Contents

INTRODUCTION . . . . . ittt et et et et e e e e e e xi
MAINNOTATIONS . . . . . ot e e e et e e e e e e e e XV
CHAPTER 1. GENERALPOINTS . . . .. ................ 1
1.1. Introduction. . . . .. ....... ... .. ... ... 1
1.2. Generalequations. . . . ..................... 2
1.2.1. Eulerianrelations . . .. ... ............... 2
1.3.Notations . ............. . . . ..., 5
1.4. Reynolds equations. . . . .................... 5
1.5. Exact relations in a fully developed turbulent
channelflow . ......... ... ....... ... ........ 7
1.6. Equations for a turbulent boundary layer. . . ... ... 12
1.7. Scales in a wall-bounded turbulent flow . . . . ... ... 14
1.8. Eddy viscosity closures . .................... 15
1.9. Turbulent intensities of the velocity components . . .. 32
1.10. Fine structure . ......................... 38
1.11. Vorticity . . ... ... 42
1.11.1. Characteristics of vorticity field near
tothewall . .......... ... ... . ... ... ...... 45

1.11.2. Turbulent intensities of the fluctuating
vorticity components . .. ... ... ... .. .. ........ 52



vi  Transport and Coherent Structures in Wall Turbulence

CHAPTER 2. TRANSPORT PHENOMENA IN WALL

TURBULENCE. . . . . . . ittt et e e e e e 55
2.1. Introduction. . . ... ..... ... .. .. ... .. ... ... 55
2.2. Transportequations . . . .................... 56
2.3. Models of return toisotropy . . . ............... 63
2.4. Transport of turbulent kinetic energy. . . ... ... ... 66
2.5. Transport of the velocity gradient . . . ... ........ 73
2.6. Transport of the Reynolds stress UV oo 75
2.7. Effects of the Reynolds number on transport. . ... .. 77
28. Dissipation . ............ ... . .. .. ... . ..., 82

2.8.1. Dissipation of kineticenergy . . . .. .......... 82

2.8.2. Dissipation linked to the transport equations

for the Reynolds stresses. . . . .................. 87
29.Pressure . . .. ... 92

29.1.Wallpressure . . . .............0..i... 93

2.9.2. Spectraldensity ....................... 95

2.9.3. Decomposition into slow and

rapid components. . . . ... ... o o L 101
2.10. Anisotropy . . . . . . oo 113
2.11. Rapid distortion . . . .. .................... 121

CHAPTER 3. NEAR-WALL COHERENT STRUCTURES: HISTORY,

IDENTIFICATIONAND DETECTION . . . . . . .. .. ... v . ... 129
3.1. Introduction. . . .. ..... ... ... ... .. ... 129
3.2.History . . . ... . . . e 130
3.3. Single-point Eulerian detection. . . ... .......... 136

3.3.1. Detectioninquadrant IT. . . ... ............ 139
3.3.2. Detection by the u-level (u-1) . . ... .......... 143
3.3.3. Detection by VITAand VISA . . . .. .......... 144
3.4. Stochastic estimation . ..................... 148
3.5. Wavelets and wall turbulence. . . . ............. 153
3.6. Critical points and topology . .. ... ............ 154
3.6.1. Critical points. . . .. .................... 154

3.6.2. Application of the concept of critical points
to the topology of turbulence . ... ............... 157



Contents  vii

3.6.3. Extension of the detection Q9 -A ... ... ...... 165

3.6.4. A few significant results relating to the

topology of wall turbulence . ................... 169
3.7. Pressure field and vortices . . . ... ............. 176
3.8. Vorticity and vortices . ..................... 179
3.9. Transport of invariants . . . .. ................ 182
3.10. “Lambda-2” criterion . . . . .. ... ............. 186
3.11. Relations between the topological
invariants and the A, technique. .. ............... 188
3.12.8ummary. . . . ... 192
3.13. Lagrangian detection. . . . .. ................ 194

CHAPTER 4. COHERENT WALL STRUCTURES: DYNAMICS AND
CONTRIBUTION TO TURBULENT ACTIVITY . ............ 199

4.1. Introduction. . . . ... ... ... ... o 199
4.2. Structural morphology of wall turbulence.
Quasi-streamwise vortices or hairpin vortices? . .. ... .. 200
4.3. Frequency distribution of energetic events in
the inner sublayer ... ........................ 205
4.4. Quadrant-based structure of the Reynolds
shearstress. . ... ...... ... . .. ... .. . . . . 212
45.Streaks. . . ... e 215
4.6. Wavelet analysis, at low Reynolds numbers, of the
vorticity layers surrounding the streaks. . . . ......... 221
4.7. Effect of coherent structures on local wall friction ... 226
4.8. Effect of coherent structures on wall pressure . . . . .. 234
4.9. Active and passive structures . . . .............. 235
4.10. Particle trajectories: Lagrangian approach .. ... .. 245

4.10.1. Lagrangian description and transport by

turbulent diffusion. . . . .. ... ... ... ... ... ... 245

4.10.2. Lagrangian description of transport by

energeticevents. . . .. ..... ... .. .. ... 248
4.11. Dynamical systems approach . ............... 257

4.11.1. Karhunen—-Loéve series. . . ... ............ 258

4.11.2. POD and wall turbulence ................ 259

4.11.3. Chaotic synchronization . ................ 264



viii  Transport and Coherent Structures in Wall Turbulence

CHAPTER 5. REGENERATION AND SELF-MAINTAINING OF
COHERENT STRUCTURES . . . . . . ot it e i e i e

5.1. Introduction. . . . .. ..... ... .. .. ... .. ... ...
5.2. Consensual structural elements . ..............
5.3.Conceptual models . . ... ...................
5.3.1. Oseen vortexina 2D meanshear. . . . ... ... ..
5.3.2. Synthetic wall turbulence . . . ... ...........

5.3.3. Viscous response of the flow to the convection
of a vortex structure neartothewall. . . . ... .......

5.4. Generation of streaks and inner shear layers:
simplified theoretical models . . ... ...............

5.5. Elongated structures and streak formation. ... .. ..

5.6. Regeneration of vortex structures. Observations
deduced from direct numerical simulations. . ... ......

5.7. Stability of streaks . . . ... ..................
5.7.1. Linear stability . . . ... ..................
5.7.2. Statistics in the innerlayer. . . . ... .........
5.7.3. Transient growth and algebraic growth. .. ... ..
5.7.4. Bypass transition ......................

5.7.5. Transient growth and bypass transition
ofthestreaks ... ..... ... ... ... . ... .. ...

5.7.6. Nonlinear transient growth. . ... ... ........

5.8. Instability of streaks, their repercussions and
self-maintaining of structures. . . . ... .............

5.9. Triggering of the mechanism .................

5.10. Formation of arch vortices. Generation of
new streamwise structures . ... . ... ... ... . ......

5.11.DiSCuSSION . . . . . v it e
5.12. Aheuristicmodel . ... ... .... .. .. ... .. ....

CHAPTER 6. LARGE- AND VERY LARGE-SCALE
STRUCTURES . . . . . o ottt e e e e e e e e e i

6.1. Introduction. . . . ... ... .. .. ...
6.2. Clusters of coherent structures . . . . ............
6.2. 1. History . ......... ... . ...



Contents ix

6.3. Characteristics of packets of structures at moderate

Reynoldsnumbers . . ... ...................... 379
6.4. Kinematic consequences of coherent
clustering of structures . . . ... .................. 381
6.5. Regeneration of the packets . . . .. ............. 389
6.6. Clustering of packets. Very large-scale motions . . . . . 394
6.7. Amplitude modulation by very large-scale motions. . . 398
6.8. Dynamic role of very large-scale motions . ........ 410
BIBLIOGRAPHY . . . . . .. .. ittt e 423





