent main flow, while in the numerical profile the main flow contains no disturbances. 
The behavior of the disturbance profile at a streamwise location of x = 0.8m holds for all 
five streamwise positions. The good resemblance between the experimental and the numeri
cal results shows that the profile corresponds to some fundamental mode triggered in the flat 
plate boundary layer, when exposed to high free-stream turbulence levels. 

4.3 Adjusted Sealing 

In the first section it is already shown that the velocity profiles show a sort of a self similar 
behavior when they are scaled with the instantaneous boundary layer thickness ó*(t), as in 
figure 4.4. It was concluded that the boundary layer thickness deviates in the case of streaks, 
but that the velocity profile remains equal to the Blasius solution. 
In figure 4.9 the disturbance profile of this self-similar profile at the streamwise location of 
x = 0.8m is plotted and compared with the disturbance profile in figure 4.8. The profile 
given by (-o-) is the disturbance profile when scaled with the mean displacement thickness. 
The lower dashed line stands for the disturbance profiles when the velocity profiles are scaled 
with the instantaneous displacement thicknesses. 
The unscaled profile goes to a maximum of O.Ollm/ s at 1.46'*, after which it decreases to 
0.003m/ s in the main flow. When all profiles are scaled, the peak has almost disappeared. 
The maximum value now is 0.0045m/ s at about 1 time ó* and afterwards a decrease to 
0.003m/ s in the main flow. The fluctuations inside the boundary layer are not significantly 
higher than the fluctuations in the main flow. The disturbance profiles when the velocity 
profiles are scaled with the instantaneous displacement thickness are determined for all five 
streamwise locations (4.10). They all have approximately the same shape and the profiles all 
seem to beself similar. Note that the results are become more inaccurate, as the displacement 

36 



Chapter 4. High- and Low Speed Streaks in a Transitional B oundary Layer 

0.012,---,----,------,-----,-----,---,-----,------, 

0.01 

0.008 

~ 
-. 0.006 
~E 

0.004 

0.002 

I 
I 

(/) 

l 

I 

0.5 

I 

I 
~ 

1.5 

\ 

\ 
\ 

l!l 

2 
ylf!H 

-:- ____ ,... 

2.5 3.5 

Figure 4 .9 : The Tms-values of the streamwise velocity profile ( -o-) together with the disturbance 
profile when scaled with the instantaneous displacement thickness (-) as function of the 
wall-normal coordinate y/ó*. 
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Figure 4.10: Disturbance profiles as function of the normalized wall-normal coordinate yjó* at 
x = 0.34(Ted), 0.55(gTeen), 0.80(cyan) , 1.12(blue), 1.43(black)m, when scaled with 
the instantaneous displacement thickness. 

t hickness cannot be calculated exactly. At 1.5<5*, t he profiles of x = 0.55m and further seem 
to show a dip. A lower estimate of t he error of the profiles is l mm/s, so t he dip could also 
be a coincidence. 

Out of t he preceding results it can be concluded that t he disturbance profile measured in a 
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Figure 4.11: Normalized fiuctuation profile compared to numerically found profile by Luchini. 

boundary layer exposed to strong free stream turbulence is a result of the presence of the low 
and high speed streaks. This is also supported by the following. 

As the normalized Blasius profile is multiplied by a Gaussian random set of 1000 boundary 
layer thicknesses, a normalized velocity fluctuation profile presented in figure 4.11 is obtained. 
The resulting velocity fluctuation profile is plotted by "+" and the fluctuation profile of the 
optimal growth theory is plotted by a solid line. Both profiles do not differ significantly and 
show a maximum at 1.2 or 1.3o*. This implies that the typical disturbance profile of the 
optimal growth theory is mainly a consequence of the presence of streaks. An explanation 
for this is that the highest deviation takes place at the steepest part of the Blasius velocity 
profil es. At around 1.3o*, the velocity times the first derivative, u~~, contains a maximum. 
This is the location where the high and low velocity streaks deviate most from the theoretica! 
Blasius profile. 
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Chapter 5 

Sinuous and Varicose Instahilities 

5.1 Intrad uction 

The breakdown of streaks is believed to be caused by a secondary instability of the infiectional 
type, developing on the low speed streaks. Two fundamental secondary instability modes are 
distinguished in earlier research, based on the infiectional profile of the perturbations. The 
sinuous mode is believed to be primarily triggered by spanwise shear and thus related to the 
spanwise infiectional profile. And the varicose mode is induced by wall-normal shear and 
hence related to infiection points in wali-normal direction. Several numerical studies have 
been performed regarding the breakdown process. An advantage of numerical studies is that 
the breakdown can be observed 3D, but a disadvantage is that the perturbations that cause 
the breakdown are generated artificially, and could be different from real world conditions. 
Experimental studies have been performed too, for instanee by Clerx [2]. Clerx used the 2D 
PIV method to examine the transition process. In this chapter, a sinuous and a varicose 
breakdownprocessis examined using Stereo-PIV. With this method the third (wall-normal) 
velocity component can be determined as well as the streamwise and spanwise velocities. 
This is important since the transition process contains highly 3D structures, according to 3D 
numerical studies by Brandt [4]. After the examination of the two breakdown processes, a 
hypothesis is proposed for breakdown. The hypothesis is compared with the experimental 
results and those results are also compared with earlier research. 

5.2 Analysis of the Breakdown Process 

With the Stereo-PIV setup combined with LIF visualization (see chapter 2) a volume of fiuid 
is observed, while traveling from the leading edge of the fiat plate, till the end of the channel. 
The cameras run at a speed of 0.098m/s (or 0.78U00 ) with the flow, so the samevolume of 
fiuid is observed during the experiment. Note that this velocity is lower than the average free 
stream velocity U00 , because in the boundary layer the velocity is lower. LIF visualization 
is used to see whether an instability is captured, or not. Under the free stream parameters 
presented in chapter 3 and a field of view of approximately 8 x 8cm an instability is captured 
in approximately one of every 50 runs. Because of the strong zoom of the flow field, only one 
out of five captured runs contains an interesting part of the breakdown process. Image pairs 
are taken at a rate of 14.8H z and the time delay between two images is 15ms. This gives 
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maximum pixel displacementsof about llpix in a pair. The image pairs are postprocessed 
using PIVtec, with an interrogation window size of 32 x 32pix, with an overlap of 50%. Out 
of the captured instahilities one sinuous-like, and one varicose-like instability are chosen and 
they are analyzed in the following subsections. 

5.2.1 Sinuous Breakdown 

To analyse the sinuous breakdown experiment, 4 image pairs are selected and the results are 
presented in figures 5.1 and 5.2. In the fust figure the results are plotted in a 2D top view, 
while the second figure also shows the third velocity component by colaring in the vector field. 
The images in both figures correspond to each other. In the figures, the streamwise direction 
is from left to right. The velocity veetors represent the velocity fluctuations in streamwise u' 
and spanwise direction w' in m/ s. The average velocity of the total field of view is subtracted 
from the flow field in both directions. The background colaring in the figure 5.1 refers to 
the values of the streamwise component u'. Blue colared areas indicate negative u'-values, 
while yellow to red colared regions represent positive u'-values. In this way the high and low 
speed streaks are visible. In the figure 5.2, the colaring refers to the values of the wali-normal 
component v'. Blue colared areas indicate negative v'-values, so a movement towards the 
plate, while yellow to red colared regions represent positive v'-values, thus movement off the 
plate. 
As mentioned before, the cameras are running with the flow, and by looking at the results 
of the relative velocities, it has become clear that the camera speed is equal to the velocity 
of the high speed streaks. So, the fluid and the structures that can be observed in the high 
speed streaks in the figures stand still relative to the camera as time progresses, while the 
fluid and structures in the low speed streaks move from right to left. The axes of the field of 
view are given in units 0"300 on the axes of the figures. In this way it is easier to campare the 
results with, for instance, numerical simulations, since the axes are dimensionless. The value 
0"300 is calculated when the Reynolds number basedon the displacement thickness equals 300 
[-] (equation 5.1). 

Uocb"3oo 
Rea• = = 300[-] 

300 l/ 
(5.1) 

With U oe the free stream velocity (0.125m/ s ), and v the kinematic viscosity of water. This 
gives a value of 0"300 = 2.4mm. The field of view is 110"300 in spanwise direction, or 25mm, 
and it is 350300 in streamwise direction, or 80mm. The distance from the plate of the field of 
view is equal to that of the laser sheet, which is positioned at 1.7 times 0"300 , or 4mm, above 
the plate and has a thickness of 1. 7 times 0"300 , or 4mm. 

In figure 5.la, about 1.5 streak pair is visible in spanwise direction. The average streak width 
is around 30"300 . In the streamwise centerline of the figure, a low speed streak is visible as a 
region in which the velocity is lower than the average velocity. Around the low speed streak, 
two high speed streaks are present. Between x/0"300 = 345 and x/03oo = 350 the low speed 
streak is rnaving in positive spanwise direction. And right to this, at x/03oo > 350, the low 
speed streak is rnaving in negative spanwise direction. It seems that this is the start of a 
sinuous movement of the low speed streak. In figure 5.2a it can be seen that, in the low 
speed streak, the fluid is rnaving off the plate, as the region is colared red. In the high speed 
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Figure 5 .1: Evolution in the horizontal plane of three-dimensional structures present in sinuous in
stabili ties, U00 = 0.125 m/ s. Velocity veetors represent the disturbance components u' 
and w'. Backgrow1d coloring refers to the amplitude of u'. The vertical axis displays the 
spanwise and the horizontal axis the streamwise position. 
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stabilities, U00 = 0.125 m/ s. Velocity veetors represent the disturbance components u' 
and w'. Background coloring refers to the amplitude of v'. The vertical axis displays the 
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streak positioned in positive spanwise direction, a blue region can be seen, which means a 
movement of fluid towards the plate. Combining those wali-normal movements, it can be 
concluded that a vortex tube is present, which has its centerline at the edge of the high and 
low speed streak. In both figures, also a vortex is present with its center at (355,21). This 
vortex is a little stretched in streamwise direction. Combining this vortex with the vortex 
tube described above, it seems that the vortex tube is cut by the laser sheet, so that the tube 
is inclined away from the plate in streamwise direction. 

In tigure 5.1b, 0.9s later, a sinuous asciilation is seen. It has a maximum at x = 3806300 . 

Looking at the tigure with the third component 5.2b, large wali-normal displacements can 
be observed. In the part of the low speed streak, upstream of the so-called maximum of the 
sinuous asciilation (x/5300 < 380), the fluid in the low speed streak shows an off-the-plate 
movement. The high speed streak in positive spanwise direction shows a to-the-plate motion. 
The vortex tube now starts at the left side of the present figure. The tube is inclined in 
positive spanwise direction seen from the streamwise direction. The vortex in the horizontal 
plane that was present in the previous shot at (355,21) seems to have moved to the left of 
the field of view and has more or less stretched. The vortex is hardly visible anymore at 
the present time, which implies that the incHnation of the vortex tube with the plate has 
decreased. Downstreamof the maximum, (x/5300 > 380), the fluid in the low speed streak 
has a to-the-plate movement, while the off-the-plate movement can now be seen in the high 
speed streak in positive spanwise direction. The off-the-wali movement present in the up
stream part of this high speed streak has now moved in positive spanwise direction. There 
is a pair of vortex tubes situated in the downstream part of the figure. The vortex tube at 
the edge of the low and the high speed streak is rotating in opposite direction compared to 
the vortex tube present at the edge in the upstream part. A new vortex in horizontal plane 
can be recognized. It is stretched in streamwise direction and has its center at (390,21). The 
vortex tube seems to be cut by the laser sheet and looking at the rotation of the vortex, the 
tube seems to be inclined to the plate in streamwise direction. 

In the tigure 5.1c, representing the flow field 0.75s after figures "b", the amplitude of the 
sinuous asciilation has increased. The amplitude is now about 15300 . The maximum of 
the asciilation is still situated in the center of the field of view, which now corresponds to 
x = 4075300 . The field of view contains about one oscillation. The wavelength of the asciila
tion is about 356300 , or 80mm. This is consistent with the findings of Clerx [2], who found 
wavelengtbs between 35 and 406300 • Camparing the present shots with the previous ones, it 
can be seen that the vortex tubes have moved tagether with the oscillation. In the center of 
the field of view the tubes have moved in positive spanwise direction, while at the left and the 
right si de of the field the tubes have kept their spanwise position. The vortex in the horizontal 
plane in the downstream part of the field can still be seen and bas its center at ( 420,21)). 
It seems that the vortex is less stretched in streamwise direction than in the previous figure. 
This could imply that the incHnation angle of the vortex tube is increasing. 

Finally, in figure 5.1d, where the flow field is presented again 0.75s later, the flow has become 
turbulent in the downstream side of the field of view. Remarkably, the part of the low speed 
streak right to the maximum (x/5300 > 470) has a very strong incHnation with the streamwise 
direction, while the incHnation of the part at the upstream side of the maximum is still the 
same, compared to earlier time steps. The streamwise distance between the maximum and 
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the minimum of the oscillation is now 100'300 . The wall-normal velocities, which are presented 
in figure 5.2d, have increased again in the downstream part of the field. The incHnation angle 
of the vortex tube that was present in the downstream part of the oscillation has increased, 
since the vortex visible in the horizontal plane at ( 483,21) is not stretched anymore in stream
wise direction. After this time, the field of view contains highly 3D structures and it can be 
said that the streaks are broken down to turbulence. 

5.2.2 Varicose Breakdown 

For a varicose breakdown experiment four images have been selected and are presented in two 
figures. One containing 2D displacements and the other one shows the third component. The 
description of the meaning of the veetors and the coloring in those figures is equal to that of 
the sinuous experiment and is described in the previous section. The coordinates are scaled 
by 0'300 , also. 

In the first shot of the field of view (figure 5.3a), the blue low speed area represents a low speed 
streak that is penetrating in a thicker high speed streak, relatively to the camera velocity. 
This causes a discontinuity in streamwise direction at around (222,8). Around this point in 
spanwise direction, spanwise movement is present. It looks as if the high speed fluid is moving 
around the low speed fluid. Together with the third movement, shown in figure 5.4a, the flow 
field is now further described. Upstream of the discontinuity, the fluid is moving off-the-plate, 
which implies that the high speed fluid is forced in upward direction. Weak vortical movement 
is present in the horizontal plane at (233,6). Downstream, in the low speed streak, this vortex 
causes a small off-the-plate movement. Further downstream, stronger vortical movement is 
present around the tail of the low speed streak at (228,5) and (226,9). Fluid is flowing around 
the tail of the low speed streak. The fiuid in this vortex is moving to-the-plate at the sides of 
the low speed streak. Between (230,5) and the end of the figure, a region of high speed fluid 
is showing up. This high speed region was not present in the previous shots of the varicose 
experiment. At a streamwise position of 2450300 a vortex is present at each side of the low 
speed streak. The vortices are moving upward in the low speed streak and down in the high 
speed streaks around (see figure 5.4a). The vortices in the horizontal plane, together with 
the vertical displacements, imply the preserree of two vortex tubes. The vortex tubes are cut 
by the laser sheet, and by looking at the rotation in the horizontal plane, it can be said that 
they are inclined (pointing away from the plate in positive streamwise direction). 

The second shot of the breakdown process (shown in figures 5.3b and 5.4b) represents the 
flow field 0.55s later. The low speed streak bas moved to the left side of the field of view. The 
vortex positioned at (233,6) in the previous shot, bas now moved in streamwise direction to 
(245,6), and has become stronger. At the other side of the low speed streak another, weaker, 
vortex bas shown up. Those two vortices are forming weak vortex tubes with upward move
ment 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. 50'300 downstream those to vortices, the low speed streak is 
incised. A patch of low speed fluid is being formed. The two vortices, that where present at 
2450'300 in the previous figure, are now positioned at a streamwise position of 2630'300 . Those 
vortices are stronger in the image and lead to a second patch of low speed fluid cut off the 
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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 sort of a A-structure, with the head pointing in downstream 
direction. 

In the next shot of the sequence, figures 5.3c and 5.4c 0.6s later, the first patch of low speed 
fluid is running out of the field of view at the left, or upstream, side. The vortices accom
panying the patch are now at the edge of the field of view. The strength of the tube they 
form seems to have increased. The secoud patch has also moved to the left. At the upstream 
side of the secoud patch, the fluid is colliding with fluid having a higher speed. The verti
cal movement is still stronger than the movement of the first patch. Low speed fluid keeps 
moving off-the-plate. The length of the vort ex tubes next to the second patch is around 105300 . 

The last images, figure 5.3d and 5.4d, are again taken 0.6s after the previous shot. The first 
low speed patch has disappeared out of the field of view. The second patch is still inside the 
field and keeps on showing the same configuration of vortex tubes. After these figures, the 
field can be called turbulent, because the spanwise and wali-normal motion keeps on increas
ing. 

5.3 Comparison to Numerical Results 

In this section the events recognized above are compared to numerical work. Brandt [4] per
formed DNS of a boundary layer flow in which he identified a sinuous and varicose breakdown 
of streaks. First, the sinuous breakdown of the experiment is compared to the results found 
by Brandt. Then, the varicose breakdown of the experiment is compared with the numerical 
results. 

5.3.1 Sinuous Comparison 

In figure 5.5, four cross sections during the sinuous breakdown process captured by Brandt 
are presented. The four images cover a streamwise domain of 105300 . 

The horizontal axis represents the spanwise coordinate and the vertical axis shows the wali
normal coordinate. The values at the axis are given in units 5300 . The isolines in the figure 
represent the streamwise velocity component, while the arrows give the velocity in spanwise 
and wali-normal direction w and v. Note that the plane in which Stereo-PIV is performed 
in this report is situated at a wali-normal position of 1.75300 . The sinuous movement of this 
numerical simulation is mirrored in spanwise direction compared to the oscillation in the ex
perimental results. Flipping the horizontal axis in the figures, leads to a same configuration 
of the streak oscillation as it is in this experimental research. 
In figure 5.5a, a counterclockwise vortex can be seen. Looking at figure 5.5b, the vortex is still 
present, which means that it is a vortex tube 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 the section about the 
sinuous analysis, section 5.2.1. If the position of the vortex in figure 5.5b is observed, it has 
moved upward. From this it can be concluded that the vortex tube is inclined off the plate in 
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streamwise direction, as this is also observed in the experimental results. In the same figure, 
another vortex appears at (3,2), rotatingin clockwise direction. The fiuid is still moving off 
the plate in the low speed streak, but the fiuid is moving down to the plate in the high speed 
streak at the other side. In the figures 5.5c and d, it can be seen that the low speed streak 
is moving in negative spanwise direction at the laser sheet height, this is consistent with the 
positive spanwise movement till the maximum is reached in the experimental results. Also 
the vortex tube that is rotating clockwise is moving in the same direction. The images in 
figure 5.5 compare to theevents that happen close to the so-called maximum of the sinuous 
movement of in the field of view of the experimental results. 
Looking at the length scales of the numerical results, a difference is found. The wavelength 
of the sinuous oscillation in the numerical simulation of Brandt is about 156300 , and this is 
about twice as small as the wavelength found in this experimental research (356300). The 
amplitude of the oscillation of the low speed streak in the simulation at the height of the laser 
sheet is about 16300 . This is in the same order as in the experimental results. 
It can be said that the structures of the events compare for the numerical and experimental 
results, but the length scales found in the experiment do not match the numerical simulation. 

5.3.2 Varicose Camparisou 

Brandt [4] extracted a varicose breakdown process. Of this result, six cross-sections of the 
flow are made and plotted in figure 5.6. 
The horizontal axis represents the spanwise coordinate and the vertical axis shows the wali
normal coordinate. The values at the axis are given in units 6300 . The isolines in the figure 

(a) 

(c) 

Figure 5.5: Vertical planes in the cross-stream directions showing details of the sinuous breakdown 
simwation by Brandt [4] The arrows represent the spanwise and wali-normal veloci
ties, while the solid lines indicate constant streamwise velocity. The thick dashed lines 
represent constant negative values of À2 and show the core of the vortical structures. 
(a)x = 304, (b)x = 307, (c)x = 311, (d)x = 314. 
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represent the streamwise velocity component, while the arrows give the velocity in spanwise 
and wali-normal direction w and v. Note that the plane in which Stereo-PIVis performed in 
this report is again situated at a wali-normal position of 1.76j00 . 

The cross-sections represent the flow field just before it turns into a turbulent spot. The 
streamwise domain that is covered is llój00 , and contains almost one period of events. In the 
experiments it is already mentioned that the instahilities move out of the field of view at the 
left, or upstream, side. Therefore, the events presented in the first three images, a,b and c, 
are only present in the field of view in an early stage of the transitional process. Just before 
breakdown occurs, the locations where shots d,e and f, are made, are still in the field of view 
and can thus be compared with the experimental results. 
In figure 5.6d, four vortices can be seen. Two vortices are present high in the boundary layer 
and the other two vortices have their core closer to the plate. The lower vortices are spanwise 
positioned at the edges of the low speed streak, looking at the isolines, and they are rotating 
in such a way that the fl.uid in the low speed patch is moving upward, while the fl.uid in the 
neighboring high speed streaks is moving towards the plate. In next two figures 5.6e and f 
those two vortices are still present, which means that they represent vortex tubes. The tubes 

(a) (b) 

(c) (dJ 

(e) (fJ 

Figure 5.6: Vertical planes in the cross-stream directions showing details of the varicose breakdown 
simulation by Brandt [4]. The arrows represent the spanwise and wall-normal veloci
ties, while the solid lines indicate constant streamwise velocity. The thick dashed lines 
represent constant negative values of .Àz 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. 
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are coming closer spanwise downstream and describe a kind of a A-structure with its head 
pointing downstream. This A-structure is equal to the structure found in the experiments. 
The configuration is the same and the rotation is in the same direction. The A-structure is 
inclined away from the plate in downstream direction. This could not be seen in the Stereo
PTV results in the horizontal plane. 
The low speed patch in the figure bas a width of about 4oj00 . This is equal to the experimental 
results. The length of the vortex tubes, or A-structures is 8oj00 in streamwise direction. So 
the tubes are half the length of a low speed patch. This is comparable to the length found in 
the experimental results, which is about 10oj00 . 

5.4 Hypothesis Breakdown Mechanism 

Combining the experimental results presented in this report, the numerical results of Brandt 
[4], as well as the experimental results found by Clerx [2], the following hypothesis of the 
breakdown processeses is proposed. 

Regions of high and low velocity are present in the boundary layer due to interactions with 
free stream turbulence. A possible origin of the high and low velocity streaks, is ascribed to 
the presence of streamwise vorticity in the main flow. It is believed that those streaky struc
tures are probably generated and maintained by the presence of vortex tubes in the boundary 
layer. At the location of where the low speed streak is formed, the fluid is pulled upward, 
while at the high speed streak the fluid is pusbed downward. This leads to the existence 
of streaks in pairs with. Those pairs elongate and have a finite length. The streak pair is 
inclined in the boundary layer in such a way that the tail of the pair is closer to the plate 
than the head, which is traveling high in the boundary layer. Because fluid close to the plate 
travels at a lower velocity than fluid far above the plate, the head of the streak pair moves 
faster in downstream direction than the tail. This leads to stretching of the streaks and to 
the incHnation of the streak pair in streamwise direction. As the head of the pair moves faster 
than the tail, it can happen that the head of a certain pair of streaks approaches or collides 
with the tail of a pair of streaks positioned further downstream. Note that the heads of the 
high and low speed streaks travel at the samevelocity as they forma pair. The head of a low 
speed streak is only positioned a little further from the plate than the head of the high speed 
streak. 
If enough streak pairs are generated, the boundary layer contains alternating patterns of high 
and low speed streaks in spanwise direction. In streamwise direction discontinuities occur 
when streak pairs approach each other. For instance, a high speed streak can have a low 
speed in front, or another high speed streak, but it can also have a streak pair in front that 
is a little shifted spanwise. Examples of approaching streaks are given in figures 5. 7a and 
5.9a. The configuration of the streaks when two groups approach each other in streamwise 
direction due to stretching is a major factor whether a breakdown is initiated or not. Different 
configurations can also lead to different breakdown mechanisms. Two modes of breakdown 
can be recognized named after the configuration in which two pairs approach each other. In 
the symmetrie case, a high speed streak of an upstream pair collides with a low speed streak 
of a downstream pair. The other mode is called asymmetrie, in which a high speed streak 
approaches a downstream pair somewhere in between the pair's high and low speed streak, 
as is the case in figure 5.9a. In the next two subsections, a description of the breakdown 
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mechanisms succeeding this callision hypothesis is given for the symmetrie and the asymmet
rie mode. The modes examined are explained by figures of simulations performed by Brandt 
and De Lange in unpublished work. Their simulations are based on the streak approaching 
hypothesis described above. 

5.4.1 Symmetrie Mode 

In the symmetrie mode, the streaks approach each other in such a way that an upstream high 
speed streak runs straight into a downstream low speed streak, as is shown in figure 5. 7a. 

At the position 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 around the tail of the low speed streak. The high speed fluid curls around the 
low speed fluid. This can beseen in the third image of figure 5. 7. 
The high speed fluid widens at the point where the tail of the low speed streak is positioned 
and it narrows again a little further downstream. It collides with the low speed streak from 
the side. 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 describe a A-structure with the head of the 
structure pointing downstream. The tubes are rotatingin such a way that the fluid at the 
inside of the A-structure is moving up and fluid at the outside is moving down. A figure of 
the A-structure is shown in figure 5.8. 

The head of the A-structure is positioned higher in the boundary layer, because of the 
strong upward movement in the low speed patch. At the head of the A-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. The high speed fluid that was moving around the low 
speed streak and caused this collision, continues moving further downstream relative to the 
low speed streak. The fluid widens right after the cut-off point and narrows again further 
downstream to cut a secoud low speed patch from the low speed streak, see the last image 
of figure 5. 7. This process repeats itself as time go es by. With every repetition, the var
tices become stronger and the fluid in the low speed patch is pushed further off the plate. 
As the 3D motion becomes stronger in time, at a certain point the flow can be called turbulent. 

5.4.2 Asymmetrie Mode 

The asymmetrie mode can be characterized by the fact that the streak pairs are approaching 
each other in a shifted pattern. For instance, the head of a downstream high speed streak 
is approaching a pair of a high and a low speed streak in the middle. An example of such a 
configuration is given in figure 5.9. 

When the head of a high speed streak collides with the tail of the pair in front, which is 
shifted, the head of the streak is forced in the direction of the downstream high speed streak. 
This is because the low speed streak in the downstream pair forms an obstruction for this 
approaching high speed streak. The part of the high speed streak head that is behind the 
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Figure 5 .7: Evolution of the streaky st ructures dm·ing the symmetrie breakdown, by numerical sim
ulations of Brandt and De Lange, depicted at time t =350, 400, 450 and 500. The light 
(gold) color displays surfaces of positive streamwise velocity, whereas !ow-speed fiuid is 
depicted in dark (blue). The values shown are u- Ubla s = ±0.1 in a) , u - Ubla s = ±0.12 
in b) and c) and u - Ublas = ±0.15 in d). 

52 



Chapter 5. Sinuous and Varicose Instahilities 

Figure 5.8: i\.-structures present in symmetrie breakdown, by numerical simulations of Brandt and 
De Lange, depicted at time t = 450. 

downstream low speed tail is forced to flow over this tail. This can be seen in the second and 
third image of figure 5.9. As the high speed fluid flows over the low speed tail a roll-up wave is 
formed crawling over the low speed surface. This wave induces a vortex tube that is crawling 
on the side of the low speed tail. This means that its axis is more or less parallel to the span
wise direction, and it is inclined in such a way that it is closer to t he plate at the downstream 
high speed side and higher in the boundary layer as it climbs on the low speed tail. This 
vortex tube can beseen as t he small vortex t ube present in figure 5.10. The rotation of this 
vortex tube brings fluid down towards the plate at t he downstream side, and off-the-plate at 
t he upstream side. This rotation causes t hat at the upstream side low speed region is created, 
as for example be seen in figure 5.9c at a streamwise posit ion of about 95ój00 . Behind t he 
vortex tube, in upstream direction, a second roll-up wave is formed crawling up the low speed 
streak surface from t he side. This wave forms a longer vortex tube with its axis pointing in 
streamwise direction with a small incHnation away from this axis. The inclination is caused 
by t he crawling of the tube. Upstream where the short vortex tube has been at an earlier 
time because the head hit the tail from behind, the wave has erawied further on top of the 
low speed streak than downstream. This vortex tube can be seen as the long vortex tube 
present in figure 5.10. The rotation of this vortex tube is that it is bringing fluid off-the-plate 
in the high speed streak, and it is pushing fluid down in t he low speed streak. This rotation 
causes the creation of low speed fluid underneath the high speed head, which can be seen in 
figure 5.9c at a streamwise position of about 80ój00 . The two vortex tubes are attached to 
each other. The short tube is touching the long tube from underneath. As it does so, a kind 
of a dipole movement is formed by t he rotations of the t ubes. The dipole moves in positive 
spanwise direction towards the high speed tail. Breakup in this configuration starts at the 
place where a low speed region is created underneath the high speed streak head. The low 
speed region forms an obstruction for the oncoming high speed fluid and this causes highly 
3D motions. At t his point a turbulent spot is formed. 

5.4.3 Comparison Experimental Results with Hypothesis 

In the next sections t he experimental results named sinuous breakdown and the results named 
varicose breakdown are compared separately with the proposed hypothesis. Before a com-
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Figure 5.9: Evolution of the streaky structures during the asymmetrie breakdown, by numerical 
simulations of Brandt and De Lange, depicted at time t =350, 400, 450 and 500. The 
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Figure 5.10: Vortex tubes present in asymmetrie breakdown, by numerical simulations of Brandt 
and De Lange, depicted at time t = 450. 

parison is made, it has to be taken in mind that not all events happening in the boundary 
layer can be observed using Stereo-PIV. The field of view, which has a thickness equal to 
the thickness of the laser sheet, is positioned at 1.7ó'j00 , or 4mm, above the plate and has 
a thickness of 1. 70j00 , or 4mm. Knowing that the boundary layer thickness at for instanee 
1.12m is about 6ó'j00 , or 14mm, only one third of the boundary layer can be observed. The 
sheet is also positioned in the lower part of the boundary layer. 

Varicose Breakdown 

The varicose breakdown process observed in the experiments seems to compare with the sym
metrie mode described in the hypothesis. This is supported by figure 5.3, where a low speed 
streak is forcing its way in a high speed streak. 
In the first shot of the sequence it can be observed that the head of the high speed streak 
moves off the wall and also sideward, to flow around the tail of the low speed streak. The 
high speed fluid falls again towards the plate as it flows further around the tail. Further 
downstream the A- vortex structures can beseen that cut a low speed patch of the low speed 
streak. At the cut-off location of the streak, a region of fluid with a higher speed can be 
observed, which shows that the high speed fluid has come closer to the plate at the this point. 
Later, a low speed patch can be seen. 
Further it can beseen that the fluid in the low speed patches moves in upward direction, due 
to the vortex tubes in the A-structures. Later, a secoud patch is cut off and it is accompanied 
by the same A-vortex tube configuration. The secoud patch has larger wali-normal veloeities 
than the first patch, which is also stated in the hypothesis. 
A typicallength scale of the symmetrie breakdown process is the length of a low speed patch. 
For the experiment and the hypothesis t his is between 10ó'j00 to 13ó'j00 . 

The varicose breakdown process shown by the experiments are fully comparable with the 
hypothesis stated. Both the structures of the flow field as well as the length scales match. 
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Figure 5. 11 : An image of the single branch breakdown process , captured during experimental re
search of Mans [19]. 

Sinuous B reakdown 

As the varicose mode compares with the symmetrie mode, it is logical to assume that the 
sinuous experiment should compare with the asymmetrie mode. A sinuous like movement 
of low speed fiuid in the horizontal plane can be observed in both the experiment as well as 
the hypothesis. However , this is almost the only point in which t hose experiment and the 
hypothesis compare. The vortex tubes observed in t he experiment are rotating in opposite 
direction as t he two vortex tubes in the experiment. The incHnation of t he short vortex is also 
in opposite direct ion. The length scales are also not of the same order. Brandt and De Lange 
found a typical length scale of 15<5j00 for the wavelength of the sinuous movement . In t he 
experiment, however , the wavelength is around 30<5j00 . The length scales in t he simulation of 
Brandt and De Lange better compare to earlier simulations by Brandt [4] . While t he breakup 
in t he experiment is first seen around the short vortex tube, in t he hypothesis the first motion 
that can be called t urbulent is seen at the upstream side of the long vortex tube. In short, 
it can be concluded that the experiment called sinuous breakdown, does not compare to t he 
asymmetrie mode described in the hypothesis. 

It is worthwhile to note that in Mans [19], a sequence is captured that corresponds with 
the asymmetrie mode of the hypothesis. An image of this sequence, called single branch, is 
presented in figure 5.ll. In this figure, the forming of a low speed region in a high speed 
environment can be seen, as wellas a sinuous movement with a wavelengthof about 15bj00 . 
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Chapter 6 

Conclusions and Recommendations 

In this report, the natural, unforced, breakdown process during bypass transition in a bound
ary layer is experimentally stuclied in a water channel. Using PIV, the free stream turbulence 
characteristics and the streak behavior preceding breakdown is investigated on a fiat plate. 
The 3D motion of two fundamental breakdown modes is experimentally analyzed by the use 
of LIF-visualization and Stereo-PIV. 

Turbulence in the water channel is generated by a static turbulence grid. Above the plate, 
several free stream turbulence characteristics resulting in a bypass transition mechanism are 
investigated using PIV in two different plan es in the main flow, to know the horizontal plane 
and the vertical plane parallel to the streamwise axis. The total velocity fiuctuations caused 
by the turbulence grid are about 3% above the leading edge of the plate and show a decay 
to 1% at the end of the measuring section, 1.43m downstream. A remark must be made that 
the measured values for the fiuctuations are smaller than the real fiuctuations, because of the 
averaging behavior of PIV. Postprocessing the data with different interrogation window sizes 
learns that the actual fiuctuations are about 3.6% above the leading edge, using interpolation. 
The turbulent kinetic energy and the dissipation rate above the leading edge are in the order 
of 2 · w-5 J and 4 · 10-6m2 J s3 and show a decay that compares with power laws stated in 
literature. Out of the characteristics described above, estimations for three typical turbulent 
length scales are estimated, to know the integrallength scale, the Taylor micro scale and the 
Kolmogorov length scale. The order of the length scales above the leading edge are 25mm, 
8mm and 0. 7mm respectively. Note that those can just the order can be estimated as with 
PIV not the complete energy spectrum can be determined. 

The development of the streaks present in the boundary layer in bypass transition is investi
gated with PIV in a vertical plane parallel to the streamwise coordinate. At five measurement 
positions the average velocity profile compares with the theoretica! Blasius profile. A small 
difference can be observed as the displacement thicknesses are slightly smaller in the experi
ments compared to Blasius. An explanation for this is that the stagnation point is possibly 
positioned 7cm downstream the leading edge. The velocity fiuctuation profiles for the five 
streamwise positions show a behavior comparable to the optimal growth theory and have 
their maximum fiuctuation at a wall-normal position of 1.36*. The maximum fiuctuations for 
the different downstream positions show a linear increase over the total measurement domain 
in downstream direction. When the instantaneous velocity profiles are scaled by its instan-
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taneous displacement thickness instead of the average displacement thickness, the velocity 
fluctuation profile inside the boundary layer decreases almost to the main flow fluctuations. 
The velocity profiles scale back to Blasius, which means that the velocity distribution in high 
and low speed streaks campare to the theoretical Blasius profile, but only have a different 
boundary layer thickness. The thickness of the boundary layer is not uniform over the width, 
but shows a wavy motion as it is thinner at a high speed streak and thicker at a low speed 
streak. The velocity fluctuation profile that the optimal growth theory shows is also found 
when the boundary layer is scaled by random thicknesses. The typieal distribution of the 
fluctuations in the optimal growth theory is probably caused because of the maximum in the 
profile when the velocity is multiplied by its first spatial derivative. 

The 3D evaluation of the experimentally sinuous instability mode, with the help of Stereo-PIV 
is as follows. In the low speed streak two vortex tubes are present. A long one and a short 
one that rotate in opposite direction. The long vortex tube is inclined away from the plate, 
while the short tube is inclined to the plate. The vortex tubes cause a sinuous movement of 
the low speed streak seen in the horizontal plane. The long tube is positioned at the upstream 
side of the maximum of the sinuous oscillation, and the short tube is positioned downstream 
this maximum. Because the short vortex tube has its head close to the plate, the incHnation 
increases and at a certain moment when the velocity gradients get too high, the short vortex 
tube will collapse and cause turbulence. 
The experimental varicose breakdown is also observed. Upstream high speed fluid is collid
ing with a downstream low speed streak. Highs speed fluid is moving around the low speed 
streak, causing vortex tubes that force the low speed fluid up and creates high speed regions 
around the low speed streak. The vortex tubes are inclined away from the plate and towards 
each other, descrihing a A-structure. This structure cuts a low speed patch off the low speed 
streak. As the high speed fluid flows further around the low speed streak a second low speed 
patch is cut off showing a similar A-structure. The second patch has stronger wali-normal 
movement and in this patch the flow will turn into turbulent. 
As a result of the experiments, a hypothesis is proposed, based on the callision of streak pairs. 
This hypothesis leads to two breakdown modes based on the type of collision, to know the 
symmetrie and the asymmetrie mode. It is believed that stretching of streak pairs causes col
lisions of pairs in streamwise direction. Heads of upstream pairs run into tails of downstream 
pairs. If an upstream high speed streak runs straight into a downstream low speed tail, sym
metrie breakdown is the result. If an upstream high speed streak approaches a downstream 
pair in between its streaks, asymmetrie breakdown can be seen. In the symmetrie case, the 
high speed fluid flows around the downstream low speed streak cutting low speed patches off 
the streak by A-structures. The asymmetrie mode has a tilted spanwise vortex as the high 
speed fluid runs over one side of the low speed tail. This vortex creates low speed fluid at 
its upstream side. Upstream of this, an inclined streamwise vortex tube at the side of the 
downstream low speed streak creates a low speed region underneath the upstream high speed 
streak. This low speed region is the initiation of a turbulent spot. 
The varicose breakdown mechanism compares very well with the symmetrie mode of the hy
pothesis in termsof structures and length scales. The sinuous breakdown observed, however, 
is not comparable to the asymmetrie or symmetrie mode, neither in structures nor in length 
scales. In experimental research of Mans [19], a breakdown is captured, called single branch, 
that seems to correspond with the asymmetrie mode of the hypothesis. 
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In future experiments and analyses, attention could be paid toa few issues. First, the channel 
could be improved with new valves that have a finer tuning in adjusting the water flows. The 
present valves are fairly rough in this matter, soit is very difficult to get the right flow speeds. 
Another impravement to the channel to get a more uniform main flow velocity is to create 
a pump-driven flow instead of the existing pressure-driven flow. Variations in transitions in 
the boundary layers can cause a varying pressure and so variations in the main flow velocity 
(this was especially observed in the flow without turbulence grid). A pump-driven flow can 
be created by closing the inflow cilinder from the top. 
Furthermore, more measurements can be clone to catch more instabilities. This is a time mat
ter since only in a few runs instahilities are caught. To increase the chance of the capturing 
of an instability and to get a better overview of the instability is to increase the field of view. 
Also measuring at different heights in the boundary layer could give more information in the 
3D behavior of the instabilities. 
Finally, it could be worthwhile to view the streaks in the boundary layer in a different plane. 
During the research Stereo-PIV measurements have been performed in the vertical plane par
allel to the spanwise direction. Due to time restrictions, those measurements have not been 
postprocessed yet. In those measurements it could beseen whether the streaks consist of rolls 
and if streamwise vortices in the free stream just above the boundary layer, supposed to be 
the driving force for the existence of the streaks, are present. 
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Appendix A 

Stereo-PIV 

A.l Stereo-PIV Calibration 

It is important to know for each camera what image position camplies with what physical 
position. Also, to combine the two image pairs, the physical positions in the images at which 
the reconstruction of the vector field is applied, need to be the same for both cameras. 
To calibrate the images, a 3D-calibration grid is used. At the top and the bottorn of the 
grid small dots with a diameter of 0.6mm are milled. Those dots are positioned in a square 
line-out with an equal spacing of 8mm. It is important that the dots at the top surface and 
the bottorn surface are positioned exactly above each other. In this case, the accuracy is 
10J.Lm. The laser sheet thickness is 4mm. The calibration grid thickness is also chosen to be 
4mm to be able to calibrate over the sheet thickness. The larger distance between the dots in 
the in-plane directionsis chosen to be larger than the sheet thickness to be able to see which 
dots form a pair in the out-of-plane direction. 
Another issue in the Stereo-PIV calibration is that the two images physically match. In other 
words, it is important to know which dots seen by camera 1 correspond to which dots in cam
era 2. For this reason three dots at the top surface and the same three dots at the bottorn 
surface of the grid are milled twice as big (1.2mm) as the other dots. The three dots have 
an 'L' configuration. In one direction one grid spacing is left between the dots, while in the 
other direction two grid spacings distance is present in between the dots. Now the physical 
position as well as the direction of the grid are known. 
At the calibration, the grid is placed in the water channel in such a way that the centerline 
of grid in out-plane-direction is at the same height as the centerline of the laser sheet in this 
direction. Both cameras capture an image of the grid in this position, which results in the 
images shown in figure A.l. 

As can beseen in figure A.1, the cameras are viewing the sheet-volume under an angle. This 
results into warping of the image. The magnification factor differs in the position of the 
image. For example, the left side of the image of camera 1 has a larger magnification than 
the right, because the distance of the object to the image is shorter at the left side. This 
warping implies that a part of each camera image cannot be used for Stereo-PIV, because the 
two images are stretched in opposite directions. Physically, one camera sees particles that 
the other camera cannot see, and vice versa. 
Mter capturing the two calibration images, the dots are located by a computer algorithm. 
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Appendix A. Stereo-PIV 

Figure A.l : Calibration images used for Stereo PIV. 

Figure A. 2: Schematic representation of the ocular placed in front of the camera. 

Before this is clone, each calibration image is split in two. One image contains the dots located 
at the upper surface and the other image contains the dots at the lower surface. Now the dots 
can be given physical positions in a routine, which also creates a fictive plane in the middle of 
the sheet, where the veloeities will be determined at the reconstruction, using interpolation. 
With this , the calibration factors, mentioned in equations 2.1 till 2.4 can be calculated. 

A.2 Light Path Distortions 

In figure A.2 a ray coming from the object is sketched with an ocular placed in front of the 
lens. 
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In tigure A.3, a figure is presented explaining the abberation problem. The rays passing the 
lens at the upper and lower side will experience a translation, while the rays passing the lens 
at the centerline in spanwise direction will not get this translation, because they will relatively 
pass all media parallel to its normal in that direction. 

A.3 Accuracy 

The accuracy of the Stereo-PIV method in this setup is validated by determining the PIV 
displacementsof the calibration images and camparing them with the known x,y and z dis
placements of respectively 0,4 and Omm. The histograms of the x,y and z displacements 
resulting from the Stereo-PIV procedure are shown in figure A.4. It is found that the x and 
the z displacements indeed are around zero. The mean of the x displacement equals -0.014mm 
and the z displacement possesses a mean of 0.006mm. The mean of the y displacement is 
4.06mm. The rms-values of the x,y and z displacements are a measure of the accuracy and 
are 0.021, 0.153 and 0.030mm, respectively. In the chosen camera setting, the x displacement 
is independent of the y and z displacements, therefore the x direction is most accurate of 
the three. The y and z displacements are dependent, which leads to higher rms-values. That 
the y displacements have the worst accuracy is due to the fact that the cameras are viewing 
the flow field with a angle smaller than 45° compared to the normal of the measuring plane. 
Moving the cameras to 45° would lead to a better accuracy in this direction, but deteriorate 
the accuracy in z direction. The 45° setup will generally give the best overall accuracy [17]. 
However, the experimental setup forms an obstruction in this matter. 

Figure A .3: Schematic representation of the 'abberation'-effect occurring in the setup. 
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Figure A.4: Histograms of the detennined PIV displacements of the eaUbration images, for which 
the known x,y and z displacements are respectively 0,4 and 0 mm. 

65 



0.1 

0.08 

0.06 

"I![ 
.§. 

:13 
::> 0.04 

~ ., 
> 

0.02 

Figure B.l: Velocity profile found at 0.80m from leading edge, with laminar main flow. 

Appendix B 

Channel lmprovements 

Before the main experimentsin this report had been performed, a validation experiment using 
PIV was carried out first. In this validation experiment it was checked if the boundary layer 
developing on the plate was similar to the velocity profile found by Blasius. The Blasius profile 
is valid fora laminar main flow, so the turbulence grid was removed for this experiment. At 
a downstream position of 0.80m, measured from the leading edge of the plate, the following 
profile was obtained (figure B.1). 
The resulting velocity profile shows a velocity of zero at the plate increasing to a maximum at 
about 3cm above the plate. Above this maximum the velocity decreases with approximately 
10 percent as the height increases. The boundary layer should be around 0.016m for those 
conditions. But the velocity of the flow increases even outside the boundary layer. This is 
notconsistent with a Blasius boundary layer. Within the boundary layer, the velocity should 
increase from zero to the main flow velocity. 
Another remarkable thing is that the turbulence intensity seems to be a lot higher in the 
region from 0.015 to 0.05m above the plate. This can beseen more clear in the figure B.2. 
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The turbulence intensity increases to 6.0 percent in the peak-region of figure B.l. Above 5cm 
the turbulence intensity decreases to 2.5 percent, which is reasonable, taking into account the 
accuracy of PIV. 
Out of those figures it was concluded that the flow conditions in the channel needed to be 
improved. 

To see if the flow contained this proille already befare passing the leading edge, the flow is 
viewed at a distance of 0.6m upstream the leading edge (figure B.3). This position is around 
0.3m downstream the flow straightener, so the flow should be homogeneaus over there. A 

-.flow is homogeneaus at 20 times the mesh size being 6mm. This results a minimum distance 
of 0.012m from the flow straightener to get a homogeneaus flow. The position is also not 
chosen too close to the leading edge, because then the suction unit can influence the flow 
field. The height of zero represents the position of the plate that is of course not present at 
this upstream position, but lays further downstream. 
In figure B.3, the flow velocity varies from 0.052m/ 8 to 0.065m/ 8 over a range of less than 
0.02m. This is a velocity difference of 20 percent. Converted to pixel displacement it is a 
displacement difference of 0.8pix. This variation is bigger than the accuracy of PIV, to be 
around O.lpix. So, the flow is not uniform at that position. If the suction unit would be the 
cause of this. One would expect a high peak velocity in the lower region of the channel. The 
figure, however, shows a low velocity in this region. The influence of this flow field is also 
tested with different suction strengths, from no suction at all, till full suction. For all tests, 
this resulted in the same profile, shown in figure B.3. 
The velocity profiles at -0.60m and 0.80m measured from the leading edge correlate looking 
at the upper parts. They both show a peak value at around 0.04m above the plate and after 
that a decrease in velocity. 

After some investigation of the experimental setup, the following measures have been taken 
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Figure B.2: Thrbulence intensity found at 0.80m from leading edge, with laminar main flow. 
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to imprave the flow: 
- The downstream part of the flow straightener has been replaced by a new one. The old 
straightener existed of channels with differences in length of more than 10 percent. This 
causes a difference in pressure drop over the channels and will lead to a non-uniform flow. 
The new flow straightener has channels of equal lengths over the entire cross section of the 
channel. The new one also has a channel length of 7 cm instead of 5cm. This reduces the 
difference in pressure drop if the channels are a slightly different in length, caused by cutting 
the material for instance. 
- The pumps and the upstream part of the flow straightener are cleaned thoroughly. Small 
dirt particles had been formed since the last cleaning. 
- In front of the suction unit underneath the plate a small flow straightener is placed. This will 
create a uniform velocity profile at the leading edge of the plate for the flow going underneath 
it. Downstream the flow straightener, a blockade is built to prevent a back-flow to occur at 
the end of the plate. So the suction unit can only suck water from upstream direction. A 
back-flow underneath the plate could influence the main flow at the end of the plate. 

The above described improvements solved the experienced problems. In chapter 4 this can 
be seen in the first results. 
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Figure B.3: Velocity profile over height 0.6m upstream the leading edge. 
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Appendix C 

Temperature Sensitivity of the 
Boundary Layer Thickness 

In the equation for the displacement thickness o*, equation 1.2, the Reynolds number Re 
is present. The Reynolds number depends on the kinematic viscosity v. This kinematic 
viscosity v is strongly dependent on temperature. In figure C.l the kinematic viscosity is 
plotted against temperature. 

Kinematic viscosity of (v) water agalnst temporature 

Figure C.l: Kinematic viscosity against temperature for water. 

The water in the channel varies from 12°C, after filling it, till around 23°C, a few days later. 
The impact of this temperature variation can be seen in figure C.2, where the displacement 
thickness o* is plotted for this temperature range. The distance from the leading edge is 
0.80m and the main flow velocity is around 12cm/ s. 
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Figure C.2: Variation of displacement thickness at different temperatures. 

If a reference temperature of 20°C is taken, the sensitivity of the displacement thickness 8* 
on temperature is about 7% in 5°C temperature difference, see tigure C.3. 
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Figure C.3: Sensitivity of displacement thickness on temperature. 
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Figure D.l: 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 turbulent grid. 

Appendix D 

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 D.la. The figure 
represents the free-stream velocity as function of time. The figure shows that the free-stream 
velocity varies around 8% around the average value of 0.12m/ s. An analysis of the frequency 
spectrum of the velocity demonstrated the presence of a dominant frequency of 0.08H z. 
In figure D.lb the free-stream velocity as function of time is presented when a static turbu

lent grid is placed in the channel. The figure shows an average velocity of a 0.122m/ s with 
only high frequency variations. Those fluctuations result from the generated turbulence by 
the grid. The low frequency fluctuation has disappeared out of the frequency spectrum. 
An explanation for the low frequency variation in the free-stream velocity is that it is related 
to the features of the experimental setup. The flow in the channel is pressure-driven. If a 
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difference in pressure drop is occurring in the channel, the free-stream velocity is influenced. 
The friction in the measuring section signiticantly increases if a turbulent spot arises. This 
friction causes a pressure difference and consequently to a variation in free-stream velocity. 
This means that if the number of spots in the measuring section, is not approximately con
stant, this will result in variatien in the free-stream velocity. 
In the contiguration where the static turbulence grid is placed in the measuring section, a 
bypass transition scenario is established. The free-stream velocity of around 0.125m/ s leads 
to a free-stream disturbance level which results in an approximately constant spot production 
rate and an equal number of spots in the channel, and so to a constant free-stream velocity. 
In absence of the turbulence grid, it is expected that a Tollmien-Schlichting transition process 
is present in the measuring section, instead of a bypass transition scenario. Transition in this 
contiguration is initiated at a signiticantly higher Reynolds number compared to bypass tran
sition. This implies that the spot production rate in the measuring section is signiticantly less 
than in the bypass scenario. The number of spots is not expected to be constant anymore, 
which results in a variatien in the free-stream velocity. 
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