FUNDAMENTAL MECHANISM OF TURBULENT WEDGE SPREADING.

A Dissertation
by
ALEXANDRE R. BERGER

Submitted to the Office of Graduate and Professional Studies of
Texas A&M University
in partial fulfillment of the requirements for the degree of

DOCTOR OF PHILOSOPHY

Chair of Committee, = Edward White

Committee Members, Diego Donzis
Prabir Daripa
Moble Benedict

Head of Department, Rodney Bowersox

May 2020

Major Subject: Aerospace Engineering

Copyright 2020 Alexandre R. Berger



ABSTRACT

Laminar to turbulent transition is an important unsolved problem. In addition to being of funda-
mental interest as a fluid mechanics problem, it has practical applications dealing with aircraft drag
reduction and similar areas. At high enough disturbance amplitudes, discrete roughness induced
transition will manifest with the creation of a turbulent wedge. The present work deals exclusively
with incompressible, zero pressure gradient turbulent wedges.

Turbulent Wedges have been the focus of many studies, the literature reveals the following
characteristics: Turbulent wedges are composed of a fully turbulent core with a half angle of
6.4° surrounded by an intermittent region of 10.6°. While these observations are highly consistent
throughout the literature, there is no explanation behind why turbulent wedges spread at this partic-
ular rate. Roughness induced transition is predictable using the roughness height-based Reynolds
number Rej. Multiple spreading mechanisms are at play, in addition to turbulent mixing, there is a
destabilization effect of the turbulent wedge acting on the surrounding laminar flow. Finally, DNS
studies have revealed the presence of high- and low-speed structures on the edges of the turbulent
wedges called “dog-teeth”. From these conclusions, the following hypothesis are considered in
this work. The roughness disturbs the incoming laminar boundary layer by creating high veloc-
ity gradient regions and an initial pair of high- and low-speed streaks. These streaks breakdown
through a Kelvin-Helmholtz like instability in the shear layers. A self-regenerating process then
acts to create new streaks on the sides of the wedge. This last process is no longer influenced by
the roughness and is responsible for turbulent wedge spreading. The objective of this work is to
investigate the roles of high- and low-speed streaks and the hypothesized self-regenerating mech-
anism in the fundamental spreading mechanism of turbulent wedges.

Experimental work has been performed at the Klebanoff Saric Wind Tunnel at Texas A&M
University using combined hotwire measurements and naphthalene flow visualization. Naphtha-
lene was first used to observe many turbulent wedges for different values of Rej and Re, in order

to study their combined influence of the geometry of the subsequent wedges. This study offers no
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insight into the evolution of the spreading angle with respect to Reynolds number. However, while
the emergence of primary structures is scaled strongly by Re; and weakly by Re,, the secondary
structures seem to only scale with flow parameter RRe,. This indicates that the self-regenerating
mechanism is independent of the roughness element.

Guided by the naphthalene study, detailed hotwire measurements were performed on three

wedges at each Re;, of interest. The overall topology of the wedge was studied using mean veloc-

!/
™ms*

ity and fluctuations intensity Three distinct high- and low-speed sets of streaks are observed
and their emergence documented. The data are consistent with similar computational studies de-
scribing this problem from a vorticity dynamics point of view. This good experimental agreement
adds to this descriptions credibility. In addition, spectra are observed in selected locations of the
flow. The near field amplification of specific frequency bands is observed in the high shear layers
as well as the breakdown of a single low-speed streak. However secondary structures remain dif-
ficult to observe due to supposed spanwise streak meandering. Evidence for this phenomenon is
provided which explains the difficulty of observing secondary structures in the present, as well as
past experimental studies.

This work provides significant experimental evidence that the high- and low-speed structures

play a significant role in maintaining a self-regenerating destabilization process responsible for

turbulent wedge spreading.

1l



DEDICATION

I would like to dedicate this dissertation to my parents, Francis and Lisha Berger, without whose

unconditional support, would not have been possible.

v



ACKNOWLEDGMENTS

This dissertation represents four years of hard work and dedication spent at Texas A&M Uni-
versity. During these years, I had the chance to learn from outstanding faculty members in a truly
remarkable environment and collaborate with many fellow students. 1 would like to take the op-
portunity to thank the many people whom have made this incredible experience possible.

I would like to acknowledge the continuing support of my advisor, Dr. Edward White, whose
patience and guidance has been of immeasurable importance. Dr. White gave me a chance to
work in his laboratory as and undergraduate assistant, then as a graduate student. During my entire
collaboration with him, he has always made time for advice when my research stalled and has pro-
vided the best possible working conditions. For all of his efforts, I am truly grateful. In addition,
I would like to thank my committee members, Dr. Diego Donzis, Dr. Moble Benedict and Dr.
Prabir Daripa for their input and guidance throughout this work.

I would also like to thank my collaborators at the University of Texas at Austin, Dr. David
Goldstein and Dr. Saikishan Suryanarayanan for their input, recommendations and comparative
work throughout my research projects. Tackling similar problems using combined computational
and experimental resources resulted in a highly productive collaboration.

My present collaborators at the Klebanoff Saric Wind Tunnel have also provided exceptional
support for my research. I would like to acknowledge Colton Finke, Roger Simon, Jeppesen Feli-
ciano and Eleazar Hernandez for their help during the measurement phase of the project. Tunnel
calibration in the mornings, equipment setup and running scans while I was out of town are only
of few of many of their contributions for which I am grateful.

Finally, I would like to thank my friends and family. Words are not enough to express what I
owe to my parents, Francis and Lisha Berger. Their continuous support, guidance and motivation
has led me to persist in a challenging field. My sister, Amélie Berger who is also working towards
her PhD has also been an important source of support through difficult times. Last but not least, I

would like to thank Mariana Rodriguez for her incredible help by unburdening me of many tasks



in order to focus on my dissertation. I am truly thankful to all the actors in my life without whom,

this dissertation would not have been possible.

vi



CONTRIBUTORS AND FUNDING SOURCES

Contributors

This work was supported by a dissertation committee consisting of Professor Edward White
[advisor] and Professors Diego Donzis and Moble Benedict of the Department of Aerospace En-
gineering and Professor Prabir Daripa of the Department of Mathematics.

All other work conducted for the dissertation was completed by the student independently.
Funding Sources

Graduate study was supported by the U.S. Air Force Office of Scientific Research through grant
FA9550-15-1-0345.

vil



DNS
DRE
KSWT
LFC
PIV
PSD
RIT
TS

VLE

599
5%
Al‘o

Al’l

A.I'Q

)

NOMENCLATURE

Direct Numerical Simulation

Discrete Roughness Element

Klebanoff Saric Wind Tunnel

Laminar Flow Control

Particle Image Velocimetry

Power Spectral Density

Roughness Induced Transition

Tollmein Schlichting

Virtual Leading Edge

Roughness Diameter

Boundary Layer Thickness (Theoretical)
Boundary Layer Thickness at 99& velocity ratio
Displacement Thickness

Distance Between the Roughness Element and Virtual Wedge
Origin

Distance Between the Roughness Element and Primary Set
of High-Speed Streaks

Distance Between Primary and Secondary Sets of High-
Speed Streaks

Error Estimation
Shedding frequency
Intermittency Factor

Shape Factor

viil



/

urms

u/Usy or Uy

X

Xwvle

Roughness Height

Kinematic Viscosity

Swirling Strength

Streamwise Vorticity

Wall-normal Vorticity

Spanwise Vorticity

Turbulent Wedge Spreading half Angle
Roughness height based Reynolds number
Unit Reynolds number

Streamwise location based Reynolds number
Strouhal number

Momentum Thickness

Freestream turbulence intensity

Streamwise velocity component

Mean Flow Fluctuation Intensity
Normalized Streamwise Velocity Component
Streamwise coordinate

Wall-normal coordinate

Spanwise coordinate

Roughness Streamwise Location

Virtual Leading Edge Location

1X



TABLE OF CONTENTS

Page

AB ST R ACT e il
DEDICATTION . . . oottt e v
ACKNOWLEDGMENTS ..t v
CONTRIBUTORS AND FUNDING SOURCES ...t vii
NOMENCLATURE . ... e viii
TABLE OF CONTENTS ...ttt e X
LIST OF FIGURES .. .. e Xiii
LIST OF TABLES .. .o e Xxiii
1. INTRODUCGTION. ...ttt e 1
1.1 Paths to TranSition ... ... ... 1

1.2 Influences on TransSition ............oiiiiiiiiiiiiiiiiiii e 3

1.3 Historical and Modern Challenges to the Field, Motivation ........................... 5

1.4 Impact of Roughness on Transition .............uuuiiiiiiiiiiiiiii i 7

1.5 Objectives and Scope of Present Work ........ ... 8

2. ROUGHNESS INDUCED TRANSITION ..ottt 10
2.1 Introduction to Roughness Induced Transition ..............cooiiiiiiiiiineiiineennnn.. 10
2.2 Turbulent STIUCTUIES . ... ...ttt ettt et eeees 13
2.2. 1 TUurbUlent SPOLS .. .v ettt et et 13

2.2.2  Turbulent Wedges . .....cooviuniiii it 14

2.2.3  Topology of a turbulent Wedge .............iiiiiiiiiiiiiiiiiie i 18

2.2.4 Roughness Mitigation Strategies and Shielding ............................... 20

2.3 High- and Low-Speed Streaks..........ooooiiiiiiiii e 22
2.3.1  Streak ODSEIVAIONS . ...ttt ettt ettt e et eaen 22

2.3.2  Transient Growth .........oooiuuiiiii it 23

2.3.3  Streak Breakdown ..........oooiiiiiii e 24

2.3.4 Link with Turbulent Wedges ............ooiiiiiiiiiiiiiiiiie i 25

2.4 Self-Regenerating MechaniSms ............coooiiiiiiiiiiiiiiii i 26
2.4.1 Self-Similar Growth in Flow Structures ...............coooiiiiiiiiiiiiiiii.... 26

2.4.2  Streak Breakdown Mechanism ............ccooiiiiiiiiiiiiiiiiiiiiiiiie 27



2.4.3 Parent-Offspring Mechanisms ............coooiiiiiiiiiiiiiiiiiiiiiiiiia... 30

2.5 Literature Summary and DiSCUSSION ... 35
2 ST 5 % 0101 1) 36
. EXPERIMENTAL SETUP ... 38
3.1 Klebanoff Saric Wind Tunnel ........... . 38
311 Fan and MOtOT .. ...ttt 39

3.1.2  Contraction Cone and Diffusers ............ccoviiiiiiiiiiiiiiiiiiiiiiiiien... 39

3.1.3 Flow Quality Improvements ............cooiiiiiiiiiiiiiiiiiiiiiiiiiiinnnnnnnn... 39

3,14 TSt SECHOMN. ettt et e 40

3.1.5 Traverse System and Flat Plate ..., 40

3.2 MEEHOAS ... 41
3.2.1 Naphthalene Flow Visualization................oooiiiiiiiiiiiiiiiiiiiiiinaaen... 41

3.2.2  HOtWIre ANCMOMEIIY ...\ttt et ettt e e e e et eeiiaae e e e e eeeannnns 42

3.3 Base Flow Characterization ................ioeiiieiiiiiiie et eaans 42
3.3. 1 Pressure Gradi€nt .........oouuuuieieitiiiiie e 42

3.3.2  Freestream Turbulence................ooooiiiiiiiiiiiiiiiiii 46

3.3.3  Flow UnifOrmity ......cooooiuuiiieeeet ittt 46

3.4 Roughness EIemMent ...........iiiiiiiiiiiiiii i nes 49
3.5 Experimental protoCol .........oiiuuiiiiiii e 50
3.5.1 Naphthalene Spreading Angle Study ... 50

3.5.2 Hotwire Measurements ............oeeeeetiiuniieeeeettiiiiiaeeeeeeeeninnn. 52

. NAPHTHALENE FLOW VISUALIZATION STUDY ..ottt 54
4.1 Naphthalene Methodology ...........oiiiiiiiii e 54
4.2 Naphthalene Results ... 57
4.3 CONCIUSIONS ...ttt 61
. HOTWIRE MEASUREMENT RESULTS ... . e 63
5.1 Mean Velocity and Fluctuation Results ............ ..., 63
5.1.1  Measured Turbulent Wedge Structure ..............coovviiiiiiiiiiiiiinnnnn... 64

5.1.2  Base Flow Perturbation by the DRE .................. i 69

5.1.3  Near-Field Evolution. ... 70

5.1.4  Successive Streak StruCtUIes .........oooiiiuiiiiiii i 75

5.1.5 Dog-Teeth Identification ..............coooiuuiiiiiiiiiiiiiiiiii .. 80

5.1.6  Far-Field Wedge Evolution .............c.cciiiiiiiiiiiiiiiiiiiiiiiieenee. 87

S.1.7  Result SyNthesis . ....oooeeiiiii e 91

5.2 Power Spectral Density Study .........cooveiiiiiiiiiiii e 92
5.2.1  Near-Field Spectra ..........ouuiiiiiiiii e 93

5.2.2  Primary Streak SPeCIa .......uuuuiieiii i 101

5.2.3  Secondary Streak SPectra...........covviiiiiiiiiiiiiiiiiiiiiiiiiiiii 105

5.2.4 Bandpass Disturbance Energy ............coiiiiiiiiiiiiiiiii i 106

5.2.5 PSD Result DiSCUSSION ......uuutiitiiiiiiiiiiii e 114

X1



5.3 Streak Meandering Investigation ..............oooiiiiiiiiiiiiiiiii i 115

5.4 Hotwire Result Discussion and Conclusions ..............coouiiiiiiiiiiiiiiiinnne.... 122
6. CONCLUSIONS .ttt et et ettt e e 124
REFERENCES .. e 127
APPENDIX A. HOTWIRE MEASUREMENT TEST MATRICES .........cccooiiiiiiian 136
APPENDIX B. NAPHTHALENE IMAGES..... ..o i 140
APPENDIX C. INDIVIDUAL CONTOUR PLOTS FORREK =600 ...............ccouvvee... 146
APPENDIX D. INDIVIDUAL CONTOUR PLOTS FORREK =750 .......cccvvviiiinna.... 157
APPENDIX E. INDIVIDUAL CONTOUR PLOTS FORREK =979 .........cccooiiiiin... 174

Xii



FIGURE

1.1

1.2

2.1

22

2.3

24

2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

LIST OF FIGURES

Page
Paths to Transition Map. Source: Reshotko ..o, 3
Laminar to turbulent transition revealed by infra-red thermography. Source: Craw-
fOrd @t al. ... e 6
Evolution of transition Reynolds number Re, with respect to roughness Reynolds
number ey, for a cylindrical roughness element. Source: Klebanoff.................. 12
Visualization of a turbulent spot in water. Source: Cantwell. .......................... 14
Smoke (left) and China clay (right) visualization of turbulent wedge by Gregory
and WalKer. .. ... 16
Oscillogram observations of intermittency and spanwise spreading angle of turbu-
lent wedges. Source: Schubauer and Klebanoff.............................. L. 17
Dye visualization of a turbulent wedge. Blue dye is inserted in the freestream. Red
dye is inserted at the roughness location. ...............ooviiiiiiiiiiiiiiiiiiiinn... 18

Schematic of turbulent wedge topology. Notice the primary horseshoe vortex
warping around the roughness element into a quasi-streamwise direction entraining
counter-rotating elements on both sides of the DRE. Source: Gregory and Walker. .. 20

Discrete Roughness Induced Transition mitigation strategy proposed by Sharma et
al. Flow direction from left to right. Transition due to the critical DRE (left) is

mitigated by the slightly smaller control DRE (right). ... 22
Schematic of the hairpin vortex regeneration mechanism proposed by Singer and
JOSIIN. L 29
Schematic of the hairpin vortex regeneration mechanism proposed by Schroder
and KOmpenhans ..........oouiiiiii 29
Top view of turbulent spot growth. Iso-surfaces of swirling strength. ................. 30

Schematic of the parent-offspring hairpin vortex regeneration mechanism proposed
by Brinkerhoff............ 32

Schematic of the complete RIT process provided by Suryanarayanan et al. ........... 34

Xiil



2.13

3.1

32

33

34

3.5

3.6

3.7

3.8

3.9

3.10

3.11

3.12

4.1

4.2

4.3

4.4

4.5

Schematic of the self-sustaining process proposed by Waleffe. ..................... .. 34

Top-view ov Klebanoff Saric Wind Tunnel...................ooiiiiiiiiiiiinn. .. 38
Shape Factor Measurements for Rey, = 600 ..., 44
Shape Factor Measurements for Rep = 750 ....ovuuiiiiiiiiiiiii i 45
Shape Factor Measurements for Rep = 979 ...t 45
Freestream turbulence pOWer SPECta...........uuuuuuueuueeiieeieeeeene. 46

Base flow uniformity characterization for Re’ = 750 x 1072 m~! at z = 1290 mm.. 47
Base flow uniformity characterization for Re’ = 750 x 1072 m~! at z = 1350 mm.. 47
Base flow uniformity characterization for Re’ = 750 x 1072 m~! at z = 1600 mm.. 47

Base flow uniformity characterization at roughness location x = 1366 mm for the

et = 600 CaS. ..ottt e e e 48
Base flow uniformity characterization at roughness location x = 1346 mm for the

Rl = T80 CaSE. . ot 48
Base flow uniformity characterization at roughness location x = 1255 mm for the

Rt = 070 CaSE. .ttt 48
Roughness element schematic, to scale. ...........ooiiiiiiiiiiiiiiii i 49
Naphthalene image for case Re’ = 600000 /m, Rey, = 750 ...cviviiiiiiiinineannn... 55

Naphthalene image for case Re’ = 508000 /m, Re;, = 600. Representing an
uneven layer of naphthalene masking the expected emergence of a high-speed streak. 56

Naphthalene image for case Re’ = 600000 /m, Re, = 979. Representing the
varying spreading angle as defined locally by the first (red) and second (yellow)
set of high-speed Streaks. .......oooiiiiiii e 56

Naphthalene image from case Re’ = 600000 /m, Re;, = 979. Illustrating the
reference points (orange triangles) used for defining the wedge spreading angle
(blue lines). Defined as the intersection between the turbulent core (yellow lines)
and high-speed streak (red lINes). .......cooiiiiiiiii i 57

Turbulent wedge spreading half-angle ¢ as a function of Rej, and Re,. Data ex-
tracted from naphthalene flow visualization of wall shear stress. Error bars repre-
sent image interpretation errors ONNY. .......oveeettiiiiiiie ettt ennns 59

X1v



4.6

4.7

4.8

5.1

5.2

5.3

54

5.5

5.6

5.7

Streamwise virtual wedge origin Axgdgg as a function of Re;, and Re,. Data ex-
tracted from naphthalene flow visualization of wall shear stress. Error bars repre-
sent image interpretation errors ONLY. ........veeeetitiiiiiee ettt eennnns 59

Streamwise distance between the DRE and primary set of high-speed streaks Az /dgg
as a function of Rej and Re,. Data extracted from naphthalene flow visualization
Of Wall SheAr SIESS. ..ottt e ettt e 60

Streamwise distance between primary and secondary set of high-speed streaks
Axs/dgg as a function of Rey and Re,. Data extracted from naphthalene flow
visualization of wall Shear Stress. .........oiiiiiii i e 60

Full wedge representation of case Re;, = 600. Data visualized through contour
lines of u/Us (10 % increments from 0.2 to 0.9) and colored by u..,, . /U (cutoff

over 1.5%). Flow from bottom left to top right corners. DRE represented by gray
CYLINAET. .ot 66

Full wedge representation of case Re;, = 750. Data visualized through contour
lines of u/Us (10 % increments from 0.2 to 0.9) and colored by u..,, /U (cutoff

over 1.5%). Flow from bottom left to top right corners. DRE represented by gray
CYLINAET. .ot 67

Full wedge representation of case Re;, = 979. Data visualized through contour
lines of u/Us (10 % increments from 0.2 to 0.9) and colored by u..,,. /U (cutoff

over 1.5%). Flow from bottom left to top right corners. DRE represented by gray
CYLINAET. .o 67

Direct to-scale comparison between naphthalene images and hotwire data. Dark
regions revealed by naphthalene represent areas of high wall shear stress, turbulent
regions. Regions colored in red and blue represent high- and low-speed regions
respectively. Case [Rej, = 600. .......uuene 68

Direct to-scale comparison between naphthalene images and hotwire data. Dark
regions revealed by naphthalene represent areas of high wall shear stress, turbulent
regions. Regions colored in red and blue represent high- and low-speed regions
respectively. Case [Rej, = TD0. ...uuuuuunni 68

Direct to-scale comparison between naphthalene images and hotwire data. Dark
regions revealed by naphthalene represent areas of high wall shear stress, turbulent
regions. Regions colored in red and blue represent high- and low-speed regions
respectively. Case e, = 979. ... 69

Contour plot of mean velocity profiles u/U.,(10 % increment lines), and stream-
wise fluctuation intensity u..,,. (color scale) at z = 1260, located 5 mm down-

stream of the DRE. Case ey, = 070, oo e 70

XV



5.8

5.9

5.10

5.11

5.12

5.13

5.14

5.15

5.16

5.17

5.18

5.19

5.20

5.21

5.22

5.23

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-
wise fluctuation intensity /., (color scale) at different streamwise = positions.
Rk = 070 oo 72

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity /. .. (color scale) at different streamwise = positions.

Rer = T00. oo 73

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Rk = 600 e 74

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Contour plots of mean velocity profiles u/U,.(10 % increment lines), and stream-
wise fluctuation intensity u,. .. (color scale) at different streamwise = positions.

Rer = T00. oo 78

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-
wise fluctuation intensity u/,,. . (color scale) at different streamwise = positions.
Rer = T00. oo 79

Iso-surface of local to undisturbed velocity ratio revealing initial high- and low-
speed flow regions for Re, = 979. Red and blue regions represent accelerated and

decelerated flow resSpPeCtiVEly. ....oouuuueiiii it 82
Iso-surface of u/,, . revealing the initial set of dog-teeth for Re;, = 600. .............. 82
Iso-surface of u/,, . revealing the secondary set of dog-teeth for Rej, = 600. ......... 83
Iso-surface of u,.,, revealing the tertiary set of dog-teeth for Re;, = 600.............. 83
Iso-surface of u,,, . revealing initial set of dog-teeth for Rej, = 750. .................. 84
Iso-surface of ;. revealing the secondary set of dog-teeth for Re;, = 750. ......... 84
Iso-surface of u,., . revealing the tertiary set of dog-teeth for Rej, = 750.............. 85
Iso-surface of u/,, . revealing initial set of dog-teeth for Rey, = 979. .................. 85
Iso-surface of ;. revealing the secondary set of dog-teeth for Rej, = 979. ......... 86
Iso-surface of u/,,  revealing the tertiary set of dog-teeth for Re, = 979.............. 86

XVi



5.24

5.25

5.26

5.27

5.28

5.29

5.30

5.31

5.32

5.33

5.34

5.35

5.36

5.37

5.38

5.39

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity /., (color scale) at different streamwise = positions.

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u/. . (color scale) at different streamwise x positions.

ms

Contour plot of mean velocity profiles u/U, (10 % increment lines), and iso-
surface of streamwise fluctuation intensity w/, .. colored by mean velocity. Case

Rep = 600. o oo 90

Contour plot of mean velocity profiles u/U, (10 % increment lines), and iso-
surface of streamwise fluctuation intensity u. _ colored by mean velocity. Case

R = 00 oo 91
PSD locations for the near field study of case Rex = 979. ...coovviiiiiiiiiiiii i 95
Velocity Power Spectral Density at various locations in the near field for case
Rk = 070 oo 96
Velocity Power Spectral Density at various locations in the near field for case
Rk = 070 oo 96
PSD locations for the near field study of case ey, = 600. ..o 97
Velocity Power Spectral Density at various locations in the near field for case
Rep =600, oo 98
Velocity Power Spectral Density at various locations in the near field for case
Rep = 600, oo 98
PSD locations for the near field study of case Reyp = 750. ......evvviiiiiiiiiiiiinnn.. 99
Velocity Power Spectral Density at various locations in the near field for case
Rer = T00. oo 100
Velocity Power Spectral Density at various locations in the near field for case
R = 00, o 100
PSD locations for the primary structure study of case Rey = 600...................... 102

Velocity Power Spectral Density at various locations in the near field for case
Rep = 600, o 102

PSD locations for the primary structure study of case Rey = 750...........ccooee... .. 103

XVil



5.40

5.41

542

543

5.44

5.45

5.46

5.47

5.48

5.49

5.50

5.51

5.52

5.53

5.54

5.55

5.56

5.57

B.1

B.2

B.3

Velocity Power Spectral Density at various locations in the near field for case
Rer = T00. oo 103

PSD locations for the primary structure study of case Rep = 979.........cccooveiiit. 104

Velocity Power Spectral Density at various locations in the near field for case
Rk = 070 o 104

PSD locations for the secondary structure study of case Rey = 979. ..........cooo... 105

Velocity Power Spectral Density at various locations in the near field for case

Rk = 070, 106
Near field view of bandpass PSD integration for case Rey = 750 ........ccccvvvvinnn. 108
Full field view of bandpass PSD integration for case Rejp = 750 ........cccevvvvnnnn. 109
Near field view of bandpass PSD integration isosurfaces for case Re, = 750 ........ 110
Full field view of bandpass PSD integration for case Rejp = 600 ...................... 111
Near field view of bandpass PSD integration isosurfaces for case Rej = 600 ........ 112
Full field view of bandpass PSD integration for case Rep = 979 ...t 113
Near field view of bandpass PSD integration isosurfaces for case Re, = 979 ........ 114
Low-speed streak meandering schematic. ............cooveiiiiieiiiiineeiiiieeeiineaann. 117
Signal separation eXample. ..........uuuiiiitit i e 118

Case Rey, = 600. Difference between the mean velocity fluctuation levels of the
low-speed and crossing signal component Lrms — C'rms (color scale)............... 119

Case Rer = 600. Difference between the mean velocity fluctuation levels of the
crossing and high-speed signal component C'rms — Hrms (color scale). ............ 120

Case Rey, = 750. Difference between the mean velocity fluctuation levels of the
low-speed and crossing signal component Lrms — Crms (color scale)............... 121

Case Rep = 750. Difference between the mean velocity fluctuation levels of the

crossing and high-speed signal component C'rms — Hrms (color scale). ............ 122
Naphthalene image for case Re’ = 508000, Rer = 600 ......ovivieiiiiiiiiieen... 140
Naphthalene image for case Re’ = 508000, Rer, = 979 ..o, 140
Naphthalene image for case Re’ = 550000, Rer = 600 ......ooieiiiiiiiniiieann... 140

XViil



B.4 Naphthalene image for case Re’ = 550000, Rex = 750 ..oveiiiiiiiiiiiiiieanne.. 141
B.5 Naphthalene image for case Re’ = 550000, Rer, = 979 .oviiiiiiiiiiiiiiiiieeens 141
B.6 Naphthalene image for case Re’ = 600000, Rer = 600 ......cooviiiniiiiiiiiinnnn... 141
B.7 Naphthalene image for case Re’ = 600000, Rer, = 750 ..ovviiiiiiiiiiiiiieaininnn. 142
B.8 Naphthalene image for case Re’ = 600000, Rer = 979 .ovvviiiiiiiiiiiiiiiinans 142
B.9 Naphthalene image for case Re’ = 650000, Rer = 600 .......oovvviieiiniieenininannn. 142
B.10 Naphthalene image for case Re’ = 650000, Rex = 750 «ouvvviiiiiiiiiiiiiiinann 143
B.11 Naphthalene image for case Re’ = 650000, Rer = 979 ..oviiiiiiiiiiiiiiieanne.. 143
B.12 Naphthalene image for case Re’ = 700000, Rer, = 600 .....ccvvvvvieieiiiiiiiiinneannn. 143
B.13 Naphthalene image for case Re’ = 700000, Rer = 750 ..oveviiiiiiiiiiiiiiieanne.. 144
B.14 Naphthalene image for case Re’ = 750000, Rer, = 600 .....vvvvveeeeiiiiiiiiineaannn. 144
B.15 Naphthalene image for case Re’ = 750000, Rex = 750 «onvvviiiiiiiiiiiiieiiiieann 144
B.16 Naphthalene image for case Re’ = 800000, Rer, = 750 ..ovviiiiiiiiiiiiiiieaiiinnn. 145
B.17 Naphthalene image for case Re’ = 850000, Rex = T50 «ouvvveiiiiiiiiiiiieiiiieann 145
C.1 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity u/,, .. (color scale) at different streamwise = positions.

Case Fey, = 000 . ...t 146
C.2 Contour plots of mean velocity profiles u/U., (10 % increment lines), and stream-

wise fluctuation intensity /., (color scale) at different streamwise = positions.

Case ey, = 000 ... .t 147
C.3 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Case Rer, = 600 ... ittt e e 148
C.4 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Case Reg = 600 ... e e e 149
C.5 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity .. . (color scale) at different streamwise x positions.

CaSe Rer, = 600 .. ettt 150

X1X



C.6

C.7

Cz38

C9

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity /., (color scale) at different streamwise = positions.

Case ey, = 000 ... ot

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u/. . (color scale) at different streamwise x positions.

ms

Case ey, = 000 . ...

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Case Rer, = 600 ...t e

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Case Rer, = 000 . ...t

C.10 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

C.11

D.1

D.2

D.3

D4

D.5

D.6

/

wise fluctuation intensity u,.,

(color scale) at different streamwise x positions.

CaSe Rer, = B00 ...ttt

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity u/,,. . (color scale) at different streamwise = positions.

Case Rey, = 000 . ...t

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u/. . (color scale) at different streamwise x positions.

™ms

CaSe ey, = 10 i

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSE Rer, = 700 ettt e e e

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSe Rk = 700 it e

Contour plots of mean velocity profiles u/U,.(10 % increment lines), and stream-

wise fluctuation intensity .. . (color scale) at different streamwise x positions.

CaSE Rer, = 700 ettt e

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity w.... (color scale) at different streamwise = positions.

CaSe ey, = 0 e

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity u/, . (color scale) at different streamwise x positions.

CaSe ey, = 10 i

XX



D.7 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity /., (color scale) at different streamwise = positions.

CaSe ey, = 0 e

D.8 Contour plots of mean velocity profiles u/U,, (10 % increment lines), and stream-
wise fluctuation intensity u/. . (color scale) at different streamwise x positions.

ms

CaSe ey, = 10 e

D.9 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSE Rk = 700 et e

D.10 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

Case ey, = 100 .

D.11 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity u,. .. (color scale) at different streamwise = positions.

CaSE Rer, = 700 ettt

D.12 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity u/,,. . (color scale) at different streamwise = positions.

CaSe ey, = 0 e

D.13 Contour plots of mean velocity profiles u/U,, (10 % increment lines), and stream-
wise fluctuation intensity u/. . (color scale) at different streamwise x positions.

™ms

CaSe ey, = 10 i

D.14 Contour plots of mean velocity profiles u/U., (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSE Rer, = 700 ettt e e e

D.15 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSe Rk = 700 it e

D.16 Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-

wise fluctuation intensity .. . (color scale) at different streamwise x positions.

CaSE Rer, = 700 ettt e

D.17 Contour plots of mean velocity profiles u/U, (10 % increment lines), and stream-

wise fluctuation intensity w.... (color scale) at different streamwise = positions.

CaSe ey, = 0 e

E.1 Contour plots of mean velocity profiles u/U. (10 % increment lines), and stream-

wise fluctuation intensity u/, . (color scale) at different streamwise x positions.

CaSe e, = 0T o

XX1



E.2

E.3

E.4

E.5

E.6

E.7

E.8

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-
wise fluctuation intensity /., (color scale) at different streamwise = positions.

CaSe e, = 0T i

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity /. .. (color scale) at different streamwise = positions.

CaSe e, = 0T o

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSe Rer, = 070 i

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity u.. . (color scale) at different streamwise x positions.

CaSe e, = 0T i

Contour plots of mean velocity profiles u/U,.(10 % increment lines), and stream-
wise fluctuation intensity wu.. . (color scale) at different streamwise x positions.

CaSE Rer, = 070 it

Contour plots of mean velocity profiles u/U,,(10 % increment lines), and stream-
wise fluctuation intensity u/,,. . (color scale) at different streamwise = positions.

CaSe e, = 0T i

Contour plots of mean velocity profiles u/U.(10 % increment lines), and stream-
wise fluctuation intensity /. (color scale) at different streamwise = positions.

CaSe e, = 0T o

XXil



TABLE

3.1

3.2

33

A.l

A2

A3

A4

LIST OF TABLES

Page
Virtual origin of the base flow for each run parameter. .......................iie 44
RoughnNess case MatriX. ......cooeiuuiuiieet it 51
Naphthalene campaign test MAtriX. .......oooeiiunniieeet it eeees 51
Hotwire measurement test matrix for Case 2, Rep, = 750 ..oovviiiiiiiiiiinin.. 136
Hotwire measurement test matrix for Case 2, Re;, = 750 (Continued) ................ 137
Hotwire measurement test matrix for Case 1, Rep, =600 ....coooiiiiiiiiiiini ... 138
Hotwire measurement test matrix for Case 3, Rep, = 979 oottt 139

XX111



1. INTRODUCTION

Since the existence of boundary layers was proposed by Prandtl in 1904, the mechanisms of
laminar to turbulent transition have been a major field of study. This effort is motivated by the
impact of transition on drag and separation. The subsequent boundary layer stability analyses by
Prandtl and his students, Tollmein and Schlichting, yielded the first theoretical understanding of
what is now known as “natural transition”. Mathematically, this corresponds to the exponential
growth of eigenmodes, solutions to the Orr-Sommerfeld equation. Physically, spanwise-uniform
two-dimensional waves known as Tollmein-Schlichting (TS) waves grow exponentially while trav-
eling downstream. At high enough disturbance amplitudes (typically 1% to 2% of the freestream
velocity, Uy,), these waves are sensitive to secondary instabilities and break down into three di-
mensional structures known as “A” vorticies. Turbulent spots then appear as growing discrete
structures traveling downstream before the boundary layer becomes fully turbulent.

Experimental validation of TS waves was not possible at the time they were first theorized.
Wind tunnels of the era had relatively high freestream turbulence intensities 7', making bound-
ary layer transition studies of natural transition impossible. This was the case until H.L. Dryden,
G.B. Schubauer and H.K. Skramstad designed the first quiet tunnel with turbulence levels low
enough (T'u’ < 0.2%) to observe this phenomenon. In 1943, Schubauer and Skramstad [1] pro-
vided the first experimental observation of natural transition.

While the TS mechanism was the first form of transition extensively studied, a variety of tran-
sition mechanisms have since been identified. These mechanisms are described int the following

section.
1.1 Paths to Transition

The growth and breakdown of of two-dimensional TS waves represents one of many transition
mechanisms discovered over decades of investigations. Morkovin [2] provides a comprehensive

description of the various “paths to transition”, illustrated in his famous map presented in Figure



1.1. This figure provides an illustration of the different types of instability mechanisms for var-
ious levels of initial disturbance amplitude. For weak disturbances, path A is followed. In this
case, normal mode growth dominates and instabilities grow exponentially. When the disturbance
amplitudes become sufficiently large, non-linear secondary instabilities cause the breakdown to
turbulence. This mechanism is generally observed for TS waves, crossflow and Gortler instabil-
ities. Crossflow instabilities arise from the inflection point inherently present in boundary layers
containing a spanwise velocity component such as on swept wings, while Gortler instabilities occur
on concave surfaces. However, natural transition is believed to be the main cause of transition in
flight conditions in the absence of roughness or other flow features, as the freestream disturbances
in flight are negligible.

The term “bypass transition” illustrated in path D has historically been used to describe all
mechanisms not driven by normal mode growth. However, rigorous studies beginning in the 1980s
revealed another mechanism known as transient growth that leads to algebraic disturbance growth
of non-normal modes. Transient growth is associated with the “lift-up” effect and will be elabo-
rated upon in chapter 2.

The first stages of the various transition paths describe perturbation growth mechanisms that
produce disturbance levels high enough to affect the mean boundary layer flow profile. Thereafter,
the boundary layer becomes sensitive to secondary instabilities. The sensitivity of boundary lay-
ers to freestream disturbances is known as receptivity (Saric [3]). For more information on the

fundamentals of boundary layer transition, Saric [4] offers an excellent review.
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Figure 1.1: Paths to Transition Map. Source: Reshotko [5]

1.2 Influences on Transition

Boundary layer transition is a complex physical phenomenon influenced by many factors in-
cluding: flow parameters, the environmental disturbance levels and the geometry or the problem.
Particularly, the influence of freestream turbulence intensity 7'«’ and surface roughness are always
of concern when studying transition. The influence of freestream turbulence on wind tunnel exper-
iments became relevant while attempting to observe natural transition on flat plates as wind tunnels
of the era had levels of freestream turbulence too large to measure such phenomena. This created
the need for “quiet” tunnels capable of reducing noise to near flight levels. The Klebanoff Saric
Wind Tunnel (KSWT) is the result of decades of progress in the design of such tunnels achieving
freestream turbulence intensities of 7w’ < 0.0002. However, the influence of this factor is not sim-
ple. First, certain instabilities such as crossflow instabilities are insensitive to sound (Radeztsky

[6]). In addition, for sensitive cases, certain frequencies may be amplified by the tunnel and seed



transition characteristics. Therefore, depending on the expected instability, the freestream turbu-
lence of the tunnel must be carefully characterized.

Deyhle and Bippes [7] studied crossflow dominated transition in multiple wind tunnels with
different turbulence levels. Traveling-wave-dominated crossflow transition was observed for 7w’ <
0.0015, while stationary waves were observed for lower levels. In addition, for a brief interval
0.015 < Tw' < 0.0020, transition was delayed relative to lower turbulence cases. These counter
intuitive results highlight the need for a well characterized base flow.

Surface roughness has a dramatic effect on transition. Many different types of roughness ele-
ments have been studied, including 2D disturbances such as gaps, wires, or trip strips, distributed,
such as sand paper or a granular surface, or finally isolated 3D, such as diamond, cylindrical or
hemispherical roughness elements. Radeztsky et al. [8] studied the effect of leading edge surface
roughness on crossflow dominated transition upon a swept wing. This study highlighted a signif-
icant transition location difference between a roughly painted and highly polished leading edge.
This highlights the extreme flow sensitivity to roughness, particularly in its early stages of devel-
opment, near the leading edges of a wing.

This research focuses on transition induced by discrete roughness elements in 2D boundary
layers. Using a large enough roughness element, a significant distortion of the mean flow leads
to bypass transition. This process manifests with the emergence of a turbulent wedge. The lateral
spreading rate of these structures is surprisingly constant throughout literature, showing only slight
variations with Reynolds number and pressure gradient. Roughness Induced Transition (RIT) is
successfully predicted (Tani [9]), however the fundamental mechanism driving the lateral spread-
ing rate of the resulting turbulent wedge is not yet understood. High- and low-speed stream-
wise streaks have been observed to form on the edges of turbulent wedges (Kline [10] and Ergin
and White [11]). In depth investigations into these structures and their formation has led to the
description of a self-regenerating mechanism acting to continuously create alternating high-and
low-speed streaks on the edges of turbulent wedges. This work considers these mechanisms of

self-regenerating streaks and their breakdown in the context of turbulent wedges. Shedding light



on this mechanism is the objective of this work. An in depth introduction to turbulent wedges is

offered in Chapter 2.
1.3 Historical and Modern Challenges to the Field, Motivation

Boundary layer laminar to turbulent transition is a major area of study in aerodynamics, as
it has a profound effect on fundamental flow properties impacting a wide range of applications to
vehicles, wind turbines, turbo-machinery and so on. This section introduces many of these impacts
underlying the need, motivation and challenges driving this research.

The laminar or turbulent nature of the boundary layer has a dramatic effect on flow properties.
Turbulent boundary layers have a larger wall normal velocity gradient at the wall, Ou/Jy| y—o- This
results in a higher shear stress, effectively increasing viscous drag and heat transfer. These effects
vary depending on the application, few of which are detailed below.

For commercial airliners in cruise condition, viscous drag represents approximately half of
the total drag of the aircraft (Thiebert et al. [12]). This has motivated major projects have been
launched attempting to laminarize the flow on commercial aircraft using Laminar Flow Control
(LFC) methods. These projects include the Jetstar Leading-Edge Flight Test (Fischer et al. [13]),
the B-757 HLFC Flight Test (Collier [14]) and the A320 and A340 Laminar Fin Flight Test Pro-
gram (Thiebert et al. [12] and Robert [15]). For a complete description of these programs, an
excellent review is provided by Joslin [16], discussing benefit to cost balances of active and pas-
sive flow control methods. The potential fuel savings for aircraft are reported by Krichner [17].
While discussions about the cost to benefit balance of implementing these laminar flow control sys-
tems are relevant, these projects resulted in significant improvements to aerodynamic efficiency.

The increase in viscous drag is due to increased shear stress at the surface associated with
higher velocity gradients (Ju/0y| ,—o) for turbulent boundary layers. This increase in shear stress
also results in an increase in heat transfer effectively heating the surface. This is evident in Figure
1.2, where laminar and turbulent regions are revealed through their temperature, which is captured
by an infra-red camera in flight. Purple regions indicate a lower temperature surface revealing lam-

inar flow while red regions are associated with higher surface temperature caused by the increased



shear of turbulent flow. The transition mechanism here is dominated by crossflow instability. The
increased heat transfer associated with turbulent flow becomes the main design constraint for high

speed vehicles.

Figure 1.2: Laminar to turbulent transition revealed by infra-red thermography. Purple represents
laminar flow while red is indicative of turbulent flow. Source: Crawford et al. [18]

While most efforts in aviation attempted to promote laminar flow, it is not desirable in certain
applications. Turbulence greatly enhances mixing. Therefore, applications requiring flow mixing
such as fuel and air in a combustion chamber are often purposely designed to promote turbulence.
In addition, vortex generators are used to maintain attached flow in adverse pressure gradients. For
example, in many types of aircraft, from small ultra-lights to the Boeing 737, vortex generators are
used to delay flow separation, effectively increasing lift in low speed situations such as takeoff and
landing. As another example, the role of dimples on golf balls is to trip the flow from laminar to

turbulent to prevent the large pressure drag increase associated with wake separation. Finally, flow
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separation on turbomachinery blades is responsible for a significant loss in efficiency. Howell et
al. [19] attributes 60% performance loss due to boundary layer separation on the suction side of the
blade. Turbulent flow could therefore improve turbomachinery blade efficiency in some situations.

The purpose of this section was to briefly introduce the motivation and possible applications
of laminar to turbulent transition investigations. From significant performance enhancement as-
sociated with efficiency gains for aircraft and wind turbines to the risks and design constraints on
high-speed vehicles, boundary layer transition is an important, active field of study with many sig-
nificant applications. Applications specific to Roughness Induced Transition are presented in the

following section.
1.4 Impact of Roughness on Transition

Roughness Induced Transition is difficult to predict due to the complex interactions of physical
phenomena at play. Contributing factors include flow characteristics, such as freestream turbu-
lence, Reynolds number, Mach number and pressure gradient, as well as the roughness geometry,
wall surface, and curvature. While recent progress has been made in RIT prediction and preven-
tion, a fundamental understanding of the fluid mechanics driving turbulent wedge spreading is still

needed.
Detrimental aerodynamic effects of turbulent wedges

No matter how well designed and manufactured, aerodynamic surfaces will degrade with use
through exposure to icing, insect impacts and erosion. This roughness, whether discrete or dis-
tributed, may cause early, undesirable transition, resulting in a potential loss of aerodynamic per-
formance. Among the possible causes of unexpected roughness effects in practical cases are: insect
impacts, icing, wing or turbines blade erosion, and generally any kind of gap or extrusion on the
surface in question. These effects are particularly significant if the roughness is located near the
leading edge because of the small boundary layer thickness as illustrated by Radeztsky et al. [8]
presented in Section 1.2.

Another pertinent example of the possible detrimental effects of RIT is provided by Ehrmann



[20]. In this study, the deterioration of wind turbine blades due to erosion and and roughness ac-
cumulation was quantified. As the roughness height and density increased, the lift curve slope,
maximum lift and lift to drag ratio all decreased. In a practical case, this has a detrimental effect of
the efficiency of the wind turbine. Indeed, the modeled losses in energy production were consistent
with field observations. Wilcox [21] performed a similar study on the effect of insect strikes on
wind turbine blades. The conclusions are similar attributing overall energy production losses for

wind turbines to Roughness Induced Transition.
Practical uses of Discrete Roughness Elements (DRE)

As seen in the previous section, turbulence may be desirable in certain conditions. In addition to
the many uses of vortex generators, DREs have been used to successfully maintain flow attachment
on compressor blades (Zhang et al. [22]) or airfoils (Lin [23]) and prevent a scram-jet unstart
(Giepman et al [24]). In more recent studies, DREs have been used to stabilize TS wave growth
and suppress transition generated by another DRE, see Section 2.2.4.

Given both the adverse effects and practical uses of discrete Roughness Induced Transition,
a fundamental understanding of the underlying physics is needed. In addition to having many
practical applications, providing a complete and robust mechanism for RIT would represent a

worthy contribution to the field of fluid mechanics.
1.5 Objectives and Scope of Present Work

This work attempts to shed light on the fundamental mechanism of turbulent wedge spreading
by providing detailed measurements of wedge emergence and spreading using combined hotwire
anemometers and naphthalene flow visualization. The turbulent wedges are generated by discrete

roughness elements in a low-speed, incompressible flat plate flow with zero pressure gradient.

The objectives of this work are the following:

1. Measure and document the emergence of high- and low-speed streaks on the lateral

edges of turbulent wedges.



. Explore the hypothesized meandering of these structures.

. Link these structures and their meandering to the spreading rate of turbulent wedges.

. Describe the destabilization process through which these structures are re-generated

at the laminar-turbulent interface of the wedge.



2. ROUGHNESS INDUCED TRANSITION

The purpose of this chapter is to provide an extensive background to the current knowledge
in RIT. Following a brief introduction to the generalities of RIT, particular focus is given to the
resulting turbulent wedge structures. The observed high- and low-speed streaks are then presented
and their role in wedge spreading mechanisms is discussed. Finally, an overall mechanism for
turbulent wedge spreading is proposed through a series of hypotheses. The verification of these

hypotheses is the core of this work.
2.1 Introduction to Roughness Induced Transition

Though RIT has been the focus of numerous investigations, many aspects of this phenomenon
remain poorly understood. There are several types of roughness commonly considered, discrete
and distributed roughness. Examples of the latter include sand paper, or high grit surfaces. More
generally, distributed roughness surfaces are composed of a high number of randomly spaced
roughness elements large enough relative to the boundary layer thickness to affect the flow. While
interesting work has been carried out using distributed roughness (recent work by Kuester [25]), it
is much harder to study due to its complex three-dimensional nature, dramatically increasing the
number of variables in the problem.

For the scope of the current research, focus is only given to discrete, or isolated 3D roughness
elements. Commonly used isolated roughnesses include diamonds, cylinders and hemispheres.
Though much easier to study than its distributed counterpart, discrete roughness induced transition
investigations remain challenging, as the system is highly sensitive to many factors stemming from
the nature of the flow (Reynolds number, freestream disturbances, Mach number, pressure field)
and the geometry of the problem (roughness shape and dimensions, wall curvature, sweep).

When the undisturbed boundary layer flow encounters an isolated roughness, the mean flow
profile is affected. Depending on the factors listed above, different phenomena may be observed.

At small roughness disturbance amplitudes, the secondary instabilities introduced by the warped
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basic state flow may compete with normal mode growth occurring in the undisturbed boundary
layer. In some cases, this has been shown to delay natural transition (Fransson et al. [26]). This re-
sult is counter-intuitive to the general belief that flow disturbance causes destabilization. In specific
conditions this intuition fails, as further discussed in Section 2.2.4. This underlines once again the
need for a fundamental understanding of these mechanisms. If the basic state flow is dramatically
altered by a very large roughness disturbance however, secondary mechanisms will dominate and
quickly cause the flow to transition from laminar to turbulent.

As seen in Section 1.3, transition prediction is of major importance in the design of aircraft,
wind turbines and any system whose performance is affected by the state of the boundary layer.
As discovered by Osborne Reynolds, the Reynolds number is the most important parameter in
transition prediction. For natural transition over a flat plate, a streamwise position-based Reynolds

number, Re,, is used to predict the streamwise transition location:

Uooxt

Re, =

14

where x; 1s the distance from the leading edge. The critical Re, above which transition occurs has
been found between 3.5 x 10° and 10° in early studies by Burgers [27]. The variability in these
values is mostly due to freestream turbulence intensity, 7u/'.

Despite the complexity introduced in the previous section, RIT can also be successfully pre-
dicted using a roughness height based Reynolds number, Rey:

v

Rek =

where u(k) is the velocity of the undisturbed boundary layer at the roughness height, & (Tani [9]
and Fedorov [28]). Below the critical Rej, value, transition will not occur. While the roughness
will still perturb the base flow and instability growth may be observed, viscous effects will dampen
these perturbation and return the flow to its original undisturbed state after a certain streamwise

distance. A first estimate for a critical Rey value for roughness elements with an aspect ratio of one
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was provided in the 600 to 1000 range by Tani [9]. However a more recent study by Klebanoff [29]
places this value around Rey, .;x ~ 450, which is consistent with many recent studies. In addition,
Re;, was found to scale with the roughness aspect ratio as Re;, o< (k/d)?/®, where d is the roughness
diameter (Von Doenhoff and Braslow [30]). Finally, Klebanoft studied the evolution of transition
location with respect to Rey, illustrated in Figure 2.1. For Rej values under the critical number of
Rey, it = 450, the roughness element does not trip the flow. The perturbations are dampened by
viscous action and the flow field reverts to its original laminar state. For Re; > 450 however, the
transition location is observed to rapidly move upstream towards the roughness element. Typically,
provided Rey, is higher than 450, RIT will manifest with the emergence of a turbulent wedge,

details of which are presented in the following section.
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Figure 2.1: Evolution of transition Reynolds number Re, with respect to roughness Reynolds
number Rey, for a cylindrical roughness element. Source: Klebanoff [29]
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2.2 Turbulent Structures

This section introduces turbulent spots and wedges. Both turbulent structures have often been
studied together as they share many similarities. While this work only considers wedges, the ob-
served mechanisms are similar. Fist, turbulent spot, then wedge generalities will be provided, fol-
lowed by a brief presentation of wedge topology. Finally, a summary of recent work on roughness

mitigation strategies will be provided.
2.2.1 Turbulent spots

Emmons [31] was the first to study turbulent structures now known as turbulent spots. These
spots are naturally present in boundary layer transition, as the amplified TS waves start featur-
ing three dimensional structures that eventually break down. After its formation, a turbulent spot
convects downstream at a velocity less than that of the freestream: The trailing edge of a spot
typically travels at half the freestream velocity while the leading edge travels slightly faster than
the leading edge resulting in an elongation of the structure. In the spanwise direction, spots have
been observed to have a lateral spreading angle of approximately 10°. These structures have been
thoroughly described by many investigators including: Perry, Lim and Teh [32], and Wygnanski,
Sokolov and Friedman [33]. Cantwell offers an excellent visualization of turbulent spots repre-
sented in Figure 2.2

Turbulent spots are of particular interest as they share many similarities with turbulent wedges.
Their study is motivated by their presence in turbo-machinery, as the turbulent flow in the wake
of rotor blades affects flow over stator blades. While turbulent spot control does not appear in
most practical applications, the fundamental findings of their study contribute critical insight in
the mechanisms driving the growth of both turbulent spots and wedges. This will be elaborated in

Section 2.4.
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Figure 2.2: Visualization of a turbulent spot in water. Source: Cantwell [34].

2.2.2 Turbulent Wedges

Turbulent wedges have been studied since the 1950s. They were first observed by Gregory and
Walker [35] using china clay and smoke flow visualization, as represented in Figure 2.3. Char-
ters [36] used the term “transverse contamination” to describe the phenomenon through which
turbulent boundary layer flow destabilized surrounding laminar flow resulting in a lateral spread
of the turbulent region. Turbulent wedges were then extensively studied by Schubauer and Kle-
banoff [37]. They used hotwire oscillograms to observe a wedge composed of a fully turbulent
core spreading at a 6.4° half angle surrounded by an intermittent region with a 10.6° half angle
(see Figure 2.4). The intermittency factor, +, is introduced here as the time percentage the signal
appears turbulent. This spreading rate has shown to be only slightly sensitive to Reynolds number
and pressure gradient. Zhong [38] used shear- and temperature-sensitive paint to study turbulent
wedge spreading angles at zero and two favorable pressure gradients. In addition, the slightly
smaller reported growth rates at 6.5° half angle were attributed to the small “overhang” in which
the wedge spreads at a slightly larger rate directly above the wall. In addition to being slightly

sensitive to pressure gradient, Strand and Goldstein [39] studied the effect of riblets on the growth
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of turbulent spots using DNS. They observed a 14% decrease in lateral growth rate without an
effort to optimize the riblet geometry.

The reported lateral growth rate of turbulent wedges has been remarkably constant throughout
the literature, only showing slight sensitivity to surface roughness (riblets) and pressure gradient.
However, this low sensitivity to controllable factors has so far prevented any significant control
methods for robust practical applications. Therefore understanding why these turbulent wedges
spread at this particular rate is one of the main questions of this work.

Several studies have investigated the mechanisms driving turbulent wedge spreading. Gad-El-
Hak [40] used dye visualization to study this phenomenon. In a water channel flow, he inserted blue
dye in the freestream and red dye at the hemispherical roughness element. As seen in Figure 2.5,
the red dye, associated with turbulent mixing, has a much smaller lateral spreading rate than the
overall turbulent wedge. Therefore, in addition to turbulent mixing, there must be a destabilization
process through which the turbulent core destabilizes the surrounding laminar flow. Understanding

this destabilizing mechanism appears key to explaining the overall wedge spreading mechanism.
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Figure 2.3: Smoke (left) and China clay (right) visualization of turbulent wedge by Gregory and
Walker [35].
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Figure 2.4: Oscillogram observations of intermittency and spanwise spreading angle of turbu-
lent wedges. Notice the 6.4° turbulent core surrounded by an 10.6° intermittent region. Source:
Schubauer and Klebanoff [37]
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Figure 2.5: Dye visualization of a turbulent wedge. Blue dye is inserted in the freestream. Red
dye is inserted at the roughness location. Notice the relatively small spanwise spreading rate of the
red dye, representing turbulent mixing. The overall wedge spreads at a much higher rate through a
destabilization process. Source: Gad-El-Hak [40]

2.2.3 Topology of a turbulent wedge

When the incoming boundary layer flow encounters a Discrete Roughness Element (DRE),
the spanwise vorticity associated with the undisturbed 2D boundary layer is re-oriented into the
streamwise direction by rolling up and around the roughness element. This primary streamwise
vortex, often called the “horseshoe” vortex, is responsible for up-wash of low-momentum fluid
up away from the wall and down-wash of high-momentum fluid towards the wall. This effect is
responsible for the creation of high- and low-speed streaks in the wake of the roughness. Gregory
and Walker [35] were among the first to propose this topology as represented schematically in
Figure 2.6. The primary horseshoe vortex can be seen wrapping around the roughness element
entraining counter rotating vorticies on the lateral edges. Many other investigators such as Baker
[41] (experimental) and Rizzetta and Visbal [42] (numerical) have contributed to this now well
established basic topological understanding of turbulent wedges.

A recent study by Ye [43] explores the effect of roughness geometry on turbulent wedge topol-

ogy using tomographic PIV. These investigations revealed a difference in transition onset distance
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between bluff front roughness elements and slender fronts (such as micro-ramps) due to the sep-
aration region. However, the basic wedge topology as defined through the characterization of its
vortical elements is qualitatively similar for all geometries tested, indicating a universal robust
mechanism driving RIT.

More recent attention has been given to the link between low-speed streak regions and instability
mechanisms (Ergin and White [11] and Loiseau [44]). Additional details about the structures ob-
served in turbulent wedges and their links with instability mechanisms will be throughly discussed

throughout this chapter.
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Figure 2.6: Schematic of turbulent wedge topology. Notice the primary horseshoe vortex warp-
ing around the roughness element into a quasi-streamwise direction entraining counter-rotating
elements on both sides of the DRE. Source: Gregory and Walker [35]

2.2.4 Roughness Mitigation Strategies and Shielding

In 2014, Sharma et al. [45] proposed a transition mitigation strategy, geometry of which is pro-
vided in Figure 2.7. Using DNS, he simulated the effect of placing a slightly smaller, slanted, rect-
angular roughness element in the wake of a larger, oppositely slanted roughness element. He found

that the single roughness configuration resulted in transition while the roughness-anti-roughness
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configuration did not. This was later validated experimentally by Berger et al. [46]. While this
method offers a very interesting and counterintuitive result, it showed only slight robustness to
changes in Reynolds number and geometry (Suryanarayanan [47]). This makes practical applica-
tions for this method distant, especially when considering pressure gradients affecting flows over
a wing or wind turbine blade.

Similarly, distributed roughness has also been shown to prevent transition in certain cases through
a phenomenon called “roughness shielding”. McMillan et al. [48] al used adjustable height cylin-
ders as discrete roughness elements in both a flat plate boundary layer flow and embedded in a
pseudo-random, sub-critical, distributed roughness patch. It was found that the cylinder embedded
in the distributed roughness patch could be extended further into the flow before causing transition
than its flat surface counterpart. While this is an interesting result, due to the complex geome-
try, effective surface approximation using triple deck theory is currently being used to study this
problem by McMillan [49]. These are interesting examples in which Roughness Induced Transi-
tion control was successful. However, in order to possibly generalize these or similar methods to
practical purposes, an in depth understanding of the underlying fluid mechanics is needed. One
interesting observation that may hold the key to this understanding is the presence of high- and

low-speed streaks on the edges of turbulent wedges.
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Figure 2.7: Discrete Roughness Induced Transition mitigation strategy proposed by Sharma et
al. [50]. Flow direction from left to right. Transition due to the critical DRE (left) is mitigated by
the slightly smaller control DRE (right).

2.3 High- and Low-Speed Streaks

High- and low-speed streaks have been observed to form on the edges of turbulent wedges in
many investigations. They are formed through the lift-up or down-wash of low and high momen-
tum fluid respectively through the action of streamwise vorticies. The lift-up of low-speed streaks
has been associated with transient growth and subsequent breakdown to turbulence. These phe-
nomena, as well as the nature of streak instabilities are presented in this section, followed by a
discussion on the link between these individual streak related mechanics and the overall turbulent

wedge spreading mechanism.
2.3.1 Streak Observations

Kline [10] offers the first study focusing on the formation of high- and low-speed streaks. He
observed a single low momentum streamwise structure interacting with the outer portion of the
flow through the “lift-up” effect. Following this “lift-up”, he noted sudden oscillations, indicating
the first observation of the breakdown to turbulence of a low-speed streak. Landahl [51], then

proposed a similar analysis and found that fluid elements retain streamwise momentum during
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displacement in the wall normal direction, effectively lifting up low momentum particles away
from the wall and creating shear layers as the velocity gradients of the surrounding flow increase.
These regions are now sensitive to inviscid Kelvin-Helmholtz-like instabilities in the shear layers.

Through this analysis, Landahl coined the widely used “lift-up” mechanism term.

2.3.2 Transient growth

A link between low-speed streaks and transient growth was established in a theoretical study by
Andersson et al. [52]. Those authors effectively linked optimal disturbances predicted by transient
growth theory to the observed stationary streamwise vorticies produced by a roughness element.
The first experimental observation of roughness-induced transient growth was by White [53] who
showed that realizable disturbances are not optimal. Subsequent investigation by Fransson [54],
and Ergin and White [11] further explored related details.

Andersson [55] performed a numerical simulation that shows optimal streaks with an ampli-
tude beyond 26% of U, are unstable to secondary instabilities for a most dangerous sinuous mode
and 37% of U, for a varicose mode. More discussion about streak instability modes will be pro-
vided in the following section.

In a broader sense, the nature of transient growth as an instability mechanism is controver-
sial. While it is generally attributed to path C in the road-map, as an isolated mechanism, it is
not responsible for perturbation growth to levels sufficiently high to affect the mean flow. Any
disturbance large enough to produce unstable streaks would itself be responsible for the mean flow
alteration. The main takeaway from this discussion is that, as opposed to an instability mechanism
in the strictest sense of the term, transient growth is the manifestation of the lift-up effect resulting
from the vorticity dynamics associated with the streak. This mechanism affects the mean flow
directly to cause it to be sensitive to secondary instabilities in the resulting shear layers. The next

section expands upon this idea by looking at how streaks break down.
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2.3.3 Streak Breakdown

The previous concept that the lift-up of low momentum fluid results in an inflectional insta-
bility is supported experimentally by Ergin and White [11]. Using hotwire anemometry in the
wake of a cylindrical roughness array, the location of the inflection point was linked to regions
of high velocity fluctuation growth. In addition, these regions of high perturbation growth at-
tributed to a Kelvin-Helmholtz instability mechanism are located in the high wall-normal du/dy
shear layers situated directly above low speed streaks. Similar streak instabilities have been ob-
served elsewhere. Asai [56] studied the instabilities and breakdown of a single low-speed streak
using hotwire anemometry. He observed a symmetric, varicose instability resulting from a Kelvin-
Helmholtz instability in the Ou/0y shear layer. This mode was discovered to be sensitive to streak
width and suggested a link with hairpin vorticies. However, another antisymmetric mode was
observed in the spanwise Ou/0z shear layers. This mode was observed to persist further in the
streamwise direction than its symmetric counterpart supported by quasi-streamwise vorticies. He
concluded that, while the symmetric mode was relaxed by viscous diffusion of the shear layer,
the antisymmetric mode persisted and dominated the transition mechanism. This low frequency
instability was also measured at 60 Hz by Berger et al. [46] and resulting streak meandering was
suggested. Loiseau [44] observed similar instabilities in Direct Numerical Simulation (DNS). He
found that the aspect ratio of the roughness element conditioned the size of the central low-speed
streak. For relatively narrow streaks, the meandering sinuous mode was found to dominate while
the varicose mode dominated for larger streaks.

Streak breakdown has been studied through investigations focusing on hairpin vortex shedding.
This phenomenon was studied by Acarlar and Smith [57] by combining flow visualization and hot-
film anemometry. He characterized the vortex shedding using the Strouhal number, St = fk/uy,
where f represents the shedding frequency. This number is generally used to describe oscillating
flows. He observed an increase in St as Rej, increased to the point at which transition occurs.
Klebanoff [29] then found a linear relationship between the vortex shedding frequency and dis-

placement thickness, 0%, evolving as fo* o uy,.
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Having well characterized hairpin vortex shedding, its breakdown is well represented by Rizzetta
and Visbal [42] using DNS. The evolution from large-scale coherent structures to small-scale
chaotic behavior is evident. This breakdown mechanism is explained by Brinkerhoff [58] at the

level of individual vortex dynamics presented in Section 2.4.2.
2.3.4 Link with Turbulent Wedges

As seen in previous sections, streaks resulting from large scale flow perturbations and sub-
sequent lift-up mechanism become sensitive to secondary instabilities. Meandering sinuous and
varicose modes associated with the shear layers result in a hairpin vortex shedding breakdown of
the streak. Watmuff [59] studied the evolution of a single low-speed streak by exciting the sinuous
mode with harmonic disturbances. He observed the breakdown of the streak and the emergence
of two subsequent similar streaks on both sides of the primary structure. He postulated that the
spreading of a turbulent wedge is due to the breakdown of successive low-speed streaks. While in
the context of his experiment, the low-speed streak excitation may have led to breakdown, the role
of streak breakdown in fully developed turbulent wedges is still unclear.

In recent work, Chu and Goldstein [60] have observed a succession of high-speed streaks form-
ing along the lateral edges of a turbulent wedge. They coined the term “dog-teeth” to refer to these
structures. Using DNS, they artificially damped turbulence in the core of the wedge and observed
that this had no influence on the formation of streaks or overall wedge spreading. This indicates
that the mechanism of interest acts on the lateral edge of the wedge, coinciding with the region
in which streaks evolve. Therefore, a likely link has been established between the formation and
evolution of high-speed streaks and the spreading mechanism. However, the exact role of these
structures remains unknown.

Many studies have attempted to answer this question through the description of a fundamental
self-regenerating mechanism through which streaks are successively produced on the edges of the
turbulent wedge. The role of this mechanism in the lateral spreading rate is at the core of this work,

studies of which are presented in the following section.
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2.4 Self-Regenerating Mechanisms

After decades of investigations in turbulent wedges and spots, focus has shifted to fundamental
flow mechanisms driving the lateral spreading phenomenon. An overview of the various mech-
anisms is provided in this section. First, investigations into the nature and classification of flow
structures observed in RIT is provided and individual streak breakdown mechanisms are discussed.
These mechanisms are shown to have no influence on the lateral spreading of turbulent wedges.
The parent-offspring self regenerating mechanisms are then presented. Most recent work directly
supporting the present thesis has been done using DNS, tackling the problem from a vorticity dy-
namics point of view. In addition, much of the presented work studies these mechanisms applied to
turbulent spots. However as presented in this section, much of these mechanisms are dependent on
flow features as opposed to the perturbation. Turbulent spots and wedges are composed of similar

structures, therefore studies into the fundamental mechanisms in spots and wedges are similar.
2.4.1 Self-Similar Growth in Flow Structures

Through the foundational experimental studies of turbulent spot growth, Wygnanski et al. [33]
and Elder [61] described self-similar growth of turbulent spots independent of the disturbance re-
sponsible for their creation. Wygnanski et al. [33] attributed spot growth in part to the breakdown
of wave-packets on the edge of the spot, leading to the formation of turbulent eddies. However, this
spreading mechanism was not observed in DNS studies by Henningson [62] or Singer and Joslin
[63].

Cohen et al. [64] proposed a generalized flow model consisting of three elements: shear flow, a
counter-rotating streamwise vortex pair and a wavy spanwise vortex sheet oriented in the stream-
wise direction. This model was shown to be unstable and all three comprising elements are present
in RIT. In addition, the important role of streamwise vorticity (w,) in the hairpin vortex generation
process was established. The scale of these streamwise vorticies, often associated with streaks, was
further studied by Blackwelder [65], who compared the dynamics and scale of streamwise vorti-

cies in transitional and fully developed turbulent flow. He found that a similarity exists between
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the streamwise vorticies in both cases when scaled with the adequate viscous parameters. In addi-
tion, Swearingen and Blackwelder [66] studied the evolution of streamwise vorticies produced by
Gortler instabilities. These vorticies were observed to have similar spanwise wavelengths to their
flat plate bound turbulent boundary layer counterparts.

Based on the similarity of structures (streaks and hairpin vorticies) in various flows, Suponitsky
[67] suggests the existence of a generalized mechanism governing the evolution of these structures
and their interactions. Two distinct types of mechanisms are proposed for turbulence production in
wake flow: a streak based instability mechanism and a parent-offspring mechanism through which
flow structures (in this case streamwise vorticies and streaks) regenerate. A description of these
mechanisms is provided in the next section.

Through their study of the turbulent structures formed in turbulent spots generated by fluid
injection, Singer and Joslin [63] proposed that the first structures “necklace” or “U” shaped vortex
is perturbation bound and scales as such, while the secondary structures are generic and scale with

flow features rather than with the perturbation.
2.4.2 Streak Breakdown Mechanism

Building on the streak breakdown discussion in Section 2.3.3, Kim et al. [68] and Swearingen
[66] proposed a mechanism in which the local spanwise velocity gradient situated between a high-
and low-speed streak results in an inflectional instability. The associated wall-normal vorticity is
then tilted and intensified by the mean shear flow. Schoppa and Hussain [69] proposed a “streak
transient growth” mechanism describing the formation, growth and collapse of a streamwise vortex
sheet and associated sinuous instability mode predicted by transient growth.

Singer and Joslin [63] used DNS to study the primary hairpin vorticies observed in early stages
of artificially generated turbulent spots. They described the regeneration mechanism of hairpin
vorticies as follows: low momentum fluid is ejected away from the wall by the legs of the primary
hairpin vortex, resulting in a self-induced lift-up of the vortex head. The low momentum ejection
causes separation between the primary vortex legs. The resulting flow field reorients the spanwise

vorticity into the wall-normal direction. The separated shear layer then rolls up into streamwise
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and spanwise vorticies forming the head of a new hairpin vortex. This mechanism is illustrated in
Figure 2.8, and is also observed experimentally by Guo et al. [70] and modeled by Smith et al. [71]

Alternatively, Schroder and Kompenhans [72] and Schroder et al. [73] use tomographic Par-
ticle Image Velocimetry (PIV) to study the regeneration mechanism of individual hairpin vorti-
cies. They describe the mechanism as follows: the legs of the primary hairpin vortex cause the
emergence of high- and low-speed streaks through up-wash, introducing a strong spanwise shear
layer susceptible to an inviscid inflection point instability. Coherent wall-normal vortex structures
emerge and are folded over into arch-shape structures, which are then stretched by the base shear
layer into secondary hairpin vorticies. This mechanism, illustrated in Figure 2.9, is supported by
DNS work from Krishnan and Sandham [74].

Note that while the secondary structures form between the legs of the primary hairpin vortex
in the mechanism described by Singer and Joslin [63], secondary structures form on top of both
primary legs in the mechanism described by Schroder et al. [73]. Both mechanisms are observed
in the literature. Brinkerhoff [58] reconciled this by offering a similar mechanism through his
study of pulsed jet generated turbulent spots using DNS. They argue that both mechanisms can
occur depending on the spanwise scale of the hairpin vortex. When the primary hairpin vortex legs
are close together, the reoriented vorticity structures will grow towards each other and merge to
form a single hairpin vortex over both primary legs. This explains why the mechanism described
by Singer and Joslin [63] is observed for small scale hairpin vorticies, while that described by
Schroder and collaborators ([72] and [73]) is observed in the evolution of relatively larger scale

structures.

28



Unstable separated
shear layer

5]

Figure 2.8: Schematic of the hairpin vortex regeneration mechanism proposed by Singer and Joslin
[63], Source: Brinkerhoff [58]
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Figure 2.9: Schematic of the hairpin vortex regeneration mechanism proposed by Schroder and
Kompenhans [72], Source: Brinkerhoff [58]
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Role of Streak Breakdown Mechanisms in Turbulent Wedge Spreading

Although the breakdown mechanism of an individual streak is critical to the formation of a
turbulent wedge, its exact role in the lateral spreading rate of wedges is questioned. Using DNS,
Strand and Goldstein [39] and Chu et al. [75] used spanwise damping fins to study growth mecha-
nisms of turbulent spots. These fins are non-physical structures embedded into the flow field which
are used to effectively dampen the spanwise velocity without affecting the remaining flow field.
They found that these fins had a dramatic effect on the spreading rate of turbulent spots. Using
fins inside the boundary layer with a height of 0.874, the streak breakdown effects are confined
between the damping fins while the turbulent structures grow away from the wall. Figure 2.10 rep-
resents a top view of the turbulent spot growth via visualization of iso-surfaces of swirling strength
A2, as defined by Jeong and Hussain [76]. This indicates that lateral spot and wedge spreading is
not driven by individual streak breakdown mechanisms, but rather a parent-offspring mechanism
confined to the boundary layer. While this is an interesting result, the separation between these
two mechanisms is up for debate due to the non-physical nature of the experiment and the absence
of experimental verification. It is well understood that streaks breakdown to turbulence. The way

these structures self-regenerate will be detailed in the following section.

Figure 2.10: Top view of turbulent spot growth. Iso-surfaces of swirling strength \,. Horizontal
lines represent spanwise damping fins. Source: Goldstein et al. [77]

2.4.3 Parent-Offspring Mechanisms

Parent-offspring self-regenerating mechanisms through which a secondary streak or stream-

wise vortex core is created by a similar parent structure have been provided in the literature. In-
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vestigations by Smith and Metzler [78] (experimental), Brooke and Hanratty [79], and Zhou et
al. [80] (DNS) provide a description of the following mechanism. A layer of oppositely signed
streamwise vorticity is created at the wall by the perturbed flow field due to the no slip condition.
This vorticity is lifted up by the parent structure which leads to its stretching and intensification.
This mechanism relies on a spanwise no slip condition at the wall. However, recent computational
work by Chu et al. ([75] and [60]) allows spanwise slip to evaluate this mechanism. In these sim-
ulations, enabling spanwise slip does not inhibit turbulent spot growth, on the contrary, turbulent
spot growth is observed to be more vigorous. Therefore, streamwise vorticity production at the
wall is not the key mechanism to the growth of turbulent spots and wedges.

More recent work by Brinkerhoff [58] offers a self regenerating mechanism through a vortic-
ity dynamics analysis of individual hairpin vorticies using DNS. Hairpin vorticies are observed
to gather into wave-packets on the edges of the turbulent spot. The parent hairpin vortex induces
up-wash of low momentum fluid and down-wash of high momentum fluid towards the wall. This
induction of high momentum fluid in the laminar region outside of the spot causes a stretching of
the base spanwise vorticity in the streamwise direction (a). As it stretches, this new vortical struc-
ture is lifted up in the wall normal direction (b). The created local shear layers are unstable and
discrete wall-normal vortex structures roll up into large scale hairpin vorticies (c) and (d). This new
offspring vortex will be stretched by the base flow and perpetuate this self regenerating mechanism

as described in Figure 2.11.
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Figure 2.11: Schematic of the parent-offspring hairpin vortex regeneration mechanism proposed
by Brinkerhoff [58]

Similar findings are provided and expanded upon by Goldstein et al. [77] and Suryanarayanan
et al. [81] using DNS to describe the growth of turbulent spots and wedges from a vorticity dynam-
ics point of view. Streamwise vorticity has been mentioned numerous times during this literature
review and is believed to play a central role in turbulent spot and wedge spreading. Goldstein et
al. [77] specifically studies the production of streamwise vorticity w, in the evolution of turbulent

structures. Using the inviscid streamwise vorticity evolution equation:

BN +u0x +v 3y +w 5% wxa wya—y wzaz (2.1)
rewritten as:
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Physically, this represents the evolution of streamwise vorticity through self induction through
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terms —v
tilting term found to be the largest at the formation location of new vorticies. Quantitative analysis
reveals that this term is in turn dominated by —(0w/0x)(0u/0y) (also observed by Hack and Zaki
[82]) with Ou/dy originating the mean shear base flow and dw/0dx produced from the newly de-

veloped tilted vortical structures. The next step is understanding how spanwise vorticity gets tilted

resulting in streamwise vorticity production. Tilted vortical tubes observed at the edge of the struc-
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ture containing mostly w, and w,. Through Biot Savart interactions, Ow/0x is directly induced.
In addition, "pancake" shaped regions of alternating signed streamwise vorticity were observed
extending well beyond the turbulent structure. The Biot Savart interactions are also responsible for
introducing +w, vorticity to the surrounding flow.

Suryanarayanan et al. [81] expands upon these investigations by proposing a four stage RIT
mechanism represented in the schematic provided in Figure 2.12. Stage I corresponds to the gener-
ation of vortical disturbances by the roughness element. A single streamwise vortex pair dominates
in the near field (up to z/k = 20). The strength of the initially perturbed vorticity has been shown
to scale with k*. In stage II, wall-normal vorticity w, is amplified via the lift-up of spanwise vor-
ticity w, (present in the surrounding laminar flow) by the decaying w,. The lifted up wall-normal
vortical structure is then stretched by the base shear flow and is amplified by modal instability re-
sulting in a “clumping” of vortex lines at the head. This generates unsteady w, perturbations. The
newly formed structure undergoes a mutual stretching of its w, and w, components. Hairpin type
vortical structures are formed which eventually breakdown through the mechanisms presented in
Section 2.4.2.

Waleffe [83] studies this self regenerating mechanism from a mathematical perspective. He
describes a three step process through which “rolls” (streamwise vorticies) are regenerated in a
self-sustaining manner. A schematic of this process is provided in Figure 2.13. First, streamwise
rolls redistribute streamwise momentum resulting in spanwise streaks. The spanwise inflection
leads to rapid instability growth which in turn re-energizes the streamwise rolls through non-linear
effects. This description in consistent with the most recent DNS studies previously detailed and is
conjectured to be generic for shear flows in a wall bounded domain.

Throughout the previous sections, the literature describing self-regenerating mechanisms act-
ing on high- and low speed streaks has been thoroughly detailed. Many investigations have inves-
tigated the fundamental development of these structures through DNS and/or applied to turbulent
spots. This work provides the first experimental study on the development and role of these struc-

tures in turbulent wedge spreading from an experimental point of view. The following section

33



provides a summary of the literature review and discusses the specific contributions of this work.
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Figure 2.12: Schematic of the complete RIT process provided by Suryanarayanan et al. [81]
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Figure 2.13: Schematic of the self-sustaining process proposed by Waleffe [83].
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2.5 Literature Summary and Discussion

Despite the high complexity of roughness induced transition as a fundamental fluid mechan-
ics problem, decades of investigations have yielded significant process in prediction and topology
characterization of wake flow, breakdown and spreading mechanisms. Analysis of the flow struc-
tures (streamwise vorticies and streaks) composing transitional and turbulent flows in the wake
of roughness elements suggests that the primary structures scale with the perturbation character-
istics while secondary structures driving the growth of turbulent wedges and spots are generic
and scale with flow characteristics. Several types of mechanisms have been classified, first streak
breakdown mechanisms, responsible for the breakdown to turbulence generally associated with
low speed streaks. Second, parent-offspring, self regenerating mechanisms through which an off-
spring structure will form from the flow interactions of the base flow and parent structure. In the
case of turbulent wedges, the combination of these mechanisms is responsible for turbulent wedge
spreading as an initial streamwise vortex and associated low-speed streak will self regenerate by
creating new similar, secondary structures on the lateral edges of the wedge. These structures will
successively break down, propagating the turbulent wedge laterally.

Recent investigations have provided detailed descriptions of such mechanisms using DNS.
These studies play to the strengths of numerical simulations by providing all components of the
velocity, and vorticity fields as well as enabling testing of non-physical cases to study the flow
physics in conditions otherwise impossible to create experimentally. These investigations have
revealed that the mechanism responsible for the lateral spread of turbulent wedges is driven by
a parent-offspring self-regenerating process acting within the boundary layer at the edges of the
wedge. This process is not influenced by the roughness element or core turbulence, it is con-
straint to the individual discrete vortex and associated streak structures observed at the lateral
laminar/turbulent interface. The resulting topological vortical dynamics based model for turbulent
wedge spreading is supported by experimental studies using tomographic PIV.

While these studies provide important knowledge about the evolution of flow structures and

their role in turbulent wedge spreading, the nature and, evolution of instability modes and their
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influence on the self-regenerating mechanism driving turbulent wedge spreading remains an open
question. DNS is limited in temporal resolution making the analysis of well time-averaged mean
and fluctuating velocity difficult. Similar challenges concern tomographic PIV with limited spatial
resolution. Using hotwire anemometry enables the study of fluctuating power spectra to character-
ize the evolution and growth of various instability modes and their role on wedge lateral spreading.
It is the objective of this work to provide extensive experimental measurements focused on the
laminar/turbulent interface of turbulent wedges to shed light on the self-regenerating spreading

mechanism from an instability point of view.

2.6 Hypothesis

From the extensive literature on RIT and its associated mechanisms presented in this chapter, a
set of hypotheses is formulated. The present work will hopefully provide experimental verification

of these hypotheses which will offer a valuable contribution to the field.

e The roughness element disturbs the basic shear flow resulting in the creation of a central

counter rotating vortex pair and associated low speed streak.

e The central low speed streak breaks down through the lift-up and secondary instability mech-

anisms.

o A self regenerating parent-offspring mechanism acts to create a succession of new high- and
low-speed streaks on the edges of the turbulent wedge. This process is no longer influenced

by the roughness.

e The secondary streaks break down through the same mechanism as the primary streak. Thus

propagating the turbulent structure laterally.

e The breakdown of the outer most low-speed streak is associated with both sinuous and vari-

cose instability modes. The former may meander in the spanwise direction.
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e The meandering of the sinuous mode may cause instabilities to propagate in the surrounding
laminar flow and "washout" averaged data collected downstream, interfering with measure-

ments of discrete structures.
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3. EXPERIMENTAL SETUP

The experimental work presented in this work was performed at the Klebanoff Saric Wind
Tunnel (KSWT) at Texas A&M University. This chapter first presents the wind tunnel characteris-
tics and design as well as experimental methods and protocols. Then, design and geometry of the
roughness elements used to generate the turbulent wedges is provided. Finally, measurements of

the base flow characteristics are presented.
3.1 Klebanoff Saric Wind Tunnel

The KSWT is a low speed, low disturbance wind tunnel designed for fundamental boundary
layer stability and transition experiments. It was designed by Klebanoff at the National Bureau of
Standards before moving to Arizona State University [84] and finally to Texas A&M in 2005. Its

maximum freestream velocity in the test section 1S Usg 4, = 36 m/s and its freestream turbulence

/

intensity has been measured at u;,,,

/Uss = 0.02%, making it an ideal quiet environment for
boundary layer transition studies. A top-view representation of the facility is provided in Figure
3.1. The numerous design features responsible for the excellent freestream quality are described

throughout this section. For more information, a complete description of the KSWT is provided

by Hunt et al. [85].
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Figure 3.1: Top-view ov Klebanoff Saric Wind Tunnel. Source: Hunt et al. [85].
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3.1.1 Fan and Motor

The six foot diameter fan possesses nine adjustable pitch blades and eleven stators to suppress
fan swirl. The fan is driven by a 150 hp Emerson Industrial Controls direct current motor. The
motor is isolated in an enclosure located directly beneath the fan. A pulley-belt system transmits
the power to the fan through two slots in the enclosure roof while the remaining walls of the
enclosure are covered in acoustic foam to reduce motor noise. The belt emerging in the fan section
as well as the fan transmission unit and bearings are protected by fairings. The fan section of
the tunnel is connected to other segments through rubber seals. These design features drastically

reduce flow and structural perturbations generated by the motor and fan elements.
3.1.2 Contraction Cone and Diffusers

There are three diffusers and one contraction cone in the KSWT. The main diffuser section,
located directly downstream of the fan section, has an expansion angle of twelve degrees, separated
by a splitter plate to prevent the formation of unsteady separation bubbles. In addition, the flow is
straightened by two screens placed in the main diffuser. This section is followed by the extended
diffuser maintaining the same expansion angle. Finally, the fist stage diffuser located downstream
of the test section has an expansion angle of ten degrees, separated by a horizontal splitter. The
contraction cone follows a 5th degree polynomial with zero slope and curvature at the extremities.

Its cross section area reduction factor is 5.33.
3.1.3 Flow Quality Improvements

Other elements are designed to improve flow quality, including various screens and a honey-
comb flow straightener. The latter is composed of large hexagonal cells (3 x 1/4 inches) designed
to reduce larger scale turbulence. Located just downstream are seven screens made of 0.0065 inch
diameter stainless steel wire, forming a 30 wire per inch mesh. These screens, separated by nine
inches, break up the residual smaller scale turbulence and straighten the flow.

Acoustic panels and foam are also used in the plenum, between the extended diffuser and the

honeycomb flow straightener. Acoustic panels effectively mitigate sound waves in the 50 Hz to
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5000 Hz band while the foam surrounding the panels to create a continuous surface is effective
for frequencies higher than 150 Hz. These upgrades were implemented during the move to Texas
A&M and, in addition to the elimination of an unsteady secondary duct, resulted in an improve-

ment in flow quality.
3.1.4 Test Section

The test section dimensions are 1.4 x 1.4 meter square cross section extending 4.9 meters. The
walls are not exactly parallel but extend outward slightly, effectively increasing the cross section
in order to account for boundary layer growth on the walls. The test section is not mechanically
bound to the other elements of the tunnel, but sealed using duct tape in order to prevent vibration
transmission. In addition, the test section lies on four pneumatic isolators to filter out ground vi-
brations.

Two different test sections are used; one contains the flat plate assembly for fundamental
boundary layer studies while the other is empty to accommodate wing models for crossflow stud-
ies or other various experiments. Two different windows are also interchangeable on the two test
sections; one is slotted and fitted to accommodate the traverse system for hotwire measurements,

while the other is a large window providing full optical access for flow visualization experiments.
3.1.5 Traverse System and Flat Plate

In the traverse and flat plate configuration used for precise quantitative boundary layer mea-
surements on a flat plate, the slotted window allows for the introduction of a sting in the test section
holding the hotwires. The sting is attached to a three-dimensional traverse system located outside
the test section in a pressure box to prevent flow through the sting slot. The traverse system uses
an array of stepper motors controlled to deliver excellent accuracy for precise measurements. The
displacement resolution is 12 um in the streamwise (x) direction, 1 pm in the wall-normal (y)
direction and 2 um in the span-wise (2) direction.

The total flat plate dimensions are 173.2 x 53.3 inches including a 13.5 inch long elliptic lead-

ing edge and a trailing edge flap to force the leading edge stagnation point on the measurement
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side of the plate. The plate is composed of a honeycomb core surrounded by a 0.04 inch thick
aluminum skin, resulting in a total thickness of 0.87 inches. It is mounted vertically in the test
section on adjustable brackets. The reason for this is to tilt the plate in or away from the flow to
adjust the local pressure gradient. The flat plate contains an 11 X 9 inch insert located 19.9 inches
downstream of the leading edge. This insert is used to 3D print complex roughness configurations,
including distributed roughness for shielding experiments. During the current work, a smooth in-
sert was used. Seams between the main body of the plate and the insert were filled with sanded

Bondo to prevent gaps or excessive filling.
3.2 Methods

The two most commonly used measurement techniques at the KSWT are presented in this
section. First, naphthalene flow visualization is usually used to directly observe the laminar or
turbulent nature of the flow at the wall. Second, precise quantitative measurements are made using

a hotwire anemometer system to measure the flow characteristics.
3.2.1 Naphthalene Flow Visualization

Naphthalene is used as a fast and easy way to visualize the laminar or turbulent state of the
flow at the wall. This technique was successfully used by Dangenhart and Saric [86] in their foun-
dational work on crossflow instabilities to observe streamwise vorticies. More recently, Kuester
[87] used it to observe the turbulent wedges generated by cylindrical roughness elements in sim-
ilar conditions to the presented work in Chapter 4. Moth balls are composed of naphthalene and
these are diluted in acetone at a near saturated four to one weight ratio and sprayed on the flat
plate. Naphthalene has a natural light gray color and sublimates as a function of wall shear stress.
Turbulent boundary layers having a higher velocity gradient at the wall exhibit higher wall shear
stress. Therefore, turbulent regions are directly revealed by the sublimation of naphthalene. This
method is usually used to provide insightful flow visualization results and extract the geometry of

the turbulent structures to guide precise quantitative hotwire measurements.
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3.2.2 Hotwire Anemometry

A constant temperature anemometry system is used with a pair of Dantec hotwires. The tung-
sten wire has a diameter of 5 m and a length of 1.25 mm. Two hotwires are used simultaneously,
one measuring the boundary layer and one remaining in the freestream. The measured normal-
ized velocity, Uy = Upgp/Urs, is the velocity ratio between the two wires in order to prevent
low frequency velocity variations in the freestream from affecting the measurements. The signal
from the hotwires is conditioned by an AA Labs anemometer containing a Wheatstone bridge to
measure the hotwire changes in resistance. A gain and offset is applied in order to use the full
410 volt range of the National Instruments USB Data Acquisition boards (DAQs). The velocity
fluctuation measurements are sampled via AC-coupling using two Kemo VBF44 filter/amplifiers.
These filters usually operate at a 1 HZ to 5 kHz band with a gain of 10 dB. The resulting mean and
fluctuating measured data are then transfered and formatted to data files on the control computer.
Both hotwires are calibrated daily to fit both the output voltage and freestream temperature using

King’s law. The full calibration procedure is described by White [88].
3.3 Base Flow Characterization

The sophisticated noise reduction elements implemented in the KSWT as well as the sensitive
measurement systems result in a facility capable of producing very high quality boundary layer
measurements. In order to verify this, and that no wind tunnel-bound phenomenon affects the
results, the base flow must be comprehensively characterized. This section provides results from
base flow measurements to ensure first the zero pressure gradient condition, then the freestream

turbulence characteristics and finally, the flow uniformity.
3.3.1 Pressure Gradient

Boundary layer profiles were measured at an array of streamwise and spanwise locations to

characterize the displacement and momentum thicknesses respectively described as:
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The ratio between these thicknesses id known as the shape factor H = 6* /6. For zero pressure
gradient flows, this value is constant at // = 2.591, as derived from the Blasius solution. Achieving
measurements of this value is notoriously difficult and is a measure of the quality of the experi-
mental setup. Measurements are provided for all three Rey, cases in Figures 3.2 through 3.4. These
figures reveal the displacement, momentum thicknesses and the shape factor measurements along
the streamwise direction. The shape factor is observed to approach the Blasius value of H = 2.591
from the slightly favorable pressure gradient side. This is the result of a bias in the plate alignment
toward favorable pressure gradient in order to avoid the detrimental effects of adverse pressure
gradients which rapidly destabilize TS waves. The statistical analysis of all measurements reveals
H = 2.54 + 0.04. Near zero pressure gradient is therefore achieved. Slight differences from ideal
shape factor values are not expected to affect the results of this research as pressure gradient is ex-
pected to have a much stronger influence on TS wave growth than on turbulent wedge spreading.

These results also provide measurements for the Virtual Leading Edge (VLE) location for each
operating condition. The virtual leading edge is the distance between the physical leading edge of
the flat plate and the apparent origin of Blasius flow (Xwle). This value is important to consider
when computing the roughness position that will result in the desired Re;. The Xwvle measure-
ments were performed before the first turbulent wedge campaign. These data were essential to
characterize in order to place the roughness at the correct streamwise location taking the virtual
origin of the flow into account. Boundary layer scans were taken at three spanwise positions and
along an array of streamwise locations. The momentum thickness was computed at each point and
then extrapolated to zero, resulting in the flow virtual origin. Results are presented in the following

table.
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small 600 650 169 + 12
small 750 750 157 £ 16
large 979 608 196 £+ 12

Table 3.1: Virtual origin of the base flow for each run parameter.
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Figure 3.2: Shape factor measurements for Re; = 600
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3.3.2 Freestream Turbulence

Freestream turbulence intensity levels have an influence on wind tunnel measurements. It is
therefore important to characterize the background wind tunnel noise. Hotwire measurements
were performed in the freestream for all three Re’ cases. These measurements were sampled for
30 seconds at 10 kHz. The resulting power spectral density data are presented in Figure 3.5.

Electrical contamination manifesting by a peak at 60 Hz and it’s harmonics can be identified.
This will not influence the results as it does not affect any physical flow properties and the studied
growth rates are normalized by their freestream components. In addition, when integrated over
a larger frequency band, the narrow band centered around 60 Hz will not affect the disturbance

energy results.
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Figure 3.5: Freestream turbulence power spectra measurements. The Re¢’ = 608000, Re’ =
650000 and Re’ = 750000 (1/m) cases are represented respectively in green, red and blue.

3.3.3 Flow Uniformity

In order to verify the absence of small roughnesses or flow structures due to the flat plate

itself, boundary layer scans are taken in the absence of the DRE. Figures 3.6 through 3.8 represent
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+ms at different streamwise

normalized velocity u /U, contour lines and mean fluctuation levels u
locations in the expected measurement filed for the highest Re’ = 750 x 1072 m~! case. No
variation in the time-average streamwise velocity as a function of Z is observed. The flow appears

uniform accross the span. The mean fluctuation reveal no particular structures in the base flow

other than the expected TS wave instabilities in the shear layer.
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Figure 3.6: Base flow uniformity characterization for Re’ = 750 x 1072 m~! at x = 1290 mm.
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Figure 3.8: Base flow uniformity characterization for Re/ = 750 x 1072 m~! at z = 1600 mm.
Black contour lines represent normalized velocity in 10% increments from 0.2 to 0.9.

In addition, similar scans were taken at the roughness locations and corresponding unit Reynolds
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number condition Re’ for all three configurations (Figures 3.9 through 3.11). Similarly no partic-
ular structure or high fluctuation regions are observed. The base flow is characterized only by
the boundary shear layer. The differences in base level /. . values in the shear layer are due to

rms

different unit Reynolds numbers Re’ for each different case.
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Figure 3.9: Base flow uniformity characterization at roughness location x = 1366 mm for the
Re;, = 600 case.
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Figure 3.10: Base flow uniformity characterization at roughness location x = 1346 mm for the
Re;, = 750 case.
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Figure 3.11: Base flow uniformity characterization at roughness location = 1255 mm for the
Rep, = 979 case.
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3.4 Roughness Element

The roughness (illustrated in Figure 3.12) used to generate the turbulent wedge has been cho-
sen to recreate similar conditions to Kuester [87]. The notch is used to purposely break symmetry
in order to better compare experimental to numerical results. The roughness elements were pre-
cisely cut using wire EDM. As the flow is highly sensitive to roughness height, £, this value was
carefully measured using calipers, then sanded to the desired height. The roughness height was
also measured when adhered to the plate in order to account for the adhesive layer thickness. In
order to produce three different wedges generated at three different Rey, values, two sets of rough-
ness elements were manufactured. The larger roughness height is k;, = 2.94 mm, and diameter
dy, = 2.79 mm. The smaller roughness height is k; = 1.96 mm, and diameter d;, = 1.86 mm. The
notch is located extruding from the roughness in the positive z direction of 0.2 mm and is 0.2 mm

thick. These values approach the effective resolution of the wire EDM cutter.

Figure 3.12: Roughness element schematic, to scale.
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3.5 Experimental protocol

The experimental protocols followed are described in this section. First, a naphthalene flow
visualization study was performed to determine the sensitivity of wedge geometry to variations
in Re; and Re,. Second, an extensive hotwire measurement campaign focused on the lateral

spreading of three different wedges characterized by three different Rey,.
3.5.1 Naphthalene Spreading Angle Study

The objective of the naphthalene campaign is to study the effect of Rej and Re, on turbulent
wedge lateral growth and high speed streak development. Three wedges were studied simulta-
neously, each characterized by different Rej; values (Re, = 600, Re, = 750 and Re, = 979).
These Rey, values were achieved at different Re’ values by positioning the roughness at three dif-
ferent streamwise positions, x. The flat plate and roughnesses were then covered by a thin layer of
naphthalene and the tunnel was set to a constant unit Reynolds number, Re’. As the naphthalene
regions began to sublimate, pictures were taken through the test section window and subsequently
analyzed.

The relationship used to compute Rey, using Blasius approximation is the following:

Re, = 0.33206k>Re/*(Xr — Xvle) /2 (3.3)

while, Re, is simply

Re, = Re'(Xr — Xule) (3.4)

In these equations, X1 corresponds to the physical roughness location defined in traverse
coordinates. The correct flow based streamwise coordinate X f is expressed as the difference
X f = Xr — Xvle. Throughout this document, all coordinates x are given as referenced by the
physical locations relative to the physical leading edge. However, X f is used to compute the
correct boundary layer parameters. The cases run are represented in the test matrix presented the

following table. Cases referenced 1 and 2 for Re;, = 600 and Rej, = 750 respectively were studies

50



using a small roughness, while case 3, Re, = 979, used the larger roughness element. It is impor-
tant to note that the values in the table represent the roughness location with respect to the flow by
subtracting the virtual leading edge corresponding the the cases Re’. The values do not correspond
to the physical location of the roughness on the plate as defined by the traverse coordinate system.
The Re, values are obtained using 3.4. Finally, note that certain cases (indicated in red in the table)

were impractical as their position was located either too far upstream or downstream for accurate

measurements.
Case 1 2 3
Roughness Configuration small small original
k (mm) 1.96 1.96 2.94
Rey, 600 £ 37 | 750 £ 31 | 979 + 22
Table 3.2: Roughness case matrix.
Run # | Re/ x 103(1/m) | X f; (m) Re,q X fo (m) Rego X f3 (m) Regs Date (dd/mm/yy)
1 508 0.522 265125 N/A N/A 1.029 622300 30/01/19
2 550 0.691 379830 0.420 230780 1.368 855250 06/02/19
3 600 0.924 554220 0.572 343020 1.803 | 1188600 08/02/19
4 650 1.196 777595 0.750 487695 2.315 | 1615250 08/02/19
5 700 1.513 | 1058890 | 1.017 711690 N/A N/A 10/02/19
6 750 1.876 | 1407000 | 1.189 891750 N/A N/A 10/02/19
7 800 N/A N/A 1.456 | 1164640 N/A N/A 26/02/19
8 850 N/A N/A 1.756 1492515 N/A N/A 27/02/19

Table 3.3: Naphthalene campaign test matrix.
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The naphthalene images were analyzed and their geometrical features extracted. There are chal-
lenges to precise naphthalene flow image analysis. A slightly uneven layer can cast doubt on the
nature of the visible structures. Certain regions can indeed sublimate at a higher rate due to a rel-
atively thin layer revealing non-physical structures. The quantification of these errors is necessary

to extract useful information from the data and will be presented in chapter 4.
3.5.2 Hotwire Measurements

The objective of the hotwire measurements is to quantitatively study the spreading of turbu-

!
rms?

lent wedges. Normalized velocity contours, Uy, and velocity fluctuations, u are measured at
specific streamwise = coordinates as (y, z) slices downstream of the roughness elements. Great
care is given to the documentation of the formation of high- and low-speed streaks. First, a single
naphthalene flow visualization experiment was performed on the roughness as positioned on the
plate, as the flow is highly sensitive to even slight changes in geometry. Using the naphthalene
images, specific locations were selected for the time averaged hotwire measurements.

Using hotwires to measure highly turbulent boundary layer profiles is challenging. While a
normalized velocity cutoff can be used for laminar boundary layers (cutoff when Uy = 0.12 for
example), the high velocity gradients at the wall inherent to turbulent boundary layers cause a
risk of running the fragile hotwire into the wall because the velocity gradient is so strong near the
wall. In order to avoid this, for a given streamwise coordinate, multiple boundary layer profiles
are measured in the laminar region on both sides of the wedge. The wall position, ¥, in traverse
coordinates is extrapolated for each of these measurements and the results are fit to a quadratic
polynomial representing the wall position as a function of z. Instead of using the normalized ve-
locity cutoff as is normally done at the KSWT, the quadratic wall-location coefficients are provided
to the control system which sets the lower measurement bounds to a fixed distance of 0.6 mm from
the interpolated wall location.

The tunnel operations are controlled by a C++ code that controls the motor, traverse move-
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ment, sensors and data acquisition and formatting. The tunnel fan can by controlled by fixed rpm,
freestream velocity or unit Reynolds number. The latter is used in this research, as it adjusts ve-
locity to maintain Re’ as temperatures changes during the run into account. Doing this maintains
a consistent boundary layer thickness at each streamwise location.

In order to capture a single data slice i.e, a (y,z) plane, an input file is used to upload the span-
wise start, stop and step coordinates, the unit Reynolds number, various wall normal step sizes and
wall coefficients. The parameters used are presented in the test matrices provided in the Appendix
(tables A.1 through A.4).

First, the Re;, = 979 case was measured in May and June of 2018. A total of 22 (y, 2) slices of
the wake were taken up to 165 mm downstream of the DRE. A streamwise step of 5 mm was used
in the near field from x = 1260 mm (5 mm downstream from the DRE) to x = 1310 mm in order
to finely resolve the initial development of the turbulent structure. Then, a 10 mm streamwise step
was used from x = 1310 mm to x = 1420 mm. These measurements extended far enough down-
stream to observe two sets of dog-teeth but not a third. Therefore, the second case for Re;, = 600
was extended much further downstream in order to investigate the far-field development of the
turbulent wedge. A total of 30 slices were measured in May of 2019 ranging from x = 1382 mm
to x = 1672 mm, while the roughness was located at Xr = 1366 mm. The far field was well
documented in this case and measurements were taken until evidence of interference with natural
transition appeared. For the final case Re;, = 750, measured between June and August of 2019, a
total of 48 slices were measured. This case was subject to the most extensive measurements as the
spatial resolution in the spanwise direction was doubled (up to x = 1496 mm) in order to better
approximate spanwise velocity gradients du/0z. In addition, a streamwise step size of 5 mm was
used between x = 1356 mm (10 mm downstream of the DRE) and x = 1506 mm (160 mm down-
stream of the DRE). This increased spatial resolution in both streamwise and spanwise directions
on a larger portion of the turbulent wedge development region provides extensive data. This in-
creased resolution was relaxed in the far field, extending to x = 1686 mm or 340 mm downstream

if the roughness element. These data will be analyzed and discussed in chapter 5.
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4. NAPHTHALENE FLOW VISUALIZATION STUDY

The results from the naphthalene campaign are presented in this chapter. The objective of
these measurements is to characterize the evolution of wedge spreading angle and other geomet-
rical parameters with both flow bases and roughness based Reynolds numbers. First, additional
information on the methodology is provided. Next the results from the extracted geometries are
presented and discussed. The objective of this investigation is to determine the evolution of wedge
geometry characteristics as a function of both flow and roughness based Reynolds numbers, Re,

and Rey, respectively.
4.1 Naphthalene Methodology

As presented in Section 3.5.1, multiple roughness elements were positioned on the flat plate
corresponding to different Rey cases. The large roughness was used for the Re;, = 979 case, while
the small DRE was used for the Re, = 600 and Re, = 750 cases. Knowing the desired Re;,, Re’
and k, the streamwise position of the roughness X is computed using equation 3.3. In certain
cases, the necessary DRE location was either outside of optical access or so far downstream as to
interfere with natural transition on the flat plate or wall contamination. The test matrix is provided
in Section 3.5.1, indicating the impractical cases in red.

While only several cases will be thoroughly analyzed in this chapter, all images are provided
in appendix B. The geometrical features of interest include: the wedge spreading half angle ¢, the
distance between the roughness and virtual wedge origin Ax, the distance between the rough-
ness element and the primary set of high-speed streaks Ax1, and finally the distance between the
primary and secondary sets of high-speed streaks Ax,. As in most cases, the development of high-
speed streaks is asymmetric, figures representing Ax; and Az, will include triangles and squares
to represent the top and bottom streak respectively.

As seen in Figure 4.1, high speed streaks revealed through their relatively high wall shear stress

are indicated at their origin by red circles. In addition, the wedge contour is characterized using
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blue lines. From these lines, the spreading angle is computed using the coordinates of two points
on each line indicated by small, yellow, vertical ticks. The intersection of these lines represents the
virtual wedge origin. The distance between this point and the roughness location Az, (represented
by DxO0 in Figure 4.1) is of particular interest. Finally, streamwise distances between the roughness
and the primary set of high-speed streaks Ax; as well as the distance between the primary and sec-
ondary sets Az, are represented, respectively, as Dx1 and Dx2 in Figure 4.1. The coordinates of

these locations are used to compute the previously mentioned parameters.

Figure 4.1: Naphthalene image for case Re’ = 600000 /m, Rey = 750

The principal difficulty with naphthalene flow visualization is applying a homogeneous naph-
thalene coating on the plate. Uneven application can cause different regions to sublimate faster
than others. This results in coating patterns that do not correctly represent the flow. Uneven coat-
ing is illustrated in Figure 4.2. A thicker layer of naphthalene prevents the observation of a high
speed streak located on the bottom of the wedge. This structure is expected and even measured
in the hotwire study, yet it is not observable in this case. In addition, considering the intermittent
nature of the laminar/turbulent interface as well as its expected meandering, certain images are
difficult to analyze. Figure 4.3 represents a case where the turbulent regions forming the wedge
do not represent a single triangular-shaped wedge. The successive high-speed streaks vary the ap-
parent spreading angle as represented by the successive red, and yellow lines corresponding th the
spreading angle attributed to the first and second sets of high-speed streaks respectively. The blue

lines represent the spreading angle as defined by the method presented in the following paragraph.
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Figure 4.2: Naphthalene image for case Re’ = 508000 /m, Re;, = 600. Representing an uneven
layer of naphthalene masking the expected emergence of a high-speed streak.

Figure 4.3: Naphthalene image for case Re’ = 600000 /m, Re;, = 979. Representing the varying
spreading angle as defined locally by the first (red) and second (yellow) set of high-speed streaks.

These difficulties highlight the need for a strict protocol for how these images are analyzed.
As the high and low-speed streaks develop in the laminar region on the lateral edges of the wedge,
they are not included in the turbulent core indicated by blue lines. In fact, the intersection of the
low-speed streak inside its high-speed counterpart and the turbulent core are used as reference
points to draw the blue lines as seen in Figure 4.4. In this figure, the turbulent core and high-speed
streak contours are represented by yellow and red lines respectively. The intersections of these
structures are indicated by orange triangles and are used as reference points to define the wedge
spreading angle represented by a blue line.

While this method limits visual analysis errors, it does not eliminate them. By analyzing a

sample of five cases, using the previous methodology, an error estimation of the spreading half
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angle ¢ and related virtual wedge origin Az, was performed. The spreading angle error due to
image analysis was estimated at €, = £0.46° and the error in wedge origin: €a,,33.36 mm. These
error estimations only capture uncertainty in image analysis. However, they do not represent the
principal uncertainty source, uneven naphthalene coating and different time advancements in the
naphthalene sublimation process. These factors constitute the main uncertainties but are difficult
to quantify without statistical data on a larger sample of runs that was not possible in this work.

Nevertheless, statistically useful data were extracted and are provided in the following section.

High-Speed Streak

[Turbulent Core|

Figure 4.4: Naphthalene image from case Re’ = 600000 /m, Re, = 979. Illustrating the reference
points (orange triangles) used for defining the wedge spreading angle (blue lines). Defined as the
intersection between the turbulent core (yellow lines) and high-speed streak (red lines).

4.2 Naphthalene Results

The results from the naphthalene image analysis are provided in this section. The results are
presented as a function of Rej, and Re’. The latter, is used as the run parameter controlling the tun-
nel and is non dimensionalized as Re, throughout this chapter. The presented length results Ax
are normalized by the boundary layer thickness dg9 of the laminar boundary layer at the roughness
location. The streak formation phenomenon is influenced by the amplitude of the initial distur-
bance, captured by Rey, and the base flow conditions, captured by dgg.

In Figure 4.5, the spreading half angle ¢ evolution as a function of both Rej, and Re, is pro-

vided. Some variability to Rey is suggested, however, given the large error on spreading angle
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measurement discussed in the previous section, these data are inconclusive as to the true effect of
Reynolds number on wedge spreading angle.

Figure 4.6 represents the normalized distance between the DRE and the virtual wedge origin in
the streamwise direction, Ax/dg9. The uncertainty on these data is much less than the spreading
angle and meaningful differences can be observed. First, a large dependence on Rey, is evident.
Its increase is associated with turbulent structures moving upstream closer to the roughness. A
slight dependency on Re, is also observed. These observations are consistent with those of Kle-
banoff [29], in the sense that as the Reynolds number increases, instability processes accelerate
and turbulent structures move upstream closer to the roughness element. Similar observations can
be made in Figure 4.7, representing the normalized streamwise distance between the DRE and the
first set of high-speed streaks, Az /dg9. For each set, the top and bottom streaks are represented by
a triangle and square respectively in order to differentiate them. It is important to note that due to
the presence of a notch on the cylinder, the wedge is not perfectly symmetric. However, no trend
seems to indicate a favorable development of structures on one side of the wedge versus another.

Now exploring the secondary set of high-speed streaks, Figure 4.8 represents the streamwise
distance between the primary and secondary structure origins Az /dg9. The dependence on Re’ is
still present, however, the dependence on Rey, has seemingly decreased. This indicates that unlike
the primary turbulent structures, the secondary streaks are no longer as dependent on roughness
effects but mostly on flow parameters. This conclusions fits within the broader argumentative of
this dissertation that primary flow structures are scaled by the roughness element while secondary
structures are dependent upon flow features as the self-regenerating mechanism acts on the edges
of the wedge. Linear trend lines are represented on the following figures for visualization purposes

only. No claim is made on the nature or quantification of dependencies.
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Figure 4.5: Turbulent wedge spreading half-angle ¢ as a function of Re; and Re,. Data extracted
from naphthalene flow visualization of wall shear stress. Error bars represent image interpretation
errors only.
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Figure 4.6: Streamwise virtual wedge origin Axgdgg as a function of Rej and Re,. Data extracted
from naphthalene flow visualization of wall shear stress. Error bars represent image interpretation
errors only.
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Figure 4.7: Streamwise distance between the DRE and primary set of high-speed streaks Az /dgg
as a function of Re; and Re,. Data extracted from naphthalene flow visualization of wall shear
stress.
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Figure 4.8: Streamwise distance between primary and secondary set of high-speed streaks Az /dgg
as a function of Re; and Re,. Data extracted from naphthalene flow visualization of wall shear
stress.
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4.3 Conclusions

The objective of this naphthalene study is to explore the evolution of turbulent wedge geome-
try as a function of flow based Re, and perturbation based Re; parameters in hopes of extracting
insightful information on the formation of streaks. Although visible in previous studies, starting
Gregory and Walker in 1956 [35] (see Figure 2.3), this study represents the first detailed experi-
mental characterization of streak formation focusing on secondary and tertiary sets. Indeed, these
structures were, until now, not experimentally studied in the context the self-regenerating process
responsible for turbulent wedge spreading.

While naphthalene flow visualization is useful for direct observation of wall shear stress re-
vealing turbulent structures, its implementation in providing a detailed quantitative analysis of
geometrical features is challenging. Errors in naphthalene layer thickness and time advancement
of the sublimation process may cause inconclusive results. Also, this method only reveals struc-
tures at the wall while it is well known that turbulent wedges contain an overhang region located
at a small distance form the wall, where the spreading rate of the turbulent wedge is the largest.
Despite these challenges statistically significant data was extracted. Multiple sets oh high-speed
streaks also known as “dog-teeth” were observed. While Chu and Goldstein [75] observed up
two five sets of these structures using DNS, their experimental observation is much more difficult.
Unlike in experiments, turbulent wedges do not suffer from lateral meandering in DNS. Because
naphthalene is a time-average measurement, meandering can eliminate the fine details associated
with the emergence of dog-teeth. Despite this, two, and sometimes three sets of streaks were ob-
served, an experimental first.

The spreading angle evolution results were inconclusive, providing a spread of values mostly
contained between 10° and 14° while offering no significant dependence on Re, or Re;. The dis-
tance between the roughness element and both the virtual wedge origin and first set of high-speed
streaks offer similar conclusions. A strong dependence on Rey, is established as turbulent structures
tend to move upstream towards the roughness element at higher values, consistent with the findings

of Klebanoff [29]. In addition, a slight dependence on flow based parameter Re, is observed and
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its effect is similar to that of Rej. The dependence on Rey is much weaker when considering the
distance between the primary and secondary sets of high speed streaks. The leads to the conclu-
sion that secondary sets have a relatively larger dependence on flow features as opposed to primary
structures which are scaled by the initial perturbation. This is consistent with the hypothesis of this
work and confirms the hint first expressed by Charters [36] as early as 1943. “This lateral spread
took place at an approximately constant rate, which varied slowly with the velocity of the main

Sflow but which, once transition started, was independent of the originating cause.”
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5. HOTWIRE MEASUREMENT RESULTS

Results of the extensive hotwire measurements are presented in this chapter. The objective of
the measurements is to thoroughly document the emergence of a turbulent wedge and its associated
structures believed to be key in the hypothesized spreading mechanism. Focus will therefore be on
the characteristics of high- and low-speed streaks emerging on the lateral edges of the wedge.

The methodology for this measurement campaign is provided in chapter 3, and the full hotwire
test matrices for each case are provided in Appendix A. First, the steady velocity profiles and
fluctuation data are then presented, followed by the Power Spectral Density (PSD) study results.
Then low-speed streak meandering is investigated through signal analysis. Finally, these results

are discussed and the overall conclusions are drawn.
5.1 Mean Velocity and Fluctuation Results

Mean velocity and velocity fluctuation data are presented in this section. Iso-surface plots as
well as individual slices are presented to provide a visual representation of the supporting data
of interest. Measurement slices are taken in planes orthogonal to the streamwise direction. Only
certain slices of interest are provided for analysis in this chapter. The full set of slices are provided
in Appendix C, D and E. Mean velocity contour lines are presented. These provide information
on the shear layers present in the flow and reveal high- and low-speed streaks. Typically, contour
lines observed in relatively close proximity to each other indicate strong shear layers, while bends
downwards or upwards reveal high- and low-speed streaks respectively. As an integral part of this

work, detailed analysis of the formation of these streaks will be the main focus. In addition, mean

/

streamwise velocity fluctuation intensity w,,, .

will be provided as it reveals areas of high instabil-
ity associated with turbulent flow. Individual slice plots will contain white areas where no data
were collected. At the bottom of the figures, the very near-wall field is not captured in order to

preserve the hotwire sensor. Typically, turbulent boundary layer measurements are set to end at a

distance of 0.6 mm away from the wall. However depending on the wall finding scan (described in
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Section 3.5.2) and associated wall curvature, variability in this distance can be expected. In order
to provide as direct comparison between scales as possible, the spatial scale is kept constant in
many slice figures, only increasing at certain steps to contain the growing measurement domain.
Since the spanwise range of measurements was constantly adjusted to capture only the turbulent
wedge to reduce data quantity, certain slices will have white regions on the edges simply due to
the absence of data at those coordinates. The color scale of w/,, . is kept constant for every Re,
case. The following sub-sections will address the spreading mechanism using the data as described
above from all three Rej cases. As the results are qualitatively similar between cases, only minor

quantitative differences will be pointed out when necessary.

5.1.1 Measured Turbulent Wedge Structure

Before focusing on specific mechanisms within the wedge, an overview of the entire mea-
surement field is provided in this section. Figures 5.1 through 5.3 represent all individual slices
measured in the wake of the DRE. Each slice contains mean velocity u/U,, contour lines (10 %
increments from 0.2 to 0.9) and colored by u..,,. /U, (cutoff over 1.5%). The objective of these
figures is to provide a clear, to-scale perspective of the measured turbulent wedge as well as a vi-
sual representation of the overall measurement field. As presented in Section 3.5.2, the increased
streamwise measurement resolution in the near field of the Re, = 750 case is clearly visible
in Figure 5.2, as well the extended downstream range of measurements for the Re;, = 600 and
Rey, = 750 cases in Figures 5.1 and 5.2. Finally, the DRE is represented by a gray cylinder in the
bottom left corners.

A direct, to-scale comparison between the hotwire data and naphthalene images is provided
for each case in Figures 5.4 through 5.6. The color scale represents the ratio between the locally
measured normalized velocity u /U, and the associated undisturbed boundary layer measurement
from the edge of the wedge at the same y location. Values over unity will therefore represent ac-

celerated regions while lower values will represent decelerated regions relative to the undisturbed

boundary layer. This is effective in highlighting high- and low-speed structures within the turbu-
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lent wedge. The hotwire data is presented in form of a top view of (z X 2) slices. As opposed
to the naphthalene images revealing areas of high shear stress at the wall, the presented hotwire
data was taken at a height of 1.2 mm from the wall. This, in addition to the arbitrary choice color
scale prevents a direct quantitative comparison. However, many of the flow features’ position and
extent match very well and are a tribute the the facility’s quality and repeatability. The term “dog
teeth” was coined by Goldstein et al. [77] to describe high-speed structures observed on the edges
of turbulent wedges in DNS. This term will be used throughout this chapter to describe either a
high-speed streak of low-speed streak.

In Figures 5.4 through 5.6, red dots have been added to indicate the visible origin of high-speed
streaks in both naphthalene and hotwire data. In addition, red and blue arrows are used to indicate
high- and low-speed streaks respectively. For the Re;, = 600 case, in addition to the central high
speed streak, one high-speed streak emerges on the top of the wedge around = = 1470 mm in both
naphthalene and hotwire data. Its bottom counterpart, while visible through hotwire measurements
is not observed, probably due to high concentration of naphthalene at this particular location. A
second set of dog-teeth are visible downstream of the first set. Their visible origin location is highly
variable due to the thickness of the naphthalene layer and the arbitrary velocity level represented.
While a quantitative link is difficult to make here, the structures observed in both naphthalene and
hotwire measurements are consistent.

Similar observations can be made in Figure 5.5 for the Re, = 750 case. A fist set of “dog
teeth” emerges near x = 1400, followed by a second set forming near near x = 1460 mm. While
difficult to see, a third set is slightly visible on the top of the wedge near x = 1520. Assum-
ing a constant streamwise interval between streaks and considering the data presented in Section
5.1.5, enough evidence is collected to confirm the presence of this third streak. The final case for
Rej, = 979 presented in Figure 5.6 provides a visualization of two sets of dog teeth forming first
around x = 1310 mm then near x = 1370 mm.

The analysis of the combined results from both naphthalene and hotwire measurements yields

interesting insight into the high- and low-speed structures forming along the edges of a turbulent
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wedge. While the first set of streaks was observed in previous investigations, this work represents
the first direct visualization of multiple sets of dog-teeth. The presence of these subsequent sets
provides evidence supporting the important role of a self-regeneration mechanism in the lateral
spread of turbulent wedges. This claim is furthermore supported by the observation of a third set
of structures in the far-field downstream of the roughness element. Considering the important dis-
tance between the DRE and these structures, it is believed that their emergence and evolution is

governed by flow properties and no longer influenced by the roughness itself.

Figure 5.1: Full wedge representation of case Re;, = 600. Data visualized through contour lines of
u/Us (10 % increments from 0.2 to 0.9) and colored by u..,.. /U, (cutoff over 1.5%). Flow from

™ ms

bottom left to top right corners. DRE represented by gray cylinder, located at X, = 1366 mm.
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Figure 5.2: Full wedge representation of case Re;, = 750. Data visualized through contour lines of
u/Us (10 % increments from 0.2 to 0.9) and colored by u..,.. /U (cutoff over 1.5%). Flow from
bottom left to top right corners. DRE represented by gray cylinder, located at X, = 1346 mm.

Figure 5.3: Full wedge representation of case Re;, = 979. Data visualized through contour lines of
u/Us (10 % increments from 0.2 to 0.9) and colored by u..,../Us, (cutoff over 1.5%). Flow from
bottom left to top right corners. DRE represented by gray cylinder, located at X,. = 1255 mm.
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Figure 5.4: Direct to-scale comparison between naphthalene images and hotwire data. Dark re-
gions revealed by naphthalene represent areas of high wall shear stress, turbulent regions. Regions
colored in red and blue represent high- and low-speed regions respectively. Case Re, = 600.
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Figure 5.5: Direct to-scale comparison between naphthalene images and hotwire data. Dark re-
gions revealed by naphthalene represent areas of high wall shear stress, turbulent regions. Regions
colored in red and blue represent high- and low-speed regions respectively. Case Re, = 750.

68



High-Speed Streaks

L I | o S ———

Low-Speed Streaks

1300 1350 1400 1450 1500
X (mm)

Figure 5.6: Direct to-scale comparison between naphthalene images and hotwire data. Dark re-
gions revealed by naphthalene represent areas of high wall shear stress, turbulent regions. Regions
colored in red and blue represent high- and low-speed regions respectively. Case Re, = 979.

5.1.2 Base Flow Perturbation by the DRE

When the base boundary layer flow encounters the roughness element, the mean flow is per-
turbed, resulting in strong shear layers. A strong wall-normal du/dy shear layer forms in the
center above the DRE while two spanwise du/0z shear layers form on both edges of the rough-
ness element. These shear layers are best observed in the very first slice of Figure 5.3, presented
individually in Figure 5.7. Kelvin-Helmholtz instabilities are introduced into the flow within these
shear layers. No significant change in mean velocity fluctuations has been revealed by the color

scaled u/

rms

data. This is due to the fact that, while shear layers destabilize the flow, the small per-

turbations present within the flow need time to grow as they are amplified by the Kelvin-Helmholtz

/
rms

instability before they become significant on the .., .. color scale.
In addition to the strong shear layers, the slight lift-up of the velocity contours on both sides of
the roughness centered at = = 1 mm and z = 10 mm (DRE centered around z = 5.5 mm) represent

low-speed streaks. While not directly observable in these data, the presence of large scale vorticity

69



can be inferred through streak analysis. In this case, the observed low-speed streaks are due to the
rolling-up of spanwise vorticity around the roughness element as observed in many investigations
presented in Section 2.2. This primary counter rotating vortex pair is created and scaled by the

roughness element.

. . . . . . . I . . . . )
-10 5 0 5 10 15
Z (mm)

0 1

Figure 5.7: Contour plot of mean velocity profiles u/U..(10 % increment lines), and streamwise
fluctuation intensity ;. .. (color scale) at x = 1260, located 5 mm downstream of the DRE. Case
Rej, = 979.

5.1.3 Near-Field Evolution

From the initial roughness effect on the base flow introducing high shear layers and a central
counter-rotating vortex pair, the near field evolution of the turbulent structures is presented for all
three cases in figures 5.8 through 5.10.

The growth of perturbations in the Ju/Jy shear layers above the central low-speed streak
results in high fluctuations visible in cases Re;, = 979 and Re;, = 750, Figures 5.8 (a) and 5.9 (a)
respectively. This central shear layer eventually relaxes and the associated perturbations decay as
seen in the respective (b) and (c) figures. For the Re;, = 600 case, this high growth and subsequent
decay is not as noticeable because of the weaker shear layers associated with lower Rey.

In all three cases, both lateral low-speed streaks are lifted-up and become the leading structure
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of focus in this near field evolution study. These streaks are most pronounced for cases Re, = 979
and Rep = 750. As the low-speed streaks are lifted-up, high shear layers are created in both
wall-normal and spanwise directions. This causes high perturbation growth resulting in regions
of high velocity fluctuations located at the top and sides of both side low-speed streaks (growth
noticed in Figures 5.8 (b) - (c) and 5.9 (b) - (¢)). In all cases, the maximum fluctuation intensity
measured is located on top and inside edge of the low speed streak above the Ju/0z layer closest
to the turbulent core. This is consistent with observation made by Ergin and White [11]. Increased
spanwise measurement resolution for the Re, = 750 case presented in Figure 5.9 (c) seems to
reveal a maximum disturbance region on both sides of the top of the low-speed streak, in regions
associated with both du/dy and Ou/0z. The combination of both shear layers produces rapid
perturbation growth.

The principal takeaways of this near field flow evolution study are the following: First the
strong wall-normal shear layer present on top of the DRE relaxes and its associated perturbations
decay. Through the action of the counter-rotating vortex pair wrapped around the DRE into the
streamwise direction, two low-speed streaks emerge and are lifted up on both sides of the emerging
turbulent wedge. High velocity fluctuations are associated with the combination of both spanwise
and wall-normal shear layers introduced by the lifted up streak. Through their link with these high
velocity fluctuations, this initial set of lateral low-speed streaks becomes the structure of interest,

evolution of which will be detailed in the following section.
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Figure 5.8: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
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Figure 5.9: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 750.
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Figure 5.10: Contour plots of mean velocity profiles u /U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 600.
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5.1.4 Successive Streak Structures

While the formation of the first set of low speed streaks within the turbulent wedge was detailed
in the previous section, the evolution of these structures further downstream is the main focus of
this analysis. The initial breakdown to turbulence is much studied and depends on roughness char-
acteristics. The present interest involves the subsequent spreading of the turbulent wedge. Figures
5.11 through 5.13 represent such evolution for the Re;, = 750 case. Although qualitatively similar
results and conclusions can be drawn from the other cases (see associated figures in the appendix),
the selected case offers the best visualization of the phenomena.

At x = 1396 mm, presented in Figure 5.11 (a), the lateral low-speed streak centered around
z = 4 1s associated with regions of high velocity fluctuations on both of its sides. In addition, small
scale “waviness”’ can be observed near the wall between z = 5 mm and z = 7 mm. At z = 1416,
although the shear layers of the lateral low-speed streak seem relaxed, velocity fluctuations grow
considerably in the surrounding region. The observed waviness in the velocity contours seems to
slightly lift upwards, increasing the strength of surrounding shear layers. Although their strength
is relatively weak, this is accompanied by noticeable perturbation growth between z = 6 mm and
z = 8§ mm.

Between x = 1396 mm and x = 1416 mm, considerable velocity fluctuation growth occurs
both near the lateral low-speed streak (although relaxed) and in the near wall region between z = 5

mm and z = 7 mm. At this location, the contour lines now seemed to be pushed down towards

/

+ms levels. This continues until z = 1431 mm

the wall, strengthening the shear layers as well as u
(Figure 5.12 (a)), a high-speed streak is formed associated with highly fluctuating flow near the
wall.

For x = 1456 mm, the velocity contours on the edges of the newly formed high-speed streak
are lifted up to eventually form a new low-speed streak on the lateral edges of the wedge. The
evolution is clear between Figures 5.12 (b) and 5.13 (a). This newly formed low-speed streak is

once again associated with high fluctuation intensity in its shear layers, specifically on the top and

inside corner, near 7 = 10 mm.

75



The turbulent wedge, previously composed of two lateral low-speed streak has evolved to
successively produce a high- then low-speed streak on its edges. The parent structures are still
measurable although no-longer central to the overall wedge spreading mechanism. This detailed
analysis of the creation of a single low-speed streak from its parent structure illustrates the parent-
offspring self-regeneration mechanism responsible for turbulent wedge spreading. However, this
analysis does not explain the creation and subsequent lift-up of the secondary lateral low-speed
streak. Though these data in isolation do not provide provide a complete description, they are
consistent with the self-regeneration mechanisms proposed in the DNS investigations detailed in
Section 2.4.3, particularly the mechanism proposed by Suryanarayanan et al. [81]. Indeed, the
near-wall Ou/0z shear layers of the high-speed streak introduce wall-normal vorticity w, which
is then tilted by the base flow into the streamwise direction w,. This streamwise vorticity acts
to lift up the surrounding flow resulting in the formation of a low-speed streak. While only one
parent-offspring regeneration cycle is detailed in this section, similar observations can be made for
all other cases. These observations provide valuable experimental support for the nature and role

of this self-regeneration mechanism in turbulent wedge spreading.
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Figure 5.11: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 750
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Figure 5.12: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 750.
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Figure 5.13: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 750.
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5.1.5 Dog-Teeth Identification

Multiple high- and low-speed streak structures have been observed and detailed through the
previous sections. Discrete offspring structures have been observed to form from a parent structure
and to propagate instabilities laterally outwards from the core of the wedge. This behavior has been

observed mostly in numerical investigations as seen in Section 2.4.3. In this section, dog-teeth are

/
rms

visualized through iso-surfaces of elevated u,. .. levels. As seen in the previous section, such lev-
els are associated with the shear layers on top of low-speed streaks. As previously discussed, the
term “dog teeth” will be used to describe both high- and low-speed streaks. In this section, for the
reasons previously mentioned, this term will be used to describe a low-speed streak revealed by its
elevated u/, .. levels. It is well known is the boundary layer transition community that there exists
a perturbation overshoot as the flow transitions from laminar to turbulent. Therefore the highest
mean fluctuation intensities observed in the flow reveal transitioning regions.

In order to have a better understanding of the evolution of these streaks, iso-surfaces of v/, are

observed in addition to velocity contours in a 3D view in Figures 5.15 through 5.17 for Re; = 600,
Figures 5.18 through 5.20 for Re;, = 750 and Figures 5.21 through 5.23 for Re, = 979. As seen
in chapter 2 and in the data previously presented, low-speed streaks are subject to the lift-up mech-
anism. Figure 5.14 illustrated this through the visualization of iso-surfaces of high- and low-speed
region of the flow in 3D. The data represent the local to undisturbed velocity ration as detailed in
Section 5.1.1. A side angled perspective is used to visualize the lift-up of low-speed streaks repre-
sented by blue iso-surfaces. The DRE is indicated by a gray cylinder and the flow is directed from
the bottom right to top left corners. The low-speed regions clearly reveal the low speed streaks

generated near the wall, then lifting up over the high-speed turbulent core.

Knowing that lift-up affects low-speed streaks, dog-teeth can be observed in their initial forma-

/
rms

tion stages as small scale, high u.. . regions near the wall. The following iso-surfaces have been
colored by normalized velocity in order to provide a sense of height relative to the flow structures
and thus, facilitating the identification of new structures.

For the Re;, = 600 case represented in Figures 5.15 to 5.17, multiple sets of dog-teeth are visi-
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ble. The initial, roughness bound set is visible in Figure 5.15 while the second set is visible through
a discrete break in u/, . forming in Figure 5.16. While more difficult to observe, the presence of

rms

high w/,, . in near wall regions indicated by blue colored iso-surfaces being subsequently lifted up
indicate a third set of do-teeth as viewed in Figure 5.17. While the origin locations for the first
two sets of low-speed streaks are consistent with the results presented in Section 5.1.1, the third

set is visible through this analysis only. Given the well known lift-up mechanism in addition to

/

assuming a constant streamwise interval between dog-teeth origins and the discrete break in u;,, .

iso-surface, it is reasonable to categorize the observed structure as a tertiary set of dog-teeth.
Similar observation can be made for the Re; = 750 case. The primary and secondary sets of
dog-teeth are clearly visible in Figures 5.18 and 5.19 respectively. Notice the central low speed
streak and associated high u,., . levels in the former figure. In the latter figure, the secondary set
of dog-teeth is observed to form near x = 1410 mm through the emergence of blue-colored iso-
surfaces on the edges of the persisting primary streak. Similarly to the previous case, a tertiary set
of dog-teeth is visible forming near x = 1540 mm. This is consistent with the results presented in
Section 5.1.1. Finally similar observation can be made for the Re; = 979 case, with Figures 5.21
and 5.22 illustrating the emergence of the primary and secondary set respectively while Figure
5.23 hints to the emergence of a tertiary pair even though the limited measurement field does not

allow for the observation of the fully developed low speed streak.

!/
rms

In addition to the results presented in Section 5.1.1, the visualization of w,.,, . iso-surfaces hav-
ing previous knowledge of the lift-up effect enables the definite identification of a third set of
dog-teeth in all cases. This adds to the argument that these latter structures development is gov-
erned by flow properties as opposed to the roughness element given the import distance separating

the two features. Observing even more of these features would be ideal, however, the far-field of

the turbulent wedge is difficult to study for reasons detailed in the following section.
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Figure 5.14: Iso-surface of local to undisturbed velocity ratio revealing initial high- and low-speed
flow regions for Re, = 979. Red and blue regions represent accelerated and decelerated flow
respectively.
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Figure 5.15: Iso-surface of u,,, .

revealing the initial set of dog-teeth for Re;, = 600.
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Figure 5.16: Iso-surface of u,.,,,

revealing the secondary set of dog-teeth for Re; = 600.
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Figure 5.17: Iso-surface of /. . revealing the tertiary set of dog-teeth for Re; = 600.
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Figure 5.18: Iso-surface of u;. . revealing initial set of dog-teeth for Re;, = 750.
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Figure 5.19: Iso-surface of u/. . revealing the secondary set of dog-teeth for Re;, = 750.
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Figure 5.22: Iso-surface of u/, . revealing the secondary set of dog-teeth for Re;, = 979.
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Figure 5.23: Iso-surface of /.. revealing the tertiary set of dog-teeth for Re;, = 979.
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5.1.6 Far-Field Wedge Evolution

The evolution of the turbulent wedge in the far-field is presented in this section. Results will
be presented in Figures 5.24 and 5.25 for the Re;, = 600 and Rej, = 750 cases respectively. The

measurement field was not extended as far downstream for the Re, = 979 case. In both cases,

!/

+ms data. Certain structures remain visible inside

the wedge spreads laterally as seen through the u

/
rms

the turbulent core, albeit relaxed. The highest u/. .. levels are measured on both lateral edges of

the wedge. Similar observations can be made in Figures 5.26 and 5.27 representing iso-surfaces

/

of Upms

along with a dozen velocity contour slices scattered throughout the measurement field

for reference. Despite discrete structures similar to those observed in the previous section remain

/

visible, only two large u,.,, .

regions are observed to grow outwards away from the turbulent core
traveling downstream.
It is hypothesized that the same mechanism of self-regeneration of high-and low-speed streaks

is responsible for the spread of turbulent wedges at these streamwise locations. However, clear

!/
rms

dog-teeth like structures or discrete breaks in u.. .. are not visible in these regions. This may
be explained by the hypothesized meandering of streaks leading to these structures oscillating
around the fixed hotwire in the measurement field. This would result in “blurred” data, making the

visualization of the supposed phenomenon difficult.
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Figure 5.24: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions. Re; = 600
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Figure 5.25: Contour plots of mean velocity profiles u /U, (10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions. Rej = 750
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Figure 5.26: Contour plot of mean velocity profiles u/U.,(10 % increment lines), and iso-surface
of streamwise fluctuation intensity u/. . colored by mean velocity. Case Re, = 600.

rms

90



w

Figure 5.27: Contour plot of mean velocity profiles u/U..(10 % increment lines), and iso-surface
of streamwise fluctuation intensity u/. . colored by mean velocity. Case Re, = 750.
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5.1.7 Result Synthesis

The results from the hotwire data presented in the previous sections are summarized here to
give a complete picture of the mechanisms observed and their role in turbulent wedge spreading.

First, the incoming boundary layer base flow is altered by the roughness element via the intro-
duction of strong shear layer in both wall-normal and streamwise directions. The flow becomes
subject to rapid perturbation growth within these shear layers resulting in the destabilization and

rapid breakdown to turbulence.
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Although not directly visible is isolation, the presented data is consistent with many DNS in-
vestigations detailing the vortex dynamics associated with the phenomena of interest. The roll-up
of spanwise vorticity from the boundary layer shear base flow rolls-up around the roughness el-
ement to create a pair of streamwise oriented counter-rotating vorticies. The presence of these
vorticies is inferred through the observation of a pair of primary lateral low-speed streaks. These
primary low-speed streaks are scaled and created by the DRE. The associated high flow fluctuation
intensity associated with the shear layers surrounding these streaks becomes of particular interest
as their successive breakdown to turbulence is hypothesized to be the leading spreading mecha-
nism for turbulent wedges.

An in depth study of the evolution of the primary low-speed streaks provides an observation
of the parent-offspring self-regeneration mechanism responsible for creating a succession of high-
and low-speed streaks along the edges of a turbulent wedge. Indeed, the near-wall spanwise shear
layer adjacent to a high-speed streak introduces wall-normal vorticity that is bent in the stream-
wise direction by the base flow. Near-wall flow is then lifted-up by the tilted streamwise vorticity
resulting in a new low-speed streak, thus completing the cycle. This self-regenerating mechanism
illustrated by a succession of discrete streak structures breaking down to turbulence is clearly sup-
ported by these data.

In addition to the detailed mechanics description, both naphthalene and hotwire results are
consistent in providing a visualization of three discrete set of dog-teeth. Though the first set is
roughness-bound, it is hypothesized that, given the distance between the roughness element and
these secondary and tertiary structures, their creation and evolution is governed by flow features as
opposed to the DRE.

The evidence presented in this study has yielded a complete physical description of the role of

high- and low-speed streaks in turbulent wedge spreading.
5.2 Power Spectral Density Study

Following the topological description of the self-regenerating mechanism, the power spectra

is studied in points of interest in the flow field. The structures have been clearly identified in the
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previous study, informing the locations at which the spectra will be observed. The objective is to
identify specific frequencies of interest most amplified by the streak self-regeneration process. The
intent is to enable tracking of instability growth through the measurement field correlated with the
emergence of streaks. An interesting result would be to discern separate frequencies associated
with wall normal and span-wise shear layers. This was achieved by Berger et al. [46] revealing a
high frequency instability in the Ju/Jy shear layers and low frequency in the Ou/0z shear layers,
then attributed to streak meandering.

Every measurement point is sampled for two seconds at a rate of 10 kHz. The power spectrum
is obtained using Welsh windowing over 10 signal segments and its mid point overlaps. While this
reduces the low frequency content, the noise reduction is significant.

For all three wedge cases, spectra observations were first focused on the du/dy and Ju/0z
shear layers created by the roughness element in the near field. Then, focus was shifted to the
emergence region of the primary set of streaks bound to the initial horseshoe vortex. Finally, the
emergence of the secondary self-regenerating streaks was investigated.

Two-dimensional slices representing mean velocity contour lines colored by mean fluctuations

are marked with the locations of the provided spectra.
5.2.1 Near-Field Spectra

The near-field spectra results are presented here. As presented in Section 5.1.2, the rough-
ness introduces large velocity gradients in the wall-normal and spanwise directions. Spectra are
provided to compare the most amplified frequencies in the du/0dy and du/Jz shear layers. In all
cases, the freestream spectra are provided as reference (usually in blue and green) in addition to
undisturbed boundary layer spectra.

For the Re, = 979 case, the Ou/dy and Ju/0z associated shear layers presented in Figures
5.29 and 5.29 respectively. Figure 5.28 describes the spectra locations with marks color-coded to
correspond to the spectra in Figures 5.29 and 5.30. Focus is first set on the most upstream position,
located at x = 1260, directly behind the roughness element. Relatively small perturbation growth

is observed as the instabilities have not yet had time to be amplified by the shear layers. In addi-
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tion, spectra are considered several slices downstream at z = 1265 mm and z = 1270 mm. The
near field growth of the initial perturbations is clearly visible. When comparing several positions
at different streamwise locations, the boundary layer thickness is taken into account.

In both cases, a large peak is observed at a frequency of 360 Hz. This is accompanied by the
amplification of a band between 360 Hz and 620 Hz in the strongest shear layers (purple). Then
to observe the streamwise growth of these instabilities, the black and yellow spectra represent the
shear layer instability growth at several downstream locations. In addition to a broad-band ampli-
fication, the 360 Hz to 620 Hz band is most amplified.

Qualitatively similar results are obtained for the Re, = 600 case in similar locations (Figure
5.31), provided in Figures 5.32 and 5.33 for the 0u/0y and Ou/0z associated shear layers respec-
tively. Quantitatively, a high peak is observed at a frequency of 500 Hz and is followed by a band
between 500 Hz and 770 Hz. Finally, similar results are obtained for Re; = 750 as seen in Figure
5.34 through 5.36. The identified instability frequency in this case is between 750 Hz and 785 Hz.

Despite identifying an interesting instability frequency band, no definitive distinction can be
made between the initial wall-normal and spanwise shear layer associated instability modes in the

near field of the roughness element.
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Figure 5.28: PSD locations for the near field study of case Rer, = 979. Y and Z marks indicate
wall-normal and spanwise shear layer investigations represented in Figures 5.29 and 5.30 respec-
tively. Slice taken directly behind the roughness element at x = 1260 mm.

95



Power Spectral density

Frequency (Hz)

Figure 5.29: Velocity Power Spectral Density at various locations in the near field for case Rey =
979. Spectra are color-coded to correspond to the locations indicated by Y marks in figure 5.28.
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Figure 5.30: Velocity Power Spectral Density at various locations in the near field for case Rey =
979. Spectra are color-coded to correspond to the locations indicated by Z marks in figure 5.28
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Figure 5.31: PSD locations for the near field study of case Re;, = 600. Y and Z marks indicate
wall-normal and spanwise shear layer investigations represented in Figures 5.32 and 5.33 respec-
tively. Slice taken directly behind the roughness element at x = 1382 mm.
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Figure 5.32: Velocity Power Spectral Density at various locations in the near field for case ey, =
600. Spectra are color-coded to correspond to the locations indicated by Y marks in Figure 5.31
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Figure 5.33: Velocity Power Spectral Density at various locations in the near field for case Rey =
600. Spectra are color-coded to correspond to the locations indicated by Z marks in Figure 5.31
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Figure 5.34: PSD locations for the near field study of case Rer = 750. Y and Z marks indicate
wall-normal and spanwise shear layer investigations represented in Figures 5.32 and 5.33 respec-
tively. Slice taken directly behind the roughness element at x = 1356 mm.
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Figure 5.35: Velocity Power Spectral Density at various locations in the near field for case Rey =
750. Spectra are color-coded to correspond to the locations indicated by Y marks in figure 5.34

1073
10
107
10
107
108
1079

Power Spectral Density

1020}
10

1012

10? 102 103 10*
Frequency (Hz)

Figure 5.36: Velocity Power Spectral Density at various locations in the near field for case ey, =
750. Spectra are color-coded to correspond to the locations indicated by Z marks in figure 5.34
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5.2.2 Primary Streak Spectra

Spectra in the developing regions of the primary low-speed streaks are now considered. Ob-

servations are focused on the region directly above the initial low-speed streak created by the

/
rms

roughness induced streamwise vorticies, then follow the streak in its associated high u,. .. region
as it is lifted-up and subject to instability growth.

For the Re;, = 600 case, the spectra and its corresponding locations are presented in Figures
5.37 and 5.38. In its early stages (red), the 500 Hz frequency identified in the previous section is
most amplified followed by a band from 500 Hz to 770 Hz. As the streak is lifted up and velocity
perturbations grow, broad-band amplification is observed in levels increasing with the streamwise
distance until streak breakdown occurs. This results in a spectrum characteristic of fully turbulent
flows (black). Similar observations can be made for the Re;, = 750 (Figures 5.39 and 5.40) and
Rey, = 979 (Figures 5.41 and 5.42) cases driven by amplification of their associated frequency
bands, 750 Hz to 785 Hz and 360 Hz to 620 Hz respectively.

The streak breakdown mechanism is directly visualized here through the progressive amplifica-

tion of a specific frequency band followed by broad-band amplification resulting in fully turbulent

flow.
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Figure 5.37: PSD locations for the primary structure study of case Re; = 600.
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Figure 5.38: Velocity Power Spectral Density at various locations in the near field for case Rey =
600. Spectra are color-coded to correspond to the locations indicated by marks in Figure 5.37.
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Figure 5.39: PSD locations for the primary structure study of case Re, = 750.
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Figure 5.40: Velocity Power Spectral Density at various locations in the near field for case Rej =
750. Spectra are color-coded to correspond to the locations indicated by marks in Figure 5.39.
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Figure 5.41: PSD locations for the primary structure study of case Re, = 979.
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5.2.3 Secondary Streak Spectra

The secondary streak evolution is now considered in a similar way to its primary counterpart.

/
rms

Spectra focus on the high u/, . regions located above the secondary set of low-speed streaks at
increasing streamwise distances downstream.

For the Re;, = 979 case, the spectra and its corresponding locations are presented in Figures
5.43 and 5.44. Unfortunately, given the high perturbation levels in the inception regions of the sec-

ondary structures, the spectra only reveal large broad-band amplification of frequencies, indicating

fully developed turbulence. Similar observations can be made for the other two cases.

!/
rms

Similarly to the identification of discrete flow structures through their w;. . levels, secondary
streaks are more difficult to discern through their spectra. Unlike the primary set of streaks, the
secondary structures are created through the self-regeneration process at the edge of the fully de-
veloped turbulent wedge. In addition, as presented in Section 5.1.6, streaks may meander in the
spanwise direction, effectively oscillating around the fixed hotwire. This would result in “blurred”

data, measuring multiple instances of different structures in a single data point. The spanwise

streak meandering phenomenon is explored in Section 5.3.

+ Freestream

Figure 5.43: PSD locations for the secondary structure study of case Re, = 979.
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Figure 5.44: Velocity Power Spectral Density at various locations in the near field for case Rey, =
979. Spectra are color-coded to correspond to the locations indicated by marks in Figure 5.43.

5.2.4 Bandpass Disturbance Energy

In this section, the regions of the flow in which instabilities are most amplified are identified.
The objective is to provide a correlation between the amplification of the frequencies of interest
identified in the previous sections and the successive streak breakdown mechanism. In order to
visualize regions of the flow field where certain frequencies are most amplified, the spectra are
integrated between the frequency band of interest resulting in the disturbance energy associated
with that band. The frequency growth is described in this work as the logarithm of integration
results of the data point of interest to that of an average of freestream points. Therefore, these
values effectively represent a growth rate relative to freestream flow.

Contour slices and iso-surfaces of the band-passed instability amplification factors are provided
in Figures 5.45 through 5.51. The integrated PSD value is physically representative of a disturbance
energy. The following analysis is qualitative, focusing on the regions of the flow exhibiting the

highest disturbance energy associated with a specific frequency band. Figure 5.45 represents a near

106



field view of velocity contours and bandpass amplification factors for frequencies between 740 Hz
and 800 Hz. This band is clearly most amplified in the near field high shear regions stemming
from the roughness disturbance of the flow. Similar data are represented in Figure 5.46 for the
full measurement field. The principal observation to be made here is that the highest bandpass
amplification is located on both edges of the wedge, near the low-speed streak furthest from the
core currently breaking down to turbulence. These results present a downstream evolution analogs

to that of v/

™ms*

The instabilities present between that specific frequency band are most amplified
on the lateral edges, where the self-regenerating mechanism acts to spread the turbulent wedge.
Similar results are visible for the Re;, = 600 and Rej, = 979 cases for frequency bands: 490-750
Hz and 350-600 Hz in Figures 5.48 to 5.49 and 5.50 to 5.51 respectively.
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Figure 5.45: Near field view of bandpass PSD integration (arbitrary color scale) for case Rey =
750. Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% increments.
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Figure 5.46: Full field view of bandpass PSD integration (arbitrary color scale) for case Re; = 750.
Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% increments.
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Figure 5.47: Near field view of bandpass PSD integration isosurfaces (arbitrary level) for case
Rej, = 750. Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% incre-
ments.

110



= ——
U

Figure 5.48: Full field view of bandpass PSD integration (arbitrary color scale) for case Re; = 600.
Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% increments.
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Figure 5.49: Near field view of bandpass PSD integration isosurfaces (arbitrary level) for case
Re;, = 600. Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% incre-
ments.
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Figure 5.50: Full field view of bandpass PSD integration (arbitrary color scale) for case Re; = 979.
Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% increments.
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Figure 5.51: Near field view of bandpass PSD integration isosurfaces (arbitrary level) for case
Re;, = 979. Contour lines represent normalized velocity levels from 0.2 to 0.9 with 10% incre-
ments.

5.2.5 PSD Result Discussion

Considering power spectra at various locations in the flow field has provided some insight
into the evolution of instabilities and their role in turbulent wedge spreading. In the near field,
high instability growth was observed in the du/dy and Ou/0z shear layers created by the primary
horseshoe vortex wrapping around the roughness element. This instability growth was observed

to be driven by the amplification of a specific frequency and its harmonics in both shear layers.
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No distinction was clearly established between the spanwise and wall-normal shear layers. By
observing the early growth of the primary set of low-speed streaks, the previously mentioned fre-
quencies are most amplified in the near field, followed by a surrounding frequency band. As the
low-speed streak is lifted up, its breakdown is observed as the spectra tends towards broad-band
amplification characteristic of fully turbulent flow. Studying spectra near the secondary struc-
tures regions was difficult as spanwise streak meandering around the fixed hotwire simply reveals
broad-band content preventing the identification of specific frequencies of flow structures. This is
also highlighted by the frequency specific disturbance energy iso-surfaces which are analogous to
their u/, . counterparts presented in Section 5.1.5. These results reveal that the regions of highest
specific frequency amplification are located on the spanwise edge of the turbulent wedge in visi-

ble discrete structures. The secondary structures become difficult to observe because of spanwise

streak meandering which will be investigated in the following section.
5.3 Streak Meandering Investigation

It has been observed in both the basic hotwire and PSD results that discrete structures or fre-
quencies of interest become harder to observe in the most downstream regions of the flow field.
This has been attributed to possible lateral streak meandering effectively “blurring” the hotwire
and naphthalene results. This meandering is supposed to occur at a relatively low frequency of 60
Hz (Berger et al. [46]).

Based on this supposition, a fixed hotwire should measure high- and low-speed streaks alter-
nating within its two second sample time. In addition, these intermittent streak passages should be
associated with different mean velocity fluctuation levels. The meandering of a single low-speed
streak is illustrated in Figure 5.52. The streak is represented in its reference frame, and the physi-
cally fixed hotwire is represented to meander between positions LS (for Low-Speed), C (Crossing)
and HS (High-Speed). The ... levels associated with position LS should be the highest as low-
speed streaks are lifted up and breakdown to turbulence. Then, when in position C, the hotwire
should reveal higher fluctuation levels as it spends relatively more time measuring a low-speed

streak than in position HS.
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Given this supposition, signals were analyzed to reveal differences in mean fluctuations of their
separated sub-signals corresponding to high-speed and low-speed streak passings. First, the full
signal was band-passed between 1 and 80 Hz to reveal its low-frequency meandering content. The
zero crossings of the filtered signal are then identified and the full signal is separated between
corresponding regions of low-speed, high-speed and crossings. This separation is illustrated in
Figure 5.53. A small sample of the original separated signal is presented on the top and its filtered
counterpart is represented on the bottom. Note that for each zero crossing of the filtered signal, a
crossing interval is defined for the original signal. High- and low speed signal intervals are also
defined as seen in the red and blue segments respectively.

The local «’

ms

is computed for each separated sub-signal then averaged for all Crossing, High-,

and Low-speed components. This results in three variables Crms, Hrms and Lrms correspond-

/

+ms values of the corresponding Crossing, High-, and Low-speed

ing respectively to the average u
components of the signal for every measurement point. The results are presented in Figures 5.54
through 5.57 in the form of a reduced number streamwise slices containing normalized velocity
contour lines and a color map of the differences Lrms — Crms and Crms — Hrms in order to
directly compare the fluctuation levels of each separated signal component.

The results are similar for all three RRe;, cases. The Rey, = 979 case is not presented simply

because measurements did not extend as far downstream where streak meandering is the most vis-

ible. The results were however similar. There is a statistically significant difference between the

/

".ms content and its crossing counterpart (Figures 5.54 and 5.56). These differences are

low-speed u
highest on the lateral edges of the turbulent wedge in the most downstream regions of the mea-
surement field. The same observation can be made for the difference between the crossing and
high-speed components presented in Figures 5.55 and 5.57.

Quantitatively, The low-speed components velocity fluctuation levels were the highest followed

by the crossing and high-speed levels. This order is logical as low speed streaks are generally as-

/
ms

sociated with higher v levels. The reverse argument can be made for the high-speed component

which is verified to present the lowest fluctuation levels as it corresponds to time intervals when
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the hotwire is furthest from the high fluctuation carried by the low-speed streak in the breakdown
process.

The regions these differences is the highest corresponds to the most downstream regions of the
measurement field. This coincides with the locations at which visualizing discrete flow structures
and useful spectra was difficult. Strong differences between the separated signal components on
these regions os taken as evidence of spanwise streak meandering. This confirms that meandering
is responsible for the difficulties in observing the self-regenerating mechanism. Therefore, while
only the first several structures are observable, it is likely that the mechanism persists through the
entire turbulent wedge. Exposing the streak meandering phenomenon is of significant interest for
future work which will attempt to implement conditional sampling in these meandering regions to

fully observe discrete structures in their native reference frame.

y (mm)

Hotwire meandering
relative to low-speed streak

z (mm)
Figure 5.52: Low-speed streak meandering schematic. Hotwire position LS (for Low-Speed),

C (Crossing) and HS (High-Speed) represented. In reality, the hotwire is fixed and the streak
meanders relative to the sensor.
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Figure 5.53: Signal separation example. Vertical line represent the boundaries between the high-
speed signal (red), crossing (green) and low-speed (blue) intervals.
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Figure 5.54: Case Re;, = 600. Difference between the mean velocity fluctuation levels of the low-

speed and crossing signal component Lrms — Crms (color scale). Normalized velocity contour
lines from 0.2 to 0.9 with 10% increments.

119



Figure 5.55: Case Re, = 600. Difference between the mean velocity fluctuation levels of the
crossing and high-speed signal component Lrms — Crms (color scale). Normalized velocity
contour lines from 0.2 to 0.9 with 10% increments.
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Figure 5.56: Case Re;, = 750. Difference between the mean velocity fluctuation levels of the low-
speed and crossing signal component Lrms — Crms (color scale). Normalized velocity contour
lines from 0.2 to 0.9 with 10% increments.
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Figure 5.57: Case Re, = 750. Difference between the mean velocity fluctuation levels of the
crossing and high-speed signal component Lrms — Crms (color scale). Normalized velocity
contour lines from 0.2 to 0.9 with 10% increments.

5.4 Hotwire Result Discussion and Conclusions

A synthesis of the conclusions drawn during the hotwire measurement campaign are presented
in this section. Combining these results provides much information on the evolution of turbulent
wedges.

First, a general topology was established. Mean velocity and fluctuation data revealed results

consistent with the supposed streak self-regeneration mechanism believed to be responsible for
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turbulent wedge spreading. Clear agreement with recent computational work (Suryanarayanan et
al. [81]) exploring the problem from a vorticity dynamics point of view is established. Multiple
instances of self-regenerating low-speed streaks are observed, however, their observation becomes
difficult as the turbulent wedge grows. Spectra reveal specific frequencies driving the breakdown
of individual low-speed streaks. The amplification of these frequencies is highest in the lateral
regions of the turbulent wedge, where the self-regenerating mechanism is active. Clear evidence
of the supposed meandering of low-speed streaks is provided. This, at least partially explains
why a continuous laminar/turbulent interface is observed in most experimental studies instead of
a succession of discrete structures forming of the edges of turbulent wedges. Now that streak me-
andering has been established, future work will include conditional sampling of the flow-field to
reveal and observe flow structures in their natural reference frame.

Following the previous discussion, the major conclusions of the hotwire measurement cam-

paign that:

Hotwire data are consistent with the hypothesized self-regenerating mechanism.

e Up to three sets of low-speed streak structures are observed, the secondary and tertiary in-

stances are the product of the self-regenerating mechanism.

e Fluctuation spectra reveal the breakdown of a single low-speed streak as well as the insta-
bility propagation at the edge of the turbulent wedge where the mechanism of interest is

active.

e Streak meandering is confirmed and attributed to be responsible for the difficulties in ob-

serving subsequent structures.
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6. CONCLUSIONS

Laminar to turbulent transition has a significant impact on aerodynamic systems. For this
reason, stability and transition has always been a very active field in aerodynamics with major
contributions to aviation and other industries. Transition is a complex phenomenon that may occur
through various mechanisms. Transition induced by discrete roughness is one of these mechanisms
and is the exclusive focus of this work in the context of low-speed flow over a flat plate with zero
pressure gradient. The general objective of this work is to shed light on the fundamental mechanics
of turbulent wedge spreading.

Roughness induced transition manifests itself by the emergence of a turbulent wedge growing
at a specific spanwise rate that is remarkably consistent throughout the literature with a 6.4° half an-
gle [37]. However, an explanation for why this particular spreading rate exists or a clearly defined
mechanism remain unknown. Turbulent wedges are composed of alternating high- and low-speed
streaks. Several investigations explore the interaction mechanisms between these structures as-
sociated with streamwise vorticies resulting in the description of a self-regenerating mechanism
in the context of a turbulent spot. This self-regenerating mechanism acts to create an offspring
set of alternating high- and low-speed streaks from a parent set. Recent computational work has
investigated the role of of such mechanisms in turbulent wedge spreading resulting in a vorticity
dynamics based description of the spreading mechanism. The specific objective of this work is to
investigate the self-regenerating mechanism acting to create new streaks on the lateral edges of the
wedge witch successively breakdown to turbulence effectively spreading the wedge. This work
represents the first experimental study of the sort, approaching the problem from an instability
point of view.

To begin, naphthalene shear stress visualization was used to characterize geometrical features
of turbulent wedges. The wedge spreading half angle as well as the streamwise distance between
successive high-speed streaks or “dog-teeth” as a function of Rej and Re, were investigated. The

observation of up to three sets of high-speed streaks is taken as evidence for a self regenerating
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process dependent on flow features only as the distance between successive structures and rough-
ness element increases. Inconclusive results were obtained for the evolution of wedge spreading
half angle with Reynolds number due to the difficulties inherent to naphthalene flow visualiza-
tion. However, both the distance between the virtual wedge origin and roughness element and the
distance between the first high-speed streak origin and roughness element revealed a strong de-
pendency on Rej and weak dependency of RRe,. The distance between the first and second sets of
high-speed streak origins however revealed a much weaker dependency on Rey. Therefore, while
the primary structures are clearly scaled by roughness based parameters, the secondary structures
seem mostly independent of roughness features. This is consistent with the argument that once the
primary streaks are created by the roughness element, the self-regenerating mechanism is activated
and is responsible for the creation of secondary structures. The creation of these later structures is
no longer dependent on the base flow perturbation.

Extensive hotwire measurements were performed on three turbulent wedge cases for Re, =
600, Re;, = 750 and Re;, = 979, guided by the geometrical characteristics extracted from the
naphthalene flow visualization images to focus on the emergence locations of high- and low-speed
streaks. Normalized mean velocity and fluctuation intensity measurements are consistent with
the vorticity dynamics mechanism description proposed in recent computational work by Surya-
narayanan [81]. This experimental works contributes heavily to the credibility of the proposed
turbulent wedge spreading mechanism. Up to three distinct streak structures were once again ob-
served in the hotwire measurements although the difficulty of observing these structures greatly in-
creased with streamwise distance from the roughness element. This is also apparent when studying
power spectra in selected locations in the flow field. While primary spectra reveal specific frequen-
cies of interest driving the single low-speed streak breakdown mechanism, secondary structures
associated spectra only reveal broad band amplification. This is due to supposed streak meander-
ing in the spanwise direction, the effect of which increases with streamwise distance, resulting
in blurred data. This phenomenon was investigated using signal analysis. Low frequency mean-

dering was supposed and the signal was divided into its low frequency crossing, low- and high
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speed streak component corresponding to three distinct measurement phases encountered by the
hotwire as the streak meanders around it. The three phases are: a highly fluctuating low-speed
streak, relatively lower fluctuating high-speed streak and middle ground components. The signal
separation successively distinguished these cases revealing highest mean fluctuation levels in the
low-speed components followed by the middle case and high-speed streak. The most important
finding of this analysis was a statistical difference between fluctuating levels was observed in the
downstream most regions of the turbulent wedges lateral edges. These are the same regions where
secondary flow structures were difficult to analyze due to streak meandering. Therefore, clear evi-
dence of the existence of the supposed streak meandering was provided.

The novel contributions of this work are the following: the emergence of three distinct sets
of high-and low-speed streaks was documented experimentally and their evolution is consistent
with similar computational studies. This provides additional evidence for the existence of a flow-
dependent-only parent-offspring self-regenerating mechanism. The breakdown of low-speed streaks
is observed. The succession of the breakdown of low-speed streaks created on the edges of the
wedge is argued to be responsible for the spreading of the turbulent wedge. Evidence for spanwise
streak meandering is provided. This explains the difficulty of observing secondary streaks in ex-
perimental work and why these structures remained hidden in past investigations.

This work has contributed to the fundamental understanding of the turbulent wedge spreading
mechanism through the description of a self-regenerating process and explained why previous in-
vestigations were unable to observe the resulting streaks as its evidence. This opens the door for
additional studies into the specific meandering mechanisms possibly using conditional sampling

in order to better observe secondary structures and further describe their emergence.
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APPENDIX A

HOTWIRE MEASUREMENT TEST MATRICES

Table A.1: Hotwire measurement test matrix for Case 2, Re;, = 750

Test Matrix for Case 2: Re;,, = 750, Re’ = 750000 /m

x (mm) | Az (mm) | z range (mm) | Az (mm) | # BL | date (dd/mm/yy)
1356 10 28-06-19
1361 15 01-07-19
1366 20 01-07-19
1371 25 08-07-19
1376 30 02-07-19
1381 35 08-07-19
1386 40 10t 10 H 02-07-19
1391 45 08-07-19
1396 50 08-07-19
1401 55 09-07-19
1406 60 04-07-19
1411 65 09-07-19
1416 70 04-07-19
1421 75 09-07-19
1426 80 12to 12 0.5 45 10-07-19
1431 85 10-07-19
1436 90 10-07-19
1441 95 12-07-19
1446 100 -14to 14 58 12-07-19
1451 105 15-07-19
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Table A.2: Hotwire measurement test matrix for Case 2, Re;, = 750 (Continued)

Test Matrix for Case 2: Re;, = 750, Re’ = 750000 /m Continued
x (mm) | Az (mm) | z range (mm) | Az (mm) | # BL | date (dd/mm/yy)
1456 110 16-07-19
1461 115 16-07-19
1466 120 18-07-19
1471 125 18-07-19
1476 130 -16to 16 71 19-07-19
1481 135 22-07-19
1486 140 23-07-19
1491 145 23-07-19
1496 150 26-07-19
1501 155 29-07-19
1506 160 220 to 20 41 30-07-19
1516 170 30-07-19
1526 180 -22 to0 22 45 30-07-19
1536 190 02-08-19
1546 200 02-08-19
1556 210 05-08-19
1566 | 220 281028 | 31 05-08-19
1576 230 06-08-19
1586 240 06-08-19
1596 250 -30 to 30 61 07-08-19
1606 260 -34 to 34 07-08-19
1616 270 -34 to 34 69 12-08-19
1626 280 -36 to 36 13-08-19
1636 290 -40 to 40 81 14-08-19
1646 300 -40 to 40 21-08-19
1656 310 -40 to 40 41 21-08-19
1676 330 -40 to 40 2 19-08-19
1686 340 -42 t0 42 43 19-08-19
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Table A.3: Hotwire measurement test matrix for Case 1, Re;, = 600

Test Matrix for Case 1: Re;, = 600, Re’ = 650000 /m

x (mm) | Az (mm) | z range (mm) | Az (mm) | # BL | date (dd/mm/yy)
1382 16 -8to 12 21 05-04-19
1392 26 08-04-19
1402 36 08-04-19
1412 46 09-04-19
1422 56 10t 15 25 09-04-19
1432 66 17-04-19
1442 76 29-04-19
1452 86 29-04-19
1462 96 01-05-19
1472 106 01-05-19
1482 116 04-05-19
1492 126 -15t0 19 35 06-05-19
1502 136 06-05-19
1512 146 07-05-19
1522 156 08-05-19
1532 166 ! 09-05-19
1542 176 09-05-19
1552 186 13-05-19
1562 | 196 201024 45 13-05-19
1572 206 14-05-19
1582 216 14-05-19
1592 226 222 to0 30 53 16-05-19
1602 236 16-05-19
1612 246 17-05-19
1622 256 20-05-19
1632 266 -26t0 32 59 20-05-19
1642 276 21-05-19
1652 286 21-05-19
1662 296 28 to 36 66 22-05-19
1672 306 22-05-19
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Table A.4: Hotwire measurement test matrix for Case 3, Re, = 979

Test Matrix for Case 3: Re;, = 979, Re’ = 608000 /m

x (mm) | Az (mm) | z range (mm) | Az (mm) | # BL | date (dd/mm/yy)
1260 5 28-05-18
1265 10 17-05-18
1270 15 17-05-18
1275 20 16-05-18
1280 25 16-05-18
1285 30 -15to 15 31 15-05-18
1290 35 15-05-18
1295 40 15-05-18
1300 45 14-05-18
1305 50 18-05-18
1310 55 29-05-18
1320 65 ! 30-05-18
1330 75 30-05-18
1340 85 220 to 20 41 31-05-18
1350 95 31-05-18
1360 105 05-06-18
1370 115 05-06-18
1380 125 06-06-18
1390 135 07-06-18
1400 | 145 251025 31 12-06-18
1410 155 13-06-18
1420 165 21-06-18
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APPENDIX B

NAPHTHALENE IMAGES

Figure B.1: Naphthalene image for case Re’ = 508000, Re, = 600

Figure B.2: Naphthalene image for case Re’ = 508000, Re, = 979

Figure B.3: Naphthalene image for case Re’ = 550000, Rey, = 600
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Figure B.4: Naphthalene image for case Re’ = 550000, Rey, = 750

Red = 973

Figure B.5: Naphthalene image for case Re’ = 550000, Re, = 979

e

Figure B.6: Naphthalene image for case Re’ = 600000, Rej, = 600
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Figure B.7: Naphthalene image for case Re’ = 600000, Re, = 750

Figure B.8: Naphthalene image for case Re’ = 600000, Re, = 979

Figure B.9: Naphthalene image for case Re’ = 650000, Rey, = 600
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Figure B.10: Naphthalene image for case Re’ = 650000, Rey = 750

Figure B.11: Naphthalene image for case Re’ = 650000, Rej, = 979

Figure B.12: Naphthalene image for case Re’ = 700000, Rej = 600
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Figure B.13: Naphthalene image for case Re’ = 700000, Re;, = 750

Figure B.14: Naphthalene image for case Re’ = 750000, Rey = 600

Figure B.15: Naphthalene image for case Re’ = 750000, Re;, = 750
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Figure B.16: Naphthalene image for case Re’ = 800000, Rej, = 750

Figure B.17: Naphthalene image for case Re’ = 850000, Rey = 750
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APPENDIX C

INDIVIDUAL CONTOUR PLOTS FOR REK = 600

urms

1.4

8 ! 10.2

— 90

6l 7.8

T 6.6

£ 5.4

>al 4.2

3.0

1.8

2r 0.6
0-10 -I5 I : 1I0

Z (mm)
(a) x = 1382 mm

Z (mm)
(b) x = 1392 mm

Figure C.1: Contour plots of mean velocity profiles u/U..(10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Re;, = 600
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(a) x = 1402 mm
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(b) x = 1412 mm
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(¢) x = 1422 mm

Figure C.2: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms
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Figure C.3: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms
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Figure C.4: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms

149



Z (mm)
(a) x = 1492 mm

Z (mm)
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Figure C.5: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms
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Figure C.6: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms
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Figure C.7: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600
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Figure C.8: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600
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Figure C.9: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600

rms
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Figure C.10: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 600
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Figure C.11: Contour plots of mean velocity profiles u/U..(10 % increment lines), and streamwise

fluctuation intensity u.., . (color scale) at different streamwise x positions.Case for Re;, = 600
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APPENDIX D

INDIVIDUAL CONTOUR PLOTS FOR REK = 750

(a) x = 1356 mm

10
I urms

a =
6 B —1 6.5
T — 55
E = a5
s )
ar 35
— 25
5L 15
0.5

0

(b) x = 1361 mm

Figure D.1: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Re;, = 750

157



10
a =
6_— —1 6.5
E — 55
= = 45
> s
2 =
ol
(a) x = 1366 mm
10
I urms
8 =
6_— — 6.5
E — 55
= = 45
> s
2 =
U L 1 L L 1 L L 1 L L 1 L L 1
=10 -5 0 5 10
Z (mm)

(b) x = 1371 mm

Figure D.2: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise

fluctuation intensity ... . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.3: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise

fluctuation intensity ... . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.4: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750
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Figure D.5: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750

rms

161



0
Z (mm)

(a) x = 1421 mm

(b) x = 1426 mm

0
Z (mm)

(¢) x = 1431 mm

Figure D.6: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750

rms

162



0
Z (mm)

(a) x = 1436 mm

(b) x = 1441 mm

0
Z (mm)

(c) x = 1446 mm

Figure D.7: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750
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Figure D.8: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750
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Figure D.9: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re;, = 750
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Figure D.10: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 750
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Figure D.11: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Re;, = 750
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Figure D.12: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise

fluctuation intensity u.., . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.13: Contour plots of mean velocity profiles u/U,, (10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.14: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise

fluctuation intensity u.., . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.15: Contour plots of mean velocity profiles u/U, (10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.16: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Rey, = 750
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Figure D.17: Contour plots of mean velocity profiles u/U,,(10 % increment lines), and streamwise

fluctuation intensity u..,, . (color scale) at different streamwise x positions.Case for Re;, = 750
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APPENDIX E

INDIVIDUAL CONTOUR PLOTS FOR REK =979
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Figure E.1: Contour plots of mean velocity profiles u/U..(10 % increment lines), and streamwise

fluctuation intensity .., . (color scale) at different streamwise x positions.Case for Re;, = 979
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Figure E.2: Contour plots of mean velocity profiles u/U..(10 % increment lines), and streamwise

fluctuation intensity ... (color scale) at different streamwise x positions.Case for Rey, = 979
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Figure E.3: Contour plots of mean velocity profiles u/U.,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 979
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Figure E.4: Contour plots of mean velocity profiles u/U..(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 979
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Figure E.5: Contour plots of mean velocity profiles u/U.,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 979
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Figure E.6: Contour plots of mean velocity profiles u/U.,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 979
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Figure E.7: Contour plots of mean velocity profiles u/U.,(10 % increment lines), and streamwise
fluctuation intensity u.. . (color scale) at different streamwise x positions.Case for Re, = 979
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Figure E.8: Contour plots of mean velocity profiles u/U.(10 % increment lines), and streamwise

fluctuation intensity ... . (color scale) at different streamwise x positions.Case for Rey, = 979
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