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Abstract

This thesis is based on an experimental programme conducted in two laboratory flumes

with different scales, to examine the near bed boundary layer under combined surface

waves and a turbulent current. Flow conditions have covered a range of wave frequencies

and amplitudes, and current conditions. The results give an enhanced understanding of

turbulence structures close to the bed in a combined wave-current flow, in terms of

coherent vortices and eddy viscosities.

A two-dimensional Particle Image Velocimetry system was used to measure the velocity

field. Average properties of turbulence characteristics were determined. Hydrogen bubble

techniques were employed to provide flow visualisation of the near-wall flow patterns.

Results for the unidirectional current are consistent with many previous studies on the

existence of coherent vortices. In particular, the measured flow velocity vectors and

contours of magnitude demonstrate the presence of low-speed and high-speed streaks in

the wall region and bursts in the outer flow. Further quantitative analysis also shows that

the characteristic length scales agree well with previous research.

For tests with combined wave-current flow, results demonstrate that streamwise vortices

are also present. However, the spacing between adjacent low-speed streaks changes

periodically within one wave cycle.

In addition, measurements also reveal that the maximum Reynolds shear stress induced

by ejections is increased when waves are superimposed on the turbulent current. The

increase is observed to be more significant for waves with higher frequencies and

amplitudes.

In order to relate turbulent behaviour with time-averaged velocities in a combined wave-

current boundary layer, an eddy viscosity distribution was computed based on

experimental results from the flumes and a large oscillating water tunnel from previous

tests. These results show a different distribution from those in existing models of wave-

current interaction. These results are expected to improve the accuracy on prediction of

the hydrodynamics and sediment transport in combined wave-current flows.
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Impact Statement

The present project is a fundamental study of hydrodynamics in combined wave-current

boundary layers. The interaction between a turbulent current and water waves is a

physical process commonly occurring in coastal environments. This is crucially important

for designers of offshore structures, engineers concerned with sediment transport and

dispersion of pollutants. With the development of marine renewable energy exploitation,

considerable research has been conducted to investigate turbulence characteristics in

combined wave-current boundary layers. However, a comprehensive understanding of

the subject is still required. The present project addresses this issue and facilitates

scientists and engineers with new knowledge of flow structures.

Valuable information about research methodology can be gained from the present study.

The finding of the streak spacing as a function of the integral spatial scale provides a

convenient tool for investigations of turbulent structures.

Knowledge obtained from the present project can be useful for turbine designers to assess

energy yield and fatigue loading more accurately. The finding that streak spacing varies

periodically within a wave cycle suggests that turbulent kinetic energy originating from

turbulent fluctuations in the form of coherent structures can also vary periodically.

Another significant implication is that increased hydrodynamic loading can be produced

from these coherent events. This should be considered when calculating fatigue loading.

The findings from quadrant analysis of Reynolds shear stress have some implications for

sediment transport. Reynolds shear stress generated from ejections increases when waves

with larger amplitudes and higher frequencies are added. This suggests that these extra

ejections can keep sediment in suspension.

The semi-empirical formula of eddy viscosity distribution provides guidance for coastal

modelling. Although many eddy viscosity profiles have been proposed previously to

relate the mean velocity field with Reynolds shear stress, very few of them have been

validated by experimental data. The formula proposed in the present study can be

beneficial for those engineers modelling velocity fields and sediment diffusivity.

To summarise, the methodology and the results presented in the thesis are of benefit both

to researchers and engineers. Work has been presented by poster and oral presentations

at several conferences inside the UK and internationally through the 35th International

Conference on Coastal Engineering (ICCE 2016). Outcomes of the project will be further

disseminated through publication of journal papers.



III

Acknowledgements

I am indebted to my supervisor Professor Richard Simons for his excellent supervision,

patient explanations and kind encouragements throughout the course of study. He guides

me into the word of research, brings me into the mysteries of turbulence and wave-current

interaction, and inspires me to explore the unknown. I would like to express my sincere

gratitude to Dr. Eugeny Buldakov for his valuable time, helpful discussions and precious

advice as the subsidiary supervisor of my PhD project.

I am sincerely grateful to Leslie Ansdell for his technical assistance with the experimental

set-up in numerous aspects, and to Keith Harvey for his kind help.

I would like to thank all my colleagues in the group of fluid mechanics and coastal

engineering in the Department of Civil, Environmental and Geomatic Engineering.

Thanks also go to the Faculty of Engineering at University College London for funding

my tuition fees, and to the China Scholarship Council for supporting my living fees.

Finally, I would like to thank my family for their continuous support during my study

abroad and in my life.



IV

Table of Contents

Abstract ..............................................................................................................................I

Impact Statement.............................................................................................................. II

Acknowledgements ......................................................................................................... III

Table of Contents ............................................................................................................IV

List of Figures ..............................................................................................................VIII

List of Tables................................................................................................................XVI

Nomenclature ...............................................................................................................XIX

Introduction ......................................................................................................1

1.1 Background .............................................................................................................1

1.2 Research questions ..................................................................................................4

1.3 Thesis Structure .......................................................................................................5

Literature Review .............................................................................................6

2.1 Turbulent Boundary Layers with zero-pressure-gradient........................................7

2.1.1 Introduction on coherent structures ..................................................................7

2.1.2 Classification of coherent structures.................................................................7

2.1.3 Engineering application of coherent structures ..............................................23

2.2 Oscillatory Boundary Layers.................................................................................27

2.2.1 Laminar Oscillatory Boundary Layers ...........................................................27

2.2.2 Turbulent Oscillatory Boundary Layers .........................................................29

2.3 Wave-Current Interaction......................................................................................33

2.3.1 Algebraic models ............................................................................................34

2.3.2 Numerical models ...........................................................................................36

2.3.3 Laboratory experiments ..................................................................................38

2.3.4 Theories explaining WCI mechanism.............................................................43

2.3.5 Engineering application of wave-current interaction......................................45



V

Experimental Apparatus .................................................................................57

3.1 Low-Turbulence Flume Experiments....................................................................58

3.1.1 Laboratory Flume ...........................................................................................58

3.1.2 Flow Conditioning System .............................................................................61

3.1.3 Wave Generator ..............................................................................................62

3.1.4 Beach ..............................................................................................................63

3.1.5 Wave Probe.....................................................................................................63

3.1.6 Particle Image Velocimetry System ...............................................................64

3.1.7 Hydrogen Bubble Visualisation......................................................................73

3.2 Wave-Current Flume Experiments........................................................................77

3.2.1 Laboratory Flume ...........................................................................................77

3.2.2 Wave Generator ..............................................................................................78

3.2.3 Beach ..............................................................................................................78

3.2.4 Flow Conditioning System .............................................................................78

3.2.5 Wave Probes ...................................................................................................79

3.2.6 Particle Image Velocimetry (PIV) System .....................................................79

3.3 Computer Software................................................................................................79

3.3.1 Matlab .............................................................................................................81

3.3.2 Tecplot Focus..................................................................................................81

Experimental Procedures and Data Analysis Methods ..................................82

4.1 Procedures for the Low-Turbulence Flume Experiments .....................................83

4.1.1 PIV experiments .............................................................................................83

4.1.2 Hydrogen bubble experiments ........................................................................87

4.2 Procedures for the Wave-Current Flume Experiments .........................................90

4.3 Data Analysis Methods .........................................................................................91

4.3.1 Wave data analysis..........................................................................................91

4.3.2 Turbulence fluctuations ..................................................................................92



VI

4.3.3 Reynolds shear stress, mean velocity profiles and eddy viscosity .................95

4.3.4 Quadrant Analysis of Reynolds shear stress...................................................96

4.3.5 Auto-correlations and spacing between low-speed streaks ............................96

4.3.6 Data Analysis for hydrogen bubble experiments............................................99

Experimental Results and Discussions.........................................................101

5.1 Unidirectional Currents without waves added ....................................................102

5.1.1 Average properties of turbulent boundary layer ...........................................102

5.1.2 Coherent structures: streaky patterns ............................................................107

5.1.3 Coherent structures: ejections and sweeps....................................................121

5.2 Combined wave-current flows ............................................................................127

5.2.1 Free surface elevation ...................................................................................127

5.2.2 Wave-induced periodic velocities.................................................................129

5.2.3 Average properties of turbulent boundary layer ...........................................131

5.2.4 Coherent structures: streaky patterns ............................................................146

5.2.5 Coherent structures: ejections and sweeps....................................................168

5.2.6 Further Discussions.......................................................................................182

Numerical modelling: preliminary tests .......................................................184

6.1 Methodology .......................................................................................................185

6.1.1 Governing equations .....................................................................................185

6.1.2 Multiphase flow model .................................................................................185

6.1.3 Wave generations and absorptions ...............................................................186

6.1.4 Discretisation method ...................................................................................186

6.1.5 CFD model set-up.........................................................................................186

6.2 Results and Discussions ......................................................................................190

Conclusions ..................................................................................................194

References .....................................................................................................................197



VII

Appendix A: User-written programmes for data analysis of hydrogen bubble

visualisation ..................................................................................................................217

Appendix B: User-written programmes for analysis of PIV data in the horizontal plane

.......................................................................................................................................219

Appendix C: User-written programmes for analysis of PIV data in the vertical plane 247

Appendix D: Calculations of return current speed........................................................262

Appendix E: Previous experiments summary...............................................................266

Appendix F: Previous eddy viscosity models summary ...............................................279



VIII

List of Figures

Figure 2-1. Vortical structures of various forms depending on Reynolds numbers, from

Robinson (1991), pp. 607..................................................................................................8

Figure 2-2. Low-speed and high-speed streaks revealed by hydrogen bubble

visualisations, ݇ denotes the roughness strip height. (from Grass et al., 1993, pp. 845).

.........................................................................................................................................10

Figure 2-3. Diagram illustrating the concept of quadrant analysis, adapted from Bernard

and Wallace (2002). ........................................................................................................12

Figure 2-4. Quadrant contributions to the Reynolds shear stress vs distance from the

wall, turbulent channel flow. Figure from Wallace (2016), pp. 134. Symbols represent

the experimental data from Wallace et al. (1972), and lines are numerical results from

Kim et al. (1987) and Moser et al. (1999).......................................................................14

Figure 2-5. Hydrogen bubble visualization at ାݕ = 30, from Smith and Metzler (1983),

pp. 49...............................................................................................................................15

Figure 2-6. Hydrogen bubble visualisation illustrating spanwise vortices, from Grass et

al., 1991, pp. 51...............................................................................................................16

Figure 2-7. Theodorsen’s horseshoe vortex model, adapted from Grass et al. (1991),

pp.37................................................................................................................................18

Figure 2-8. Velocity vectors showing a shear layer roll up through head of

hairpin/horseshoe vortices: (a) Numerical results of Robinson (1991); (b) Experimental

results of Grass et al. (1991), pp. 53. ..............................................................................19

Figure 2-9. Conceptual model of hairpin vortex packets aligned in the streamwise

direction (from Adrian et al. 2000), pp. 45. ....................................................................20

Figure 2-10. Evolution of hairpin vortex packets, results produced by Zhou et al., 1999

(from Adrian et al. 2000), pp. 24. ...................................................................................21

Figure 2-11. Vortical structures of turbulent channel flow, adapted from Amor et al.

(2015), pp. 025108-6.......................................................................................................21

Figure 2-12. Conceptual model of the relationship between VLSM and super

streamwise vortices (from Zhong et al., 2016), pp. 3576. ..............................................23



IX

Figure 2-13. Sand waves showed by the bed elevation contours (in cm) at quasi-

equilibrium state (t = 700 s), from Sotiropoulos and Khosronejad (2016), pp. 021301-

15. Flow is from left to right and the grid lines are apart by 0.115 m in both directions.

.........................................................................................................................................25

Figure 2-14. Bed configurations of quartz sand streaks under different shear velocities,

adapted from Weedman and Slingerland (1985). (a) Fine sand with shear velocity ∗ݑ =

0.0164 (݉ ;(ݏ/ (b) Medium sand with ∗ݑ = 0.0237 (݉ ;(ݏ/ (c) Fine sand with ∗ݑ =

0.02 (݉ 26......................................................................................................................(ݏ/

Figure 2-15. Vertical distribution of velocity profiles at various wave phases, Lamb

solution, applying a horizontal periodic force on an infinite mass of water (uୠ෦

represents the velocity amplitude at the bed; β = ඥπ/(νT) denotes the viscous

boundary wave number), from Simons (1980), pp. 30. ..................................................28

Figure 2-16. Wave boundary layer thickness definition, from Jonsson (1980), pp. 111.

.........................................................................................................................................29

Figure 2-17. Schematic time-independent eddy viscosity assumptions for the wave

bottom boundary layers: (a) Kajiura (1968) model, adapted from Justesen (1988); (b)

Myrhaug (1982) model, adapted from Justesen (1988). .................................................32

Figure 3-1. Schematic of the experimental set-up (side view, not to scale) ...................59

Figure 3-2. Schematic of the experimental set-up (plan view, not to scale) ...................60

Figure 3-3. Low-Turbulence flume, side view. ..............................................................61

Figure 3-4. The hole drilled for photography and PIV, looking from underneath the

flume. ..............................................................................................................................61

Figure 3-5. Photography of the flow conditioning system showing the ballotini...........62

Figure 3-6. Wave maker: motor and linkage ..................................................................63

Figure 3-7. Front panel of the Ultra ICE.........................................................................68

Figure 3-8. Laser set-up for the velocity measurements on a horizontal plane. .............68

Figure 3-9. Ruler used to perform calibrations for measurements on a horizontal plane:

(a) photo showing a plan view; (b) sketch showing a side view.....................................69

Figure 3-10. Calibration target for measurements in a vertical plane.............................69

Figure 3-11. Sketch of the laser and camera arrangement for the velocity measurements

in a horizontal plane (not to scale). .................................................................................70



X

Figure 3-12. Sketch of the laser and camera arrangement for the velocity measurements

in a vertical plane (not to scale). .....................................................................................70

Figure 3-13. Seeding system: (a) seeding tank; (b) the hose and tube used for seeding

the particles. ....................................................................................................................72

Figure 3-14. Pulse Generator Box CEV47601................................................................76

Figure 3-15. Wire positioning system, mounted at the test section. ...............................77

Figure 3-16. A schematic view of the UCL wave-current flume, side view. .................80

Figure 3-17. Side view of the flow conditioning system, made from the stainless steel

wire mesh. .......................................................................................................................81

Figure 4-1. Typical calibration of wave probe................................................................84

Figure 4-2. Critical values of wave Reynolds number, adapted from Sleath (1984)......86

Figure 5-1. Mean velocity profile of a unidirectional turbulent current, measured in the

low-turbulence flume: (a) linear scale; (b) semi-logarithmic scale. .............................103

Figure 5-2. Mean velocity profile of a unidirectional turbulent current, measured in the

wave-current flume: (a) linear scale; (b) semi-logarithmic scale..................................104

Figure 5-3. Vertical distribution of Reynolds shear stress in a unidirectional turbulent

current, low-turbulence flume.......................................................................................105

Figure 5-4. Vertical distribution of Reynolds shear stress in a unidirectional turbulent

current, wave-current flume. .........................................................................................105

Figure 5-5. Eddy viscosity distribution of a unidirectional current, low-turbulence

flume. ............................................................................................................................106

Figure 5-6. Eddy viscosity distribution of a unidirectional current, wave-current flume.

.......................................................................................................................................106

Figure 5-7. Snapshot of hydrogen bubble visualisations, current-alone test in the low-

turbulence flume, plan view, y=0.8mm above the bed, the current flowing from bottom

to top. ............................................................................................................................108

Figure 5-8. Time histories of instantaneous streamwise velocity contours from PIV

measurements, values normalised by the local mean velocity given in the legend,

current-alone test in the low-turbulence flume, plan view, y=0.8mm above the bed. ..109



XI

Figure 5-9. Time histories of instantaneous streamwise velocity contours from PIV

measurements, values normalised by the local mean velocity given in the legend,

current-alone test in the wave-current flume, plan view, y=0.8mm above the bed. .....110

Figure 5-10. Time histories of instantaneous streamwise velocity contours, values

normalised by the local mean velocity given in the legend, current-only test in the low-

turbulence flume, plan view, y=0.8mm above the bed. ................................................111

Figure 5-11. Instantaneous flow field at y = 0.8mm (yା = 6), PIV measurements of

the unidirectional turbulent current, tested in the low-turbulence flume: (a) auto-

correlation distribution of streamwise velocity at the image centre; (b) contour plots of

streamwise velocity, values normalised by the local mean velocity given in the legend.

Red dot shows the first zero-crossing point, red shadowed areas highlight the integral

spatial scale before the first zero-crossing point .ܫ) .ܵ )ܵ. .............................................113

Figure 5-12. Instantaneous flow field at y = 0.8mm (yା = 6), PIV measurements of

the unidirectional turbulent current, tested in the wave-current flume: (a) auto-

correlation distribution of streamwise velocity at the image centre; (b) contour plots of

streamwise velocity, values normalised by the local mean velocity given in the legend.

.......................................................................................................................................114

Figure 5-13. λ (mm) vs I. S. S (mm). Unidirectional current test in the low-turbulence

flume: (a) PIV measurements; (b) hydrogen bubble visualisations. .............................115

Figure 5-14. λ (mm) vs I. S. S (mm). Unidirectional current test in the wave-current

flume, PIV measurements. ............................................................................................115

Figure 5-15. Probability density functions of streak spacing at y = 0.8mm (yା = 6),

unidirectional turbulent current in the low-turbulence flume: (a) PIV measurements; (b)

hydrogen bubble visualisations. ....................................................................................118

Figure 5-16. Probability density functions of low-speed streaks spacing atݕ�=

0.8݉݉ ାݕ)� = 6), unidirectional turbulent current in the wave-current flume. ...........119

Figure 5-17. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the low-turbulence

flume, PIV measurements at the flume centre, side view. ............................................122

Figure 5-18. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the wave-current flume,

PIV measurements at the flume centre, side view. .......................................................123



XII

Figure 5-19. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the low-turbulence

flume, PIV measurements at the flume centre, side view. ............................................124

Figure 5-20. Quadrant contributions to the mean Reynolds shear stress, unidirectional

current test in the low-turbulence flume. ......................................................................126

Figure 5-21. Quadrant contributions to the mean Reynolds shear stress, unidirectional

current test in the wave-current flume. .........................................................................126

Figure 5-22. Harmonic analysis of test ‘WCAT1.38sA20mm’, low-turbulence flume.

.......................................................................................................................................128

Figure 5-23. Harmonic analysis of test ‘WCAAT1.43sA120mm’, wave-current flume.

.......................................................................................................................................128

Figure 5-24. Ensemble-averaged free surface elevation of the test

‘WCAT1.38sA20mm’, conducted in the low-turbulence flume...................................129

Figure 5-25. Ensemble-averaged free surface elevation of the test

‘WCAAT1.43sA120mm’, wave-current flume. ...........................................................129

Figure 5-26. Periodic velocities ݑ variations within one wave cycle, measured at

151mm above the bed, run ‘WCAT1.38sA20mm’ tested in the low-turbulence flume.

.......................................................................................................................................130

Figure 5-27. Periodic velocities ݑ variations within one wave cycle, measured at

151mm above the bed, run ‘WCAAT1.43sA120mm’ tested in the wave-current flume.

.......................................................................................................................................130

Figure 5-28. Periodic velocity profiles through the water column: combined wave-

current flow in the low-turbulence flume, WCAT1.38sA20mm. .................................131

Figure 5-29. Periodic velocity profiles through the water column: combined wave-

current flow in the wave-current flume, WCAAT1.43sA120mm. ...............................131

Figure 5-30. Mean velocity profiles of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying amplitude, wave periods

fixed at�ܶ = :ݏ1.11 (a) linear scale; (b) semi-logarithmic scale. ..................................133

Figure 5-31. Mean velocity profiles of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying period, wave amplitudes

fixed atܣ� = 18݉݉ .......................................................................................................134



XIII

Figure 5-32. Mean velocity profiles of all test conditions in wave-current flume: (a)

linear scale; (b) semi-logarithmic scale.........................................................................135

Figure 5-33. Reynolds shear stress of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying amplitude, wave periods

fixed at�ܶ = 136.........................................................................................................ݏ1.11

Figure 5-34. Reynolds shear stress of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying period, wave amplitudes

fixed atܣ� = 18݉݉ .......................................................................................................137

Figure 5-35. Reynolds shear stress distributions, tests in the wave-current flume. ......137

Figure 5-36. Eddy viscosity profile throughout the boundary layer, wave period fixed at

ܶ = ,ݏ1.11 water depth ℎ = 160݉݉ , tests conducted in the low-turbulence flume. ..141

Figure 5-37. Eddy viscosity profile throughout the boundary layer, water depth ℎ =

400݉݉ , tests conducted in the wave-current flume. ...................................................141

Figure 5-38. Non-dimensional eddy viscosity profile, ௧ߝ
ା =

ఌ

௬ ∙�௨∗
, tests conducted in

the low-turbulence flume. .............................................................................................142

Figure 5-39. Non-dimensional eddy viscosity profile, ௧ߝ
ା =

ఌ

௬ ∙�௨∗
, tests conducted in

the wave-current flume. ................................................................................................142

Figure 5-40. Curve-fitting of non-dimensional eddy viscosity, tests conducted in the

low-turbulence flume: (a) near-bed region; (b) outer region. .......................................143

Figure 5-41. Curve-fitting of non-dimensional eddy viscosity, tests conducted in the

wave-current flume: (a) near-bed region; (b) outer region. ..........................................144

Figure 5-42. Eddy viscosity distribution for test ‘WCAAT1.67sA120mm’, wave-current

flume. ............................................................................................................................145

Figure 5-43. Vertical profiles of non-dimensional eddy viscosity for tests with different

flow conditions, non-dimensionalised by the shear velocity and the boundary layer

thickness. Data from MacIver (1999). ..........................................................................145

Figure 5-44. Wave probe signal, low-turbulence flume, hydrogen bubble visualisation

experiments: (a) detection of the initial hydrogen bubble pulse; (b) synchronisation of

the wave data and the hydrogen bubble data. ...............................................................148



XIV

Figure 5-45. Calibration target for the hydrogen bubble experiments, with a spacing of

10mm. ...........................................................................................................................148

Figure 5-46. A sequence of hydrogen bubble visualisations within a wave cycle,

combined wave-current flow, low-turbulence flume: wave period T=1.38s, amplitude

A=20mm. Wire positioned at y=0.8mm above the bed, laser light sheet illuminated from

the right edge of the image towards left, current flows from bottom of the image

upwards. ........................................................................................................................149

Figure 5-47. Evolution of streaks within a wave cycle (T=1.38s, A=20mm), values of

streamwise velocities normalised by the local ensemble-averaged velocity given in the

legend, PIV measurements at y = 0.8mm, low-turbulence flume: (a) maximum

streamwise velocity; (b) minimum streamwise velocity...............................................150

Figure 5-48. Evolution of streaks within a wave cycle (T=1.43s, A=120mm), values of

streamwise velocities normalised by the local ensemble-averaged velocity given in the

legend, PIV measurements at y = 0.8mm, water depth of 400mm, wave-current flume.

.......................................................................................................................................152

Figure 5-49. Evolution of velocity gradient du/dz (103×s-1) within one wave cycle:

same case as in Figure 5-48. .........................................................................................154

Figure 5-50. Phase variations for the combined wave-current flow in the low-turbulence

flume: T=1.38s, A=20mm, obtained at y = 0.8mm, (a) wave-induced streamwise

velocity u(݉ ;(ݏ/ (b) periodic streak spacing λ(݉݉ ). Dots represent experimental

results, lines show a best fit curve-fitting using sinusoidal functions of time. .............156

Figure 5-51. Phase variations for the combined flow in the wave-current flume:

T=1.43s, A=120mm, obtained at y = 0.8mm, (a) wave-induced streamwise velocity

u (݉ ;(ݏ/ (b) periodic streak spacing λ (݉݉ ). Dots represent experimental results, and

lines show a best fit curve-fitting using sinusoidal functions of time...........................157

Figure 5-52. Magnitude of periodic streak spacing vs magnitude of streamwise

displacement: (a) low-turbulence flume; (b) wave-current flume. ...............................160

Figure 5-53. Non-dimensional mean streak spacing for combined wave-current

boundary layers. ............................................................................................................162

Figure 5-54. Probability density functions of streak spacing at y=0.8mm, low-turbulence

flume, combined wave-current flow: wave period T=1.38s, wave amplitude A=20mm.

.......................................................................................................................................163



XV

Figure 5-55. Probability density functions of streak spacing at y=0.8mm, wave-current

flume, combined wave-current flow: wave period T=1.43s, wave amplitude A=120mm.

.......................................................................................................................................164

Figure 5-56. Vorticity (103×s-1) within a wave cycle in the combined wave-current

boundary layer: wave period ܶ = ,ݏ1.43 amplitude ܣ = 120݉݉ , wave-current flume.

.......................................................................................................................................173

Figure 5-57. Ensemble-averaged velocity profiles: wave period ܶ = ,ݏ1.43 amplitude

ܣ = 120݉݉ , wave-current flume. (a) streamwise velocities; (b) vertical velocities. .174

Figure 5-58. Reynolds shear stress induced by four quadrant events, unidirectional

turbulent current with and without waves added, low-turbulence flume: (a) CA; (b)

WCAT1.25sA14mm; (c) WCAT1.25sA16mm; (d) WCAT1.25sA20mm. ..................177

Figure 5-59. Reynolds shear stress induced by four quadrant events, waves propagating

with the turbulent current, low-turbulence flume: ........................................................179

Figure 5-60. Reynolds shear stress induced by four quadrant events, waves propagate

with the turbulent current, wave-current flume: (a) CAA; (b) WCAAT1.11sA86mm; (c)

WCAAT1.25sA100mm; (d) WCAAT1.43sA120mm. .................................................181

Figure 6-1. A general procedure for CFD model set-up and software used at each step.

.......................................................................................................................................187

Figure 6-2. Part of the mesh, WCA1, from Zhang et al. (2017). ..................................188

Figure 6-3. Mean velocity profile for waves propagating with a current, water depth of

200mm, wave period of 1s, wave height of 0.02m, flow rate of 0.185 m/s: (a) linear

scale; (b) semi-logarithmic scale...................................................................................191

Figure 6-4. Periodic velocities in the bottom boundary layer: (a) numerical results; (b)

experimental results (Kemp and Simons, 1982). ..........................................................192

Figure 6-5. Ensemble-averaged velocity profiles at 18° interval, WCA1 (CFD results)

.......................................................................................................................................192

Figure 6-6. Time series within a wave cycle, combined wave-current flows, water depth

of 200mm, wave period of 1s, wave heights of 0.02m, flow rate of 0.185 m/s: (a) free

surface elevations; (b) bed shear stress. ........................................................................193



XVI

List of Tables

Table 2-1. Wave boundary layer thickness definitions in the literature, under laminar

flow conditions................................................................................................................29

Table 2-2. Zero-equation models, eddy viscosity-based models ....................................51

Table 2-3. Zero-equation models, mixing length models ...............................................52

Table 2-4. Zero-equation models, momentum-integral-method model ..........................52

Table 2-5. Zero-equation models, Parameterised models summary. ..............................53

Table 2-6. RANS-based models, One-equation models .................................................53

Table 2-7. RANS-based models, Two-equation models.................................................55

Table 2-8. Reynolds stress model (RSM) of RANS-based models ................................56

Table 3-1. List of hydrogen bubbles generator settings (CEV47601) ............................75

Table 4-1. Flow conditions for experiments conducted in the Low-Turbulence flume,

orifice plate diameter ∅ = 94.4 (݉݉ ), mean flow velocity ܷ = 0.200 (݉ ,(ݏ/ water

depth ℎ = 160݉݉ . .........................................................................................................87

Table 4-2. Flow conditions for experiments conducted in the wave-current flume, water

depth ℎ = 400݉݉ . .........................................................................................................91

Table 4-3. Values of forܬ data analysis. .........................................................................94

Table 5-1. Comparison of non-dimensional mean streak spacing ାߣ with literature. ..116

Table 5-2. Statistical parameters of streak spacing, comparisons with literature. ........120

Table 5-3. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent

currents with and without waves superimposed (wave period of 1.11s), water depth of

160mm, low-turbulence flume. .....................................................................................137

Table 5-4. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent

currents with and without waves superimposed (wave period of 1.25s), water depth of

160mm, low-turbulence flume. .....................................................................................138

Table 5-5. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent

currents with and without waves superimposed (wave period of 1.38s), water depth of

160mm, low-turbulence flume. .....................................................................................138



XVII

Table 5-6. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent

currents with and without waves superimposed (wave period of 1.67s), water depth of

160mm, low-turbulence flume. .....................................................................................138

Table 5-7. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent

currents with and without waves superimposed, water depth of 400mm, wave-current

flume. ............................................................................................................................138

Table 5-8. Phase characteristics of the streaks spacing and streamwise velocity,

combined wave-current flows tested in the low-turbulence flume. ..............................158

Table 5-9. Phase characteristics of the streaks spacing and streamwise velocity,

combined wave-current flows tested in the wave-current flume. .................................159

Table 5-10. Mean streak spacing ,ߣ unidirectional turbulent current with and without

waves added (wave periods fixed at T=1.11s), low-turbulence flume. ........................161

Table 5-11. Mean streak spacing ,ߣ unidirectional turbulent current with and without

waves added (wave periods fixed at T=1.25s), low-turbulence flume. ........................161

Table 5-12. Mean streak spacing ,ߣ unidirectional turbulent current with and without

waves added (wave periods fixed at T=1.38s), low-turbulence flume. ........................162

Table 5-13. Mean streak spacing ,ߣ unidirectional turbulent current with and without

waves added (wave periods fixed at T=1.67s), low-turbulence flume. ........................162

Table 5-14. Mean streak spacingߣ�, tests conducted in the wave-current flume. .........162

Table 5-15. Statistical parameters of streak spacing, unidirectional turbulent current

with and without waves added, wave periods fixed at T=1.11s, low-turbulence flume.

.......................................................................................................................................165

Table 5-16. Statistical parameters of streak spacing, unidirectional turbulent current

with and without waves added, wave periods fixed at T=1.25s, low-turbulence flume.

.......................................................................................................................................165

Table 5-17. Statistical parameters of streak spacing, unidirectional turbulent current

with and without waves added, wave periods fixed at T=1.38s, low-turbulence flume.

.......................................................................................................................................166

Table 5-18. Statistical parameters of streak spacing, unidirectional turbulent current

with and without waves added, wave periods fixed at T=1.67s, low-turbulence flume.

.......................................................................................................................................166



XVIII

Table 5-19. Statistical parameters of streak spacing, unidirectional turbulent current

with and without waves added, wave-current flume.....................................................167

Table 6-1. Wave characteristics of CFD model, with and without the current.............189



XIX

Nomenclature

Symbol Description

ܷ Amplitude of streamwise velocity just outside the bottom oscillatory

boundary layer

ܽ Orbital amplitude of fluid just outside the bottom oscillatory boundary

layer

ߚ Viscous boundary wave number

෦ݑ Velocity amplitude at the bed

௪ߜ Wave boundary layer thickness

߱ Wave angular frequency

ܶ Wave period

ܪ Wave height

ܣ Wave amplitude

ܮ Wavelength

௪∗ݑ
Wave-induced shear velocity

ߢ Von Kármán constant

ܴ ݁  Amplitude Reynolds number

௦݇ Nikuradse roughness parameter

௪݂ Wave friction factor

௪߬  Wave-induced maximum bed shear stress

௦ߝ Sediment diffusivity

௧ߝ Eddy viscosity

௦ߚ Scale parameter

ℎ Water depth

ߟ Free surface elevation

ݐ Time

݅ Imaginary number defined by ݅ଶ = −1

ܤ Constant, number of wave samples used for harmonic analysis.

ଵ݅ Index number of positions in the ݔ direction

ଶ݅ Index number of positions in the ݕ direction

ଷ݅ Index number of positions in the directionݖ

ܯ Instantaneous velocity component (representing ,ݑ ,ݒ or ݓ )

ݑ Instantaneous streamwise velocity



XX

Symbol Description

ݒ Instantaneous vertical velocity

ݓ Instantaneous spanwise velocity

ܰ Sampling number in the time domain

ݐ݀ Time between two consecutive measurements

݂ Sampling frequency

భݔ Streamwise displacement relative to the left edge of the PIV image

ݔ Horizontal displacement

ݕ Vertical displacement above the bed

ݖ Transverse displacement

ାݕ Non-dimensional vertical displacement above the bed

ଵܫ Total number of grid points in the ݔ direction

ଶܫ Total number of grid points in the ݕ direction

ଷܫ Total number of grid points in the directionݖ

ܬ Number of wave cycles for ensemble-averaging

௪ܯ Spatially averaged velocities within three adjacent points in the ݔ

direction

ோ߬௬ Time series of Reynolds shear stress

ோ߬௬ொ
Time series of magnitude of Reynolds shear stress contributed from each

quadrant event

ߩ Density of water

ߥ Kinematic viscosity of water

ܽ Index number of the first point for spatial-averaging in the ݔ direction

(for measurements in a vertical plane)

ܾ Index number of the last point for spatial-averaging in the ݔ direction

(for measurements in a vertical plane)

ഥܷ Mean velocity

݊ Index number of time sequence of velocity measurements

పܵఫ
തതതത Rate-of-strain tensor

௧ߤ Turbulent dynamic viscosity

ܧܭܶ Turbulence kinetic energy

ߜ Kronecker delta

ܷ Instantaneous streamwise velocity averaged across the axis-ݖ



XXI

Symbol Description

ܿ Index number of the first point for spatial-averaging in the directionݖ

(for measurements in a horizontal plane)

݀ Index number of the last point for spatial-averaging in the directionݖ

(for measurements in a horizontal plane)

∆ Grid size in the spanwise direction

ᇱᇱ(ݖ)ݑ Velocity fluctuation in the spanwise direction

.ܫ .ܵܵ Instantaneous integral spatial scale

ݖ First zero-crossing point of the auto-correlation coefficient distributions

ܴ Auto-correlation coefficients

݁ Index number of the first point for spatial-averaging in the ݔ direction

(for measurements in a horizontal plane)

ݏ Index number of the last point for spatial-averaging in the ݔ direction

(for measurements in a horizontal plane)

ߣ Instantaneous value of streak spacing

̅ߣ Time-averaged mean streak spacing

ఒߪ Standard deviation of streak spacing

߰ఒ Coefficient of variation of streak spacing

ఒܵ Skewness of streak spacing

ఒܨ Flatness of streak spacing

߶ Controlling parameter of lognormal probability density function

ߤ Controlling parameter of lognormal probability density function

ܲ Probability density function

ߦ Shape parameter of Burr probability density function

ߗ Shape parameter of Burr probability density function

ߓ Scale parameter of Burr probability density function

ାߣ Non-dimensional mean spanwise spacing

∗ݑ Shear velocity, either in a current-alone condition (∗ݑ) or a combined

wave-current flow .(௪∗ݑ)

ܴ ఏ݁ Reynolds number based on the momentum thickness

ߣ ௦௧ The most probable value of streak spacing

ߣ ௦௧
ା Non-dimensional most probable value of streak spacing

ܷ Speed of the moving reference frame



XXII

Symbol Description

ܷஶ Free-stream velocity in turbulent boundary layers, with or without waves

added.

ܷௗ Depth-averaged mean velocity

ܴଶ Coefficient of determination

߬ Bed shear stress, either in a current-alone condition or a combined wave-

current flow.

ߜ Boundary layer thickness of the unidirectional current

ௐߜ  Boundary layer thickness of the combined wave-current flows

௧ߝ
ା Non-dimensional eddy viscosity

ݕ Vertical displacements corresponding to the place of zero Reynolds

shear stress

ሚߣ ௧௨ௗ Amplitude of changes in periodic streak spacing

ݑ ௧௨ௗ Streamwise velocity magnitude

Operators Description

ഥܯ Time-average of ܯ over the whole sampling period

ܯ ᇱ Turbulence fluctuations component of ܯ

෩ܯ Periodic component of M with Mഥ subtracted

ܯ〉 〉 Ensemble-average of ܯ

ܽ (ܳ)ܾݏ Absolute value of Q



1

Introduction

This research project is set within the general context of wave-current interaction, with

particular focus on turbulent characteristics and coherent structures in the boundary layer.

As will be shown in the next chapter, much progress has been made to understand

coherent structures (or ‘coherent motions’) in a unidirectional turbulent current. These

were defined as ‘a three-dimensional region of the flow over which at least one

fundamental flow variable (velocity component, density, temperature, etc.) exhibits

significant correlation with itself or with another variable over a range of space and/or

time that is significantly larger than the smallest local scales of the flow’ (Robinson, 1991).

However, very little is known about their nature in a combined wave-current flow.

Experimental investigations on coherent structures have been done extensively in a

unidirectional turbulent current flow for instance by Kline et al. (1967), who was the first

to observe low-speed streaks in the near-wall region. However, there has yet to be a

systematic and extensive study of coherent structures within the framework of wave-

current interaction. The present study addresses this issue and aims to acquire an

enhanced understanding by performing two experimental programmes at different scales,

covering a range of currents, wave frequencies and amplitudes.

1.1 Background

The hydrodynamics of the coastal environment is dominated by surface waves and

currents. The waves are usually generated by wind, while the currents can be generated

by, for example, waves, density variations and tides. With the developments in marine

energy exploitation, the interaction between surface gravity waves and a tidal current is

highly significant for engineers concerned with hydrodynamics in the near-shore region.

Renewable energy devices such as tidal turbines, as well as other forms of coastal

structures, are located in a complex environment involving ocean waves and a tidal

current. Evaluation of coastal erosion, design of harbour structures, pipelines and tidal

turbines, and dispersal of pollutants are examples which require an enhanced knowledge

of wave-current interaction.

Physically, it is complicated to determine how the ocean waves interact with the turbulent

currents because of many complex physical processes involving various temporal and

spatial scales. In spite of the complexities, many efforts have been devoted to the topic

due to its significance in coastal engineering as stated above. Considerable research has
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been carried out into wave-current interaction (WCI), a term generally referring to the

kinematics (velocity field) and dynamics (bed shear stress) induced by the nonlinear

interaction between oscillatory waves and a turbulent current. These have been shown to

interact in a non-linear way in the near-bottom region (Kemp and Simons, 1982, 1983;

Soulsby et al., 1993), leading to a wave-current boundary layer with altered logarithmic

velocity profiles and Reynolds shear stresses. The mechanics of WCI have been

investigated extensively by analytical approaches, laboratory experiments and numerical

methods. Past studies have identified the non-linear characteristics of WCI, with

experimental studies describing the phenomena and semi-empirical models attempting to

quantify them.

Currents, as one important component of WCI, are classified as being laminar or turbulent

flows (Sleath, 1984). Flow regimes (turbulent or laminar) can be determined from the

Reynolds number, a non-dimensional parameter put forward by Reynolds (1883) defining

the ratio of inertial forces to viscous forces within a fluid. Flows remain laminar for a

small Reynolds number, and transition to turbulence occurs when the Reynolds number

is larger than a critical value. A turbulent boundary layer is characterized by its ability to

mix and transport fluid across several layers, in contrast to a laminar boundary layer

where mass or momentum change only occurs between adjacent layers. Open channel

flows in natural rivers and tidal currents in coastal areas are normally turbulent flows

rather than laminar. This natural phenomenon has given rise to much attention on the

investigation of turbulence.

Over the past few decades, noticeable progress has been made towards a more

comprehensive understanding of turbulent boundary layers. Unidirectional turbulent

currents have been shown to be influenced by hairpin vortices, which are often referred

to as coherent structures, and believed to be the dominant feature in turbulent boundary

layers (Robinson, 1991; Grass, 1971; Grass et al., 1991, 1993; Adrian et al., 2000; Dennis,

2015). Low-speed streaks, which are observed to be persistent and relatively quiescent

most of the time in viscous sublayers, provide evidence for the counter-rotating

streamwise vortices which form legs of hairpin vortices. These are linked to the

phenomenon of ‘bursting’, a physical process described as a gradual uprising of the

streaks, sudden oscillation, bursting and ejection (Corino and Brodkey, 1969; Kim et al.,

1971). Results from laboratory experiments and numerical models have made it clear that

coherent structures in turbulent boundary layers can be fundamentally classified into two

types: the arch (alternatively known as hairpin or horseshoe) vortex and the ‘quasi-
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streamwise’ vortex (Bakewell and Lumley, 1967; Blackwelder and Eckelmann, 1979;

Smith and Metzler, 1983; Kasagi et al., 1986; Stretch, 1990; Jeong et al., 1997; Lagraa et

al., 2004; Jiménez, 2013). Horseshoe vortices are typical features with an asymmetrical

or partially rolled-up form (both apparent in spanwise and streamwise vorticity); ‘quasi-

streamwise’ vortices imply that they are meandering in the streamwise direction.

Coherent structures have been found to play crucial roles in carrying turbulent energy and

contributing to Reynolds shear stress (Grass, 1971; Robinson, 1991; Grass et al., 1991,

1993; Adrian and Liu, 2002; Jiménez, 2013). Low-speed streaks in viscous sublayers,

being lifted up and resulting in bursts, have been noted to be responsible for turbulence

energy production and make large contributions to Reynolds stress. All these cyclic

physical processes lead to boundary layer turbulence being self-sustaining, converting

kinetic energy from the mean flow to turbulent fluctuations and then dissipating by

viscous processes.

From an engineering point of view, investigating the characteristics of coherent structures

under the effects of waves is important for those concerned with sediment transport. In

the context of sediment transport, coherent motions such as bursting motions are closely

associated with suspension of sediment (Sutherland, 1967; Heathershaw and Thorne,

1985; Nelson et al., 1995; Gyr and Schmid, 1997; Lelouvetel et al., 2009; Keylock et al.,

2014). The essential properties of coherent motions, i.e. causing bed shear stress

fluctuations, lead to successive saltations of particles. Parting lineation is another natural

phenomenon caused by near-wall streaky patterns. As a form of sand-bed configuration,

this refers to streamwise streaks consisting of low parallel ridges on the surface induced

by a steady current (Sleath, 1984). Understanding the basics of turbulent streaks, low-

speed regions would cause sand to accumulate while high-speed streaks would be where

sand is washed away by the fluid. The mean streak spacing, as mentioned above,

coincides with the spanwise spacing of parting lineation.

An enhanced understanding of coherent structures in a combined wave-current boundary

layer is also crucial for tidal turbine designers. The technical suggestions given by the

Turbulence in Marine Environments (TiME) project (Clark et al., 2015) show that turbine

loading and power performance are highly sensitive to both turbulence fluctuations and

mean velocity profiles. Coherent motions are highly significant since they exert the

highest shear stresses on devices. Therefore, the turbulence characteristics of a combined

wave-current flow must be given precisely so as to adequately estimate energy yield and

fatigue loading induced by the turbulent flow.
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The accurate prediction of bed shear stress is essential for coastal environment modelling

because bed shear stress is the driving mechanism of sediment transport and contribute

to energy dissipation. In oscillatory boundary layers, bed shear stress includes a maximum

value and a time-averaged mean value. The maximum bed friction determines the

initiation and entrainment of sediment, whereas the mean one drives the diffusion of

suspended particle. The non-linear interaction between currents and waves leads to an

enhancement of bed shear stress. This brings difficulties to prediction of bed shear stress

and requires better understanding of wave-current interaction.

Previous models of wave-current interaction are based on an eddy viscosity assumption.

This has been widely adopted to relate the mean velocity profile and Reynolds shear stress.

A variety of eddy viscosity distributions has been put forward, but very few of them have

been validated by experimental data. Therefore, the present study bridges this research

gap. Results of the eddy viscosity are also helpful for sediment transport because sediment

diffusivity is linearly related to the eddy viscosity.

To summarise, although there is now consensus concerning the nature of coherent

structures in turbulent boundary layers, very few investigations have looked at coherent

motions in the bottom wave-current boundary layer. The main objective of the present

research is to provide a detailed experimental study on the coherent structures over a

smooth bed under combined wave and turbulent current conditions. Based on the existing

knowledge of unidirectional turbulent boundary layers, coherent structures are essentially

the same over a smooth and rough boundary. Therefore, the understanding of turbulent

structures from the present study over a smooth bed can be generalised to rough bed

conditions. This aims to shed light on the complicated physical processes in the bottom

boundary layer. It will be useful for designers who are concerned with the flow field,

pressure distribution and loading around many forms of marine structures.

1.2 Research questions

The overall aim of the present study is to examine the effects of waves on the coherent

structures in turbulent currents and to provide additional information on bottom boundary

layer dynamics in a combined wave-current condition. In order to meet the aims stated

above, the following research questions need to be answered:
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 In the wall region, does the presence of waves change the time-averaged mean

spacing between low-speed streaks? Does the spacing change at different phases

of the wave?

 If the streak spacing changes within a wave cycle, can it be predicted by any

functions of time? If so, what are the controlling parameters?

 What are the probability distributions of streak spacing with and without waves

added?

 In the outer flow region, how do vortices distribute in a combined wave-current

flow?

 With waves superimposed on a turbulent current, are the contributions to

Reynolds stress from the four quadrant events the same as in the current-alone

condition?

 What are the flow patterns during boundary layer detachment (flow reversals)?

 What are the scientific implications?

 What are the engineering implications?

1.3 Thesis Structure

The thesis starts by introducing the general background and research objectives in

Chapter 1, with research questions given. Literature in the field of coherent structures and

wave-current interaction is reviewed in Chapter 2, briefly presenting the existing

knowledge and identifying the research gap. Detailed information of the experimental

apparatus and data analysis are described in Chapters 3 and 4, respectively. Chapters 5

discusses the main results and findings from the small-scale and large-scale flume. The

results in a unidirectional turbulent current are presented at first, in order to compare with

the literature and ensure the reliability of the experimental data. A numerical model of

wave-current interaction is developed and compared with previous experimental results;

this is discussed in Chapter 6. Concluding remarks are stated in Chapter 7, together with

some suggestions for further research.
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Literature Review

This chapter gives a review of previous studies on the canonical turbulent boundary layer

with a zero-pressure-gradient and the interaction between waves and a turbulent current.

This literature review aims to deliver essential information on coherent structures

embedded in a unidirectional turbulent current and progress in wave-current interaction,

in order to establish the research gap within the framework of wave-current interaction.

The review starts with an introduction to coherent structures in a turbulent boundary layer,

as described in section 2.1.1. Terminology and fundamental physical processes are then

explained in section 2.1.2. Section 2.1.3 discusses the influence of coherent structures on

sediment transport, in order to justify the significance of the present studies. Research on

an oscillatory boundary layer is briefly reviewed in section 2.2, followed by the wave-

current interaction studies in section 2.3. A summary of developments in wave-current

interaction research is given in section 2.3, either based on an analytical method (see

section 2.3.1), an experimental method (section 2.3.2), or a numerical approach (section

2.3.3). This is followed by the established theories explaining typical characteristics of

wave-current interactions (section 2.3.4). Finally, engineering applications of wave-

current interaction studies are reviewed and summarised in section 2.3.5.
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2.1 Turbulent Boundary Layers with zero-pressure-gradient

2.1.1 Introduction on coherent structures

As has been discussed in the previous chapter, turbulent flows are common features

naturally occurring in oceans. Therefore, physical understanding of turbulence is a

fundamental pre-requisite for engineering applications and has attracted many researchers.

Promising developments have been made to enhance our understanding of turbulent

boundary layers. Flow kinematics across the whole boundary layer from the near-wall

region to the outer region, have been summarised in Tennekes and Lumley (1973) and

Pope (2000). The mixing performance is typically represented by turbulent fluctuating

velocities, which were considered as a random process in the early era of turbulence

research. However, with the development in turbulence studies, it has been found that

these fluctuations in velocities or pressure are correlated with each other spatially and

temporally. The terminology ‘coherent structures’ (or ‘coherent motions’) has been put

forward correspondingly by many researchers with different definitions.

The classic definition was given by Robinson (1991), defining ‘a coherent motion’ as ‘a

three-dimensional region of the flow over which at least one fundamental flow variable

(velocity component, density, temperature, etc.) exhibits significant correlation with itself

or with another variable over a range of space and/or time that is significantly larger than

the smallest local scales of the flow’. This definition has revealed the property of cyclic

occurrence of eddy events in turbulence, and many conceptual physical models have been

proposed to provide explanations for this phenomenon. Hairpin vortices have been shown

to be the dominant feature in a turbulent boundary layer and used to explain many of their

features.

2.1.2 Classification of coherent structures

Researchers have been devoted to categorising coherent structures into several classes.

Robinson (1991) classified coherent structures into eight fundamental forms:

i Low-speed streaks embedded in viscous sublayers;

ii Ejections of low-speed fluid outwards into the outer region, including a lifting of

low-speed streaks;

iii Sweeps of high-speed fluid towards the wall;

iv Vortical structures of various forms (see Figure 2-1);

v Spanwise vortices, forming near-wall shear layers;
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vi Near-wall ‘pockets’ observed as regions swept clean of dyes;

vii Large-scale bulges located at the edge of the turbulent boundary layer;

viii ‘Backs’ of large-scale outer region motions, consisting of discontinuities in the

streamwise velocities.

Figure 2-1. Vortical structures of various forms depending on Reynolds numbers, from

Robinson (1991), pp. 607.

Among the eight categories listed above, consensus on the first five basic forms (i-v) has

been reached and therefore widely adopted in the research of coherent structures. The

most recent review by Dennis (2015) is quite similar to the classifications of Robinson

(1991) regarding elementary structures. These are defined as ‘elementary’ coherent

structures since they are fundamental components and building blocks of some other

forms, e.g. hairpin vortices packets proposed by Adrian et al. (2000). A list of the

elementary structures is given as follows:

i Streaks, bursts, ejections and sweeps

ii Quasi-streamwise vortices and spanwise vortices

iii Hairpin/horseshoe vortices

Combining all the classifications listed above, more detailed information on each type is

given in the following sections. It should be noted here that this thesis is only concerned

with the elementary coherent structures and does not include the results of very large-

scale vortices such as streamwise vortices with length scales of 20 times boundary layer

thickness.

Low-speed streak
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2.1.2.1 Low-speed streaks and high-speed streaks

As shown in Figure 2-1, legs of hairpin vortices are streaky and located in the near-wall

region. Many previous laboratory experiments have found that viscous sublayers in

turbulent boundary layers are populated with elongated low-speed and high-speed streaks,

regardless of bed configurations. Kline et al. (1967) was the first one observing the

surprisingly well-organised spatially and temporally dependent motions within the

viscous sublayer, leading to the formation of low-speed streaks very near the wall.

Hydrogen bubble visualisation was adopted to visualise the flow field over a smooth bed,

and results show that the non-dimensional mean spanwise spacing between the low-speed

streaks λା =
ഥ ∙�୳∗


= 100 . Here, λത is the mean spanwise spacing between low-speed

streaks, u∗ is the shear velocity, ν is the kinematic viscosity, and ݕ is the distance from

the wall. Smith and Metzler (1983) confirmed the finding of Kline et al. (1967) that λା =

100 (at the place whereݕ�ା =
୷�∙�୳∗


= 5 ) and further found that the streak spacing

increases linearly with distance from the wall (measurements were taken from ାݕ = 5

toݕ�ା = 30). The streaky patterns become less organised with increased distance above

the bed. Therefore, low-speed streaks only exist within wall layers. Results further

indicate that the probability density functions of λ yield a log-normal distribution and

temporal variations of λ were attributed to the streaks meandering and merging/breaking.  

It was demonstrated by Grass (1971) and Grass et al. (1993) that low-speed streaks and

high-speed streaks also exist over rough beds (see Figure 2-2 for example). This provided

complementary understanding of wall-layer streaks, which are common features of

turbulent flows in the vicinity of smooth and rough boundaries. The dominant spanwise

spacing λ was found to be proportional to the bed roughness size, which reflects the

typical scale of near wall vortical structures.
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Figure 2-2. Low-speed and high-speed streaks revealed by hydrogen bubble

visualisations, ݇ denotes the roughness strip height. (from Grass et al., 1993, pp. 845).

The streamwise extent of those streaks is generally in the magnitude of 600 to 1000

viscous lengths (


୳∗
), as observed in laboratory experiments by Smith and Walker (1998).

Robinson (1991) confirmed the experimental findings that high-speed streaks are much

wider and less elongated than low-speed regions. Numerical simulations further reveal

that the low-speed streaks are commonly more than 1500 viscous lengths, with width

ranging from 20 to 80 viscous lengths. High-speed streaks are typically less than 600

viscous lengths, with widths varying between 40 and 110 viscous lengths.

Much effort has been put into physically explaining how these low-speed streaks are

formed, although no consensus has been reached. One view is that counter-rotating

streamwise vortices generate high-speed streaks where there is downwards flow and low-

speed regions where there is upwards flow (Blackwelder, 1983; Jimenez and Kawahara,

2013). Robinson (1991), however, showed by numerical simulations that those

streamwise vortices are quite short (100-200 viscous lengths in streamwise direction)

while the streaks are commonly observed much longer (600-1000 viscous lengths).

Despite this difference in length, streamwise vortices are still believed to be linked with

quasi-streamwise vortices and will be further reviewed in section 2.1.2.4. Another

mechanism, proposed by Chernyshenko and Baig (2005), is based on combining the

effects of the mean shear and vertical motions of the mean profile. A numerical approach

was adopted in their investigations, and they revealed that streaks disappeared after
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numerically removing the term ݒ
ௗ௨

ௗ௬
from the Navier-Stokes equations ݒ) denotes the

instantaneous vertical velocity, ݑ represents the instantaneous streamwise velocity, and

ݕ the vertical displacement above the bed).

2.1.2.2 Ejections

According to the quadrant analysis of Reynolds shear stress proposed by Wallace et al.

(1972), ejections appear in Quadrant 2 (Q2) and are when the streamwise velocity

fluctuations are negative and vertical velocity fluctuations are positive >ᇱݑ) ′ݒ,0 > 0).

An extension of the quadrant analysis was developed by Lu and Willmarth (1972),

defining a selection process or hole to further filter out weak events ′ݒᇱݑ) ≤ ݑܪ ௦ݒ ௦).

An illustration of the quadrant analysis is given in Figure 2-3. The shadowed region is

known as a ‘hole’ and bounded by =ᇱݒᇱݑ ݑܪ ௦ݒ ௦. The concept of the ‘hole size’

ܪ was used as a threshold value to differentiate among ejection motions of various scales,

with larger values of ܪ representing stronger turbulent kinetic energy. To avoid any

influence from prescribing ܪ for quadrant analysis, this thesis will use ܪ = 0 for data

analysis in accordance with Kim et al. (1987). The method of quadrant analysis has been

widely adopted in studies of turbulence (Corino and Brodkey, 1969; Grass, 1971; Wallace

et al., 1972; Willmarth and Lu, 1972; Lu & Willmarth, 1973; Brodkey et al., 1974; Kim

et al., 1987; Grass et al., 1991, 1993; Moser et al., 1999; Bernard and Wallace, 2002;

Schultz and Flack, 2007; Mejia-Alvarez and Christensen, 2010; Min, 2013) to identify

ejection events and investigate the contributions to Reynolds shear stress.
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Figure 2-3. Diagram illustrating the concept of quadrant analysis, adapted from Bernard

and Wallace (2002).

A series of experiments over different rough boundaries was carried out by Grass (1971)

and Grass et al. (1991, 1993) to investigate the ejection events. Detailed observations of

velocity vectors led to the conclusion that ejections are common features of turbulent

boundary layers, regardless of roughness conditions. Results also suggest that ejections

contribute significantly to Reynolds shear stress and therefore support the viewpoint that

turbulence production is mainly caused by ejection events.

Ejections are believed to be closely associated with low-speed streaks and play a

significant role in turbulence production near the wall. The ejected low-momentum fluid,

driven initially from viscous sublayers, travels upwards further and hence is a dominant

feature of turbulent transport. There is now a consensus that the whole process can be

described as quasi-cyclic: a gradual uprising of the streaks, sudden oscillations in the

buffer region (8 ≤ ାݕ ≤ 12), bursts and ejections in the upper region (10 ≤ ାݕ ≤ 30).

The ‘bursting’ phenomenon is defined as the entire series of lift-up streaks, oscillations,

ejections and sweeps (see section 2.1.2.3 for more detailed information). This self-

sustaining process was firstly observed by Kline et al. (1967), applying a hot-wire

anemometer for mean velocity measurements and a combination of hydrogen bubbles and

dye injection for flow visualisations. Kim et al. (1971) investigated the process of

turbulence production near the wall, using hydrogen bubbles and hot-wire measurements

with dye visualisation. The presence of periodicity in the autocorrelation of streamwise

݉)ᇱݑ (ݏ/

=ᇱݒᇱݑ ݑܪ ௦ݒ ௦

݉)ᇱݒ (ݏ/
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velocity fluctuations was detected and associated with the ‘bursting’ process of

turbulence generation near the wall. Results show that, basically, all the turbulence

production occurs during the ejection periods. This model offers an explanation of

turbulence generation and transport, similar to that of Corino and Brodkey (1969).

Numerical simulations of Couette flow performed by Hamilton et al. (1995) through DNS

further confirmed this quasi-cyclic process and proved its significance in turbulence

production.

It should be noted here that ejections occur throughout the whole turbulent boundary layer,

as indicated from the definition of quadrant analysis. On the other hand, the lifted low-

speed streaks summarised above, are confined to near-wall regions. Therefore, lifted

streaks are one crucial subset of ejections and should be distinguished from them.

2.1.2.3 Sweeps

According to the continuity law, inrushes of high-speed fluid must occur towards the wall

when ejections of low-speed fluid happen. This process is defined as ‘sweeps’ in

turbulence research. Based on the quadrant analysis of Reynolds shear stress as explained

above, sweeps occur in Quadrant 4 (Q4) and have <ᇱݑ) >ᇱݒ,0 0). As can be seen from

the definition, sweeps also make positive contributions to Reynolds shear stresses. The

role of sweeps in Reynolds shear stress production is similar to ejections, but they are

more frequently observed near the wall ାݕ) < 15) while ejections are more in the outer

region ାݕ) > 15). The relative significance in contributing to Reynolds shear stress at

varying distance from the wall is demonstrated in Figure 2-4. The negative contributions

from Q1 events <ᇱݑ) <ᇱݒ,0 0) and Q3 events >ᇱݑ) >ᇱݒ,0 0) are also shown in the

figure, based on the definitions of quadrant analysis given.
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Figure 2-4. Quadrant contributions to the Reynolds shear stress vs distance from the

wall, turbulent channel flow. Figure from Wallace (2016), pp. 134. Symbols represent

the experimental data from Wallace et al. (1972), and lines are numerical results from

Kim et al. (1987) and Moser et al. (1999).

Corino and Brodkey (1969) were the first researchers capable of detecting sweep events,

being depicted as large-scale (scale of the order of the boundary layer thickness) inrushes

of high-speed fluid from upstream. This was because earlier studies on coherent structures

relied on dye visualisations which led to fluid markers accumulating in the low-speed

fluid region and making sweep events hard to detect, whereas Corino and Brodkey (1969)

solved the problem by suspending particles in the fluid and photographing their traces

using a high-speed camera moving with the flow. Experimental observations of Corino

and Brodkey (1969) suggest that ejections terminate when the sweeps occur upstream.

However, this viewpoint was contradicted by the numerical results of Robinson (1991),

implying that sweeps are rather localised and narrow and hence would not lead to the

termination of ejections. An extensive experimental study performed by Grass (1971) and

Grass et al. (1991; 1993) provides a comprehensive understanding of the turbulent

boundary layer, showing that sweeps and ejections are common features over different

types of boundary. The results provide further strong evidence that an extremely large
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contribution to Reynolds shear stress comes from ejections and sweeps, which are the

dominant mechanism of turbulence production.

2.1.2.4 Streamwise vortices and spanwise vortices

Low-speed and high-speed streaks are observed above to be persistent and relatively

quiescent most of the time in the viscous sublayer, and provide evidence of the counter-

rotating streamwise vortices which form the legs of hairpin vortices. Figure 2-5 shows an

example of the hydrogen bubbles results of Smith and Metzler (1983), with the

observation of intertwined time lines suggesting the presence of the streamwise vortices

(denoted as V1, V2 and V3). Similar evidence has been given by Kasagi et al. (1986),

suggesting that counter-rotating vortices reside within the region 14 ≤ ାݕ� ≤ 25. A more

recent experimental investigation carried out by Lagraa et al. (2004) further revealed that

these streamwise vortices are inclined at ±6° to the horizontal plane, which is slightly

larger than (but still in consistency with) the value of ±4° quoted by Jeong et al. (1997).

Jiménez (2013) concluded that the streamwise velocity streaks are the fundamental

coherent structures in viscous sublayers and carry turbulent energy.

Figure 2-5. Hydrogen bubble visualization at ାݕ = 30, from Smith and Metzler (1983),

pp. 49.
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While many researchers have confirmed the existence of streamwise vortices in the wall

region (Bakewell and Lumley, 1967; Blackwelder and Eckelmann, 1979; Stretch, 1990),

the outer region of the turbulent boundary layer has been found to be dominated by

spanwise vortices. Offen and Kline (1974) investigated the relationships between the

bursting of low-speed streaks near the wall and the outer flow field by applying two dye

injectors and a vertical hydrogen bubble wire. Both spanwise (transverse) vortices and

upward-tilted streamwise vortices were found in the tests. The experimental work of

Grass et al. (1991) demonstrated the existence of spanwise vortices, by measuring

streamwise and vertical velocities ݑ) and (ݒ using a vertical grid of hydrogen bubble

wires and stereo photography. The flow visualisation given in Figure 2-6 is from Grass

et al. (1991), clearly showing the kinked lines of bubbles. These intertwined time lines

provide evidence of spanwise vortices, and form an inclined shear layer.

Figure 2-6. Hydrogen bubble visualisation illustrating spanwise vortices, from Grass et

al., 1991, pp. 51.

To summarise, the existence of streamwise vortices in the vicinity of bed and the presence

of spanwise vortices in the outer region have been widely accepted by the research

community. A combination of these two fundamental vortex elements has been used to
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create a comprehensive conceptual model of one single hairpin or horseshoe vortex in the

turbulent boundary layer. This will be reviewed below.

2.1.2.5 Single hairpin/horseshoe vortex

As stated above, low-speed streaks, ejections and sweeps are the three main features of a

turbulent boundary layer. The whole process of lift-up streaks, oscillations, ejections and

sweeps is defined as a ‘burst’ and frequently occurs in the turbulent boundary layer. So

far, the most widely accepted mechanism responsible for the generation of a ‘burst’ is

based on a hairpin/horseshoe vortex.

Theodorsen (1952) was the first to put forward the concept of a single horseshoe vortex,

developed from the vorticity transport equation of the Navier-Stokes equations. Figure 2-

7 illustrates Theodorsen’s model, with the vortices inclined at 45° to the wall and

spanwise dimensions scaling with the distance away from the bed. The inclination angle

was speculated to be 45° because this would maximize the turbulence production. This

horseshoe-type vortical structure was later identified by Moin and Kim (1982) in a

numerical three-dimensional channel flow using Large Eddy Simulation (LES).

Visualisations of the instantaneous vorticity field suggest that the vortex loops can be in

the form of asymmetrical configurations. Robinson (1991) further investigated the

coherent structures in a turbulent boundary layer using Direct Numerical Simulations

(DNS), and identified two types of vortical structure: the arch (alternatively known as

hairpin or horseshoe) vortex and the ‘quasi-streamwise’ vortex, with the latter implying

that they are meandering in the streamwise direction. This clearly supports the conceptual

model of Theodorsen (1952), although a different terminology (arch) is adopted. The

difference in the vortex configuration was also revealed by Robinson (1991), with

‘horseshoes’ observed to be applicable for low or moderate Reynolds numbers and

‘hairpins’ for high Reynolds numbers.

Experimental investigations in the era of flow visualisation have also shown that

horseshoe vortices are typical features of the turbulent boundary layer over both smooth

and rough boundaries, usually with an asymmetrical or partially rolled-up form (both

apparent in spanwise and streamwise vorticity). Utami and Ueno (1987) obtained the

distributions of velocities, streamlines, and three components of vorticity by visualisation.

The conceptual model of Theodorsen (1952) was confirmed, where the essential element

in the buffer layer (5<yା<30, where yା =
୷�୳∗


, and u∗ is the shear velocity) is a horseshoe
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vortex being stretched by the main flow. Grass et al. (1991; 1993) investigated vortical

structures and coherent motions using hydrogen bubble tracers and concluded that the

horseshoe-type vortical structures are characteristic of turbulent boundary layers over

both smooth and rough beds. An example showing the evidence for a hairpin vortex is

given in Figure 2-8, with both numerical results from Robinson (1991) and the

experimental results from Grass et al. (1991) presented.

Previous studies have not only revealed the existence and characteristics of single

horseshoe/hairpin vortices, but also demonstrated their close association with ejection and

sweep events in the turbulent boundary layer. It has also been concluded that the presence

of vortical structures generates substantial contributions to Reynolds stress. Kim and

Moin (1986) provided convincing evidence using the results of a numerical model. These

suggest that upward looping vortices induce a positive velocity away from the wall, which

is essentially an ejection event. The upward orientated eddies are consistent with

Theodorsen’s model shown in Figure 2-7. The numerical results of Robinson (1991)

mentioned above also confirm that horseshoe vortices function as ‘pumps’, obtaining

energy from the mean flow through vortex stretching.

Figure 2-7. Theodorsen’s horseshoe vortex model, adapted from Grass et al. (1991),

pp.37.
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Figure 2-8. Velocity vectors showing a shear layer roll up through head of

hairpin/horseshoe vortices: (a) Numerical results of Robinson (1991); (b) Experimental

results of Grass et al. (1991), pp. 53.

Another meaningful finding from laboratory experiments is the observation of a series of

hairpin vortices aligned coherently downstream. Head and Bandyopadhyay (1981) were

the first to detect this phenomenon and further suggested that each hairpin (45° inclined

to the wall) can lead to the generation of another hairpin when leaving the wall. Because

of the properties of turbulence, it is extremely difficult to track one particular hairpin

vortex. Therefore, Haidari and Smith (1994) further examined this issue by injecting fluid

with slower velocities into the laminar boundary layer flow. The flow visualisation

indicates that one single hairpin vortex can generate subsidiary hairpin vortices, which is

consistent with the idea of Head and Bandyopadhyay (1981).

More recently, PIV techniques have been widely adopted in turbulence studies (Adrian

et al., 2000; Tomkins and Adrian, 2003; Lee et al., 2008; Elsinga et al., 2010). It has now

been accepted that the single hairpin/horseshoe vortex is the fundamental vortical

structure of the turbulent boundary layer. The observation from PIV experiments that the

boundary layer is populated with a sequence of hairpin vortices introduces the concept of

hairpin vortex packets. This will be discussed in the next section.

2.1.2.6 Hairpin vortex packets

The conceptual model of hairpin vortex packets was first proposed by Adrian et al. (2000),

based on the experimental observation that many hairpin vortices are aligned in the flow

direction and propagate in the form of a travelling packet. The typical feature of a hairpin

vortex packet is that the vortices within one packet have nearly the same velocity

downstream. A schematic illustration is depicted in Figure 2-9, showing three packets
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with different scales. As can be seen from the figure, several hairpin vortices reside within

one packet and propagate downstream as a whole. Different packets possess different

velocities, with older ones usually moving faster and more likely to grow away from the

wall.

The formation of hairpin vortex packets relies heavily on the simulation results from Zhou

et al. (1999) (see Figure 2-10 for an illustration), who studied the hairpin vortex packet

mechanism by numerically generating an initial hairpin vortex (denoted the primary

hairpin vortex hereafter). As can be seen from the figure, the initial hairpin vortex evolves

into groups of vortices through four steps:

i) the primary vortex (denoted as ‘PHV’ in the figure) grows in all directions;

ii) the PHV has some bulges in the flow direction further developing into streamwise

vortices, which furl and eventually form a downstream hairpin vortex (DHV);

iii) at the same time, the low-speed fluid between the legs of the PHV is ejected and

interacts with the high-momentum fluid above, forming a secondary hairpin vortex (SHV);

iv) the process of iii repeats, leading to the tertiary hairpin vortex (THV) developed by

the SHV.

According to the numerical model of Zhou et al. (1999), the production of these secondary

or tertiary hairpin vortices is self-induced and a self-sustaining process originating from

the primary vortex. Amor et al. (2015) further confirmed this process, and an example of

the whole process is shown in Figure 2-11.

Figure 2-9. Conceptual model of hairpin vortex packets aligned in the streamwise

direction (from Adrian et al. 2000), pp. 45.
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Figure 2-10. Evolution of hairpin vortex packets, results produced by Zhou et al., 1999

(from Adrian et al. 2000), pp. 24.

Figure 2-11. Vortical structures of turbulent channel flow, adapted from Amor et al.

(2015), pp. 025108-6.

Since then, numerous studies have focused on answering two questions:

i) whether this type of coherent structure is a common feature in the turbulent boundary

layer?

ii) if they do exist, what are the characteristics of hairpin packets?
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Christensen and Adrian (2001) applied a PIV technique to obtain the instantaneous

velocity vectors at two Reynolds numbers, revealing many vortex cores which are

interpreted as the heads of hairpin vortices. The inclination angles of the hairpin vortex

cores are seen to be 16°, which is in agreement with Adrian et al. (2000) who proposed

that hairpin vortex packets are 12°-20° inclined to the bed. Ganapathisubramani et al.

(2003) used stereoscopic particle image velocimetry (SPIV) to measure velocities on a

horizontal plane in open-channel flows with ܴ ఏ݁ = 2500. Results were interpreted as

evidence of counter-rotating streamwise vortices and further support the hairpin vortex

packet model. Dennis and Nickels (2011) performed experiments at ܴ ఏ݁ = 4700 and

obtained velocity components on a vertical plane by high-speed SPIV, further showing

that the coherent structures (composed of vortex arches and legs) move with the flow in

the form of vortex packets. A very high Reynolds number (ܴ ఏ݁ = 34000) boundary

layer was investigated by Elsinga et al. (2010) with the aid of tomographic PIV. All three

velocity components were obtained within a small volume, and results show strong

similarities with the picture depicted by Dennis and Nickels (2011). The numerical results

from Adrian and Liu (2002) provide strong evidence that hairpin vortex packets are

characteristic features of the turbulent boundary layer and revealed their close

relationships with low-speed streaks and regions of high Reynolds shear stress.

2.1.2.7 Very large-scale coherent motions

It should be noted here that all of the coherent structures described above are relatively

small-scale flow features, with low-speed streaks normally of the order of 1mm. Another

type of coherent structure called ‘very large-scale motion’ (denoted as ‘VLSM’ in this

thesis) has recently been observed in open-channels. This is defined by Hutchins and

Marusic (2007), who detected VLSMs in the log and lower wake regions of a boundary

layer by PIV measurements, as ‘regions of very long positive and negative streamwise

velocity fluctuations’. The existence of VLSM was also found near the free-surface in

open-channel flows by Zhong et al. (2016) and at mid depth by Cameron et al. (2017),

both using PIV techniques. All of these experimental results lead to the conclusion that

VLSMs are very large-scale streaks originating from super streamwise vortices (see

Figure 2-12 for an illustration), which are common features of open-channel flows, close-

channel flows, pipe flows, and turbulent boundary layers in general.

Some attempts have been made to investigate the association between VLSM and small-

scale near-wall motions. Mathis et al. (2009) demonstrated through wind-tunnel tests that
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VLSM in log regions influence the amplitudes of near-wall coherent motions and these

modulation effects increase with an increased Reynolds number. The experimental results

of Ganapathisubramani et al. (2012) provide further evidence that large-scale fluctuations

have a positive influence on small-scale fluctuations near the wall. However, results

suggest that, away from the wall, increased large-scale fluctuations can lead to decreased

small-scale ones.

Figure 2-12. Conceptual model of the relationship between VLSM and super

streamwise vortices (from Zhong et al., 2016), pp. 3576.

2.1.3 Engineering application of coherent structures

One of the most crucial engineering applications of coherent structures discussed above

is in sediment transport since large-scale coherent vortices carry turbulent energy and

have impacts on moving solid particles correspondingly. The first one to reveal the

relationship between bursting and sediment transport was Sutherland (1967),

investigating the issue of sediment initiation of motion and suspension over fluvial beds.

Experimental observations of particle movements suggested that the sediment

entrainment could be explained by turbulent vortices disturbing the viscous sublayer and

intruding on the grainy surface, corresponding to ejections and sweep events. The

experimental investigation conducted by Gyr and Schmid (1997) suggests that the grains

are only transported by sweeps. A more recent laboratory study by Lelouvetel et al. (2009),

using a PIV system to obtain the turbulent fluctuations and particle motions

simultaneously, provides strong evidence that ejections are the fundamental mechanism

for sediment to move and be suspended.
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Nowadays, it is widely accepted that sweeps are the driving force for bed load sediment

transport (Heathershaw and Thorne, 1985; Nelson et al., 1995; Gyr and Schmid, 1997)

while ejections dominate suspended load movements (Lelouvetel et al., 2009). However,

all the investigations reviewed above were based on a two-dimensional quadrant analysis,

using only velocity fluctuations in streamwise and vertical directions. This was later

generalised by Keylock et al. (2014) to three-dimensional octant analysis, further

including the fluctuations from the spanwise direction. Results confirm the important role

of sweeps in sediment entrainment, and further identified the significance of octant -1

<ᇱݑ) <ᇱݒ,0 ݓ,0 ᇱ< 0) which is a generalised form of outward interactions (Q1 event:

<ᇱݑ <ᇱݒ,0 0).

Sand waves are commonly observed phenomena in fluvial and coastal regions, being

defined as sedimentary bed forms with a wavy surface by Bijker et al. (1998). The

numerical model developed by Sotiropoulos and Khosronejad (2016) using a Large Eddy

Simulation (LES) approach successfully modelled the process of sand waves, see Figure

2-13 for an example. Their work revealed the interaction between turbulent coherent

structures and sand waves. Results showed that the distribution of sweeps and shear stress

fluctuations is very similar to bed elevation contours, further confirming that sweeps play

a dominant role in destabilising the bed and forming sand waves.

One specific type of sand wave is parting lineation, which is a bed configuration closely

related to turbulent streaks near the wall. Weedman and Slingerland (1985) performed a

series of experiments covering a range of sand types, using a sand feeder to add dry sand

onto a glass bed from upstream. Results indicate that parting lineations are commonly

observed over fine- to medium-grained sand, although a different terminology ‘sand

streaks’ was adopted. The spacing between the sand streaks varied for different shear

velocities, as shown in Figure 2-14. Those at low to moderate shear velocities are similar

to low-speed streaks with the same spacing λ as discussed in section 2.1.2.1, while those 

at high shear velocities show streaks with larger spacing (larger than λ).  
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Figure 2-13. Sand waves showed by the bed elevation contours (in cm) at quasi-

equilibrium state (t = 700 s), from Sotiropoulos and Khosronejad (2016), pp. 021301-

15. Flow is from left to right and the grid lines are apart by 0.115 m in both directions.

0.115m
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(a) (b) (c)

Figure 2-14. Bed configurations of quartz sand streaks under different shear velocities, adapted from Weedman and Slingerland (1985). (a) Fine sand

with shear velocity ∗ݑ = 0.0164 (݉ ;(ݏ/ (b) Medium sand with ∗ݑ = 0.0237 (݉ ;(ݏ/ (c) Fine sand with ∗ݑ = 0.02 (݉ .(ݏ/

0.01m
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2.2 Oscillatory Boundary Layers

In coastal environments, the flow fields generated by surface gravity waves are

categorised into two main parts:

i) potential flow in the upper part, which for waves of moderate height is assumed to be

irrotational and can be represented by Stokes wave theory or wave spectra;

ii) an oscillatory boundary layer in the vicinity of the seabed, which is of the order of

millimetres or centimetres over a smooth bed or a loose sand bed, respectively.

Notwithstanding that wave bottom boundary layers are generally very thin, they serve as

driving forces for sediment transport and therefore have attracted the interest of many

researchers since the 1850s. Much progress has been made to understand fluid kinematics

within a wave bottom boundary layer, namely, friction coefficient, shear stress

distributions, and velocity profiles. This has often been achieved by applying the non-slip

boundary condition at the bed and assuming that a linear Stokes wave theory is valid just

outside the boundary layer.

As for unidirectional current flows, oscillatory boundary layers can be either laminar or

turbulent, depending on the amplitude Reynolds number (ܴ ݁  =
್ ∗�್

ఔ
, where ܷ

is the amplitude of streamwise velocity just outside the bottom oscillatory boundary layer,

ܽ represents the orbital amplitude of fluid just outside the bottom oscillatory boundary

layer, and ߥ is the kinematic viscosity of water). A summary of the critical value of

Reynolds number and the corresponding flow type was given by Sleath (1984), based on

the experimental data available prior to 1984.

2.2.1 Laminar Oscillatory Boundary Layers

In the case of laminar oscillatory flows, Lamb (1932) proposed a solution to the velocity

distribution over a smooth horizontal bed with negligible permeability. An ‘overshoot’ of

the maximum velocities at the edge of the boundary layer, and a phase lead of the

velocities near the bed compared with the free stream velocities were characteristic

features in the instantaneous velocity profiles. The validity of Lamb’s solution was

investigated by Sleath (1970), who measured the near-bed velocities in a wave tank. Four

different bed conditions were tested, ranging from a smooth bed to three-dimensional

rough beds and sand. Results verified Lamb’s solution over a smooth bed, but not for a

sand bed. Vortex formation behind the sand grains was observed to be ejected upwards
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during flow reversals, which it was suggested can explain the deviation of velocity

distributions from the classical solution.

Various definitions of wave boundary layer thickness have been proposed by researchers,

based on the Lamb solution for velocity distributions (see Figure 2-15). The most widely

adopted one is from Jonsson (1980), which is shown in Figure 2-16. A list of formula

proposed for estimating the wave boundary layer thickness is given in Table 2-1.

Figure 2-15. Vertical distribution of velocity profiles at various wave phases, Lamb

solution, applying a horizontal periodic force on an infinite mass of water (uୠ෦ represents

the velocity amplitude at the bed; β = ඥπ/(νT) denotes the viscous boundary wave

number), from Simons (1980), pp. 30.
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Figure 2-16. Wave boundary layer thickness definition, from Jonsson (1980), pp. 111.

Reference Wave boundary layer thickness Principles of definition
Kalkanis
(1957) ௪ߜ = 6.5ට

ߥ

߱
ߥ) is the kinematic viscosity of water,

and ߱ =
ଶగ

்
represents the wave

angular frequency, ܶ is the wave
period).

The place where the
velocity amplitude reaches
99% of the near-bed
velocity amplitude,
determined from the linear
wave theory.

Jonsson (1967)
௪ߜ = ට

ߨ

4
∙ ܶߥ√

The place where the
velocity amplitude reaches
100% of the near-bed
velocity amplitude,
determined from the linear
wave theory.

Jonsson and
Carlsen (1976),

You (1994a)

௪ߜ =
0.5 ௪∗ݑߢ

߱
௪∗ݑ)

is the wave-induced shear

velocity, and ߢ for the Von Kármán
constant ).

Determined from the
experimental results of
velocity distributions.

Table 2-1. Wave boundary layer thickness definitions in the literature, under laminar
flow conditions.

2.2.2 Turbulent Oscillatory Boundary Layers

Turbulent oscillatory flows have been investigated by a number of researchers either

theoretically or experimentally. Kalkanis (1957; 1964) examined the near-bed velocities

in relatively deep water under the actions of small-amplitude surface waves, using an

oscillating plate over a smooth bed and rough beds respectively. Expressions for the flow

௪ߜ
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field were derived in analogy to a laminar flow condition by curve-fitting two empirical

equations to the experimental data. The velocity amplitudes were shown to vary as a

power of wall distance except in the region of the viscous sublayer over a smooth bed,

and vary exponentially over rough beds. Results from dimensional analysis carried out

by Jonsson (1967) showed the two fundamental parameters characterising the turbulent

oscillatory boundary layers are amplitude Reynolds number ܴ ݁  and relative

roughness
್

ೞ
( ௦݇ denotes the Nikuradse roughness parameter). Wave friction factors

were defined as ௪݂ =
ఛೢ 

భ

మ
ఘ್

మ, where ௪߬  denotes the maximum bed shear stress, ߩ is the

water density, ܷ represents the amplitude of near-bottom velocities. Expressions for

௪݂ were proposed for various flow regimes, including smooth turbulent and rough

turbulent.

The concept of eddy viscosity in a unidirectional turbulent flow (e.g., Mellor and Gibson,

1966) has been used to develop mathematical descriptions for oscillatory turbulent

boundary layers (see Figure 2-17 for a schematic illustration of the various eddy viscosity

hypotheses). Kajiura (1968) proposed a three-layer model applicable to both smooth and

rough beds, based on the premise of a time-invariant eddy viscosity. The eddy viscosity

was assumed constant in the inner layer (two different constants for a smooth bed and

rough bed respectively), then increased linearly with distance above the bed, and constant

above the upper limit of the overlap layer. However, the experiments of Horikawa and

Watanabe (1968) conducted in a wave flume indicated that the eddy viscosity is time-

dependent rather than constant throughout the whole wave cycle. The discrepancy

between the two approaches was not unexpected because Kajiura (1968) was concerned

only with the mean flow field instead of an instantaneous one. Jonsson (1980) reviewed

the experimental and theoretical work concerned with oscillatory boundary layers and

proposed a different three-layer model. The eddy viscosity assumption of Kajiura (1968)

was retained in the outer layer. In the inner layer and overlap region, however, time-

dependent expressions were used contrary to the one of Kajiura (1968). The experimental

data from the oscillating water tunnel (Jonsson, 1980) further suggests the validity of the

velocity defect law and the universal law of the wall. Myrhaug (1982) postulated a two-

layer time-invariant eddy viscosity model over a rough sea bed. In this model, eddy

viscosity is a quadratic function of distance from the bottom and keeps constant in the

outer region. The constant was determined by applying continuity at the point where the

overlap takes place.
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Trowbridge and Madsen (1984a) proposed a time-dependent eddy-viscosity model near

a rough bottom, which was defined to relate the Reynolds shear stress to the ensemble-

averaged velocity gradient. The linear wave theory was employed at a location just

outside the boundary layer as the boundary condition for free-stream velocity. An analogy

was made to the case of a steady turbulent flow, which is shown to be valid in close

vicinity to the bed. This justified the eddy viscosity model, represented as the product of

a vertical length scale and the instantaneous friction velocity (limited to the 1st-order and

2nd-order components of Fourier expansions). The flow kinematics induced by 2nd-order

Stokes wave theory was given in a companion paper (Trowbridge and Madsen, 1984b).

Wave streaming effects were put forward for the first time in this paper, the flow being

opposite to the direction of wave propagation and behaving as a weak return current to

balance the positive mass transport near the free surface. These wave streaming effects

are caused by the asymmetric features of wave-induced turbulence and therefore should

be distinguished from the effect described by Longuet-Higgins (1958), which is always

in the wave propagation direction. Yuan and Madsen (2015) developed a time-varying

turbulent eddy viscosity model, which is applicable to asymmetric or skewed oscillatory

boundary layers. You et al. (1992) used the experimental data from Van Doorn (1982) to

clarify that the eddy viscosity can be considered constant. This leads to a time-

independent eddy viscosity model for velocity distribution and simplifies the work of

Trowbridge and Madsen (1984a, 1984b). The eddy viscosity model of Justesen (1988)

was expressed as a function of turbulence kinetic energy (TKE) and a length scale

calculated through the dissipation of TKE. This is essentially the well-known ‘݇− ߳

model’ and needs numerical methods to solve the governing equations.
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(a)

(b)
Figure 2-17. Schematic time-independent eddy viscosity assumptions for the wave

bottom boundary layers: (a) Kajiura (1968) model, adapted from Justesen (1988); (b)

Myrhaug (1982) model, adapted from Justesen (1988).

The turbulence characteristics in oscillating boundary layers have been investigated by

many researchers using experimental methods. Hino et al. (1983) measured velocities in

a wind tunnel using a laser-Doppler Velocimeter (LDA) and hot-wire anemometers.

Mean velocity profiles, Reynolds stresses, and turbulent-energy production rate were

compared, during the accelerating and decelerating phases. It was concluded that

turbulence is suppressed during an accelerating phase, but grows violently at the

beginning of flow reversals and is then maintained by the ‘bursting’ type process during

the decelerating phase, similar to that observed in a unidirectional turbulent current. The

ensemble-averaged velocity profiles also indicated that a log-law region could hardly be

found in the accelerating phase but appeared in the decelerating one. The spatial cross-

correlations suggest that the eddy is more inclined to the wall during acceleration phase

and becomes wider in the flow direction during deceleration phase.
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The formation and ejection of vortices in oscillatory flows over rough beds were observed

to be rhythmic and dependent on wave phases, which is similar to a laminar flow (Sleath,

1970). Keiller and Sleath (1976) measured velocities over a roughened oscillating plate

using a hot-wire anemometer. Velocities over the rough beds of spheres revealed peaks

during each half-cycle which are associated with the ejected fluid. Sleath (1987) measured

velocities over rough beds using LDA. The time-mean eddy viscosity was found to be

negative near the bed but positive further away, which was ascribed to the vortex

formation and ejection over rough beds. Significant variations of eddy viscosity and

turbulence intensities during one wave cycle were found, particularly near the bed.

More recently, Large-Eddy Simulation (LES) and Direct Numerical Simulations (DNS)

have been adopted to study the flow kinematics of wave bottom boundary layers. Moneris

and Slinn (2002) used DNS to develop a numerical model of the wave bottom boundary

layer over a smooth surface. The turbulent boundary layer was shown to be dependent on

the recent history of the flow during the preceding wave cycle. Results showed that the

flow reversal contributed to the most active turbulent bursts. Grigoriadis et al. (2011)

investigated the wave turbulent boundary layer over a rippled bed, using the LES

approach. Results of the vorticity dynamics and the statistical characteristics of turbulence

showed the flow patterns at different wave phases.

2.3 Wave-Current Interaction

The topic of wave-current interaction (WCI) has received much attention in the past few

decades due to its significant applications in the fields of sediment transport and marine

energy exploitation. The mechanics of WCI have been investigated extensively by

analytical approaches, numerical methods, and laboratory experiments. Theoretical

studies of WCI have been developed in parallel with the developments in turbulence

modelling. In order to determine mean velocity profiles and bed shear stress under a

combined flow where waves propagate with a turbulent current, Navier-Stokes equations

(N-S equations) and continuity equations have been solved either analytically (algebraic

models) or numerically (numerical models). Numerical models can be further categorised

into:

i RANS-based models, including one-equation models (turbulent-kinetic-energy models

and the Spalart-Allmaras model), two-equation models (݇− ,modelsܮ ݇− modelsߝ and

݇− ߱ models), and Reynolds stress models (RSM);
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ii Large Eddy Simulations (LES);

iii Direct Numerical Simulations (DNS).

2.3.1 Algebraic models

The earliest studies on WCI applied analytical approaches to investigate kinematics and

dynamics of the bottom boundary layer under a combined condition. The algebraic

models are also called ‘zero-equation’ models since no differential equations are involved.

Zero-equation WCI models can be classified into five groups: time-invariant eddy

viscosity models (Lundgren, 1972; Grant and Madsen, 1979; Myrhaug, 1982;

Christoffersen and Jonsson, 1985; Myrhaug and Slaattelid, 1989; 1990; You et al., 1991;

1992; You, 1994a, 1994b; Yuan and Madsen, 2015), time-dependent eddy viscosity

models (Malarkey and Davies, 1998), mixing length models (Umeyama, 2005; 2009),

momentum-based models (Fredsoe, 1984), and parameterised models.

Most of the analytical approaches depend on an eddy viscosity concept. The general

concept of eddy viscosity as a positive scalar coefficient was put forward by Boussinesq

(1877) in analogy to molecular viscosity to relate the Reynolds stress tensor and the mean

strain rate tensor. In the case of a two-dimensional turbulent flow, the eddy viscosity can

be defined as the coefficient of proportionality linking Reynolds shear stress with the

velocity gradient normal to the boundary.

Different eddy viscosity assumptions have been put forward by various researchers to

relate Reynolds shear stress and the mean velocity gradient. Graphic demonstrations of

various eddy viscosity profiles are given in Appendix F. The first model of eddy viscosity

in a combined wave-current flow was proposed by Lundgren (1972), who made the

assumptions of a current eddy viscosity and wave eddy viscosity separately. Following

the same concept, Grant and Madsen (1979) provided a two-layer time-invariant turbulent

eddy viscosity model (referred to as GM79 hereafter in this thesis) to describe the

combined motion and the associated bed shear stress near a rough boundary. The eddy

viscosities are linearly varied with distance from the bed, with different slopes in the two

layers. This model was adopted by Myrhaug and Slaattelid (1990) to obtain the bottom

friction coefficients for smooth, rough and transitional turbulent flow. Malarkey and

Davies (1998) modified the GM79 model by including time variations in the eddy

viscosity. More recently, Humbyrd (2012) further improved the GM79 model to

overcome the discontinuity in the two layers. The experimental study of Yuan and
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Madsen (2015) used Particle Image Velocimetry (PIV) to further develop the GM79

model and provide better predictions of the mean velocity profiles.

Christoffersen and Jonsson (1985) proposed two different models applicable to the whole

range of sea bed roughnesses, using different time-independent eddy viscosity

distributions. The eddy viscosity was the same in the outer region, both of which are

parabolic outside the wave boundary layer. In the vicinity of the sea bed, the eddy

viscosity was assumed to be constant for a bed with large roughness and linearly

distributed with distance from the bed for cases of smaller roughness. Myrhaug and

Slaattelid (1989) proposed a three-layer eddy viscosity model, where the eddy viscosity

was parabolic in the inner layer and increased linearly with height in the outer layers,

depending on the maximum shear velocity for the combined flow and the current shear

velocity respectively for the two upper parts. This model is an extension of Myrhaug

(1982), where a two-layer time invariant eddy viscosity model for a wave bottom

boundary layer near a rough bed was put forward.

You et al. (1991) presented a theoretical model of the mean velocity profile in a combined

wave-current flow, based on the current eddy viscosity and the wave eddy viscosity. Here

the current eddy viscosity was assumed to be linearly varied with distance from the bed,

then constant, and then linearly distributed again. The wave eddy viscosity was assumed

to be linearly distributed in the inner layer, and then constant within the wave bottom

boundary layer. This work was developed further by You (1994b), retaining the current

eddy viscosity of You et al. (1991) and adopting the wave eddy viscosity assumption of

You et al. (1992). A further simplified three-layer eddy viscosity model was presented by

You (1994a), where the eddy viscosity was linear within the wave bottom boundary layer,

then constant in the overlap region, and linear again in the outer region. A parabolic or

constant eddy viscosity was assumed by Nielsen and You (1996) to deduce the mean

velocity profile. Detailed information describing many of the eddy viscosity models has

been included in Nielsen (1992), and Fredsoe and Deigaard (1992).

The mixing length theory of Prandtl (1925), which was developed for a unidirectional

turbulent current, was applied by Bakker and von Doorn (1978) to investigate the bottom

boundary layer. Temporal variations inside the wave boundary layer were considered in

their model. Similarly, Umeyama (2005) adopted the mixing length theory for WCI,

based on a modified mixing length hypothesis developed by Umeyama and Gerritsen

(1992). However, the temporal variations inside the wave boundary layer were not

included.
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Fredsoe (1984) used the momentum equation to study the bottom boundary layer. It was

assumed that time scales for the change in the outer velocity are much larger than those

for the decay of eddies formed in the wave boundary layer. The theory was not valid at

very high wave frequencies, where the history effects of turbulence formed in the

previous half-cycle are no longer negligible.

A parameterised approach based on outputs from most of these models was given by

Soulsby (1997) and Holmedal et al. (2000). Soulsby et al. (1993) reviewed the analytical

models of Grant and Madsen (1979), Fredsoe (1984), Myrhaug and Slaattelid (1990), and

Huynh-Thanh and Temperville (1991), and gave a mathematical representation of bed

shear stress by curve fitting. This approach was adopted by Holmedal et al. (2000) and

further generalised to the conditions of random waves propagating with a turbulent

current. Bed shear stresses under irregular waves and current were obtained, over a rough

seabed. Results showed significant enhancement of the maximum bottom shear stress

caused by the current, and were quantitatively in good agreement with laboratory and

field measurements.

The analytical models discussed above provide a description of the interaction between

waves and a turbulent current. Summaries of the pros and cons of all these models are

given in Tables 2-2 to 2-5. An enhanced bed shear stress, together with altered velocity

distributions are important phenomena in a combined condition. These are later proved

by laboratory experiments, given in section 2.3.3. Despite the good agreement between

these models and experimental data, the basic physical processes in a combined condition

cannot be fully described by the analytical approaches.

2.3.2 Numerical models

The earliest numerical models were based on a linearised boundary layer equation, with

either one-equation or two-equation models for turbulence closure. Davies et al. (1988)

adopted a one-equation turbulent energy closure to model the combined condition, based

on a 1DV model. This ties in more with oscillating water tunnels. Huynh-Thanh and

Temperville (1991) developed a WCI model over rough beds, based on a simplified

second-order ݇− ܮ turbulence model. Here, ݇ represents the turbulent kinetic energy and

ܮ for the length scale. The model was further extended to oscillatory turbulent flow over

rippled beds with some modifications. Holmedal et al. (2003) investigated the bottom

wave-current boundary layer, using a high Reynolds number ݇− ߝ turbulence model.
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Enhanced friction velocity and turbulent kinetic energy were found to be caused by the

current. Parallel streamlines were assumed and therefore the model was two-dimensional

without considering lateral velocities. Therefore, this model performs like an oscillating

water tunnel.

With the development of Computational Fluid Dynamics (CFD), the Navier-Stokes

equations can be solved numerically using standard packages. This method is classified

into models based on Reynolds Averaged Navier-Stokes (RANS) equations (one-

equation models, two-equation models, and RSM), LES, and DNS. One-equation models

and two-equation models both rely on eddy viscosity assumptions, while RSM directly

compute components of the Reynolds stress tensor through the Reynolds-stress transport

equations without relying on the eddy viscosity concept. Teles et al. (2012; 2013) used a

CFD approach (Code-Saturne) to investigate WCI and compared the results with the data

of Klopman (1994). Both a two-equation and RSM turbulence closure methods were

adopted in the model and the resulting velocity distributions showed good agreement with

the reduction in mean velocity near the free surface when waves were propagating with

currents. However, the model was not fully capable of solving the bottom boundary layer,

where a large discrepancy was found. This was ascribed by the author to the wall function

adopted in the model. The influence of the turbulence closure model on modelling WCI

was also investigated by Teles et al. (2012; 2013). Markus et al. (2013) adopted the CFD

package OpenFoam to model a combined wave and current condition, focusing on the

evaluation of the flow field for a nonlinear wave combined with a nonuniform current.

Zhang et al. (2014) used ݇− turbulenceߝ modelling to study the effects of wave period

on the surface elevation and velocity distribution. The volume of fluid (VOF) method was

applied to capture the free surface.

Large Eddy Simulations (LES) directly calculate large-scale turbulent eddies and make

approximations about small-scale ones using a subgrid-scale model (SGS model). Due to

its expensive computational costs, very few have applied this approach to model WCI

over a smooth bed. Previous studies using this approach were mainly focused on WCI

over rippled beds (e.g. Grigoriadis et al., 2011), and therefore are not included here.

A fundamentally different approach using Direct Numerical Simulation (DNS) has also

been applied to combined wave-current flows. DNS is a simulation in CFD solving the

Navier–Stokes equations numerically without any turbulence model. Therefore motions

at all scales can be obtained from the results. Yang and Shen (2009) investigated vortical

structures in a turbulent Couette flow over a wavy surface. Results showed that vortical
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structures in the streamwise direction are dependent on wave phase speed. The study was

focused on kinematics near the free surface and is therefore applicable to wind-wave

interaction. Guo and Shen (2013) investigated the effect of progressive gravity waves on

isotropic turbulence in the water underneath. Waves considered in their model are ‘rapid’

and ‘long’, which means that the time scale of waves is much smaller than the turbulence,

while the wavelength is much larger than the turbulence eddy size. They interpreted this

as a common condition in the upper-ocean, and therefore no discussion on the near-

bottom flow field was given.

The numerical models established so far have provided various methods of generating

waves and a turbulent current simultaneously, based on either two-dimensional or three-

dimensional Navier-Stokes equations. See Tables 2-6 to 2-8 for lists of the numerical

methods and their range of applicability. This is helpful when developing a combined

condition numerically, though few of them include discussions on the underlying physical

process. Research on the interaction between waves and vortices is limited to wind-wave

interaction (Yang and Shen, 2009), and wave-current interaction near the free surface

(Guo and Shen, 2013). Therefore, it calls for research on interaction between waves and

vortical structures in the bottom boundary layer.

2.3.3 Laboratory experiments

Quantitative experiments have been carried out to study the interaction between waves

and a turbulent current, including:

i wave kinematics changed by current (such as wave length, wave height, wave energy

spectrum etc.),

ii logarithmic velocity profile altered by wave motions,

iii turbulent boundary layer thickness altered by wave motion, and

iv bed shear stress under combined wave and current conditions, which are closely related

with sediment transport.

Previous experiments have shown that a following (opposing) current results in decreased

(increased) wave heights and increased (decreased) wave lengths. This phenomenon is

related to the Doppler shift theory and theoretical investigations have been made by many

researchers using the dispersion relation (Jonsson et al., 1970; Peregrine, 1976; Brevik

and Aas, 1980; Thomas, 1981, 1990; Tolman, 1990; Hedges and Lee, 1992). Brevik (1980)
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measured wave heights and wavelengths in a laboratory flume over a smooth bed. Their

experimental results showed good agreements with the theoretical one described by

Brevik and Aas (1980). Thomas (1981; 1990) performed laboratory experiments for

linear and nonlinear waves. The changes in wavelengths and wave heights were found to

be well predicted by their theory derived from linear wave theory and finite amplitude

wave theory. Kemp and Simons (1982; 1983) carried out laboratory experiments in a

wave-current channel and their results for wave profiles showed changes in the wave

kinematics. Large-scale laboratory experiments were conducted by Rusu and Soares

(2011), using a 3D large wave basin at the Danish Hydraulic Institute. Analysis of wave

frequency spectra indicated that the following (opposing) current led to decreased

(increased) significant wave height.

Of most relevance to the present study, many researchers have investigated the changes

to turbulent characteristics caused by the superimposition of waves, such as changes to

the velocity profile and turbulent boundary layer thickness. Bakker and van Doorn (1978)

performed laboratory experiments over a rough bed in a wave flume, where waves

propagated with the current. Velocity distributions were obtained using laser-Doppler

velocity meter (LDV) and compared with their theoretical solutions using the mixing

length theory. Their results of mean velocities and ensemble-averaged velocities showed

good agreement with their theory, although a horizontally oscillating flow was assumed

and should be more applicable to oscillating water tunnel data. Brevik and Aas (1980)

conducted experiments in a large-scale flume over a rippled bed. Their work was

extended to the condition over a smooth bed by Brevik (1980). Velocities were measured

using a micropropeller in both experiments and a decrease of mean velocity was observed

in both conditions when waves propagated with the current.

A more comprehensive understanding of the velocity field and turbulence characteristics

in combined wave-current flows was provided by Kemp and Simons (1982; 1983).

Measurements by Kemp and Simons (1982; 1983) using laser-Doppler anemometer

(LDA) indicate a reduction of mean velocities near the bed when waves are propagating

against the current. The mean velocities near the free surface were decreased (increased)

when waves were propagating with (against) currents. Asano et al. (1986) conducted

experiments in a wave tank over a rough bed, where waves propagated against the current.

Results of mean velocity profiles suggested a similar trend as those observed by Kemp

and Simons (1983), with a decrease in the lower region and an increase in the upper water

column induced by the waves superimposed. Klopman (1994) obtained similar results to
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Kemp and Simons (1982; 1983), and further investigated the effects of wave irregularity

on the flow kinematics. LDV measurements showed less significant changes (but still

qualitatively similar) in the mean velocities induced by random waves. Lodahl et al. (1998)

conducted experiments in an oscillating water tunnel and obtained velocity measurements

using LDA. Mean velocity distributions were observed to be logarithmic. This was the

same as reported by Kemp and Simons (1983).

Umeyama (2005; 2009) used LDA to measure velocity components and Reynolds stress

in the combined wave current case. Results showed that the difference between the mean

velocities and the logarithmic profile was dependent on wave height and period. Flow

reversals were also found near the bed in all the combined conditions tested, indicated by

the phase-averaged horizontal velocities. It was concluded that this had a retarding effect

on the velocity profile. Particle image velocimetry (PIV) and particle tracking

velocimetry (PTV) were used by Umeyama (2011) to obtain the instantaneous velocity

fields and water particle trajectories. Periodic circulations composed of clockwise and

anticlockwise vortices were observed for wave-alone condition, but lost their shapes in

the presence of the current. Yet, these circulations should be distinguished from the

horseshoe vortices characterised in a turbulent boundary layer.

More recently, Singh and Debnath (2016) reported an experimental investigation of

wave-current interaction in a laboratory flume. Velocities were measured by an Acoustic

Doppler Velocimeter (ADV) to investigate the turbulence characteristics in a combined

wave-current flow. The mean velocity profiles showed a decrease in the upper region and

an increase near the bed, as previously observed by many researchers. However, their

quadrant analysis results were not in agreement with the existing knowledge about

turbulent boundary layers in their current-alone tests. Therefore, there is a lack of reliable

experimental data in quadrant contributions of Reynolds shear stress in a co-existing

wave-current environment. Singh et al. (2016) studied the velocity field in a combined

wave-current flow over a rough bed with three-dimensional roughness elements using

ADV. Changes in the mean velocity profiles, Reynolds shear stress, turbulence intensities

were investigated to quantify the influence of roughness spacing. This work was extended

to the condition of a smooth bed by Singh et al. (2018) using LDV for velocity

measurements. Results of mean velocities again suggested a reduction near the free

surface when waves were added.

The flow kinematics in a combined flow where waves propagated at a right angle to the

current have been studied over various bed configurations. Sleath (1990) studied the
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velocity field in a combined wave-current flow over smooth and rough boundaries, where

waves were orthogonal to the turbulent current. An oscillating bed was used at the test

section in a current flume to mimic combined wave-current boundary layers. This was

essentially the same to an oscillating water tunnel with a current at right angles. Velocities

were measured using LDA and the mean velocity distributions showed qualitatively

similar to the flow field where waves propagated with the current. This work was

extended to the bed condition of ripples by Ranasoma and Sleath (1994). A logarithmic

distribution was found to be valid in the outer region but not near the bed. This was

explained by the vortex formation and ejections close to the bed. Large-scale experiments

were conducted by Fernando et al. (2011) in a wave tank (24 m long, 10 m wide, and 0.9

m deep). Velocities were measured by an ADV over rippled beds. Results indicate

reduced near-bed velocities in the presence of orthogonal regular waves.

Bed shear stress under combined waves and currents has also been studied, because of its

importance in sediment transport. Bakker and van Doorn (1978) were the first to obtain

reliable experimental data of bed shear stress when waves propagated following a current.

Their results suggest that the bed shear stress obtained from the velocity measurements

was in the same order of magnitude as that predicted by their theory. Brevik and Aas

(1980) used the experimental data of wave attenuation to derive the friction factor in a

combined wave-current flow. A rippled bed was adopted so that effects from the smooth

glass side walls can be ignored. This is important since the results of Brevik (1980) were

unsatisfactory, which were attributed to the significant sidewall effects. Kemp and

Simons (1982) determined bed shear stress from the velocity measurements. Both

logarithmic regions of mean velocity profiles and Reynolds shear stress distributions

suggested an increase of bed shear stress induced by waves superimposed. An increase in

wave heights was observed to cause higher increments of bed shear stress. Asano et al.

(1986) used the measurements of the mean water level gradient to deduce the bed friction.

Results suggested an enhanced bed shear stress induced by waves added. Sleath (1990)

determined bed shear stress from the velocity measurements. Results of the shear velocity

suggested moderate agreement with the models of Grant and Madsen (1979) and

Christoffersen and Jonsson (1985).

Lodahl et al. (1998) measured bed shear stress using a hot-film probe in an oscillating

water tunnel. Their results suggested that the time-averaged mean bed shear stress can

increase, remain the same value, or decrease, in a combined wave-current flow. When the

flow is a current-dominated one, bed shear stress remains unchanged by the waves added.
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When the flow is wave-dominated and the wave boundary layer is in a laminar regime,

bed shear stress decreases. When the flow is wave-dominated and the wave boundary

layer is a turbulent one, bed shear stress increases as observed commonly by previous

researchers.

Simons et al. (2000) investigated the seabed friction, extending from previous small scale

and relative small orbital excursions to larger scale high Reynolds number oscillations in

a large oscillating water tunnel. Measurements of maximum shear stress for relatively

strong currents were obtained. Direct measurements indicated that the wave-induced

friction factor is insensitive to the current strength.

Jepsen et al. (2012) conducted PIV measurements in a very small-scale flume (2m long,

20mm high, and 105.4mm wide). The bed shear stress time history under various

conditions was investigated and a considerable difference was observed between the

Blasius solution and the PIV measurements suggesting a change from laminar to turbulent

flow as the flow reversed.

Bed shear stress under the condition where waves propagate orthogonally to the current

has been investigated extensively by many researchers. Simons et al. (1992) used a novel

shear plate device to measure shear stress directly, investigating the effects of nonlinear

wave-current interaction on the mean and oscillatory velocity components within the

bottom boundary layer. A significant change both in mean bed shear stress and apparent

roughness were found when waves were added. This work was extended by Simons et al.

(1994) from regular waves to random waves; it was found that the waves had a less

significant effect on the mean flow when using random waves. Arnskov et al. (1993)

measured the instantaneous bed shear stress over a smooth bed. Both the magnitudes and

the direction of bed shear stress were obtained using a two-component hot-film probe.

Results suggested that the mean bed shear stress was enhanced by the waves

superimposed, whereas the non-linear enhancements did not occur for the maximum bed

shear stress over a wave cycle. Fluctuations of bed shear stress were observed to decrease

significantly when waves were added. Visser (1986) performed experiments in a wave

basin. The bed friction was determined from the mean water level variation, similar to

that adopted by Asano et al. (1986). An increase of bed shear stress was observed when

waves were superimposed. The results of Klopman (1994), however, indicated that the

addition of an orthogonal current has no obvious effect on the bottom friction. Ranasoma

and Sleath (1994) investigated the bed condition of ripples, with the ripple crests parallel



43

to the current and orthogonal to the waves. Values of shear velocity were determined from

the velocity profiles and were well predicted by their model.

The experiments discussed above cover a wide range from small-scale flumes to large-

scale wave tanks. Very few field measurements (Huntley and Hazen, 1988; Lambrakos

et al., 1988; Soulsby and Humphrey, 1990; Trowbridge and Agrawal, 1995) have been

conducted on seabed shear stresses, although the friction velocities have been well

predicted by Grant and Madsen (1979). These have clearly identified the changes in

kinematics and dynamics under a combined condition. Various methods of wave

generation and absorption, velocity measurements, and current generation have been

described in the papers discussed above. Two tables summarising all the previous works

in laboratory experiments and field tests are given in Appendix E. Previous studies of a

unidirectional turbulent current indicate that velocities and Reynolds stress are strongly

related to vortical structures. Thus, it is probable that the underlying vortical structures

are also altered in a combined wave-current flow. This has not been investigated before.

2.3.4 Theories explaining WCI mechanism

Laboratory experiments have shown an altered logarithmic mean velocity profile when

waves are superimposed onto a turbulent current. When waves are propagating with

(against) the current, velocities increase (decrease) in the vicinity of the bed and decrease

(increase) near the free surface. Since this cannot be fully explained by previous analytical

models, many theories have been developed to explain these changes. These can be

divided into two main categories, one relying on wave-induced stresses and the other

based on secondary circulations in the laboratory facility.

The first explanation relies on wave-induced Reynolds stress. When waves propagate

with a current, negative wave-induced shear stress near the free surface results in

decreased mean velocities. When waves are propagating against the current, the current

shear velocity is negative and has the same sign as the wave-induced Reynolds stress.

Therefore, the presence of waves results in increased velocities near the free surface.

Various expressions for wave-induced stress have been given by previous researchers.

Nielsen and You (1996) derived expressions for wave-induced Reynolds stresses, based

on the stress balance in the streamwise direction. The model is mainly applicable to a

wave-dominated condition, while a depth-dependent empirical factor is needed in the

presence of a strong current. You (1996) proposed a semi-empirical 2D model, where the
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wave-induced second-order stress was a linear function of elevation and dependent on the

wave parameters, current magnitude, and the angle between waves and the current. Wave-

induced stress at an arbitrary angle with the current was further investigated by

Groeneweg and Klopman (1998) to achieve quantitative agreements with previous

experiments, using the generalized Lagrangian mean approach.

Secondary circulations in cross sections have been found in combined wave current flows

and considered responsible for the velocity changes when waves are added. This was first

observed by Nepf and Monismith (1991), using LDA and visualisation beads near the

free surface. Results showed that large-scale streamwise vortices only occurred when

waves were added, and became more obvious with increasing wave frequencies and wave

heights. Dingemans et al. (1996) presented a numerical model where secondary

circulations, as predicted by the Craik-Leibovich (CL) vortex force theory, were

responsible for the change in mean velocities near the free surface. The circulations

consist of counter-rotating vortices with their axes in the streamwise direction,

transporting low-momentum fluid near side walls to the flume centre. Klopman (1997)

repeated the experiment of Klopman (1994), and carried out measurements in cross-

sections. Both floater observations and LDV measurements proved the existence of

secondary circulations as predicted by the CL-vortex force theory and previous numerical

simulations. The aspect ratio of 2 resulted in secondary circulations in all cases, including

the ‘current alone’ case. Groeneweg and Battjes (2003) further concluded that the effect

of the secondary circulations on the mean horizontal velocities does exist and is noticeable,

but is relatively weak compared to the effect of streamwise driving forces. Numerical

simulations also indicated that when the aspect ratio increases, the effects of secondary

circulations become less obvious.

More recently, some other factors contributing to the altered velocities have also been

proposed such as flow non-uniformity along the flume. Yang et al. (2006) concluded that

the momentum driven by secondary currents and/or non-uniformity caused by a free

surface slope along the flume are contributing factors, in addition to wave-induced

Reynolds stress. Olabarrieta et al. (2010) included the effects of wave-induced surface

elevation variation. They concluded that velocity changes in the upper region were

governed by wave-induced mass transport, while the flow region below the wave trough

is dominated by wave-induced Reynolds stresses.

To conclude, the existing theories involve either a local force balance in the streamwise

direction or secondary circulations in a combined wave current flow. Qualitatively good
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agreements with previous data have been achieved, yet quantitatively good agreements

depend on some empirical factors adopted in most models. Therefore, research on basic

physical processes in the combined flow such as vortical structures is important and can

provide additional theoretical explanations for the WCI mechanism.

2.3.5 Engineering application of wave-current interaction

The studies of wave-current interaction are significant for coastal engineers and

researchers in many aspects such as sediment transport and tidal turbines designing.

Eddy viscosity has crucial applications in sediment transport since it is related to sediment

diffusivity. Therefore, a more accurate mathematical expression for eddy viscosity under

the combined flow can be useful for better estimations of sediment concentration profiles.

Absi and Tanaka (2011) investigated sediment transport over ripples, with the parameter

sediment diffusivity ௦ߝ in the governing equation representing the diffusion of suspended

particles induced by turbulence. In this model, there was a linear relationship between

sediment diffusivity and eddy viscosityߝ�௦ ௦ߚ��= ∙ ௧ߝ ௦ߝ) denotes sediment diffusivity, ௧ߝ

represents eddy viscosity, and ௦ߚ is the scale parameter slightly less than 1.0). This linear

relationship was further confirmed by Kim et al. (2012), while Tang and Lin (2015)

assumed another function relating the two parameters: ௦ߝ +௧ߝ�= ߝ� ߝ) is kinematic

molecular viscosity).

Studying coherent structures under a combined wave-current flow is also significant for

sediment transport research. As has been mentioned in section 2.1.3, coherent structures

(especially sweeps and ejections) under a unidirectional current take dominant roles in

sediment transport. This can be extended to a combined wave-current flow. Kean et al.

(2016) investigated turbulence characteristics under unsteady flow conditions,

accomplished by applying a bell-shaped hydrograph with 2 hour durations. Although no

water waves were involved in the laboratory tests, their results establish that the higher

strength of ejection-sweep events observed in unsteady flows are driving forces for

sediment transport.
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Reference Main
outcomes
(velocity
profile and/or
bed shear
stress)

Applicability
(WBL or WCI,
smooth bed and/or
rough bed)

What approach
(Classification
of turbulence
models)

Eddy viscosity
temporal
distribution
(time-invariant
or time-
dependent)

Eddy
viscosity
spatial
distribution
(two-layer
or three-
layer)

Eddy viscosity
assumption
(split between
current-induced &
wave-induced, or
combined eddy
viscosity)

Whether
validated by
experiments

How well the
model is

Lundgren
(1972)

Velocity
profile.

WCI over rough
beds.

Simplified
boundary layer
equations.

Time-invariant
eddy viscosity

Two-layer Split between
current-induced &
wave-induced eddy
viscosity, and then
add them together
to give the one for
combined wave-
current flow.

The wave-
induced eddy
viscosity was
determined from
Jonsson (1963).
The combined
one was not
validated.

The first one to
introduce the
approach of eddy-
viscosity for
combined flow,
but not validated
by experimental
data.

Grant and
Madsen (1979)

Velocity
profile and
bed shear
stress.

WCI over rough
beds.

Time-invariant
eddy viscosity

Two-layer A combined wave-
current eddy
viscosity.

Yes, later
validated by
Kemp and
Simons (1982),
Yuan and Madsen
(2015).

The model
performed well
for field tests in
determining bed
shear stress,
but not as good for
the whole profile.

Myrhaug and
Slaattelid
(1990)

Velocity
profile and
bed shear
stress.

WCI over smooth,
rough and
transitional beds.

Time-invariant
eddy viscosity,
exactly the
same as Grant
and Madsen
(1979) model.

Two-layer A combined wave-
current eddy
viscosity.

Yes,
compared with
Kemp and
Simons (1982,
1983), Bakker
and Van
Doorn(1978),
Van Doorn
(1981), Myrhaug
et al. (1987),

Mean velocities
showed good
agreements with
the experimental
results in some
test conditions,
while larger
differences were
found in other test
conditions;
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Soulsby and
Humphery
(1990).

also, the
comparisons were
made only in the
bottom boundary
layers and
therefore whether
the model
performed well
throughout the
whole water
column remains
further research.

Malarkey and
Davies (1998)

Velocity
profile and
bed shear
stress.

Wave bottom
boundary layer;

WCI over rough
beds
( /ܽ ௦݇ > 30).

Time-
dependent
eddy viscosity,
modified
version of
Grant and
Madsen (1979)
model to
include the
first and
second
harmonic time
variations of
eddy viscosity.

Two-layer A combined wave-
current eddy
viscosity.

Wave-only case:
data were
compared with
Jonsson and
Carlsen (1976)
for the first-order
and third-order
velocity
amplitudes.

Combined wave-
current case: no.

No comparisons
were made for the
velocity profiles
in a combined
wave-current
flow, and
therefore hard to
judge the
performance of
this model in
predicting
velocities.

Yuan and
Madsen (2015)

Velocity
profile and
bed shear
stress.

Wave bottom
boundary layer;

WCI over rough
beds

Time-invariant
eddy viscosity,
modified
version of
Grant and
Madsen (1979)

Four-layer
for a weak
current.

Three-layer
for a strong
current.

A combined wave-
current eddy
viscosity.

Yes, compared
with the PIV data
of Yuan and
Madsen (2015).

Mean velocities
showed good
agreements with
the experimental
results in some
test conditions,
but significant
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model for
continuity.

discrepancies
were found in
other test
conditions.

Myrhaug
(1982)

Velocities,
and bed shear
stress.

Wave bottom
boundary layer
over rough beds.

Time-invariant
eddy viscosity.

Two-layer Wave-induced eddy
viscosity only

Yes.
Comparisons
were made with
Jonsson and
Carlsen (1976),
and Jonsson
(1980)

The predicted
mean velocity
magnitudes were
smaller than the
experimental
values in the wave
bottom boundary
layer.

The predicted bed
shear stress was
also smaller than
the experimental
data.

Christoffersen
and Jonsson
(1985)

Velocities,
and bed shear
stress.

WCI over rough
beds, and then
generalised to
smooth and
transitional
boundaries.

Time-invariant
eddy viscosity.

Two-layer
models for
‘large’ and
‘small’
roughnesses
.

A combined wave-
current eddy
viscosity.

Yes.
The friction
velocities were
compared with
Kemp and
Simons (1982,
1983), Bakker
and Van Doorn
(1978).

Friction velocities
showed good
agreements with
experimental data,
but mean velocity
profile was not
given.
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Myrhaug and
Slaattelid
(1989)

Velocities,
and bed shear
stress.

Wave bottom
boundary layer;

WCI over rough
beds

Time-invariant
eddy viscosity.

Three-layer,
extended
version of
Myrhaug
(1982) to
include the
current-
induced
eddy
viscosity.

A combined wave-
current eddy
viscosity.

Yes.
The friction
velocities were
compared with
Bakker and van
Doorn (1978),
van Doorn
(1981), Myrhaug
et al. (1987), and
(Lambrakos et al.,
1988).

Mean velocities
showed good
agreements with
the experimental
results in some
test conditions,
while larger
differences were
found in other test
conditions.

Also, the
comparisons were
made only in the
bottom boundary
layers and
therefore whether
the model
performed well
throughout the
whole water
column remains
further research.

You et al.
(1991)

Velocities,
and bed shear
stress.

Wave bottom
boundary layer;

WCI over rough
beds.

Time-invariant
eddy viscosity.

Three-layer
for the
current-
induced
eddy
viscosity
and two-
layer for the
wave-
induced

Split between the
wave-induced and
current-induced
part of eddy
viscosity.

Yes.
The velocity
distribution was
compared with
Jonsson and
Carlsen (1976),
Van Doorn (1981,
1982), and Jensen
(1989).

Mean velocities
showed good
agreements with
the experimental
results in some
test conditions,
while larger
differences were
found in other test
conditions.
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eddy
viscosity. Also, the

comparisons were
made only in the
bottom boundary
layers and
therefore whether
the model
performed well
throughout the
whole water
column remains
further research.

You et al.
(1992)

Velocities,
and bed shear
stress.

Wave bottom
boundary layer.

Time-invariant
eddy viscosity.

Two-layer Wave-induced eddy
viscosity only.

Yes.
Comparisons
were made with
Jonsson and
Carlsen (1976),
and van Doorn
(1982).

Good agreements
were found for the
velocities within
the WBL.

You (1994a) Velocities,
and bed shear
stress.

WCI over rough
beds.

Time-invariant
eddy viscosity.

Three-layer A combined wave-
current eddy
viscosity.

Yes.
Comparisons
with experimental
results were
given, namely,
Van Doorn
(1981), Kemp and
Simons (1982)
and with eighteen
sets of field
measurements
taken by Coffey
(1987).

Definitely not
good in near-bed
regions.
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You (1994b) Velocities,
and bed shear
stress.

WCI over rough
beds.

Time-invariant
eddy viscosity.

Three-layer
for current-
induced
eddy
viscosity
and two-
layer for
wave-
induced
eddy
viscosity.

Split between the
wave-induced eddy
viscosity to give the
periodic component
of velocity, and
current-induced
eddy viscosity to
derive the steady
component of
velocity.

Yes.
Comparisons
with experimental
results were
given, namely,
Van Doorn (1981,
1982) for velocity
profiles, Jonsson
and Carlsen
(1976) for friction
velocities, and
Jensen (1989) for
friction
velocities.

The mean velocity
profiles were only
compared with
van Doorn (1981,
1982) and only
shown in the
bottom boundary
layer, good
agreements were
found in some test
conditions;

But the whole
profile was not
given and hard to
judge whether the
model performed
well in the outer
flow region.

Table 2-2. Zero-equation models, eddy viscosity-based models
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Reference Main
outcomes
(velocity
profile and/or
bed shear
stress)

Applicability
(WBL or WCI,
smooth bed and/or
rough bed, current-
dominated and/or
wave-dominated)

What approach
(Classification
of turbulence
models)

Whether validated by
experiments

How well the model
is

Umeyama
(2005, 2009)

Mean velocity
profiles,
turbulent
fluctuations,
and Reynolds
shear stress.

WCI over a smooth
bed, waves
propagating with
(against) a turbulent
current.

Mixing length
theory

Yes, comparisons
were made with
Umeyama (2005,
2009).

Good agreements
were found in mean
velocity profiles but
the test conditions
were quite limited
in wave period.

Table 2-3. Zero-equation models, mixing length models

Reference Main outcomes
(velocity profile
and/or bed shear
stress)

Applicability
(WBL or WCI, smooth
bed and/or rough bed,
current-dominated
and/or wave-
dominated)

What approach
(Classification of
turbulence models)

Whether validated by
experiments

How well the model is

Fredsoe (1984) Mean velocity
profiles, and bed
shear stress.

WCI over a smooth
bed and a rough bed.

Integrated
momentum
equation

Yes. The friction factors
were compared with
Bakker and Doorn
(1978).

Good agreements were
found in some test
conditions, but not in
others.

Table 2-4. Zero-equation models, momentum-integral-method model
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Reference Main outcomes
(velocity profile
and/or bed shear
stress)

Applicability
(WBL or WCI, smooth
bed and/or rough bed,
Reynolds number)

What approach
(Classification of
turbulence models)

Whether validated by
experiments

Soulsby et al.
(1993), Soulsby
(1997)

Bed shear stress WCI over a range of
conditions.

Parameterised model Yes. Results of bed shear
stress were compared with
the data available, from
laboratory data to field test
data.

Holmedal et al.
(2000)

Bed shear stress WCI under irregular
waves plus
current, over rough sea
beds

Parameterised model of
Soulsby (1997)

Yes. Results of maximum
bed shear stress compared
with laboratory data and
field tests data.

Table 2-5. Zero-equation models, Parameterised models summary.

Reference Main outcomes
(velocity profile
and/or bed shear
stress)

Applicability
(WBL or WCI, smooth
bed and/or rough bed,
Reynolds number)

What approach
(Classification of
turbulence models)

Eddy viscosity distributions Whether
validated by
experiments

How well the
model is

Davies et al.
(1988)

Velocity, turbulent
energy ,݇ shear
stress, and eddy
viscosity
distributions

Waves alone,
Current alone,
Wave-current
interaction (angle of 0,
π/4, and π/2.), over 
rough boundaries.

Turbulent-kinetic-energy
models, RANS

Eddy viscosity was obtained by
the numerical results of ,݇ with
mixing length scale ݈ being
specified as a function of ݇ (

௧ߝ = �ܿ ∙ ∙݈ √݇ ), and therefore
needs validations by
experimental results.

No Inaccurate
near the free
surface,
because of
inaccurate
mixing
length
specification.

Table 2-6. RANS-based models, One-equation models
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Reference Main outcomes
(velocity profile
and/or bed shear
stress)

Applicability
(WBL or WCI,
smooth bed and/or
rough bed,
Reynolds number)

What approach
(Classification
of turbulence
models)

Eddy viscosity
distributions

Whether validated by
experiments

How well the model is

Huynh-
Thanh and
Temperville
(1991)

Mean velocities,
ensemble-
averaged
velocities, time-
averaged
turbulence
quantities.

Wave boundary
layer and combined
wave-current flow,
over flat rough beds
and then
generalised to
combined flow over
a rippled bed.

݇− ܮ model,
linearized
boundary layer
equation.

Eddy viscosity was
obtained by the
numerical results of

,݇ and mixing length
scale ܮ

௧ߝ) = √2
√ ∙��

ସ
), and

therefore needs
validations by
experimental results.

Yes, compared with
Sumer et al. (1986) for
the wave-only case over
flat rough beds, and with
the case condition
‘V20RA’ of Van Doorn
(1981) for combined
wave-current flow over
flat rough beds.

Mainly focused on bottom regions, and
full profile was not given.
Comparisons with experimental results
of WCI were only given for one test
condition and limited to the bottom
boundary layer region (lower than
4.5cm), and therefore mean velocity
distributions in the whole water column
were not shown.

Holmedal et
al. (2003)

Mean velocities,
time variations
of velocities,
turbulent kinetic
energy (݇) and
shear stresses
within bottom
boundary layers.

Wave boundary
layer (random
waves), combined
random waves and
current flow over
flat rough beds.

݇− ߝ model,
linearized
boundary layer
equation.

Eddy viscosity was
obtained by the
numerical results of
݇, and the turbulent
dissipation rate ߝ

௧ߝ) = �ܿଵ ∙
మ

ఌ
).

Yes, compared with
Justesen (1991) for
regular waves-alone
case, and with Sleath
(1990) for mean velocity
profile under WCI, and
with the case condition
‘V20RA’ of Van Doorn
(1981) for WCI.

Mainly focused on bottom regions, and
full profile not given.
Comparisons with Sleath (1990) were
limited to the bottom boundary layer
region (lower than 3cm); comparisons
with Van Doorn (1981) for WCI were
limited to the bottom boundary layer
region (lower than 6cm), and therefore
mean velocity distributions in the whole
water column were not shown.

Teles et al.
(2012, 2013)

Mean velocity
profile.

Wave-alone, and
WCI over rough
beds (same test
condition as
Klopman, 1994)
and smooth beds
(Umeyama, 2005).

݇− ߝ model,
RANS;
݇− ߱ model,
RANS.

Not given for these
two models, but
given using the RSM
model (shown in the
following table).

Yes, compared with
Klopman (1994) and
Umeyama (2005).

Not good enough for mean velocity
profiles:

i Comparisons with Klopman
(1994) indicate that the model
cannot obtain mean velocity
profiles in the near-bed region
(from the bed to 0.3cm above);
also, mean velocities are
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overestimated by the model from
0.3cm to 1cm;

ii Comparisons with Umeyama
(2005) showed that good
agreements only occurred in
some test conditions and the
mean velocities were
underestimated by the model in
some other conditions.

Zhang et al.
(2014)

Free surface
elevations and
ensemble-
averaged
velocities.

Wave-alone, and
WCI over a smooth
bed
(Umeyama, 2011).

݇− ߝ model,
RANS

Not given. Yes, compared with
Umeyama (2011).

Not good enough for velocities:
 Comparisons of ensemble-

averaged velocities with
Umeyama (2011) showed some
discrepancies, especially in the
test condition ‘WC1’; it is hard to
judge whether the differences
were caused by the quality of
experimental data or by the
numerical model;

 Also, there were only three test
conditions performed in
Umeyama (2011), and the
experimental data are quite
limited (see the Table for
laboratory experiments).

Zhang et al.
(2017)

Mean velocity
profile,
ensemble-
averaged
velocities.

Wave-alone, and
WCI over a smooth
bed

݇− ߝ model,
RANS

Not given. Yes, compared with
Kemp and Simons
(1982).

More test conditions are needed for
validations.

Table 2-7. RANS-based models, Two-equation models
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Reference Main outcomes
(velocity profile
and/or bed shear
stress)

Applicability
(WBL or WCI,
smooth bed and/or
rough bed,
Reynolds number)

What approach
(Classification of
turbulence models)

Eddy viscosity distribution Whether validated
by experiments

How well the model is

Teles et al.
(2012,
2013)

Reynolds shear
stress

Wave-alone, and
WCI over rough
beds (same test
condition as
Klopman, 1994)
and smooth beds
(Umeyama, 2005).

RSM model, RANS. Eddy viscosities were
obtained from the RSM
model directly, using the
numerical results of test
conditions from Umeyama
(2005).
A tentative parameterised
model for eddy viscosity
under WCI was further
given, but lacks accuracy
and also needs more
experimental data for
validations.

Yes, compared with
Umeyama (2005).

Not accurate for Reynolds
shear stress modelling:
Comparisons with
Umeyama (2005) show
large discrepancies
between the predicted
values and the
experimental data.

Table 2-8. Reynolds stress model (RSM) of RANS-based models
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Experimental Apparatus

This chapter gives detailed descriptions of the experimental work carried out in the Pat

Kemp Fluids Laboratory at University College London (UCL). The work was carried out

in two parts: i). The Low-Turbulence Flume experiments (see section 3.1); ii). The Wave-

Current Flume experiments (see section 3.2). A smooth bed was adopted for both sets of

experiments because existing knowledge about turbulent boundary layers shows that

coherent structures are essentially the same over smooth and rough boundaries (Grass et

al., 1991, 1993). Due to practical considerations, a smooth bed is easier for experimental

set-up. Knowledge obtained from the combined wave-current boundary layers can

therefore be generalised to rough bed conditions.
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3.1 Low-Turbulence Flume Experiments

3.1.1 Laboratory Flume

The first set of experiments were conducted in the UCL Low-Turbulence Flume, which

is 6m long, 49.3 cm wide and 27 cm deep. The main components of the flume are shown

in Figures 3-1 and 3-2. The current was supplied by a recirculating system as shown in

the figure. The outflow went into the sump, and was returned to a constant-head inlet tank

using a submersible pump. The constant head tank had an adjustable weir inside, which

was linked to a float and maintained a constant water level by increasing or decreasing

the level of the weir when any changes occurred. An orifice plate was located in the base

of the constant head tank, and the size of the orifice was used to control the flow rate. In

the present experiments, an orifice of diameter D=94mm was used to obtain the required

flow rate. The main flow then went through the orifice plate and into the inlet tank. In

order to avoid turbulence not generated by the bottom boundary layer, ballotini and four

stainless steel meshes were placed at the inlet. Detailed information of the ballotini and

meshes is given in section 3.1.2. A contraction in the inlet tank was used for turbulence

suppression, both in a side view (see Figure 3-1) and in a plan view (see Figure 3-2).

The test section was 4.5m from the inlet of the flume, and the water depth was set by

adjusting the weir gate level at the end of the flume. The weir was operated by a

handwheel, and the pinion was rotated clockwise or anti-clockwise to adjust the water

level. The flow over the weir discharged into a collection tank, which was used for flow

rate measurements.

The flume had glass sidewalls and a glass bed allowing accessibility for photography.

The whole channel was built on a cast iron structure, supported on a pivot at the inlet and

a prop near the outlet end. Both bed and wall joints were made waterproof with silicone

gel. A photo of the flume is presented in Figure 3-3 showing the glass sidewalls and the

support structure, taken from the side. A hole was drilled through the support structure at

the test section, particularly for the present experiments (see Figure 3-4). This provided

access for photography from underneath the channel; hence streamwise and spanwise

velocities could be obtained from PIV measurements in a horizontal plane. A smooth

glass bed was used for the experiments.
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Figure 3-1. Schematic of the experimental set-up (side view, not to scale)
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Figure 3-2. Schematic of the experimental set-up (plan view, not to scale)
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Figure 3-3. Low-Turbulence flume, side view.

Figure 3-4. The hole drilled for photography and PIV, looking from underneath the

flume.

3.1.2 Flow Conditioning System

In order to avoid unwanted turbulence not related to the bottom boundary layer, a flow

conditioning system was put in the inlet tank. The system was composed of a basket of

Ballotini glass beads of diameter 19mm and four stainless steel meshes with an aperture

of 0.5mm across the flume. The flow conditioners performed well in smoothing and

13cm

Glass sidewalls

Cast iron structure

Control valve
Collection tank

Return valve

Downstream
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distributing the flow into the main part of the flume with low turbulence. See Figure 3-5.

It also worked well for making the distribution of seeding particles homogeneous, which

is crucial for velocity measurement techniques such as Acoustic Doppler Velocimetry

(ADV) and Particle Image Velocimetry (PIV). More details will be provided for the

seeding particles in section 3.1.6.4.

Figure 3-5. Photography of the flow conditioning system showing the ballotini.

3.1.3 Wave Generator

Waves were generated by a plunger-type wave maker (see Figure 3-6), consisting of a

block of foam that oscillated vertically in the flume about the mean water level. The foam

was attached to the piston of an electronic actuator and moved up and down. This system

can generate waves with frequencies in the range 0–2.4 Hz and amplitudes in the range

0-40mm (wave height between 0-80mm). In order to allow the turbulent flow to develop

and interact with the waves for a relatively long distance, the wave maker was positioned

in the inlet tank.

The actuator control system of the wave maker was used to set the wave parameters. Both

stroke frequencies and amplitudes, which correspond to wave periods and wave heights,

were defined by the programmable software Compax3. The actual position and speed of

the foam block was maintained and recorded using the control software.

Ballotini glass beads
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Figure 3-6. Wave maker: motor and linkage

3.1.4 Beach

Waves needed to be absorbed at the outlet end of the flume to reduce reflections from the

outflow weir gate since they could interfere with the experiments. As shown in Figure 3-

1, the beach configuration combined a horizontal permeable metal plate and a sloping

sponge layer. The permeable metal plate was 0.87m long and located 4.25m from the inlet

of the flume. The height was set such that the wave trough just went above the plate. The

sloping sponge layer was especially made for the tests by attaching a permeable foam

sheet (5cm thick and 92cm long, 15 pores per inch) onto a perforated metal plate (2.0mm

hole and 3.5mm pitch) using nylon string. The sloping sponge layer was inclined to the

bed at 7°.

3.1.5 Wave Probe

A resistance-type wave probe was placed at the test section to measure wave heights and

water levels. Resistance wave probes are based on the fact that the electrical resistance

Electronic actuator

Foam
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between two parallel metal rods is proportional to their wetted lengths. The metal rods in

the Churchill device were 1.5mm in diameter and 12.5mm apart. The wave probe was

mounted on a rod which has holes drilled at 1cm spacing allowing calibrations from

voltages (V) to lengths (cm). Signals were recorded in Volts by a data board, which was

connected to the wave monitor boxes. All the data were recorded using software ‘Measure

Foundry’ and stored in the same computer used to control the wave generators.

3.1.6 Particle Image Velocimetry System

3.1.6.1 Introduction

A Particle Image Velocimetry (PIV) System is an optical method based on particle

displacements in a pair of consecutive images which can be used to obtain instantaneous

velocity vectors. For any PIV experiments, the flow is seeded with certain types of

particles which are small enough to be considered as truly following the fluid and

representing the flow kinematics. The seeding particles are then illuminated by a laser

light sheet, which can be assumed as two-dimensional because it is very broad in the

direction of velocity measurements and very thin in the orthogonal direction. For example,

when obtaining the streamwise and spanwise velocities, a horizontal laser light sheet was

adopted and can be considered as two-dimensional since it is very thin in the vertical

direction. A pair of consecutive images acquired within very short time (ݐ݀) is captured

by a digital CCD camera, which is connected to a computer by frame grabbers. The

computer is equipped with software capable of controlling the time when the laser is fired

and the time between the two images, all of which are accomplished by a synchroniser

box. Finally, the image pairs are each sub-divided into sub-regions named ‘interrogation

spots’ and processed to obtain the velocity components using cross-correlations between

the two. It should be emphasised here that the velocity components are determined from

the average values of particle displacements within each interrogation spot, rather than

tracks of one particular seeding particle. As can be seen from above, the main components

of a PIV system are a laser with optics to arrange the directions of the laser light sheet, a

CCD camera to capture images, a synchroniser box, and a computer with software to

control firing time and record data. More details of the PIV set-up are given in sections

4.1.1 and 4.2.

The PIV technique has advantages over many other methods such as Acoustic Doppler

Velocimetry (ADV) and Laser Doppler Velocimetry (LDV), both of which give single-
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point measurements based on the Doppler shift theory. ADV is an intrusive method of

velocity measurement, with the probe consisting of one transmitting sensor and four

receiving sensors. Velocity components are obtained by a pair of acoustic pulses within

a small sampling volume, with one acoustic signal sent from the transmit sensor and the

returning signals recorded by the four receiving sensors. LDV is a non-intrusive technique

since no probes need to be placed in the fluid. The main advantage that PIV possesses

over the ADV and LDV is that PIV produces two-dimensional velocity vectors across a

finite area of the flow, while the others only produce velocity at one point. It also has an

advantage over ADV since high levels of instrument noise (spurious data points) are

frequently present in ADV signals and dealing with spikes (despiking) for ADV

measurements is always a laborious and tricky issue for turbulence measurements.

It should be noted here that PIV has disadvantages, for instance, it can’t provide long data

records at high frequency where LDV can. Therefore, LDV is better for temporal

resolution while PIV for spatial information.

To summarise, PIV is applicable for the purpose of investigating spatial turbulence

structures and therefore adopted for the present experimental study.

3.1.6.2 Laser

A laser is a device producing coherent light (both spatially and temporally) through

optical amplifications. The term ‘Laser’ is an acronym for ‘Light Amplification by

Stimulated Emission of Radiation’ and operates by flashing a tube filled with rare gas

such as argon ions.

A double pulsed Nd:YAG 120-15 BSL Laser manufactured by Quantel was used to

produce either a horizontal laser light sheet (for streamwise and spanwise velocity

measurements) or a vertical one (streamwise and vertical velocity measurements). The

laser is capable of producing high-energy pulses (150mJ per pulse) with short pulse

durations (8ns), leading to a short exposure time for each frame. The wavelength of the

light emitted was 1064nm. This was then configured to output a wavelength of 532nm,

and released in the required direction using a group of cylindrical lenses. The maximum

frequency of the laser light beam was 15Hz, yielding a 7.5Hz maximum for the frequency

of velocity measurements.
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A cooling system was used to keep the temperature of the laser head at a proper level.

This was performed by the Ultra style Integrated Cooler and Electronics (ICE), which

combines a Power Supply Unit and Cooling Group Unit into a compact and portable unit.

The unit was connected to the computer through an RS-232 port so that the PIV software

can control the laser firing time. It was also connected to the data board through a Q-

Switch Sync on the back panel, so that wave data and velocity data can be acquired

simultaneously. The ICE front panel has all the functions needed to operate the laser

manually (see Figure 3-7), although a computer-controlled working status was adopted

in the experiments. The cooling system was filled with distilled water, and was powered

up when the key switch was turned on.

When measuring the streamwise and spanwise velocities, the laser was set up at the side

of the flume and emitted a horizontal laser light sheet. A working station was made

specifically for the experiments (see Figure 3-8), with two concrete blocks supporting the

laser and scissor jacks for fine adjustments to emit the laser light sheet at the required

height =ݕ) 0.8݉݉ above the flume bed). The required height was accomplished by

finely adjusting the height of the table using the scissor jacks and checking whether the

laser light sheet just caught the target positioned at the required height. When obtaining

the streamwise and vertical velocity components, a vertical laser light sheet was produced

by putting the laser head underneath the flume. The laser head was fixed on a specifically

manufactured steel base and produced a vertical light sheet upwards through the flume

bed.

3.1.6.3 CCD Camera

In order to determine flow velocities, a CCD camera is needed to record many pairs of

images from which particle displacements can be found. In the early developmental

versions of PIV, both exposures were recorded on the same frame from which the

velocities were obtained based on auto-correlations. However, this was found to be

ambiguous and inaccurate since it was difficult to know whether the particles were

illuminated by the first or the second laser pulse. With the development of higher-speed

cameras using CCD chips, two separate frames within a very short time can be captured.

This allows exposures on two frames separately from which the velocities can be

determined according to cross-correlations. This is more accurate and has been adopted

in the present experiments.
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A 630059 POWERVIEW Plus 4MP PIV camera was used. This is a 12 bit CCD camera

with 2048×2048 pixels resolution and 16 frames-per-second (fps) frame rate. Two

working modes were available in the camera: free-run and frame-straddling. The free-run

mode was used for the alignment and calibration, and there was no synchronisation

between the laser and the camera. The frame-straddling mode was applied for actual

measurements, with a pair of images illuminated by the laser being captured and recorded

in frame A and B separately. A sequence of images was obtained under the frame-

straddling working mode, with a prescribed time between the first pair and the second

pair.
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Figure 3-7. Front panel of the Ultra ICE. Figure 3-8. Laser set-up for the velocity measurements on a

horizontal plane.
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During the calibration step, a still image of a target with known scales was captured so as

to calibrate from pixels to cm within one image. For the velocity measurements in a

horizontal plane, a target was specifically hand made by adding layers of shim (with

specific thicknesses) onto a plastic ruler and used for the calibration (see Figure 3-9). For

the measurements in a vertical plane, a standard calibration target with 10mm between

two adjacent white dots was employed (see Figure 3-10).

A 60mm Nikkor lens was used in combination with the camera to obtain the required area

of measurements. The camera was set up from underneath the flume to obtain the

streamwise and spanwise velocities, see Figure 3-11. When measuring the streamwise

and vertical velocities, the camera was placed at the side (see Figure 3-12). The camera

captured the illuminated area of moving particles under the frame-straddling mode, in

both configurations.

(a)

(b)

Figure 3-9. Ruler used to perform calibrations for measurements on a horizontal plane:

(a) photo showing a plan view; (b) sketch showing a side view.

Figure 3-10. Calibration target for measurements in a vertical plane.

Ruler

0.8mm thick shims

0.8mm thick shims
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Figure 3-11. Sketch of the laser and camera arrangement for the velocity measurements

in a horizontal plane (not to scale).

Figure 3-12. Sketch of the laser and camera arrangement for the velocity measurements

in a vertical plane (not to scale).

3.1.6.4 Seeding particles

Seeding particles are crucial for any PIV experiment and, ideally, they should follow the

fluid so as to represent the flow kinematics accurately. To achieve this, ideal seeding

particles should have the same density as the water and hollow glass beads have been

widely used in PIV experiments. Another important parameter when choosing seeding

particles is the size, which should be small enough so that particles precisely move with

the fluid and are large enough to be refracted by the laser and captured by the camera.

The seeding particles used in the present study were provided by Potters Industries LLC.

They were composed of fused borosilicate glass (ASTM C169) and were hollow non-

porous microspheres. The density of the particles was 1.10 ± 0.05 (
݃
ܿ݉ ଷൗ ), which was
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close to the water density. The seeding particles were mainly composed of four sizes:

5μm (10%), 10μm (50%), 21μm (90%) and 25μm (97%). In addition to theoretical 

considerations (e.g. density is in close proximity to water density), preliminary tests of

image quality indicated that this type of seeding performed well for the present

experiments.

The seeding method needs to be designed so that particles can be evenly distributed in

the flow and do not disturb the flow kinematics. In this experiment, a seeding tank as

shown in Figure 3-13 (a) was used together with a perforated tube, connected together

using a hose as shown in Figure 3-13 (b). Seeding particles were added into the seeding

tank, which was filled with water. The seeding particles then flowed through the hose into

the tube, which had many tiny holes evenly distributed on the surface. With the current

flowing from right to left as indicated in the figure, the seeding particles then flowed into

the flume through the small holes. These particles were distributed homogeneously by

the ballotini glass beads, the mesh and the contraction as described in section 3.1.2. The

whole seeding system was found to perform well, distributing the seeding particles while

not disturbing the flow.

3.1.6.5 Synchroniser box

In order to trigger the PIV externally, a synchronizer box (610035 LaserPulse

Synchroniser) was adopted in the experiments. This connected the computer, frame

grabbers, camera, laser (flashlamps and Q-switches in both laser heads), and the data

board that ultimately synchronised all these devices through the corresponding channel.

In effect this provided the timing control for the PIV system, and was used to regulate the

laser firing time and the camera exposure time. Synchronisation between the PIV system

and the wave data collection was accomplished by a simple T-junction BNC connector.
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(a)

(b)
Figure 3-13. Seeding system: (a) seeding tank; (b) the hose and tube used for seeding

the particles.

3.1.6.6 PC and software

As mentioned above, the PIV system requires a computer with software that is capable of

controlling the laser firing time and image capturing time, performing data analysis based

on cross-correlations, and conducting post-processing analysis so as to get rid of noisy

data. A computer (denoted as PIV-PC in this thesis) ran the TSI Insight 4G software used

for the present tests.

Insight 4G is a Windows-based software interface with two separate parts: one for image

recording and processing, and the other for results presentation. This was used to define

the laser intensity level, laser pulse duration time, pulse delay time, and the time between
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the pairs of frames (frame A and B). When capturing a sequence of images to obtain time

series of the velocities, it was also used to set up the measurement frequency, the number

of measurements, and to start and stop capturing images and laser firing.

After inputting the images captured, cross-correlations were performed to determine the

velocity vectors. This included four steps:

i Generating grids;

ii Masking spots;

iii Performing correlations;

iv Locating peaks.

In order to obtain the velocity components, each image was sub-divided into interrogation

regions at first. This was done by dividing the whole area into several grids, which can

be squares with user-defined sizes dependent on the flow characteristics. The next step

was to mask the spots for processing. This was used for conditioning or modifying the

image spots when the signal-to-noise ratio of the signal was not high. In the present study,

no spot masking was needed since the images were of high quality. Therefore, the spots

were directly passed to the correlation engines for cross-correlation analysis. This step

involved calculating the correlation function of spot A and B, resulting in a correlation

map. The final step was to find the peak location from the correlation map. This peak

correlation in pixel was taken to be the particle displacement from frame A to B,

contributed from many particle pairs. Other peaks were assumed to be noise caused by

random matches of different particles. A variety of grid types, spot masks, correlation and

peak engines were available in the software. Detailed information on the PIV algorthms

adopted for the present study are further given in the next chapter.

Additional tools embedded within the software such as Tecplot were used to perform

quantitative analysis. This was conducted by plotting out velocity vectors for visualisation,

and will be described further in section 3.3.2.

3.1.7 Hydrogen Bubble Visualisation

In the present study, the hydrogen bubble visualisation technique was applied as an aid

to facilitate understanding of streaky patterns in the near-wall region and to validate the

results obtained from the PIV system. Flow patterns in a horizontal plane were

investigated by fixing a wire at y=0.8mm above the bed. Hydrogen bubble methods are
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based on the electrolysis of water. Applying an electrical circuit, hydrogen gas is

generated at the cathode, which is a platinum wire in the present experiments. When

illuminated properly, the very small hydrogen bubbles flow with the turbulent current and

act as flow tracers like the glass beads in the PIV technique. If the electrical current is

pulsed rather than continuous, the blocks of hydrogen bubbles will be discontinuous and

lead to discrete tracer lines, alternatively known as ‘time lines’ (Schraub et al., 1965). The

hydrogen bubble visualisation technique is useful for both qualitative and quantitative

analysis, because it shows the flow patterns in a horizontal plane and also possesses

discrete points which can be isolated and tracked to determine spanwise distributions of

streamwise velocities.

The experimental set-up of this part is similar to the work done by Grass (1967), Stuart

(1984), and Mansour-Tehrani (1992). The method is based on electrolytic dissociation of

water, by providing a suitable anode and cathode. A taut horizontal wire was positioned

at the test section and submerged in the fluid at the required height with the aid of a

micrometer, with a negative voltage applied, forming a cathode. Suitable metal plates

were also immersed in the fluid, functioning as the anode. An electrical circuit was

created when a voltage was applied. This led to hydrogen gas being produced at the wire

cathode and oxygen gas emitted at the plate anode.

Different materials for the wire and anode plates were tested and compared, in order to

give the best quality of hydrogen bubble production. In the present experiments, four

copper plates were chosen as the anodes, with one pair 3.5cm wide and 8cm high, and

another pair 4.5cm wide and 17.5cm high. These plates showed much better qualities than

the brass alloy strips used during the preliminary tests. The material for the cathode was

selected as 70% platinum-30% iridium alloy wire, with a diameter of 0.025mm. This was

chosen since it was stronger in mechanical properties than the pure platinum wire tried

before, which usually broke when positioning and cleaning. More detailed information is

given in the subsections from 3.1.7.1 to 3.1.7.4.

3.1.7.1 Illumination System

In order to illuminate hydrogen bubble flow tracers and enhance the photographic images,

a Continuous Wave (CW) Argon Ion Laser (wavelength of 514nm) was used to give a

horizontal laser light sheet. This consisted of a laser optic bench, a laser shutter, a remote

control panel, and a laser head. The heat exchanger ‘Coherent Innova 20’ was used for



75

cooling the laser system. A working table was made specifically for the present

experiments and connected to the Low-Turbulence Flume to support the optical parts of

the laser, and a laboratory scissor jack was used for fine adjustments of the laser light

sheet position. In order to give a stable and high quality illuminated plane, the laser

intensity was adjusted to 1.20 watt. This was found to be suitable for the production of

high-quality filming of hydrogen bubbles.

3.1.7.2 Pulse Generation

The electrical current was supplied by the pulse generation box ‘CEV47601’ and applied

to the hydrogen bubble probe. The generator can supply either continuous or pulsed

electric current with a wide range of pulsing frequencies. The two most important

parameters affecting the quality of the hydrogen bubbles were the output voltage and the

pulse duration. The output for the pulse generator was in the range 0-50V, and many trials

showed that 50V gave the best quality of hydrogen bubble visualisation. A LED display

was connected to the generator box panel, indicating the current level in amperes. The

pulse duration controlled the width of the hydrogen bubble blocks and was adjusted to

give the best visualisation as judged by the clarity of timelines. The optimised operating

parameters of the pulse generator for the present experiments are listed in Table 3-1 and

a photograph of the pulse generator while working is shown in Figure 3-14. More detailed

information on the electronic circuit diagram of the pulse generator box was described by

Stuart (1984).

Output voltage 50V (coarse);
Middle (fine).

PRF 20 Hz
Pulse width 10-100 ms (coarse);

5 (fine).
Rise time 0ms
LED 0.2Amp (red lights);

0.4Amp (red lights);
Others: no lights.

Table 3-1. List of hydrogen bubbles generator settings (CEV47601)
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Figure 3-14. Pulse Generator Box CEV47601

3.1.7.3 Wire Positioning

A similar supporting system to that used by Mansour-Tehrani (1992) was made and used

for the present investigations, consisting of a traverse with a micrometer adjustment, a

carriage, a support arm with a pulley, and two brass supports (see Figure 3-15). Grooves

were cut at the bottom of the two brass supports, which were connected to the support

arm. A traverse with a micrometer adjustment was attached to the support arm through

the carriage, which could be moved up and down so as to monitor the movements of the

wire accurately.

The wire was attached to the two brass supports at the test section in a tightened state,

and many breakages were encountered during the preliminary trials due to its fragility.

The method used by Mansour-Tehrani (1992) was adopted to overcome this problem, by

attaching the wire through the two grooves consecutively and threaded through the weight

with black adhesive tape. The weight was hung over a pulley and kept tensioned to avoid

any loosening of the wire during the attachment procedure, or during the experiments.

To
Anode

To
Cathode
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Figure 3-15. Wire positioning system, mounted at the test section.

3.1.7.4 Visualisation System

The camera ‘Canon EOS 700D’ with an 18-55 zoom lens was positioned on a tripod just

below the flume. This possessed 1920 pixels × 1090 pixels resolution and was capable

of capturing details of the hydrogen bubble tracers. The aperture was adjusted to f5.6 to

give the best image quality, and a shutter speed of 1/500 second was used to give the

crispest and clearest images. A video (25 frames per second) was recorded for each test

condition, and appropriate software (‘VLC media player’) was used to obtain individual

images, separately and sequentially.

3.2 Wave-Current Flume Experiments

3.2.1 Laboratory Flume

The second set of experiments was carried out in the UCL Wave-Current Flume 16m long

with rectangular section 0.45m wide. The glass sidewalls and bed allowed accessibility

for LDV, PIV and photography at the test section. A schematic diagram of the
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experimental layout is shown in Figure 3-16. The flume had a pumped recirculating

system, fed from a header tank 18m above the laboratory and discharging to a sump below

floor level. A monitoring system checking water levels in the supply tank was provided

with the pumping system. This allowed generation of a steady turbulent current and

superposition onto the waves. A smooth bed was adopted in the present experiments. The

still water depth was kept as 400mm, by adjusting the weir gate and the two valves.

3.2.2 Wave Generator

The Wave-Current Flume was equipped with a piston-type active absorption wave maker,

produced by Edinburgh Design Limited (EDL). Two such devices were used in the

experiments, one positioned at the inlet end to generate waves and the other at the outlet

end of the flume for wave absorption and reduction of reflections. Two pieces of foam

were placed behind the wave paddles at each end for further wave absorption.

The wave parameters, i.e. wave heights and wave periods, were defined using the

software provided by EDL. In the present study, sinusoidal waves were generated at the

inlet of the flume and propagated with the turbulent current.

3.2.3 Beach

In addition to the active wave absorber, two perforated horizontal metal plates (2m long

in total) were used to reduce unwanted reflections by absorbing high frequency wave.

These were placed just below the wave trough level at the outlet end of the flume. These

are described in Galleno et al. (2002).

3.2.4 Flow Conditioning System

To achieve a smooth transition to a combined wave-current flow, a system of flow

conditioners composed of wire mesh cylinders were made specifically for the

experiments and placed at the inlet of the flume. A schematic illustration is shown in

Figure 3-17 for a side view. The flow conditioning system covered the whole width of

the flume, and therefore the plan view is not given. This was found to perform well in

suppressing unwanted turbulence created by the inlet geometry, and in producing a steady

flow with the classical logarithmic mean velocity profile.
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3.2.5 Wave Probes

A wave probe was positioned close to the test section but not interfering with the PIV

measurements, in order to measure the free surface elevations. Collection of the wave

data was triggered by the initial firing of the PIV laser A when acquiring each set of 770

image pairs. The basic working mechanism and components were the same as described

in section 3.1.5.

3.2.6 Particle Image Velocimetry (PIV) System

The PIV system used for velocity measurements was the same as described in section

3.1.6. The only difference was the addition of a filter because of redundant light near the

Wave-Current Flume, compared with that adopted in the Low-Turbulence Flume. The

camera lens was coupled to a 532nm green filter to remove other wavelengths during the

tests.

3.3 Computer Software

The computing software Matrix Laboratory (Matlab) was used to read the velocity data

and perform data analysis. These were accomplished by user-written programmes, which

are included in appendices A, B and C of the thesis. Some contours and velocity vectors

were plotted using Tecplot Focus. Detailed information is described below.



80

Figure 3-16. A schematic view of the UCL wave-current flume, side view.
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Figure 3-17. Side view of the flow conditioning system, made from the stainless steel

wire mesh.

3.3.1 Matlab

Matlab is a computing environment developed by MathWorks, providing a programming

language that can be designed by users to perform many algorithmic calculations. This

was used to perform data analysis, for example of turbulent fluctuations for current-only

and the combined wave-current conditions. It was also used for image analysis, which

was applied in post-processing of images from the hydrogen bubble experiments. All the

programmes were written in this environment, and different codes for various purposes

are included in the appendix, based on the data analysis mathematical algorithms

described in Chapter 4.

Many useful tools were also provided in the software, namely, a curve-fitting tool box,

and a probability density function tool box. The probability density function was adopted

to obtain the distribution of low-speed streak spacing. Both tool boxes were applied after

the original velocity data were analysed using the user-written programmes, e.g. time

series of turbulence fluctuations or low-speed streak spacings had already been calculated.

3.3.2 Tecplot Focus

Velocity contours and vectors of the results were made using the software Tecplot Focus.

This package is designed mainly for visualisations of test data. Some mathematical

analysis tools are also provided.
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Experimental Procedures and Data Analysis

Methods

This chapter describes the experimental procedures and the methods of data analysis for

the present study, using the experimental apparatus detailed in the previous chapter. The

experimental procedures are given in sections 4.1 and 4.2, for the experiments performed

in the low-turbulence flume and in the wave-current flume respectively. Section 4.3 gives

detailed information of the data analysis methods after the data have been collected

following the procedures.

For both sets of experiments, the coordinate system is defined in the following way. The

top surface of the smooth bed at the centre of the flume inlet is taken as the origin of the

coordinate system, with the axis-ݔ towards the outlet end of the flume, the axis-ݕ upward

vertically and the axis-ݖ representing spanwise direction parallel to the horizontal plane.

Based on the coordinate system defined above, ݑ denotes the streamwise velocity, ݒ the

vertical velocity, and ݓ the spanwise velocity component. The bed condition was a

smooth glass surface, and therefore no specification is given for the bed roughness.
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4.1 Procedures for the Low-Turbulence Flume Experiments

4.1.1 PIV experiments

The whole flume was cleaned thoroughly before the experiments started. The quality and

cleanliness of the water in the flume was closely controlled and maintained, which is a

crucial factor for imaging techniques adopted in the present study and to avoid any

influence of dirt on bed friction. The water quality was closely monitored, and fresh water

was added to the recirculation system when needed.

The unidirectional current was generated by turning on the pumping system. The

constant-head tank was then filled up, and the turbulent current flowed into the main

channel. The weir gate level at the outlet end of the flume was then adjusted to set the

required water depth h=0.16m. Having achieved the required water depth, the turbulent

current flow was left running for 1hour to get stabilised. The water temperature was

recorded then to obtain the fluid viscosity.

The flow rate was measured by recording the time for a specific rise of the water level in

the calibrated collection tank as indicated by a graduated glass tube. This procedure was

repeated three times to obtain the mean value of the time for the water level change. The

flow discharge was calculated by the known length and width of the collection tank and

the water level change in the tube.

The seeding particles were added to the flume in the following way: i) Add water to the

seeding particles and stir the solution; ii) Put the solution into the seeding tank and mix

with water in the tank; iii) Feed the seeding into the main channel through the system as

described in section 3.1.6.4. The flow was then seeded with the particles and left running

for 30min so that the seeding particles were homogeneously distributed in the current

flow.

In order to investigate the characteristics of low-speed streaks in the bottom turbulent

boundary layer with and without waves added, measurements of streamwise and spanwise

velocities were obtained using the PIV system. This was accomplished by illuminating a

horizontal plane using the double-pulsed laser, with the front of the cylindrical lenses

being 208mm from the flume sidewall. The camera as described in the previous chapter

was positioned on a tripod placed underneath the flume. After checking that the laser and

the camera were both level, the calibration target as described in section 3.1.6.3 was put

into the flume to calibrate pixel to mm conversion from the image of the target. This was

also helpful in making sure that the laser light sheet was precisely 0.8mm above the bed
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and that the images were focused precisely on the measuring plane by adjusting the

camera lens.

Before each test the wave probe was calibrated by moving the probe in 1cm vertical steps

and recording the voltage. This gave a corresponding linear relationship between the

voltage (V) and displacement (cm). An example of this calibration is presented in Figure

4-1.

Figure 4-1. Typical calibration of wave probe.

Having set up the PIV system and performed the calibration procedures, velocity

measurements were made by capturing 600 pairs of images sequentially for the

unidirectional turbulent current without waves superimposed. Each pair of images

covered an area 76mm (streamwise direction) × 76mm (spanwise direction). The PIV

sampling frequency for the current-only test was 7.25Hz, which was close to the

maximum value of 7.5Hz for the PIV measurements. The key parameter when optimising

PIV results is the time betweenݐ݀ frame A and frame B, which was adjusted to obtain

the best quality of data. According to the manual, there are five rules dominating the

quality of velocity determinations: i) Interrogation window size should be small enough

for one vector to precisely represent the flow kinematics; ii) There need to be more than

10 particle pairs within each interrogation spot; iii) The maximum in-plane displacements

for each image pair should be 1/4 of the interrogation spot size; iv) The maximum out-

of-plane displacements should be 1/4 of the laser light sheet thickness; v) The minimum

in-plane displacements should be twice the particle diameters (in pixels). It should be
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noted here that wasݐ݀ set according to the minimum velocity in all the conditions tested,

based on the rules described above. In the present experiments,  800μs was adopted=ݐ݀

after preliminary tests. This led to interpolated vectors within 5% of the whole samples,

suggesting the high quality of data acquisition since over 95% of the velocity vectors

were determined directly from the particles’ displacements from frame A to frame B.

When investigating the turbulent low-speed streaks under the effects of wave motion, a

similar procedure was adopted. For each test, the flume was cleaned to ensure image

qualities. Waves with the desired amplitudes and frequencies were generated and

propagated with the turbulent current. The waves were left running for 50s before data

collection so as to achieve an equilibrium state. After this, PIV images were captured

consecutively, and the wave data were recorded simultaneously. The sampling frequency

of the velocity data ranged from 7.25Hz to 4Hz depending on the wave frequency as

tabulated in Table 4-1. For each test condition, the collection of wave data was triggered

by the initial firing of laser A when acquiring a set of 600 image pairs. After finishing the

data collection, all the images were saved and stored on the computer for PIV

measurements and the wave data were stored on the other computer. The wave paddles

were stopped afterwards.

With all images stored on the computer, the analysis to obtain velocity vectors was carried

out by the Insight 4G software. A recursive Nyquist grid was adopted for higher spatial

resolution (compared with the Nyquist grid) and faster speed (compared with the

deformed grid). This grid processed images in two iterations: an interrogation area of 64

pixels×64 pixels in the first iteration and 32 pixels×32 pixels in the final one. The first

iteration determined velocity vectors using a 50% overlapping rule. Results of the first

iteration were then used for optimising the spot grid during the second iteration. The local

displacements were determined by a FFT cross-correlation algorithm (Insight 4G Manual;

Adrian, 1991). A Gaussian peak was adopted for locating the correlation peak as

recommended when using a FFT correlation engine (Insight 4G Manual). This was based

on fitting a Gaussian curve to the correlation peak and its nearest neighbours using three

points. The spatial resolution was 0.6mm/grid, which was fine enough to reveal detailed

information in the bottom boundary layers. Post-processing was carried out by a universal

median test within a neighbouring area of 3 pixels×3 pixels.

The whole procedure was repeated to give streamwise and vertical velocities in the

turbulent current flows with and without waves superimposed. This gave Reynolds shear

stress and the contributions from four quadrant events, eddy viscosity distributions, and
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velocity vectors demonstrating the spanwise vortices. The PIV measurements were

obtained by illuminating the vertical plane with the laser. The laser was fixed as described

in Chapter 3 and produced a vertical light sheet upwards through the flume bed. Special

care was taken to ensure that the laser light sheet was exactly at the centre of the flume,

accomplished by putting two metal plates on the flume bottom with a 1mm gap in between.

Previous experiments such as those of Umeyama (2011), and Yuan and Madsen (2014;

2015) used a downwards laser light sheet. However, unsteadiness of the water surface in

the form of waves and turbulence means the quality of illuminations is steadier and more

uniform with an upward light sheet as adopted in the present study. For each of the

conditions tested in the present study, 380 pairs of images covering an area of 195mm

(streamwise direction) ×195mm (vertical direction) were recorded consecutively. The

time -2600μs was adopted to optimise the data quality, based on different camera set=ݐ݀

up. The PIV sampling frequency for the tests ranged from 7.25Hz to 4Hz, depending on

the wave frequency (see Table 4-1). Processing led to a spatial resolution of 1.4mm/grid,

although more coarse than that mentioned above.

In order to determine the flow regime, the ratios of the current-induced mean flow

velocity ܷ and the wave-induced orbital velocity ෦ݑ at the bed are given in Table 4-1. It

should be noted that linear wave theory is applied here to determine ෦ݑ . Reynolds number

of the current-alone is given, higher than the critical number of 5000 (Sleath, 1984).

Therefore, the current boundary layer is in fully turbulent regime. Reynolds numbers of

wave boundary layer are tabulated in Table 4-1. Critical values of wave Reynolds

numbers are shown in Figure 4-2. These suggest that the wave boundary layers are in

laminar regime.

Figure 4-2. Critical values of wave Reynolds number, adapted from Sleath (1984).
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Test Name Flow
Type

Wave
Period
T (s)

Wave
Amplitude

(mm)

PIV
sampling
frequency

f (Hz)

ܷ
෦ݑ/

Reynolds
number:

Current-
alone Rec

or wave-
alone Rew

CA Current-
only

-- -- 7.25 -- 32000

WCAT1.11sA12mm Wave-
current

condition

1.11 12 4.50 6.8 154
WCAT1.11sA14mm 14 5.7 221
WCAT1.11sA18mm 18 4.4 378
WCAT1.25sA14mm Wave-

current
condition

1.25
14

4.00
5.1 314

WCAT1.25sA16mm 16 4.5 405
WCAT1.25sA18mm 18 4.1 482
WCAT1.25sA20mm 20 3.6 634
WCAT1.38sA12mm

Wave-
current

condition
1.38

12

7.25

4.8 397
WCAT1.38sA14mm 14 4.1 532
WCAT1.38sA16mm 16 3.6 691
WCAT1.38sA18mm 18 3.5 747
WCAT1.38sA20mm 20 3.0 986
WCAT1.67sA14mm Wave-

current
condition

1.67
14

6.00
4.7 482

WCAT1.67sA16mm 16 4.2 624
WCAT1.67sA18mm 18 3.7 806
Table 4-1. Flow conditions for experiments conducted in the Low-Turbulence flume,
orifice plate diameter ∅ = 94.4 (݉݉ ), mean flow velocity ܷ = 0.200 (݉ ,(ݏ/ water

depth ℎ = 160݉݉ .

4.1.2 Hydrogen bubble experiments

In order to set up the hydrogen bubble experiments, a pair of copper plates was stuck to

each sidewall inside the flume at the same level above the bed. This was observed to give

more uniform generation of bubbles across the wire, compared with using just one pair

on one sidewall. As mentioned in the previous chapter, brass strips were used at first for

the tests. However, the bubble quality was not good, and therefore the copper plates were

adopted. These were cleaned carefully before starting each experiment to remove

deposits, which were observed during preliminary tests to influence the quality of bubbles

substantially.

The wire, functioning as the cathode and generating hydrogen bubbles with an electric

current applied, was positioned using the supporting system (see section 3.1.7.3). A

square was used to check whether the wire was accurately orthogonal to the flow direction

and parallel to the flume bed. The screws on the support were loosened to rotate the whole

frame when any misalignment was found, after which they were tightened again to secure
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the frame. In order to attach the wire at the required position =ݕ 0.8݉݉ above the bed,

the wire was initially set at 0.475mm above the flume bed using a feeler gauge. This was

set as the zero level for the wire, and the wire was then lifted by 0.325mm using the

micrometer on the support.

Having placed the copper plates and attached the wire, the whole electrical circuit was

connected, and the pulse generation box was used to supply the electric current. The

pumping system of the flume was then turned on, and the flume was operated to generate

a steady turbulent current flow. The procedure to set the required water depth was the

same as for the PIV experiments as described in section 4.1.1.

Safety checks were performed before operating the laser to start the hydrogen bubble

experiments. These included checking that the laser shutter was closed, the lens cap was

on the laser head, the main pump was open, and the water supply to the coolant system

was turned on. After these checks, the heat exchanger functioning as a cooling system for

the laser operation was turned on and 10min allowed to power the laser. The remote

control panel was then turned on. To extend laser life, it was powered and warmed up for

at least 30min before activating the laser optics. During this period, adjustments were

performed to obtain an equilibrium state for the laser output power using the remote

control panel. This was a pre-requisite for the hydrogen bubble experiments because it

ensured that the laser was in a stable state and no fluctuations of laser output power

occurred during the tests.

Once these preparation works were completed, a horizontal plane was illuminated by the

laser light sheet. The calibration target as described in section 3.1.6.3 was used to ensure

that the laser light sheet was emitted at the required height above the bed. In order to

ensure the position of the illumination area with high accuracy, the laser was then adjusted

slightly up and down using the scissor jack. This procedure was repeated until the image

showed the brightest, ensuring that the laser just ‘touched’ the wire and was exactly at the

required level of =ݕ 0.8݉݉ above the flume bed. The platinum wire was cleaned using

a camel hair brush to avoid the effects of dust on the wire.

The illuminated platinum wire was then observed in the field of view through the camera

with a resolution of 1920 pix×1080 pix, mounted on the tripod underneath the channel.

The camera was adjusted so that the wire was in the centre of the view, focused to the

highest degree by adjusting the camera lens. A picture of the calibration grid was taken

first, and this was later used for data analysis to calibrate pixels into mm. The aperture of
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the camera was set at 4.5 to avoid unwanted daylight. This was found to provide a high-

quality image.

The wire was cleaned both chemically and mechanically before starting video recording.

This was accomplished by reversing the polarity of the electrical circuit and the current

applied for approximately 20s, leading to oxygen being generated at the wire. As

suggested by Stuart (1984) and further confirmed in the present study, this method was

effective in removing the deposited salts on the wire. After this, the wire was cleaned

mechanically by the brush to get rid of accumulated dust and gas. These two steps were

repeated a few times so as to maintain cleanness of the wire and the quality of hydrogen

bubbles. It was also essential to clean the deposits on the two brass rods of the supporting

system, as these were observed to influence the generation of hydrogen bubbles

substantially.

Having completed the cleaning work, the electrical current was applied to the wire and

left running for 20s. This step was found to be necessary to ensure the quality of hydrogen

bubble visualisation since the quantity of bubbles increased at the initial stage until it

reached a steady state. Having checked that the bubbles generated were good, and the

flow had recovered from the disturbance caused by the cleaning work, the hydrogen

bubble pulse generator was switched on and the camera started.

For a combined wave-current flow, the waves were generated for 50s before starting data

collection. For each test condition, the camera was started first, the pulse generator was

then turned on, and the bubbles were produced for 2min and recorded at 25 frames per

second (fps) by the camera using the video mode. The water surface was recorded by the

wave probe simultaneously. No external synchronisation was needed since the sudden

drop in voltage induced by the pulse generator was detected in the wave gauge data. The

wave paddle was stopped after the data collection of both video records and wave data,

and the water temperature was recorded.

The final step was to turn off the laser. This included closing the shutter, making sure that

the power of the laser was less than 0.04watt using the remote control panel, turning off

the laser and waiting for 10min before powering off the laser, turning off the heat

exchanger and all the water supplies.
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4.2 Procedures for the Wave-Current Flume Experiments

In order to identify any influence of laboratory scale on experimental results, the second

set of experiments was performed in the wave-current flume at a larger scale. A different

water depth was adopted to investigate the effects of current conditions on turbulent

boundary layers. Waves with different amplitudes and frequencies were generated and

propagated with the turbulent current, so as to study the structure of turbulence in

combined wave-current boundary layers.

The wave-current flume was provided with four valves to control the flow conditions.

The higher one was used for on-off control of the inflow, and another valve at the inlet

allowed fine adjustment of the flow coming into the flume. Two valves at the outlet end

of the flume were adjusted to set the required water depth, with one for coarse adjustments

and the other for fine adjustments. There was also an adjustable weir gate at the outlet,

which was used to keep the water level constant during the tests. The still water depth

was kept constant at 400mm with the wave maker powered on and energised.

The general measurement procedure was the same as that conducted in the low-turbulence

flume, see section 4.1.1. The whole PIV system was moved to the wave-current flume to

record a sequence of 770 image pairs, with the same apparatus set-up and configuration.

There were several differences, however, compared with those in the low-turbulence

flume. One was that a 532nm green filter was used to filter out unwanted light during the

tests. Another significant difference was the timing set-up for the PIV measurements

required because of the different flow rates in the two experiments. As stated above, ݐ݀

should be based on the five rules and adjusted according to the experimental conditions.

After preliminary tests, =ݐ݀ 1000 μs (for measurements on the horizontal plane)

and�݀ݐ= 3000μs (for measurements on the vertical plane) were observed to give the

best results and were adopted in the present study.

The spatial resolution was not much different from the small-scale experiments, with the

horizontal plane covering an area of 73mm (streamwise direction) × 73mm (spanwise

direction) and the vertical plane of 195mm (streamwise direction) ×195mm (vertical

direction). These led to a spatial resolution of 0.6mm/grid and 1.5mm/grid, respectively.

Post-processing was carried out by a universal median test within a neighbouring area of

9 pixels×9 pixels, which was larger than that adopted in the low-turbulence flume

because of the larger scale involved.
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Flow conditions for the tests conducted in the wave-current flume are tabulated in Table

4-2. The current boundary layer is again in fully turbulent regime. Wave Reynolds

numbers again suggest that the wave boundary layers are in laminar regime.

Test Name Flow Type Wave
Period
T (s)

Wave
height
measured
at the test
section
(mm)

PIV
sampling
frequency
f (Hz)

෦ݑ/ܷ Reynolds
number:

Current-
alone Rec

or wave-
alone Rew

CAA Current-only 7.0 -- 71200
WCAAT2s

A70mm
Wave-current

condition
2.00 83 5.0 0.9 13546

WCAAT1.6
7sA120mm

Wave-current
condition

1.67 120 6.0 0.7 23194

WCAAT1.4
3sA120mm

Wave-current
condition

1.43 138 7.0 0.7 16573

WCAAT1.2
5sA100mm

Wave-current
condition

1.25 110 4.0 1.0 7119

WCAAT1.1
1sA86mm

Wave-current
condition

1.11 83 4.5 1.5 3138

WCAAT1s
A70mm

Wave-current
condition

1.00 52 5.0 2.9 1033

Table 4-2. Flow conditions for experiments conducted in the wave-current flume, water
depth ℎ = 400݉݉ .

4.3 Data Analysis Methods

4.3.1 Wave data analysis

Having obtained the time series of free surface elevation using the wave probe described

in section 3.1.5, harmonic analysis was performed to determine the fundamental

frequency and amplitude of the waves generated. This is the first step of data analysis

involved in the present study, in order to ensure that waves generated possess the required

properties. Harmonic analysis is widely adopted to determine the frequency domain from

the time domain, based on the following definition:

Ƞ( )݈ = ∑ (ݐ)ߟ ∙ �݁ ଶగ∙∙/ିଵିݔ
ୀ ���������݈= 0,1, 2, … ܤ, − 1 Equation 4-1

where (ݐ)ߟ represents the time series of free surface elevation, ݅stands for imaginary

number defined by ݅ଶ = −1. In the present study, ܤ = 8000 for the number of wave

samples used for analysis.

The ensemble-averaged wave profile is obtained by the downward zero-crossing method.

An explanation of the zero-crossing method can be found in Holthuijsen (2010), who opts
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for a downward zero-crossing method over an upward one because wave height is

commonly estimated to be the height of the wave crest relative to the preceding trough.

The method is adopted here to split the whole sequence of wave data into individual wave

cycles, with the preceding and the succeeding surface elevation having a positive and a

negative value respectively. Each individual wave cycle is referenced to the same wave

phase to obtain the ensemble-averaged wave profile.

4.3.2 Turbulence fluctuations

The Insight 4G software of the PIV system, as described in section 4.1.1 and 4.2, was

used to obtain the time series of velocity components. By discretising each PIV image

into 127 × 127 interrogation windows, velocity vectors were determined from the

displacements of particles within each interrogation window. This process gives 127 grid

points in ݔ and ݕ direction for measurements on a vertical plane, or 127 grid points in ݔ

and directionݖ for measurements on a horizontal plane. It should be noted here that, in

contrast to previous experiments using a single point technique such as LDV or ADV, the

PIV technique adopted by the present study gives a plane of velocity vectors

instantaneously. Each grid point contains a velocity vector. For brevity, ଵ݅ denotes the

index number of positions in the ݔ direction hereafter in the thesis, ଶ݅ in the ݕ direction,

and ଷ݅ in the .directionݖ Analysis of the whole time sequences of images leads to a time

series of velocity vectors, from which turbulence fluctuations can be determined.

For a unidirectional turbulent current flow without waves superimposed, it is well

established (Tennekes and Lumley, 1973; Bernard and Wallace, 2002) that an

instantaneous velocity component ܯ (representingݑ� , ݒ , or ݓ ) includes the time-

averaged mean value Mഥ and turbulence fluctuations Mᇱ. This can be expressed as follows:

ܯ ഥܯ�= ܯ�+ ᇱ Equation 4-2

ഥܯ =
ଵ

ே
∑ ܯ (݊ ∙ ேିଵ(ݐ݀
ୀ Equation 4-3

=ݐ݀
ଵ


Equation 4-4

where Mഥ is the time-average of ܯ over the whole sampling period, Mᇱ is turbulence

fluctuation component, ܰ represents the sampling number in the time domain, theݐ݀

time between two consecutive measurements, and ݂ the sampling frequency. See Tables

4-1 and 4-2 for the sampling frequency ݂ of each test condition.



93

Applying the method of velocity decomposition at each grid point, turbulence fluctuations

for a unidirectional current without waves added can be determined from the time series

of PIV measurements in the following way:

ܯ ൫ݔభ,ݐ,ݕ൯
ᇱ

= ܯ ൫ݔభ,ݐ,ݕ൯−
ଵ

ே
∑ ܯ ൫ݔభ,ݕ,݊ ∙ ൯,ேିଵݐ݀
ୀ ଵ݅ = 1, 2, 3, … ଵܫ, Equation 4-5

where భݔ stands for the streamwise displacement relative to the left edge of the PIV

image, ݕ for the vertical displacement above the bed, ଵܫ is the total number of grid points

in ݔ direction ଵܫ) = 127), and forݐ the time of an instantaneous measurement.

In a combined wave-current flow, velocities are composed of wave-induced periodic

components, a steady current-induced component and turbulence fluctuations (Kemp and

Simons, 1982; Nielsen, 1992). For a velocity component ܯ , this is expressed by the

following equation:

ܯ ഥܯ�= ܯ�+෩ܯ�+ ᇱ Equation 4-6

ܯ〉 〉 =
ଵ


∑ ܯ +ݐ) ∙݆ ܶ), 0 < >ݐ ܶ�����������ି ଵ
ୀ Equation 4-7

(ݐ)෩ܯ = ܯ〉 〉 − ഥܯ , 0 < >ݐ ܶ���������������� Equation 4-8

where Mഥ is the time-average of ܯ over the samples, M෩ is the periodic component, 〈M〉 is

the ensemble-average of ܯ , Mᇱ is turbulence component, ܶ is wave period, ܬ is the

number of wave cycles for ensemble-averaging.

By adopting the method described above, turbulence fluctuations can be determined from

the time series of velocities when waves are added. It should be noted here that the

determination of ensemble-averaged velocities slightly differs from previous methods for

a single point measurement because of the PIV technique adopted. In the present study,

ensemble-averaged velocities are calculated by two steps:

i) Spatially averaging velocities within three adjacent points in the ݔ direction, covering

a length of 4.5mm within each PIV image;

ii) Averaging velocities at the same wave phase over 38 or 76 wave cycles for the

experiments conducted in the low-turbulence flume, and 77 or 154 cycles for the

experiments performed in the wave-current flume. The number of wave cycles used for

phase-averaging is different for tests in two flumes so as to test whether this has any

influence on the results. For tests performed in one flume, the number is adjusted to make

sure that the PIV sampling frequency is exactly 5 or 10 times wave frequency. This is to
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ensure that either 5 or 10 data points are collected in each wave cycle so that averaging

can be made exactly at the same wave phase.

The algorithms described above can be represented as:

=൯ݐ,ݕ,భݔ௪൫ܯ
ெൣ ൫௫భ�ష�భ,௬,௧൯ାெ ൫௫భ,௬,௧൯ା�ெ ൫௫భ�శ�భ,௬,௧൯൧

ଷ
, 1 < ଵ݅ < ଵܫ Equation 4-9

ܯ〉 ൫ݔభ,ݐ,ݕ൯〉 =
ଵ


∑ +ݐ,ݕ,భݔ௪൫ܯ ∙݆ ܶ൯ି ଵ
ୀ , 0 < >ݐ ܶ� Equation 4-10

where isܬ the total number of wave cycles as tabulated in Table 4-3.

Test Name ܬ
WCAT1.11sA12mm

76

WCAT1.11sA14mm
WCAT1.11sA18mm
WCAT1.25sA14mm
WCAT1.25sA16mm
WCAT1.25sA18mm
WCAT1.25sA20mm
WCAT1.38sA12mm

38

WCAT1.38sA14mm
WCAT1.38sA16mm
WCAT1.38sA18mm
WCAT1.38sA20mm
WCAT1.67sA14mm
WCAT1.67sA16mm
WCAT1.67sA18mm
WCAAT2sA70mm

77WCAAT1.67sA120mm
WCAAT1.43sA120mm
WCAAT1.25sA100mm

154WCAAT1.11sA86mm
WCAAT1sA70mm
Table 4-3. Values of forܬ data analysis.

Particular attention should be paid to the spatial-averaging adopted here, which mainly

functions as high frequency smoothing and increases the number of data points included

in ensemble-averaging. Since this is performed only within 4.5mm, which is small

compared to the wavelength, there is a negligible difference between the velocity

components within the adjacent three points used for spatial-averaging.

Following Equation 4-5, turbulence fluctuations for combined wave-current flows are

then expressed as:

ܯ ൫ݔభ,ݐ,ݕ൯
ᇱ

= ܯ ൫ݔభ,ݐ,ݕ൯− ܯ〉 ൫ݔభ,ݐ,ݕ൯〉 Equation 4-11
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4.3.3 Reynolds shear stress, mean velocity profiles and eddy viscosity

Having obtained the time histories of turbulence fluctuations, the Reynolds shear stress

can be determined by time-averaging and spatial-averaging. This is valid for the turbulent

current flow with and without waves superimposed, with turbulence fluctuations

determined from Equations 4-11 and 4-5 respectively:

ோ߬௬തതതതതത(ݕ) = −
ଵ

(ି)
∑

ଵ

ே
∑ ߩ ∙ ݊,ݕ,ଵݔ)ᇱݑ ∙ (ݐ݀ ∙ ݊,ݕ,ଵݔ)ᇱݒ ∙ ேିଵ(ݐ݀
ୀ


భୀ

Equation 4-12

where ோ߬௬തതതതതത(ݕ) represents the vertical distribution of Reynolds shear stress, and ߩ for the

water density, ܽ for the index number of the first point for spatial-averaging in the ݔ

direction (ܽ= 40 in the present test), ܾ for the index number of the last point for spatial-

averaging in the ݔ direction (ܾ= 111).

It should be noted here that the spatial-averaging is performed over the centre of each

image, for 71 points in the ݔ direction, so as to eliminate influences from the edges of

PIV images. Differences in the longitudinal distribution of Reynolds shear stress is also

negligibly small, and therefore spatial averaging in the ݔ direction of each PIV image is

adopted in the present work.

The vertical distribution of mean velocity ഥܷ(ݕ) is obtained following the same procedure,

by time-averaging and spatial-averaging:

ഥܷ(ݕ) =
ଵ

(ି)
∑

ଵ

ே
∑ ݊,ݕ,భݔ൫ݑ ∙ ൯��ேିଵݐ݀
ୀ


భୀ

Equation 4-13

The velocity gradient normal to the boundary can be determined from the time-averaged

mean velocity profile, based on the following definition for discrete data:

డഥ(௬)

డ௬
ቚ
௬ୀ௬

=
ഥ(௬)|స ି��ഥ(௬)|సషభ

௬�ି ��௬షభ
=���������������, 2, 3, … ଶܫ, Equation 4-14

where ഥܷ(ݕ)|௬ୀ௬ denotes the mean velocity at the pointݕ�= ,ݕ ଶܫ is the total number of

grid points in ݕ direction ଶܫ) = 127 ), and ഥܷ(ݕ)|௬ୀ௬షభ for the value at the adjacent

pointݕ��= .ିଵݕ

Having obtained the vertical distribution of Reynolds shear stress and mean velocity

profile, the eddy viscosity distribution can then be calculated for the turbulent current

flow with and without waves added. The definition of eddy viscosity for turbulent

boundary layers without waves superimposed can be found in Pope (2000), where the

eddy viscosity was defined as:
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′పݑߩ− ∙ =ఫ′തതതതതതതതതݑ ௧ߤ2 ∙ పܵఫ
തതതത−

ଶ

ଷ
ߩ ∙ ܧܭܶ ∙ ߜ Equation 4-15

where Sనതതതis the rate-of-strain tensor defined as పܵఫ
തതതത=

ଵ

ଶ
൬
డ௨ഢതതത

డ௫ೕ
+

డ௨ണതതത

డ௫
൰, μ୲is the turbulent

dynamic viscosity which is related with eddy viscosity ௧ߝ by the density of water, ܧܭܶ is

the turbulence kinetic energy (TKE) given by ܧܭܶ =
ଵ

ଶ
ଶ(ᇱݑ)] + ଶ(ᇱݒ) + ݓ) ᇱ)ଶ], and δ୧୨

is the Kronecker delta defined asߜ� = ൜
0, ���݂݅ �݅�≠ ݆
1, ���݂݅ �݅�= ݆

.

The kinematic eddy viscosity ௧ߝ can then be calculated as follows, based on Reynolds

shear stress and mean velocity gradient obtained from the discrete data：

௬ୀ௬|(ݕ)௧ߝ =
ఛೃ(௬)തതതതതതതതതതതതห

స
/ఘ�

ങഥೆ()

ങ
ቚ
స

=
ఛೃ(௬)തതതതതതതതതതതതห

స
/ఘ

ഥೆ()|స ష��ೆഥ()|సషభ

�ష��షభ

=, 2, 3, … ଶܫ, Equation 4-16

4.3.4 Quadrant Analysis of Reynolds shear stress

As reviewed in Chapter 2, Reynolds shear stress can be generated from four quadrant

events: Q1 events ’ݑ) > 0 ’ݒ�& > 0) , Q2 events ’ݑ) < 0 ’ݒ�& > 0) , Q3 events ’ݑ) <

0 ’ݒ�& < 0) , and Q4 events ’ݑ) > 0 ’ݒ�& < 0) . The definition of quadrant analysis

originally proposed by Lu and Willmarth (1973, pp. 14) is adopted to investigate the

contributions from the four events to Reynolds shear stress. The spatial-averaging

procedure is then performed again to quantify the magnitude of Reynolds shear stress

contributed from each quadrant event ( ோ߬௬ொ
തതതതതതത). This is valid for a turbulent current flow

with and without waves added.

4.3.5 Auto-correlations and spacing between low-speed streaks

Auto-correlation of velocity components is a classical method in turbulence theories to

detect periodicity and coherence (Grant, 1958; Tennekes and Lumley, 1973; Pope, 2000).

As described in section 4.3.2, an instantaneous PIV image gives 127 grid points in ݔ and

directionsݖ for velocity measurements on a horizontal plane. Velocity vectors at each ݔ

position give the spanwise distribution of streamwise velocity ,భݔ)ݑ z,ݐ), and the centre

line after cropping the image is denoted as ‘Line56’ hereafter in the thesis.

The first step in performing auto-correlations is to obtain the instantaneous mean

streamwise velocity at a fixed ݔ position, by spatial-averaging in :directionݖ
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(ݐ,భݔ)ܷ =
ଵ

ௗି
∑ ൯ௗݐ,యݖ,భݔ൫ݑ
యୀ

Equation 4-17

where U(xభ, t) is the instantaneous streamwise velocity averaged across the axis-ݖ and

therefore is only a function of streamwise position xభ and timeݐ�, ܿis the index number

of the first point for spatial-averaging in the directionݖ (ܿ= 9 in the present test for

measurements in a horizontal plane), ݀ is the index number of the last point for spatial-

averaging in the directionݖ (݀ = 120 in the present test for measurements in a horizontal

plane).

The instantaneous two-point auto-correlation coefficient is then calculated by the

following equation:

ܴ൫ݔభ,݀ݐ,ݖ൯=

భ

బ.ఱ∙(షశభ)
∙∑ ௨൫௫భ,௭య,௧൯

ᇲᇲ
∙௨(௫భ,௭యାௗ௭,௧)ᇲᇲ

బ.ఱ∙(యశభ)
యస

భ

బ.ఱ∙(షశభ)
∙∑ ௨൫௫భ,௭య,௧൯

ᇲᇲ
∙௨(௫భ,௭య,௧)ᇱᇱ

బ.ఱ∙(యశభ)
యస

Equation 4-18

ᇱᇱ(ݐ,యݖ,భݔ)ݑ = −൯ݐ,యݖ,భݔ൫ݑ�� ��ܷ ൫ݔభ,ݐ൯ Equation 4-19

=ݖ݀ ∙ݎ ∆ =ݎ������������, 0, 1, 2, … , 0.5 ∙ (݀− ܿ+ 1) − 1 Equation 4-20

where ∆ is the grid size in the spanwise direction (∆= 0.6݉݉ ), and ᇱᇱis(ݖ)ݑ the velocity

fluctuation in the spanwise direction, ଷܫ is the total number of grid points in directionݖ

ଷܫ) = 127).

The instantaneous integral spatial scale is determined by analogy to the integral time scale

in turbulence theories:

.ܫ .ܵ (ݐ,భݔܵ) = ∫ ܴ൫ݔభ,݀ݐ,ݖ൯
௭బ


ݖ݀ Equation 4-21

where ݖ is the first zero-crossing point of the auto-correlation coefficient distributions

ܴ൫xభ, dz, t൯.

The instantaneous streak spacing at a fixed ݔ position (ݐ,భݔ)ߣ is then determined from

the auto-correlation coefficient distributions R൫ݔభ,݀ݐ,ݖ൯ , being the value of dz

corresponding to the first peak of R൫ݔభ,݀ݐ,ݖ൯. It should be noted here that the

experimental data obtained in the wave-current flume use the time series of streak spacing

at Line56, while spatial-averaging over all ݔ positions in each PIV image is used for the

data obtained in the low-turbulence flume:

(ݐ)ߣ =
ଵ

௦ି ାଵ
∑ ൯௦ݐ,భݔ൫ߣ
భୀ

Equation 4-22

where ݁ represents the index number of the first point for spatial-averaging in the ݔ

direction (݁= 4 in the present test for measurements in a horizontal plane), ݏ for the
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index number of the last point for spatial-averaging in the ݔ direction =ݏ) 121 in the

present test for measurements in a horizontal plane).

The instantaneous value of streak spacing, either with or without the spatial-averaging

procedure, will be denoted as (ݐ)ߣ in the thesis for simplicity.

Having obtained the time series of streak spacing ,(ݐ)ߣ the time-averaged mean streak

spacing ̅ߣ is then obtained by averaging over all samples:

̅ߣ =
ଵ

ே
(ݐ)ߣ∑ Equation 4-23

Statistical analysis is then performed to investigate the probability density distribution of

streak spacing, in terms of standard deviationߪ�ఒ, coefficient of variation�߰ ఒ, skewness�ܵఒ,

and flatness ఒܨ using the following definitions:

ఒߪ = ට
ଵ

ேିଵ
∑ (ݐ)ߣ] − ଶே[̅ߣ
ୀଵ Equation 4-24

�߰ ఒ =
ఙഊ

ఒഥ
Equation 4-25

�ܵఒ =
భ

ಿషభ
∑ [ఒ(௧)ିఒഥ]యಿ
సభ

ఙഊ
య Equation 4-26

ఒܨ� =
భ

ಿషభ
∑ [ఒ(௧)ିఒഥ]రಿ
సభ

ఙഊ
ర Equation 4-27

where ܰ is the sampling number of the whole time series, ̅ߣ for the mean streak spacing.

This is used for investigating the probability density functions of streak spacing. In the

present study, lognormal distribution and Burr distribution were used. The probability

density function of the lognormal distribution is represented as:

((ݐ)ߣ)ܲ =
ଵ

ఒ(௧)థ√ଶగ
ቄݔ݁�

ି[ఒ(௧)�ି �ఓ]మ

ଶథమ
ቅ� Equation 4-28

=ߤ ݈݃ �(
ఒഥమ

ටఒഥమାఙഊ
మ

) Equation 4-29

߶ = ට ݈݃ �(
ఙഊ

మ

ఒഥమାଵ
) Equation 4-30

The Burr distribution is a more flexible distribution that can represent a wide range of

distribution shapes. This was originally proposed by Burr (1942) as a distribution

controlled by two parameters, and later developed by Tadikamalla (1980) with an

additional parameter. The probability density function is given by:
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((ݐ)ߣ)ܲ =



[
ഊ()


]షభ

ቄଵା[
ഊ()


]ቅ

శభ Equation 4-31

where andߦ ߗ are the shape parameters and ߓ is the scale parameter.

The data analysis methods described above are valid for a turbulent current with and

without waves added. Additional parameters are required when waves are superimposed

on the turbulent current, namely, the ensemble-averaged streak spacing and periodic

streak spacing. The ensemble-averaged streak spacing is determined to quantify the

evolution of streak spacing within one wave cycle, in analogy to ensemble-averaged

velocities:

(ݐ)〈ߣ〉 =
ଵ


∑ +ݐ)ߣ ∙݆ ܶ)ି ଵ
ୀ , 0 < >ݐ ܶ Equation 4-32

The periodic streak spacing ሚisߣ then determined by subtracting the time-averaged streak

spacing from the ensemble-averaged streak spacing, in analogy to periodic velocity

component:

(ݐ)ሚߣ =
ଵ


∑ +ݐ)ߣ ∙݆ ܶ) ି̅ߣ�− ଵ
ୀ , 0 < >ݐ ܶ Equation 4-33

4.3.6 Data Analysis for hydrogen bubble experiments

The main purpose of the hydrogen bubble experiments was to provide additional

qualitative information of flow patterns in the viscous sublayer, for a turbulent current

with and without waves superimposed. Quantitative analysis was performed for the

turbulent current flow without the waves, based on the sequence of 75 frames analysed

with a duration of 3s. However, this was not long enough for effective analysis of a

combined wave-current flow.

The first step was to obtain the whole sequence of instantaneous frames from the video

records using the software VLC Player. Image analysis was then performed to improve

the image quality, involving enhancing the contrast and then cropping each image with

the lower edge being the position of the wire and the upper edge being either the first or

the second timeline of the bubbles.

The processed image was then input into Matlab to obtain the coordinates of the timeline

for each image, so as to determine the displacements of the bubbles. As explained in

Chapter 3, the traces of hydrogen bubbles represent the flow velocities. Based on this
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principle, the instantaneous spanwise distribution of streamwise velocity is represented

by the coordinates of the timeline.

Having obtained the instantaneous spanwise distribution of streamwise velocity ,(ݐ,ݖ,ݔ)ݑ

the instantaneous spacing between low-speed streaks was quantified using the same

procedure as detailed in section 4.3.5.

All the data analysis following the aforementioned algorithms in section 4.3 was carried

out by user-written programmes using Matlab. These programmes are included in

appendices A, B and C.
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Experimental Results and Discussions

This chapter presents the main findings from two sets of experimental data collected in

flumes with different scales. Results of different flow conditions are demonstrated, from

unidirectional turbulent currents to combined wave-current flows. Under each flow type,

turbulence characteristics and coherent structures visualised in both a vertical and a

horizontal plane are discussed, following the data analysis methodology detailed in

Chapter 4. This ultimately gives an enhanced understanding of turbulence in a three-

dimensional space, with and without waves superimposed.
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5.1 Unidirectional Currents without waves added

5.1.1 Average properties of turbulent boundary layer

5.1.1.1 Mean velocity profiles

Flow properties of turbulent currents such as the free-stream velocity and the depth-

averaged mean velocity are determined from mean velocity profiles on a linear scale

[Figures 5-1 (a) and 5-2 (a)]. It should be noted that velocities were not measured very

close to the bed (y≤2mm) because of high reflection caused by the smooth glass bed.

Measurements within 2mm from the free surface were also not obtained. The free-stream

velocity ܷஶ is taken as the velocity at the point where a constant value is reached. This

leads to the Reynolds number based on the momentum thickness Reθ=1898 and 2028 for

the low-turbulence flume and the wave-current flume test. The value of depth-averaged

mean velocity ܷௗ for the low-turbulence flume correlates well with that obtained from

measurements of the flow rate into the collection tank (see section 4.1.1), with the

discrepancy less than 1%.

A logarithmic distribution holds for tests conducted in both flumes [Figures 5-1 (b) and

5-2 (b)]. The choice of upper and lower limits for selecting data points is highly

significant when considering the logarithmic curve-fitting. Here, two main standards are

applied: i) The range that gives the best curve-fitting quality as judged by the coefficient

of determination ܴଶ; ii) Stop at the point where the mean velocity starts to deviate from

the logarithmic profile. Following this process, logarithmic regions are observed to exist

in the bottom 30% of the boundary layer, agreeing with Adrian (2000).

The von Kármán constant is obtained by applying the logarithmic law of the wall defined

as ഥܷ =
௨∗


݈݊ ቀ

௬

௬బ
ቁ. Here, u∗ represents the shear velocity defined as ∗ݑ = ට

ఛ್

ఘ
, with ߬

representing bed shear stress and determined from Reynolds shear stress distributions.

Given the values of ∗ݑ which will be presented in the next section, the Von Kármán

constant is κ=0.38 and 0.3 respectively. The variation of ߢ can be caused by the different

aspect ratios for tests in the two flumes. The value is closer to the theoretical one of 0.4

for the low-turbulence flume test. This is expected since the aspect ratio is 3 and therefore

secondary flows are not obvious.

To summarise, results presented above demonstrate that turbulent currents generated in

both flumes conform to the classical theory and that the number of independent samples

is adequate to produce statistically reliable results.
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Figure 5-1. Mean velocity profile of a unidirectional turbulent current, measured in the

low-turbulence flume: (a) linear scale; (b) semi-logarithmic scale.
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Figure 5-2. Mean velocity profile of a unidirectional turbulent current, measured in the

wave-current flume: (a) linear scale; (b) semi-logarithmic scale.

5.1.1.2 Reynolds shear stress and bed shear stress

Both bed shear stress ߬ and boundary layer thickness ߜ are determined from Reynolds

shear stress distributions (Figures 5-3 and 5-4), assuming that shear stress has a linear

distribution throughout turbulent boundary layers while ignoring the viscous sublayer.

This is represented as (ݕ߬) = ߬(1 − ,(ߜ/ݕ where ݕ represents the height above the

smooth bed, ߜ is the boundary layer thickness, and�߬ the bed shear stress.

Following the best curve-fitting principle and using the aforementioned definitions, the

boundary layer thickness ߜ is obtained as the height above the bed where Reynolds

shear stress is zero. Results are given in the figures.
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Figure 5-3. Vertical distribution of Reynolds shear stress in a unidirectional turbulent

current, low-turbulence flume.

Figure 5-4. Vertical distribution of Reynolds shear stress in a unidirectional turbulent

current, wave-current flume.
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taken to be valid from the position of
ଵଵ.∙ఔ

௨∗
(Clauser, 1956). Both the upper limit of

validity and the linear variation of eddy viscosity are in good agreements with the

classical theory of turbulent boundary layers (Prandtl, 1925). A parabolic distribution is

observed in the outer region, valid within the boundary layer. This is different from the

previous assumption that water depth is the typical length scale of eddy viscosity

(Castanedo et al., 2005). More discussions on the length scale and velocity scale of the

eddy viscosity are included in section 5.2.3.3, together with those in combined wave-

current flows.

Figure 5-5. Eddy viscosity distribution of a unidirectional current, low-turbulence

flume.

Figure 5-6. Eddy viscosity distribution of a unidirectional current, wave-current flume.

0

10

20

30

40

50

60

70

80

90

100

0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04

y
(m

m
)

0

30

60

90

120

150

0.0E+00 5.0E-05 1.0E-04 1.5E-04 2.0E-04

y
(m

m
)

௧ߝ (݉ ଶ/ݏ)

ࣄ ∙ ∗ ∙ 

ࣄ ∙ ∗ ∙ 

௧ߝ (݉ ଶ/ݏ)



107

5.1.2 Coherent structures: streaky patterns

5.1.2.1 Flow visualisations in the − planeࢠ

High-speed and low-speed streaks are observed in the near-wall region. Figure 5-7 gives

a snapshot of hydrogen bubble visualisations. Streamwise vortices are detected by

intertwined timelines of hydrogen bubbles, as indicated by orange arrows in the figure.

These are observed to be where low-speed streaks locate, supporting the previous

observation that counter-rotating streamwise vortices reside near turbulent streaks

(Blackwelder, 1983; Jimenez and Kawahara, 2013). Previous experiments have suggested

that turbulent streaks are formed by streamwise vortices (Kasagi et al., 1986; Smith and

Schwartz, 1983). These counter-rotating vortices are legs of hairpin vortices and located

in the wall region (7 ≤ ାݕ ≤ 70). Low-speed streaks are formed where a pair of vortices

bring flow up into the outer region, and high-speed region would be where another pair

rotating in the opposite direction bring flow down into the near-wall region.

High-speed streaks are relatively wider than low-speed streaks, agreeing with typical

characteristics of streaky patterns as found by Robinson (1991). This is demonstrated in

the contours of streamwise velocities for the two flumes (Figures 5-8 and 5-9) , with the

time relative to the initial measurement given for each snapshot. Axes are based on the

PIV coordinate system and denoted as ‘Relative z’ and ‘Relative x’. The origin of each

image is 200mm from the left sidewall, when viewed in the flow direction. Note that the

range of contours plotted is different between the two figures, to ensure that the scale

chosen does not bias the detection of streaks. Regions of high-speed and low-speed

streaks are highlighted by red and black ellipses, and denoted as ‘HSS’ and ‘LSS’

respectively. Low-speed streaks are elongated in the streamwise direction and tend to

meander in the spanwise direction.

Taylor’s hypothesis (Taylor, 1938), alternatively known as the Taylor ‘frozen turbulence’

hypothesis, is applied here to interpret the kinematics of coherent structures. Based on

this hypothesis, the advection of turbulent eddies is caused by the mean turbulent flow

without considering the influence from deformation of eddies. Figures 5-8 (a) to (c) and

5-9 (a) to (c) illustrate that these high-speed and low-speed streaks all move downstream

approximately at the local mean velocity.

A typical example illustrating streak merging is given in Figure 5-10. As can be seen from

Figure 5-10 (a), five streaks exist at the image centre (‘LSS1’, ‘LSS2’, ‘LSS3’, ‘LSS4’,

and ‘LSS5’). In the next image [Figure 5-10 (b)], LSS2 and LSS3 approach each other
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and starts to merge. In Figure 5-10 (c), these two streaks have completed the merging

process and become a wider low-speed streak. This merging process leads to a wider

spacing between low-speed streaks, as observed by Smith and Metzler (1983). Because

of this merging process occuring repetitively, streak spacing varies in scale. The

probability of each spacing is further discussed in section 5.1.2.4.

Figure 5-7. Snapshot of hydrogen bubble visualisations, current-alone test in the low-

turbulence flume, plan view, y=0.8mm above the bed, the current flowing from bottom

to top.

5cm
ݖ

ݔ
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(a) time=33.79s

(b) time=33.93s

(c) time=34.07s

Figure 5-8. Time histories of instantaneous streamwise velocity contours from PIV

measurements, values normalised by the local mean velocity given in the legend,

current-alone test in the low-turbulence flume, plan view, y=0.8mm above the bed.
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(a) time = 69.56s

(b) time = 69.72s

(c) time = 69.86s

Figure 5-9. Time histories of instantaneous streamwise velocity contours from PIV

measurements, values normalised by the local mean velocity given in the legend,

current-alone test in the wave-current flume, plan view, y=0.8mm above the bed.
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(a) time=31.73s

(b) time=31.87s

(c) time=32s

Figure 5-10. Time histories of instantaneous streamwise velocity contours, values

normalised by the local mean velocity given in the legend, current-only test in the low-

turbulence flume, plan view, y=0.8mm above the bed.
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5.1.2.2 Quantatitive determination of streak spacing

Auto-correlations are efficient in detecting spatial and temporal periodicity of velocity

fields and in determining streak spacing, as evidenced by Figures 5-11 and 5-12. Results

show a peak value of R locating at the point dz=12mm [Figure 5-11 (a)], and the second

peak locates at twice this value, as expected for periodic signals. The value of 12mm is

taken as the instantaneous streak spacing andߣ� consistent with the value using the visual

inspection of streaks [see Figure 5-11 (b) for the black line]. Equivalent results for tests

in the wave-current flume again show consistent values of ,ߣ as obtained from the auto-

correlations [Figure 5-12 (a)] and counted visually from the contours [Figure 5-12 (b)].

The instantaneous integral spatial scale is determined, as demonstrated in these figures.

A linear relationship is observed between the streak spacing and the integral spatial scale.

Results are illustrated in Figure 5-13 (a) and (b) for PIV measurements and hydrogen

bubble visualisations in the low-turbulence flume. Those from the wave-current flume

are shown in Figure 5-14. Best-fit lines are shown in red. R-squared values suggest

satisfactory results of curve fits. The linear relationship indicates that the spacing between

low-speed streaks is 6 times the eddy size.

Based on results above, it is concluded that ߣ is linearly related to the integral spatial scale

I.S.S. This appears to be a common feature regardless of laboratory scale, water depth,

and measurement techniques. The method is different from existing ones to determine the

instantaneous streak spacing, which can be categorised into two types: i) visual counting

method (Kline et al., 1967; Smith and Metzler, 1983); ii) Fast Fourier Transform of the

instantaneous spanwise distribution of streamwise velocities (Mansour-Tehrani, 1992;

Grass et al., 1993). Results presented above suggest that the present method is more

suitable when a large number of samples is available, and can be applied for further

analysis of the mean streak spacing and̅ߣ probability density functions of .ߣ
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Figure 5-11. Instantaneous flow field at y = 0.8mm (yା = 6), PIV measurements of

the unidirectional turbulent current, tested in the low-turbulence flume: (a) auto-

correlation distribution of streamwise velocity at the image centre; (b) contour plots of

streamwise velocity, values normalised by the local mean velocity given in the legend.

Red dot shows the first zero-crossing point, red shadowed areas highlight the integral

spatial scale before the first zero-crossing point Ǥܵܫ) Ǥܵ ).

(a). (b).
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Figure 5-12. Instantaneous flow field at y = 0.8mm (yା = 6), PIV measurements of

the unidirectional turbulent current, tested in the wave-current flume: (a) auto-

correlation distribution of streamwise velocity at the image centre; (b) contour plots of

streamwise velocity, values normalised by the local mean velocity given in the legend.
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Figure 5-13. λ (mm) vs I. S. S (mm). Unidirectional current test in the low-turbulence

flume: (a) PIV measurements; (b) hydrogen bubble visualisations.

Figure 5-14. λ (mm) vs I. S. S (mm). Unidirectional current test in the wave-current

flume, PIV measurements.
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5.1.2.3 Time-averaged mean streak spacing

Results of non-dimensional streak spacing are tabulated in Table 5-1, together with values

provided by previous experiments in the literature. Hydrogen bubble visualisations show

a value 6% smaller than obtained from the PIV measurements, which can be explained

by a much shorter sampling time: large values of streak spacing do not occur within the

sampling time. Results from the wave-current flume test yield 17mm=̅ߣ� and ,ା=125ߣ 6%

higher than the current in the low-turbulence flume. The slight difference in ାߣ from the

two flumes can be explained by the slightly different sampling numbers used. It can also

be caused by the inaccuracy in determining shear velocities from Reynolds shear stress

distributions. All these values are close to although slightly higher than the values in the

literature.

Investigators λା

Present study in the low-turbulence
flume, results from PIV measurements

118

Present study in the low-turbulence
flume, results from hydrogen bubble

visualisations

111

Present study in the wave-current
flume, results from PIV measurements

125

Schraub and Kline (1965) Ranges from 91 to 106
Kline et al. (1967) Ranges from 91 to 106 (visual counting

method), or 131 to 136 (spectrum method)
Gupta et al. (1971) Ranges from 89 to 151
Lee et al. (1974) Ranges from 105 to 107

Achia and Thompson (1976) Ranges from 79 to 93
Oldaker and Tiederman (1977) Ranges from 88 to 108

Nakagawa & Nezu (1981) Ranges from 100 to 13
Smith and Metzler (1983) Ranges from 87 to 104

Grass et al. (1991) 101
Mansour-Tehrani (1992) 101

Lagraa et al. (2004) 110
Table 5-1. Comparison of non-dimensional mean streak spacing ାߣ with literature.

5.1.2.4 Probability distributions of streak spacing

To specify the variability of streak spacings, the probability density functions of streak

spacing are illustrated in Figures 5-15 and 5-16 for the two flumes. All figures are plotted

based on the rule that the centre of each bin is an integer. Results show that the most

probable value of the streak spacing ߣ ௦௧ is approximately 20% less than the mean value

of streak spacing ̅ߣ for the low-turbulence flume test, obtained from the two measurement

techniques independently. Equivalent results show 29% less than the mean value for the
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wave-current flume test. These agree well with the previous finding that ߣ ௦௧ is 24%

less than ̅ߣ (Smith and Metzler, 1983).

A Burr distribution is found to fit better than a lognormal distribution. This is different

from previous observations (Nakagawa and Nezu, 1981; Smith and Metzler, 1983; and

Mansour-Tehrani, 1992). The better performance of a Burr distribution (see section 4.3.5

for the definition) is reflected in the statistical parameters (Table 5-2). Although the

coefficient of variation �߰ ఒ demonstrates a consistency between the two flumes and good

agreements with previous experiments, values of the skewness and flatness are larger than

those quoted in the literature. This indicates that the probability density functions are

more peaked than a lognormal distribution as suggested by previous experiments. The

probability density function of streak spacing shows that the experimental data from the

PIV measurements are not very scattered. Values of streak spacing occur more often

closer to ߣ ௦௧. Experimental data obtained from the hydrogen bubble visualisation show

more scattered, which can be due to a smaller sampling number.

The probability density function of streak spacing can be interpreted in terms of

streakwise vortices meandering downstream. As suggested in section 5.1.2.1, streamwise

vortices locate near low-speed streaks. The close association between low-speed streaks

and streamwise vortices indicates that the variability of streak spacing may be caused by

‘footprints’ of streamwise vortices. Therefore, either the occurence of merging/splitting

of streamwise vortices and/or the scale of streamwise vortices could be represented by a

Burr distribution.

The probability density function of streak spacing has some implications for probabilistic

models of turbulent events. Previous experiments of Nakagawa and Nezu (1981) suggest

that the streak spacing and the time between bursts have the same probabilistic model.

This indicates that the Burr distribution capable of predicting the streak spacing may be

generalised to the prediction of bursts, which needs further study.

To summarise, the consistency of results between tests conducted in two flumes

demonstrates that statistical characteristics of streak spacing are essentially the same

regardless of water depth, flume scale, and measurement techniques. Since very limited

experimental data are available in the literarure and the sampling size adopted by the

present study is larger than previous investigations (as listed above), results indicate that

a Burr distribution may represent the streak spacing in a more accurate way.
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Figure 5-15. Probability density functions of streak spacing at y = 0.8mm (yା = 6),

unidirectional turbulent current in the low-turbulence flume: (a) PIV measurements; (b)

hydrogen bubble visualisations.
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Figure 5-16. Probability density functions of low-speed streaks spacing atݕ�=

0.8݉݉ ାݕ)� = 6), unidirectional turbulent current in the wave-current flume.
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Investigators The most
probable value
ߣ ௦௧(݉݉ )

Non-dimensional
most probable

value ߣ ௦௧
ା

Standard
deviation
ఒߪ (݉݉ )

Coefficient of
variation ߰ఒ

Skewness ఒܵ Flatness ఒܨ

Present study in the low-turbulence flume,
results from PIV measurements

12 90 7 0.45 1.36 4.98

Present study in the low-turbulence flume,
results from hydrogen bubble measurements

12 90 6 0.37 1.71 6.57

Present study in the wave-current flume 12 89 8 0.47 1.50 5.50

Oldaker and Tiederman (1977) Not given Not given Not given 0.36 Not given Not given

Smith and Metzler (1983) Not given 78 Not given Ranges from
0.4 to 0.5

Ranges from
0.6 to 1.0

Ranges from
3 to 4

Mansour-Tehrani (1992) Ranges from
8 to 30.

Ranges from 80
to 90

Ranges from
4 to 13.

Ranges from
0.35 to 0.39

Ranges from
0.67 to 0.91

Ranges from
3.9 to 4.2

Table 5-2. Statistical parameters of streak spacing, comparisons with literature.
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5.1.3 Coherent structures: ejections and sweeps

5.1.3.1 Vorticity distributions

Typical sequences of the instantaneous velocity field are presented in Figures 5-17 and

5-18 for the turbulent current flow tested in the two flumes. Contours of vorticity

magnitude are plotted, together with velocity vectors after subtracting the speed of the

moving reference frame�ܷ . Since there is no theoretical basis for the choice of �ܷ 

(Adrian et al., 2000), different values have been tested and ܷ = 0.8�ܷ ஶ is found to be

the most appropriate to highlight hairpin vortices for tests in both flumes as adopted here.

Incidentally, Adrian et al. (2000) define a vortex as a region of concentrated vorticity

around roughly circular streamlines when viewed in a frame moving with the vortex

centre.

Spanwise vortices are observed in both tests as highlighted using red ellipses. Shear layers

are observed and highlighted by red lines, with spanwise vortices below the leading edge.

Ejections are observed to occur continuously beneath the shear layer, agreeing with

Adrian et al. (2000). These shear layers are inclined to the wall at 30°. This inclination

angle should be differentiated from the inclination angle of the horseshoe vortex head.

The original conceptual model (Theodorsen, 1952) suggests that the head of the

horseshoe vortex is inclined to the bed at 45°. Smith (1984) also noted that a horseshoe

vortex is inclined at 45°, while an array of horseshoe vortices forms a shear layer inclined

to the bed at 15° - 30°. A more recent study of Adrian et al. (2000) suggests that near-

wall shear layers are inclined at 30° - 50°. The value of 30° as observed from the present

study regardless of water depths further supports previous experiments. The presence of

the shear layer with a spanwise vortex is consistent with existence of the horseshoe vortex,

alternatively known as a hairpin vortex. Applying the Taylor’s hypothesis again, these

vortices and shear layers move downstream approximately at the local mean velocity (see

section 5.1.1.1).

Vortices are observed to merge into one vortex, with a typical example shown in Figure

5-19. As can be seen from Figure 5-19 (a) to (c), the new vortex is longer in the

streamwise direction and maintains its length scale in the vertical direction. After the

merging process, the new one moves downstream at the local mean velocity again.
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(a) time = 2.07s

(b) time = 2.21s

(c) time = 2.34s

Figure 5-17. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the low-turbulence

flume, PIV measurements at the flume centre, side view.
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(a) time = 40s

(b) time = 40.14s

(c) time = 40.29s

Figure 5-18. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the wave-current flume,

PIV measurements at the flume centre, side view.
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(a) time = 30.07s

(b) time = 30.21s

(c) time = 30.34s

Figure 5-19. Time series of velocity vectors and vorticity (103×s-1) contours, values of

contours given in the legend, unidirectional turbulent current in the low-turbulence

flume, PIV measurements at the flume centre, side view.
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5.1.3.2 Quadrant analysis of Reynolds shear stress

Contour plots illustrated above are consistent with the model (Kline et al., 1967; Grass,

1971; Grass et al., 1991, 1993; Adrian et al., 2000) that ejections and sweeps are induced

by the passage of hairpin vortices. In order to determine contributions from the two events

quantitatively, variations of fractional contributions are presented in Figures 5-20 and 5-

21. Agreement with previous results (i.e. Moser et al., 1999; Wallace, 2016) is found.

Although the present experiments have larger Reynolds numbers, Moser et al. (1999)

suggest that theirs was sufficiently large enough to avoid possible Reynolds number

effects.

Existing knowledge of unidirectional turbulent currents has confirmed the negative

contributions from interaction events (Q1 and Q3, described in section 2.1.2.3) in

generating Reynolds shear stress, and the dominance of ejections (Q2) over sweeps (Q4)

away from the wall. The present results further support this. Wallace et al. (1972) found

that ejections and sweeps contributed 70% and 60% to the Reynolds shear stress in the

region 20≤ ାݕ ≤100. At the point ,ା=15ݕ ejections and sweeps each contributed 70%.

The dominance was observed for ejections away from the balance point (ା=15ݕ) and for

sweeps towards the wall. Lu and Willmarth (1973) showed that on average, 77% and 55%

of the Reynolds shear stress originated from ejection and sweep events respectively. In

contrary to Wallace et al. (1972), Lu and Willmarth (1973) found that the dominance of

ejections over sweeps existed throughout the boundary layer. Brodkey et al. (1974)

observed that ejections dominated over sweeps in the region ାݕ ≥15. They reported

values of 80% and 60% in the region 30≤ ାݕ ≤100. The DNS results of Kim et al. (1987)

suggested the crossing point .ା=12ݕ Schultz and Flack (2007) suggested values of 85%

and 75% in the region ≥ݕ ߜ0.2 ߜ) was the boundary layer thickness). The relative

strength of Q2 and Q4 to the Reynolds shear stress increased from 1.1 to 1.2 in the region

≥ݕ ߜ0.4 and continuously increased up to the edge of the boundary layer. Mejia-Alvarez

and Christensen (2010) reported values of 72% and 65% at =ݕ .ߜ0.1 Their results

showed that ejections dominated over sweeps throughout the whole boundary layer. Min

(2013) suggested equivalent values of 69% and 63% in the near-wall region ାݕ) ≤80).

PIV measurements obtained from the present study (Figures 5-20 and 5-21) show a good

agreement with previous results as reviewed and summarised by Wallace (2016) (see

Figure 2-4). There is a good agreement between the shape of Q4 contributions, which

does show an increase from ା=10ݕ to .ା=35ݕ Results suggest values of 78% and 65%

for the low-turbulence flume test, and 67% and 61% for the wave-current flume test. The
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ratios of Q2/Q4 are 1.2 and 1.1 for the two tests, both indicating that ejections contribute

more to Reynolds shear stress than sweeps. The only difference from the previous results

is in the near-wall region ାݕ) <10), which is caused by the lack of data very close to the

bed because of the high reflection from the glass bed.

Figure 5-20. Quadrant contributions to the mean Reynolds shear stress, unidirectional

current test in the low-turbulence flume.

Figure 5-21. Quadrant contributions to the mean Reynolds shear stress, unidirectional

current test in the wave-current flume.
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5.2 Combined wave-current flows

5.2.1 Free surface elevation

Results of harmonic analysis for the combined wave-current flow show that the waves

generated possess 2nd and 3rd order components. Typical examples are presented in

Figures 5-22 and 5-23.

Ensemble-averaged wave profiles show that turbulent currents can lead to crest-trough

asymmetry (Figures 5-24 and 5-25), consistent with the finding of Swan et al. (2001).

Comparisons between the experimental results and those predicted by the second order

Stokes wave theory show asymmetry of wave profiles. This is clearly seen from Figure

5-24, demonstrating that the wave has a longer trough and a sharper crest. Equivalent

results for the test conducted in the wave-current flume (Figure 5-25) show a longer

duration of wave trough and a shorter crest, which is also caused by the non-linearity.

The slight phase shift can be caused by free 2nd harmonics and reflections. The

amplitudes of each order show different values compared to those determined from the

spectral analysis, further confirming the nonlinearity.

The non-linearity is more significant for the test in the low-turbulence flume, which can

be explained by the characteristics of the shear current. The boundary layer thickness of

the low-turbulence flume test is 0.6 times the water depth, whereas in the wave-current

flume test it is 0.36 times water depth. Therefore, the thickness of the region with positive

shear (݀ഥܷ/݀ݕ> 0) is larger in the low-turbulence flume. This difference of vorticity

distributions in the unidirectional current can lead to a more severe non-linearity.
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Figure 5-22. Harmonic analysis of test ‘WCAT1.38sA20mm’, low-turbulence flume.

Figure 5-23. Harmonic analysis of test ‘WCAAT1.43sA120mm’, wave-current flume.
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Figure 5-24. Ensemble-averaged free surface elevation of the test

‘WCAT1.38sA20mm’, conducted in the low-turbulence flume.

Figure 5-25. Ensemble-averaged free surface elevation of the test

‘WCAAT1.43sA120mm’, wave-current flume.

5.2.2 Wave-induced periodic velocities

Phase angles are determined from the wave-induced velocities at 36° intervals, as shown

in Figures 5-26 and 5-27, by assuming a linear wave (Holthuijsen, 2010). These provide

reference phases for Figures 5-28 and 5-29.

The vertical distributions of ݑ through a wave cycle show the amplitude of periodic

velocities decreasing from the surface to the bed (Figures 5-28 and 5-29). It should be

noted that the velocities very close to the free surface were not measured. Velocities were

only measured below the wave trough because when the wave trough passes by, there is

no water beyond the trough. Measurements very close to the bed were not obtained, again
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because of the strong reflection induced by the glass bed. A clear asymmetry in wave-

induced periodic velocities is observed, again confirming the non-linear wave profile.

Figure 5-26. Periodic velocities variationsݑ within one wave cycle, measured at

151mm above the bed, run ‘WCAT1.38sA20mm’ tested in the low-turbulence flume.

Figure 5-27. Periodic velocities variationsݑ within one wave cycle, measured at

151mm above the bed, run ‘WCAAT1.43sA120mm’ tested in the wave-current flume.
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Figure 5-28. Periodic velocity profiles through the water column: combined wave-

current flow in the low-turbulence flume, WCAT1.38sA20mm.

Figure 5-29. Periodic velocity profiles through the water column: combined wave-

current flow in the wave-current flume, WCAAT1.43sA120mm.
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similar to the turbulent current without waves superimposed. The variation for the wave-

current flume agrees well with earlier studies on wave-current interaction (e.g., Kemp and

Simons, 1982; Klopman, 1994; Umeyama, 2005; Umeyama, 2009). Results for the other

flume are different from classical wave-current interaction. The fundamental difference

between the two flume types leads to the increase in the depth-averaged mean velocities

observed in the low-turbulence flume. In an open channel, discharge over the weir varies

with head and hence increases when the crest passes. No return flow is possible during

the wave trough. In contrast, in a closed wave flume such as the wave-current flume, the

flux goes through valves and pipes and there are far less immediate responses to the

varying head created by the wave crest. The speed of the return flow predicted by Kim

(1984), which is induced to balance the flux due to the Stokes drift and can be assumed

uniform and steady (Kim, 1984; Ramsden and Nath, 1989), is similar to the value of the

increase in the depth-averaged mean velocities when waves are added (see Appendix D).

This observation indicates that increased depth-averaged velocities can be attributed to

the absence of a return flow.

Mean velocities near the bed are higher when waves with increasing amplitudes propagate

with the turbulent current, as seen from Figure 5-30. This is a typical characteristic of

wave-current interaction as previously observed (Kemp and Simons, 1982; Klopman,

1994; Umeyama, 2005; Umeyama, 2009).

Comparisons between tests with the same amplitude and different periods indicate higher

velocities near the bed when shorter waves are superimposed. The boundary layer

thickness is dramatically reduced to 20mm (Figure 5-31). This reduction is confirmed by

the Reynolds shear stress distributions (section 5.2.3.2). Figure 5-32 shows the same trend,

as evidenced by comparing the case with wave periods of 1s and 2s; 1.43s and 1.67s,

although the reduction of boundary layer thickness is not as significant as in the other

flume.

The influence of wave amplitude ܣ and period ܶ as observed from the present

investigation is consistent with previous research. Since wave-induced bed shear stress is

inversely proportional to wave period: ௪߬  = ߩ ∙ .ହߥ ∙ ܣ ∙ (
ଶగ

்
)ଵ.ହ (Nielsen, 1992) for a

laminar wave bottom boundary layer, it is expected that waves with larger ܣ and shorter

ܶ lead to increased bed shear stress, more reduction of boundary layer thickness and

hence larger increase of bed shear stress near the bed.
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A logarithmic distribution holds for mean velocities in combined wave-current flows.

Results of the logarithmic curve-fittings are plotted in the figures using red lines, applying

the same rule as in a unidirectional current (see section 5.1.1.1). The existence of

logarithmic velocity profiles in combined wave-current flows agrees well with previous

experiments listed above and by Yuan and Madsen (2015).

Figure 5-30. Mean velocity profiles of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying amplitude, wave periods

fixed at�ܶ = :ݏ1.11 (a) linear scale; (b) semi-logarithmic scale.

0

20

40

60

80

100

120

140

160

0 0.05 0.1 0.15 0.2 0.25

y
(m

m
)

(a)
CA

WCAT1.11sA12mm

WCAT1.11sA14mm

WCAT1.11sA18mm

1

10

100

0.12 0.14 0.16 0.18 0.2 0.22 0.24

y
(m

m
)

(b)
CA

WCAT1.11sA12mm

WCAT1.11sA14mm

WCAT1.11sA18mm

ഥܷ (݉ (ݏ/

ഥܷ (݉ (ݏ/



134

Figure 5-31. Mean velocity profiles of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying period, wave amplitudes

fixed atܣ� = 18݉݉ .
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Figure 5-32. Mean velocity profiles of all test conditions in wave-current flume: (a)

linear scale; (b) semi-logarithmic scale.
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5.2.3.2 Reynolds shear stress and bed shear stress

Vertical distributions of Reynolds shear stress show a reduced turbulent boundary layer

when waves are added. This is seen from Figures 5-33 to 5-35, and is consistent with the

mean velocity profiles shown in the previous section and with previous research.

Waves with shorter periods lead to greater reductions of boundary layer thickness and

hence greater shear stress. This is observed in Figures 5-33 and 5-35, and is consistent

with observations of mean velocities as discussed in the previous section.

Values of bed shear stress, based on Reynolds stress, and boundary layer thickness are

tabulated in Tables 5-3 to 5-6 for tests in the low-turbulence flume, and in Table 5-7 for

those in the wave-current flume. An increase of shear velocity and decrease of boundary

layer thickness is observed when waves with shorter periods and larger amplitudes are

superimposed.

Figure 5-33. Reynolds shear stress of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying amplitude, wave periods

fixed at�ܶ = .ݏ1.11
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Figure 5-34. Reynolds shear stress of turbulent currents with and without waves

superimposed. Tests in the low-turbulence flume, varying period, wave amplitudes

fixed atܣ� = 18݉݉ .

Figure 5-35. Reynolds shear stress distributions, tests in the wave-current flume.

Test conditions Bed shear stress

߬ (݇݃ ∙ ݉ ିଵ ∙ (ଶିݏ
Shear velocity
∗ݑ (m/s)

Boundary layer
thickness
݉݉)ߜ ) and
ௐߜ  (mm)

CA 0.071 0.008 97
WCAT1.11sA12mm 0.105 0.010 23
WCAT1.11sA14mm 0.107 0.010 15
WCAT1.11sA18mm 0.132 0.012 15
Table 5-3. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent
currents with and without waves superimposed (wave period of 1.11s), water depth of

160mm, low-turbulence flume.
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Test conditions Bed shear stress

߬ (݇݃ ∙ ݉ ିଵ ∙ (ଶିݏ
Shear
velocity
∗ݑ (m/s)

Boundary layer thickness
݉݉)ߜ ) and ௐߜ 

(mm)
CA 0.071 0.008 97
WCAT1.25sA14mm 0.104 0.010 44
WCAT1.25sA16mm 0.114 0.011 19
WCAT1.25sA18mm 0.119 0.011 16
WCAT1.25sA20mm 0.131 0.011 16
Table 5-4. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent
currents with and without waves superimposed (wave period of 1.25s), water depth of

160mm, low-turbulence flume.

Test conditions Bed shear stress

߬ (݇݃ ∙ ݉ ିଵ ∙ (ଶିݏ
Shear
velocity
∗ݑ (m/s)

Boundary layer thickness
݉݉)ߜ ) and ௐߜ  (mm)

CA 0.071 0.008 97
WCAT1.38sA12mm 0.100 0.010 59
WCAT1.38sA14mm 0.099 0.010 47
WCAT1.38sA16mm 0.102 0.010 44
WCAT1.38sA18mm 0.103 0.010 31
WCAT1.38sA20mm 0.107 0.010 31
Table 5-5. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent
currents with and without waves superimposed (wave period of 1.38s), water depth of

160mm, low-turbulence flume.

Test conditions Bed shear stress

߬ (݇݃ ∙ ݉ ିଵ ∙ (ଶିݏ
Shear
velocity
∗ݑ (m/s)

Boundary layer thickness
݉݉)ߜ ) and ௐߜ  (mm)

CA 0.071 0.008 97
WCAT1.67sA14mm 0.101 0.010 54
WCAT1.67sA16mm 0.101 0.010 55
WCAT1.67sA18mm 0.101 0.010 52
Table 5-6. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent
currents with and without waves superimposed (wave period of 1.67s), water depth of

160mm, low-turbulence flume.

Test Condition Bed shear stress

߬ (݇݃ ∙ ݉ ିଵ ∙ (ଶିݏ
Shear
velocity
(m/s)∗ݑ

Boundary layer
thickness
݉݉)ߜ ) and ௐߜ 

(mm)
CAA 0.061 0.0078 143
WCAAT2sA70mm 0.063 0.0079 79
WCAAT1.67sA120mm 0.060 0.0078 75
WCAAT1.43sA120mm 0.063 0.0080 72
WCAAT1.25sA100mm 0.072 0.0085 69
WCAAT1.11sA86mm 0.072 0.0085 79
WCAAT1sA70mm 0.067 0.0082 102

Table 5-7. Bed shear stress, shear velocities, and boundary layer thicknesses: Turbulent
currents with and without waves superimposed, water depth of 400mm, wave-current

flume.
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5.2.3.3 Eddy viscosity

A consistent decrease of eddy viscosity is observed when waves with larger amplitudes

are superimposed on the current (Figures 5-36 and 5-37). This can be attributed to the

decrease of turbulent mixing in the outer region when waves are present, as evidenced by

the decrease of Reynolds shear stress in the outer region. Therefore, shear velocity can be

used for non-dimensionalisation as a scaling parameter.

Another striking feature is that the vertical location where eddy viscosity approaches a

minimum value close to zero in the upper region (denoted as (ݕ decreases when waves

are added. The value coincides with where Reynolds shear stress decreases to zero,

suggesting that ݕ is a suitable length scale in the present study. Previous models (Grant

and Madsen, 1979; Christoffersen and Jonsson, 1985; You et al., 1991; Yuan and Madsen,

2015) assume that water depth is an appropriate scaling parameter for eddy viscosity,

mainly because they assume a fully developed flow with a high Reynolds number.

However, in the present studies, as discussed earlier, a low Reynolds number is involved.

The flow is not fully developed. Therefore, ݕ is more appropriate.

Having chosen ∗ݑ and ݕ as the typical velocity and length scales, eddy viscosity has been

non-dimensionalised by these two parameters. Figures 5-38 and 5-39 present non-

dimensional eddy viscosity profiles for tests in the two flumes. Results suggest a linear

variation near the bed and a parabolic one in the outer region. The parabolic distribution

is different from previous assumptions (Grant and Madsen, 1979; You et al., 1991; Yuan

and Madsen, 2015), all assuming a linear distribution to be valid up to the free surface.

Results of curve-fitting are shown in Figures 5-40 and 5-41 for tests conducted in the two

flumes. The slope of the linear variation near the bed is observed to be the von Kármán

constant, showing agreements with You et al. (1991) for the near-bed region. The

coefficient of the parabolic curve in the outer region is 0.16 if the von Kármán constant

is taken to be 0.3 as found in the present test in the wave-current flume, or 0.19 if the von

Kármán constant is taken to be 0.38 as observed in the low-turbulence flume.

To summarise, the newly developed semi-empirical formula for non-dimensional eddy

viscosity is represented as follows:

௧ߝ
ା =

ఌ

௬ ∙�௨∗
= ߢ ∙ ቀ

௬

௬
ቁ�, 0.01 ≤  

௬

௬
 ≤  0.1 Equation 5-1

௧ߝ
ା =

ఌ

௬ ∙�௨∗
 =   − 0.16 ∙ ቀ

௬

௬
ቁ
ଶ

+ 0.16 ∙ ቀ
௬

௬
ቁ+ 0.02 , 0.1 ≤  

௬

௬
 ≤ 1 Equation 5-2
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where: ݕ is the height above the smooth bed; ݕ is the vertical displacement

corresponding to the place of zero Reynolds shear stress; ߢ is the von Kármán constant

(0.38 for the low-turbulence flume data, 0.3 for the wave-current flume data); ∗ݑ is the

shear velocity, either in a current-alone condition (∗ݑ) or a combined wave-current flow

.(௪∗ݑ)

Comparisons with eddy viscosity distributions assumed by previous authors are presented

in Figure 5-42. This shows that the model of Grant and Madsen (1979) overestimates the

eddy viscosity in the outer flow. The model of Yuan and Madsen (2015) only made

modifications of Grant and Madsen (1979) to avoid the discontinuity of eddy viscosity

between the inner and outer layers. Hence, the general shape is still the same as Grant and

Madsen (1979) and therefore is not included here. Although the model of Christoffersen

and Jonsson (1985) is based on a fully developed boundary layer assumption, which is

not the case in the present study, the following results are obtained by re-scaling their

model using the observed .ݕ These show that their model works well in the upper region,

but slightly differs from the present formula near the bed.

In order to investigate the wider validity of the present formula, comparisons using

previous experimental data from a large oscillating water tunnel (LOWT) are shown in

Figure 5-43. A wide range of wave periods and amplitudes was covered and the von

Kármán constant found to be 0.3. Results indicate that the eddy viscosity can be predicted

by the present formula to a satisfactory degree.

Although there has been debate as to whether turbulent eddy viscosity in an oscillatory

flow should be time-invariant or time-dependent, the experimental data presented here

suggested that a time-invariant eddy viscosity model can describe mean flow kinematics

in a combined wave-current flow.
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Figure 5-36. Eddy viscosity profile throughout the boundary layer, wave period fixed at

ܶ = ,ݏ1.11 water depth ℎ = 160݉݉ , tests conducted in the low-turbulence flume.

Figure 5-37. Eddy viscosity profile throughout the boundary layer, water depth ℎ =

400݉݉ , tests conducted in the wave-current flume.
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Figure 5-38. Non-dimensional eddy viscosity profile, ௧ߝ
ା =

ఌ

௬ ∙�௨∗
, tests conducted in

the low-turbulence flume.

Figure 5-39. Non-dimensional eddy viscosity profile, ௧ߝ
ା =

ఌ

௬ ∙�௨∗
, tests conducted in

the wave-current flume.
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Figure 5-40. Curve-fitting of non-dimensional eddy viscosity, tests conducted in the

low-turbulence flume: (a) near-bed region; (b) outer region.
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Figure 5-41. Curve-fitting of non-dimensional eddy viscosity, tests conducted in the

wave-current flume: (a) near-bed region; (b) outer region.
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Figure 5-42. Eddy viscosity distribution for test ‘WCAAT1.67sA120mm’, wave-current

flume.

Figure 5-43. Vertical profiles of non-dimensional eddy viscosity for tests with different

flow conditions, non-dimensionalised by the shear velocity and the boundary layer

thickness. Data from MacIver (1999).
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5.2.4 Coherent structures: streaky patterns

5.2.4.1 Variations of streak spacing within a wave cycle

The method to synchronise the hydrogen bubble visualisations with the wave phase is

presented in Figure 5-44. A sudden drop of the wave probe voltage is observed at the

pulsing frequency of hydrogen bubble generations. This can be used for synchronisation.

In the case shown, the initial time of the first hydrogen bubble pulse is 33.62s [Figure 5-

44 (a)]. A full wave cycle between 65s and 66.38s is presented in Figure 5-44 (b).

Figure 5-45 shows an image of the calibration board, marked with an even spacing of

10mm. This is used for indicating the length scale in subsequent hydrogen bubble images.

Flow visualisations show that streak spacing varies periodically within a wave cycle. This

is evidenced by a typical sequence of hydrogen bubble visualisations (Figure 5-46) and

PIV measurements for the low-turbulence flume test (Figure 5-47), and velocity contours

for the wave-current flume test (Figure 5-48). For the PIV results, the field-averaged

streamwise velocity is also given in each contour plot to indicate the value of .ݑ

When the flow decelerates under an adverse pressure gradient, more streaks are observed

leading to a decrease of .ߣ Figures 5-46 (a1) and (a2) show that the first and second time

lines of the hydrogen bubbles are very ‘wavy’. Many small-scale vortices are observed

as detected by the intertwined and kinked timelines (highlighted using orange arrows).

The existence of these vortices leads to a decrease of ,ߣ compared with the turbulent

current without waves added. Time stamps show 44° in advance of the wave trough. This

indicates that the near-bed (y=0.8mm) streamwise velocity reaches a minimum, as

inferred from the phase advance in classical wave theory (Lamb, 1980). These small-scale

vortices appear again when the next wave cycle starts [Figure 5-46 (a5)], confirming that

the change of streak spacing is rhythmic. More streaks are observed when the streamwise

velocity reaches the minimum value, as seen from the PIV measurements for the same

test condition [highlighted using ellipses in Figure 5-47 (b)]. Results of the wave-current

flume tests show the whole process of more streaks appearing and decreasingߣ when the

flow decelerates [Figure 5-48 (e) to (j)].

The streak spacing increases when the flow accelerates under a favourable pressure

gradient. Figures 5-46 (a3) and (a4) show fewer coherent streaks and more chaotic flow

patterns, at the phase of maximum near-bed streamwise velocity. Timelines are still

‘wavy’ and undulated, but the amplitude is less than those observed in Figures 5-46 (a1)

and (a2). This suggests a more uniform distribution of velocities across the flume and will
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be further discussed later. No intertwined timelines are observed, which can be ascribed

to a higher velocity and hence a larger gap between timelines. The PIV measurements

[Figure 5-47 (a)] show that when the streamwise velocity reaches its maximum value,

fewer streaks are observed than shown in Figure 5-47 (b). Results for the wave-current

flume tests [Figure 5-48 (a) to (e)] show that high-speed regions are widening leading to

a larger streak spacing when the near-bed flow accelerates. The streak spacing is observed

to achieve the maximum value when the near-bed streamwise velocities are the maximum,

see Figure 5-48 (e).

Typical examples of flow visualisation are presented as above, and similar examples are

available during other wave cycles for the same test condition and for other test conditions.

The impact of flow reversal on low-speed streaks can be seen in Figure 5-48 (i) and (j),

with near-bed streamwise velocities of -0.043 (m/s) and -0.065 (m/s) respectively.

Assuming that the Taylor hypothesis is also applicable within such a short time between

the two images (dt=0.14s), any streak would be expected to move backwards for a

distance of 6mm. One well-organised streak as highlighted by the ellipse is observed to

move as expected and to break up into patches of low-speed regions as shown in Figure

5-48 (j), losing its coherence in the streamwise direction. Analysis of many wave cycles

indicates that the extent of this destroying influence coming from flow reversal depends

on the strength of the original streaks and the flow velocity. Note that the flow reversal

velocity is -0.065 (m/s) in the present study and those streaks with relatively large widths

are not broken down. However, a more severe flow reversal may be more effective in

breaking up the streaks into spots. This needs further study.

Accompanying the periodic variation of streak spacing, velocity distributions across the

flume are changed periodically within a wave cycle. This has been observed from

hydrogen bubble visualisation and further confirmed by contours of the transverse

velocity gradient du/dz within a wave cycle [Figure 5-49]. As can be seen from Figure

5-49 (a) to (e), yellow regions fade and the field of view is more populated with green

colours suggesting du/dz approaching zero when the flow accelerates. This leads to a

more uniform distribution across the flume when the flow accelerates. The opposite

process is observed when the flow decelerates, with the magnitude of du/dz increasing

and velocity distributions less uniform across the flume. This can be seen from Figure 5-

49 (e) to (j), with more red and blue colours appearing suggesting larger values of du/dz.

Since a pair of positive and negative du/dz indicates where turbulent streaks locate,

results are consistent with the streak spacing variation within a wave cycle.
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Figure 5-44. Wave probe signal, low-turbulence flume, hydrogen bubble visualisation

experiments: (a) detection of the initial hydrogen bubble pulse; (b) synchronisation of

the wave data and the hydrogen bubble data.

Figure 5-45. Calibration target for the hydrogen bubble experiments, with a spacing

of 10mm.
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(a1) t = 65.22s; Phase angle ψ = 249︒ (a2) t = 65.26s; Phase angle ψ = 260︒

(a3) t = 65.9s; Phase angle ψ = 67︒ (a4) t = 65.94s; Phase angle ψ = 77︒

(a5) t = 66.62s; Phase angle ψ = 254︒
Figure 5-46. A sequence of hydrogen bubble visualisations within a wave cycle,

combined wave-current flow, low-turbulence flume: wave period T=1.38s, amplitude

A=20mm. Wire positioned at y=0.8mm above the bed, laser light sheet illuminated

from the right edge of the image towards left, current flows from bottom of the image

upwards.

10mm

V1
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(a) t=23.59s;Phase angle ψ=90︒ (b) t=24.28s; Phase angle ψ=270︒

Figure 5-47. Evolution of streaks within a wave cycle (T=1.38s, A=20mm), values of

streamwise velocities normalised by the local ensemble-averaged velocity given in

the legend, PIV measurements at y = 0.8mm, low-turbulence flume: (a) maximum

streamwise velocity; (b) minimum streamwise velocity.
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(a) phase angle ψ = −52︒ (308︒) (b) phase angle ψ = −16︒ (344︒)

(c) phase angle ψ = 20︒ (d) phase angle ψ = 57︒

(e) phase angle ψ = 93︒ (f) phase angle ψ = 134︒
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(g) phase angle ψ = 170︒ (h) phase angle ψ = 207︒

(i) phase angle ψ = 243︒ (j) phase angle ψ = 279︒

Figure 5-48. Evolution of streaks within a wave cycle (T=1.43s, A=120mm), values of

streamwise velocities normalised by the local ensemble-averaged velocity given in the

legend, PIV measurements at y = 0.8mm, water depth of 400mm, wave-current flume.
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(a) phase angle ψ = −52︒ (308︒) (b) phase angle ψ = −16︒ (344︒)

(c) phase angle ψ = 20︒ (d) phase angle ψ = 57︒

(e) phase angle ψ = 93︒ (f) phase angle ψ = 134︒
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(g) phase angle ψ = 170︒ (h) phase angle ψ = 207︒

(i) phase angle ψ = 243︒ (j) phase angle ψ = 279︒

Figure 5-49. Evolution of velocity gradient du/dz (103×s-1) within one wave cycle: same

case as in Figure 5-48.

Curve-fitting suggests that the periodic streak spacing within a wave cycle can be

represented by a sinusoidal function of time (Figures 5-50 and 5-51). The variation of

streak spacing is as observed qualitatively in the images shown above. Note that these are

ensemble-averaged over 60 or 77 wave cycles, and an instantaneous λ still varies. 

Amplitudes of ሚdeterminedߣ from the curve-fitted functions are tabulated in Tables 5-8

and 5-9. Considering that only 5 or 10 measurements are obtained per wave cycle, the

actual phase for each image is quite uncertain in this process. Therefore, phase angles are

not given.
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As can be seen from Tables 5-8 and 5-9, the amplitude of changes in periodic streak

spacing ሚߣ ௧௨ௗ increases with an increasing streamwise velocity magnitude

ݑ� ௧௨ௗ . Further intercomparisons between runs ‘WCAT1.25sA20mm’,

‘WCAT1.38sA20mm’, and ‘WCAT1.67sA18mm’ suggest that longer wave periods can

also lead to larger changes. In physical terms it is likely that fluctuations in ሚߣ ௧௨ௗ

are related to the orbital displacement induced by waves. In order to investigate this

quantitatively, Figure 5-52 plots ሚߣ ௧௨ௗ against ܽ ௧௨ௗ ∙ ߨ2 for tests in the two

flumes respectively. Incidentally, ܴଶ=0.5 and 0.9 reflect the number of samples used.

Less wave cycles were used for averaging for the low-turbulence flume data, compared

to those used in the other flume. This may lead to more scatter and hence a lower value

of ܴଶ. The smaller change in ܽ ௧௨ௗ and ሚߣ ௧௨ௗ can also lead to a lower value

of ܴଶ. Both sets of data show the same linear relationship regardless of experimental

facilities, with a negligible difference in the slope coefficient. This implies that the

forward and backward movements of boundary layers by the waves superimposed can

change the structure of turbulence instantaneously.

Results presented above have some implications for turbulence studies. Previous studies

in a unidirectional turbulent current suggest that a larger streak spacing can lead to a lower

bursting frequency (Johnson, 1998). The finding from the present study indicates that

bursting frequencies may decrease when the flow accelerates and increase when the flow

decelerates. Based on the conceptual model of hairpin vortices, these results also imply

that legs of vortices can move further away when the flow accelerates and closer towards

each other when the flow decelerates.
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Figure 5-50. Phase variations for the combined wave-current flow in the low-turbulence flume: T=1.38s, A=20mm, obtained at y = 0.8mm, (a)

wave-induced streamwise velocity u(݉ ;(ݏ/ (b) periodic streak spacing λ෨(݉݉ ). Dots represent experimental results, lines show a best fit curve-

fitting using sinusoidal functions of time.
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Figure 5-51. Phase variations for the combined flow in the wave-current flume: T=1.43s, A=120mm, obtained at y = 0.8mm, (a) wave-induced

streamwise velocity u�(݉ ;(ݏ/ (b) periodic streak spacing λ෨(݉݉ ). Dots represent experimental results, and lines show a best fit curve-fitting using

sinusoidal functions of time.
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Case Conditions
Curve-fit results of u(݉ (ݏ/ Curve-fit results of λ෨(݉݉ )

1st-order:
Amplitude

2nd-order:
Amplitude

1st-order:
Amplitude

2nd-order:
Amplitude

WCAT1.11sA12mm 0.029
ܴଶ = 1

--

0.9
ܴଶ = 0.99

--

WCAT1.11sA14mm 0.034
ܴଶ = 1

0.5
ܴଶ = 1

WCAT1.11sA18mm 0.046
ܴଶ = 1

0.6
ܴଶ = 0.95

WCAT1.25sA14mm 0.032
ܴଶ = 0.99

0.6
ܴଶ = 0.97

WCAT1.25sA16mm 0.035
ܴଶ = 0.99

0.7
ܴଶ = 0.97

WCAT1.25sA18mm 0.04
ܴଶ = 0.99

0.5
ܴଶ = 0.95

WCAT1.25sA20mm 0.044
ܴଶ = 0.99

0.9
ܴଶ = 0.92

WCAT1.38sA12mm 0.032
ܴଶ = 0.99

0.8
ܴଶ = 0.96

WCAT1.38sA14mm ݑ = 0.038
ܴଶ = 0.98

1.5
ܴଶ = 0.98

WCAT1.38sA16mm 0.04
ܴଶ = 0.98

1.6
ܴଶ = 0.97

WCAT1.38sA18mm 0.047
ܴଶ = 1

0.8
ܴଶ = 0.84

WCAT1.38sA20mm 0.049
ܴଶ = 0.97

1.3
ܴଶ = 0.94

WCAT1.67sA14mm 0.037
ܴଶ = 0.98

1.2
ܴଶ = 0.98

WCAT1.67sA16mm 0.042
ܴଶ = 1

0.005 1.6
ܴଶ = 1

0.2

WCAT1.67sA18mm 0.047
ܴଶ = 1

0.007 1.7
ܴଶ = 0.99

0.2

Table 5-8. Phase characteristics of the streaks spacing and streamwise velocity,
combined wave-current flows tested in the low-turbulence flume.
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Case conditions Curve-fit results of u Curve-fit results of λ෨

1st-order: Amplitude 1st-order: Amplitude
WCAAT2sA70mm 0.168

ܴଶ = 0.96
4.7

ܴଶ = 0.97
WCAAT1.67sA120mm 0.208

ܴଶ = 0.99
5.7

ܴଶ = 0.96
WCAAT1.43sA120mm 0.199

ܴଶ = 0.99
4.4

ܴଶ = 0.97
WCAAT1.25sA100mm 0.177

ܴଶ = 1
2.9

ܴଶ = 0.95
WCAAT1.11sA86mm 0.138

ܴଶ = 1
3.2

ܴଶ = 1
WCAAT1sA70mm 0.083

ܴଶ = 1
1.5

ܴଶ = 0.99

Table 5-9. Phase characteristics of the streaks spacing and streamwise velocity,
combined wave-current flows tested in the wave-current flume.
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Figure 5-52. Magnitude of periodic streak spacing vs magnitude of streamwise

displacement: (a) low-turbulence flume; (b) wave-current flume.
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are very similar with and without waves superimposed, a small but consistent decrease is

observed when waves with increasing amplitudes are added. This can be seen particularly

in Tables 5-10 to 5-13, each demonstrating waves with the same period and increasing
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velocity and reduction of boundary layer thickness (section 5.2.3.2), since the streak

spacing reflects the scale of streamwise vortices and hence turbulent boundary layer

thickness.

Waves with shorter periods lead to a consistent decrease of .̅ߣ Results suggest a decrease

of 5mm (36%), as observed from waves with periods of 1.11s and 1.67s added in the low-

turbulence flume (see Tables 5-10 to 5-13). Similarly, results from the wave-current

flume show a decrease of 2mm (11%), when comparing waves with periods of 1.11s and

1.67s (see Table 5-14).

However, the decrease of ̅ߣ is not of the same order as that of boundary layer thickness

reduction. This is because turbulent eddies with scales smaller than wave lengths are not

altered too much by wave motions superimposed, as suggested by Williams and Wong

(2017). This observation further suggests that the well-accepted range of ାߣ for

unidirectional currents may not be applicable when waves are added. Results of ାߣ

(Tables 5-10 to 5-14) confirm that ାߣ is higher for combined wave-current flows. Curve-

fitting results (Figure 5-53) indicate that ାߣ =
ఒഥ∙௨∗ೈ 

ఔ
= 143 holds for combined wave-

current boundary layers at both laboratory scales tested here. This newly established value

can be generalised to combined wave-current flows in different flow regimes, i.e.

turbulent wave boundary layer superimposed on a turbulent current boundary layer,

which needs further study.

Case Conditions Time-averaged mean value
݉݉)̅ߣ )

ାߣ ାݕ

CA 16 118 6
WCAT1.11sA12mm 16 152 8
WCAT1.11sA14mm 15 143 8
WCAT1.11sA18mm 14 155 9

Table 5-10. Mean streak spacing ,̅ߣ unidirectional turbulent current with and without
waves added (wave periods fixed at T=1.11s), low-turbulence flume.

Case Conditions Time-averaged mean value
݉݉)̅ߣ )

ାߣ ାݕ

CA 16 118 6
WCAT1.25sA14mm 17 160 8
WCAT1.25sA16mm 15 157 8
WCAT1.25sA18mm 14 141 8
WCAT1.25sA20mm 14 148 8

Table 5-11. Mean streak spacing ,̅ߣ unidirectional turbulent current with and without
waves added (wave periods fixed at T=1.25s), low-turbulence flume.
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Case Conditions Time-averaged mean value
݉݉)̅ߣ )

ାߣ ାݕ

CA 16 118 6
WCAT1.38sA12mm 17 157 7
WCAT1.38sA14mm 17 157 7
WCAT1.38sA16mm 17 157 7
WCAT1.38sA18mm 15 140 7

WCAT1.38sA20mm 15 143 8

Table 5-12. Mean streak spacing ,̅ߣ unidirectional turbulent current with and without
waves added (wave periods fixed at T=1.38s), low-turbulence flume.

Case Conditions Time-averaged mean value
݉݉)̅ߣ )

ାߣ ାݕ

CA 16 118 6
WCAT1.67sA14mm 20 185 7
WCAT1.67sA16mm 18 168 7
WCAT1.67sA18mm 19 178 7

Table 5-13. Mean streak spacing ,̅ߣ unidirectional turbulent current with and without
waves added (wave periods fixed at T=1.67s), low-turbulence flume.

Case Conditions Time-averaged mean value
݉݉)̅ߣ )

ାߣ ାݕ

CAA 17 125 6
WCAAT2sA70mm 18 135 6

WCAAT1.67sA120mm 18 133 6
WCAAT1.43sA120mm 18 137 6
WCAAT1.25sA100mm 17 137 6
WCAAT1.11sA86mm 17 137 6

WCAAT1sA70mm 16 124 6

Table 5-14. Mean streak spacing̅ߣ�, tests conducted in the wave-current flume.

Figure 5-53. Non-dimensional mean streak spacing for combined wave-current

boundary layers.
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5.2.4.3 Probability distributions of streak spacing

Typical examples of the distribution of values of ߣ show that a Burr distribution is a better

distribution than a lognormal one (Figures 5-54 and 5-55). This suggests that probabilistic

models conform to the same function with and without waves added. Statistical

parameters listed in Tables 5-15 to 5-19 further reflect this, showing similar values of the

coefficient of variation, skewness and flatness. All the above observations demonstrate

that occurrence of streak spacing is essentially similar, with and without waves

superimposed on the current. This suggests that the fundamental process of streak

splitting and merging is very similar when waves are superimposed on the turbulent

current. However, the values of streak spacing are different in combined flows. If re-

scaling the boundary layer using the mean flow characteristics ௐݑ) 
∗), the distribution

will be different. This observation can be generalised to wave-current boundary layers in

other flow regimes, which again calls for further study.

Figure 5-54. Probability density functions of streak spacing at y=0.8mm, low-turbulence

flume, combined wave-current flow: wave period T=1.38s, wave amplitude A=20mm.

݉݉)ߣ )
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Figure 5-55. Probability density functions of streak spacing at y=0.8mm, wave-current

flume, combined wave-current flow: wave period T=1.43s, wave amplitude A=120mm.

݉݉)ߣ )
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Case Conditions The most probable value
ߣ ௦௧(݉݉ )

ߣ ௦௧
ା Standard

deviation
ఒߪ (݉݉ )

Coefficient
of

variation ߰ఒ

Skewness

ఒܵ

Flatness
ఒܨ

CA 12 89 8 0.47 1.85 8.81
WCAT1.11sA12mm 11 105 8 0.48 1.81 8.98
WCAT1.11sA14mm 10 95 7 0.47 2.08 10.38
WCAT1.11sA18mm 10 111 7 0.49 2.59 14.87

Table 5-15. Statistical parameters of streak spacing, unidirectional turbulent current with and without waves added, wave periods fixed at T=1.11s,
low-turbulence flume.

Case Conditions The most probable value
ߣ ௦௧(݉݉ )

ߣ ௦௧
ା Standard

deviation
ఒߪ (݉݉ )

Coefficient
of

variation ߰ఒ

Skewness

ఒܵ

Flatness
ఒܨ

CA 12 89 8 0.47 1.85 8.81
WCAT1.25sA14mm 12 113 8 0.46 1.68 7.50
WCAT1.25sA16mm 11 115 7 0.47 2.05 11.25
WCAT1.25sA18mm 11 111 7 0.46 2.11 9.64
WCAT1.25sA20mm 11 116 6 0.45 2.03 10.75

Table 5-16. Statistical parameters of streak spacing, unidirectional turbulent current with and without waves added, wave periods fixed at T=1.25s,
low-turbulence flume.
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Case Conditions The most probable value
ߣ ௦௧(݉݉ )

ߣ ௦௧
ା Standard

deviation
ఒߪ (݉݉ )

Coefficient
of

variation ߰ఒ

Skewness

ఒܵ

Flatness
ఒܨ

CA 12 89 8 0.47 1.85 8.81
WCAT1.38sA12mm 12 111 8 0.45 1.47 5.99
WCAT1.38sA14mm 12 111 8 0.46 1.36 5.21
WCAT1.38sA16mm 11 102 8 0.49 1.84 7.93
WCAT1.38sA18mm 12 112 6 0.43 1.88 8.59
WCAT1.38sA20mm 11 105 7 0.45 2.38 14.83

Table 5-17. Statistical parameters of streak spacing, unidirectional turbulent current with and without waves added, wave periods fixed at T=1.38s,
low-turbulence flume.

Case Conditions The most probable value
ߣ ௦௧(݉݉ )

ߣ ௦௧
ା Standard

deviation
ఒߪ (݉݉ )

Coefficient
of

variation ߰ఒ

Skewness

ఒܵ

Flatness
ఒܨ

CA 12 89 8 0.47 1.85 8.81
WCAT1.67sA14mm 12 111 10 0.50 1.26 4.68
WCAT1.67sA16mm 12 112 9 0.49 1.45 5.61
WCAT1.67sA18mm 12 112 9 0.50 1.49 5.62

Table 5-18. Statistical parameters of streak spacing, unidirectional turbulent current with and without waves added, wave periods fixed at T=1.67s,
low-turbulence flume.
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Case Conditions The most probable value
ߣ ௦௧(݉݉ )

ߣ ௦௧
ା Standard

deviation
ఒߪ (݉݉ )

Coefficient
of

variation ߰ఒ

Skewness

ఒܵ

Flatness
ఒܨ

CAA 12 89 8 0.47 1.50 5.50
WCAAT2sA70mm 13 97 9 0.49 1.52 5.60

WCAAT1.67sA120mm 13 96 10 0.55 1.71 6.78

WCAAT1.43sA120mm 13 99 9 0.49 1.37 4.95

WCAAT1.25sA100mm 13 105 9 0.50 1.69 6.12

WCAAT1.11sA86mm 10 81 9 0.51 1.55 5.78

WCAAT1sA70mm 11 86 8 0.48 1.38 4.92

Table 5-19. Statistical parameters of streak spacing, unidirectional turbulent current with and without waves added, wave-current flume.
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5.2.5 Coherent structures: ejections and sweeps

5.2.5.1 Vorticity distributions

The kinematics of turbulent vortices are well described by the local ensemble-averaged

velocity. A typical example is given in Figure 5-56, showing the vorticity magnitudes

with velocity vectors within a wave cycle. Note that velocity vectors plotted here are the

instantaneous turbulence fluctuations and different from those shown for a unidirectional

current. No additional moving reference frame is needed. Shear layers detected by the

ejections residing beneath them (‘S1’ and ‘S2’) move downstream approximately at the

local velocity [Figures 5-56 (a) to (c)]. Vortices denoted as ‘A’, ‘B’, ‘C’, ‘D’ and ‘E’

show the same behaviour [Figures 5-56 (d) to (j)]. The angle denoted as ߙ increases from

Figure 5-56 (e) to (g). This is explained by the additional spanwise rotation induced by

wave motions near y=17mm [Figure 5-57]. After flow reversal [Figures 5-56 (h) to (j)],

the vortices are lifted up into the outer region and move forwards due to potential flow.

When the flow decelerates, ejections are stronger and the size of vortices increases. This

is seen from Figures 5-56 (a) to (f). More violent ejections are observed, as evidenced by

increasing length scales of arrows around the vortex core region denoted as ‘E’. The

diameter of these vortices, as highlighted using red ellipses and denoted as ‘A’, ‘B’, and

‘C’, are more circular and the diameters of the vortices evolve from 4mm to 6mm.

Vortices are split into smaller ones when the flow accelerates. This is illustrated from

Figures 5-56 (g) to (j). The vortex labelled ‘D’ [Figure 5-56 (g)] is observed to start the

splitting process [Figure 5-56 (h)] when the flow just starts to accelerate. In Figure 5-56

(i), a more obvious split within the vortex is observed. The vortex becomes two smaller

vortices, denoted as ‘D1’ and ‘D2’, in Figure 5-56 (j).

The process of vortices increasing in scale when the flow decelerates and being split into

several smaller vortices when the flow accelerates has some scientific implications.

According to the energy cascade theory of turbulent boundary layers (Kolmogorov,

1941), vortices of larger scale normally generate turbulent kinetic energy and pass energy

to those of smaller scale. Smaller vortices then consume turbulent kinetic energy, mainly

by viscosity. The observed phenomenon reveals the underlying physical process of

turbulence generation when flow decelerates under an adverse pressure gradient, and

suppression when accelerates under a favourable pressure gradient (Hino et al., 1983).
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(a) ݐ = ;ݏ26.7 phase angle = 72°

(b) ݐ = ;ݏ26.84 phase angle = 108°
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S1

S2
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(c). ݐ = ;ݏ26.98 phase angle = 144°

(d). ݐ = ;ݏ27.14 phase angle = 180°

A B C
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(e). ݐ = ;ݏ27.28 phase angle = 216°

(f). ݐ = ;ݏ27.42 phase angle = 252°
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(g). ݐ = ;ݏ27.56 phase angle = 288°

(h). ݐ = ;ݏ27.7 phase angle = 324°
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(i) ݐ = ;ݏ27.84 phase angle = 360°

(j) ݐ = ;ݏ28 phase angle = 36°
Figure 5-56. Vorticity (103×s-1) within a wave cycle in the combined wave-current

boundary layer: wave period ܶ = ,ݏ1.43 amplitude ܣ = 120݉݉ , wave-current

flume.

B

D

A

C

D1

D2 A

B



174

Figure 5-57. Ensemble-averaged velocity profiles: wave period ܶ = ,ݏ1.43 amplitude

ܣ = 120݉݉ , wave-current flume. (a) streamwise velocities; (b) vertical velocities.

5.2.5.2 Quadrant analysis of Reynolds shear stress

Waves with larger amplitudes and shorter periods lead to larger shear stress induced by

ejections. The effect of wave amplitude is illustrated in Figure 5-58, showing Reynolds

shear stress contributed from the four quadrant events (sweeps, ejections and

interactions). For brevity, all magnitudes of Reynolds shear stress are divided by the

density of water. Results show that the shear stress induced by ejections (Q2 events) with

waves of increasing amplitude is higher than in a turbulent current without waves. Results

for the other three quadrant events remain similar to the turbulent current flow when
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waves are not present. Figures 5-59 and 5-60 show the effect of wave period. In other

words, ejections of fluid from the near-bed region are enhanced by waves with shorter

periods and larger amplitudes.
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Figure 5-58. Reynolds shear stress induced by four quadrant events, unidirectional turbulent current with and without waves added, low-turbulence

flume: (a) CA; (b) WCAT1.25sA14mm; (c) WCAT1.25sA16mm; (d) WCAT1.25sA20mm.
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Figure 5-59. Reynolds shear stress induced by four quadrant events, waves propagating with the turbulent current, low-turbulence flume:

(a) WCAT1.25sA16mm; (b) WCAT1.38sA16mm; (c) WCAT1.67sA16mm.
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Figure 5-60. Reynolds shear stress induced by four quadrant events, waves propagate with the turbulent current, wave-current flume: (a) CAA; (b)

WCAAT1.11sA86mm; (c) WCAAT1.25sA100mm; (d) WCAAT1.43sA120mm.
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5.2.6 Further Discussions

The characteristics of turbulent structures have been considered for waves with a range

of frequencies and amplitudes. Streaky patterns viewed in a horizontal plane suggest the

existence of streamwise vortices constituting legs of hairpin vortices, while spanwise

vortices observed in a vertical plane are heads of hairpin vortices.

When waves with shorter periods and larger amplitudes are added, a small but consistent

decrease of ̅ߣ is observed, together with an increase in the maximum shear stress induced

by ejections. The relation between streak spacing and ejections is expected because

ejections are caused by lifted streaks, based on the conceptual model of hairpin vortices

in a unidirectional turbulent current. This finding is also relevant to the reduction of

boundary layer thickness, because the size of turbulent vortices is a characteristic length

scale of the boundary layer. However, it should be emphasised that the amount of

variation in ̅ߣ does not have the same magnitude as the decrease of boundary layer

thickness. This indicates a new value of ାߣ for combined wave-current boundary layers

as established from the present study.

The observation above has some implications for sediment transport. The streak spacing

represents the typical length scale of parting lineation. Therefore, results from the present

investigation indicate that the spacing between the parting lineation may decrease in

coastal areas where waves and currents coexist, especially when shorter and larger waves

appear. Previous studies of sediment transport have found that suspended sediment is

closely related to ejections (Lelouvetel et al., 2009). Therefore, results here suggest that

the extra ejections induced by waves will add to diffusion and keep sediment in

suspension.

The streak spacing decreases (increases) when the flow decelerates (accelerates), together

with stronger (weaker) ejections. This further confirms the link between streaks and

ejections. This finding provides a possible mechanism of turbulence suppression when

flow accelerates under a favourable pressure gradient and enhancement when decelerates

under an adverse pressure gradient (Hino et al., 1983). By analogy to the self-sustained

process of turbulent boundary layers proposed by Kim et al. (1971), the lifted low-speed

streaks may impinge on the instantaneous velocity profile and cause an inflection point.

The inflexion point is a signal of flow instability and leads to ejections thereafter, together

with sweeps according to the continuity law. The whole process constitutes a bursting

event, as suggested by Kim et al. (1971) as the basic mechanism of turbulence generation.
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A relationship between the streamwise velocity and streak spacing is established,

indicating the way of disturbing turbulent boundary layers by wave-induced orbital

displacements.

The observation of more streaks when flow decelerates provides an additional mechanism

of sediment initiation when waves are added. Previous studies of turbulent boundary

layers have shown that streamwise vortices are closely related to high bed friction

(Kravchenko et al., 1993), and that streamwise vortices of opposite directions are located

at each side of a streak (Stretch, 1990; Schoppa and Hussain, 2002). This suggests that a

peak value of bed shear stress can occur when streamwise vortices appear, and this

together with a vertical pressure gradient can initiate movement of sediment particles

more easily.

The spanwise distribution of ݑ across the flume changes periodically within a wave cycle.

When streamwise velocities increase (decrease), the distribution is more (less) uniform.

This finding implies that sediment particles on the seabed may agglomerate when the

flow accelerates.

Within a wave cycle, the scale of spanwise vortices increases (decreases) when the flow

decelerates (accelerates). This suggests that turbulent diffusion may be stronger when the

flow decelerates. Sediment particles may be brought into stronger vortices, similar to the

boils in open-channel flows.
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Numerical modelling: preliminary tests

The previous chapter presents and discusses results of coherent structures in turbulent

boundary layers with and without waves superimposed, using the experimental apparatus

described in Chapter 3 and the methodology detailed in Chapter 4. It should be noted that

the present study gives two-dimensional view of coherent structures. Therefore, three-

dimensional view can be provided in future study.

As reviewed in the literature on wave-current interactions (see Chapter 2), numerical

approaches are frequently employed to investigate flow kinematics and dynamics. In

order to develop a numerical wave-current flume, from which further investigations of

wave-current interactions can be made, this chapter describes numerical simulations

based on a CFD approach. At this preliminary stage, the experimental data of Kemp and

Simons (1982) are used for the validation of the model. Results show that velocities in

the bottom wave-current boundary layer agree well with the experiments. This serves as

a benchmark study and provides some guidance for future work. In the plan of future

research, more advanced turbulence models will be adopted. This allows future upscaling

to a three-dimensional view of coherent structures in combined wave-current boundary

layers. High Reynolds numbers can be achieved in a numerical model, which also

complements the limitations of the present work.
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6.1 Methodology

Computational Fluid Dynamics (CFD) is a branch of fluid dynamics that uses numerical

algorithms to solve the Navier-Stokes equations. Ansys Fluent, as a powerful and widely-

used CFD package, has been adopted in the present study to model wave-current

interactions.

6.1.1 Governing equations

All CFD packages are based on the Navier-Stokes equations (N-S equations), which are

fundamental governing equations of fluid mechanics, describing the principles of

conservation of mass, momentum and energy. In the present study, the calculation of

energy is not involved in the model. Therefore, only the continuity and momentum

equations for incompressible fluid are used.

There are three main approaches to model a turbulent flow, namely, Direct Numerical

Simulation (DNS), Reynolds-Averaged Navier-Stokes (RANS) simulation, and Large

Eddy Simulation (LES). In the present study, the RANS model was adopted for modelling

wave-current interaction. The standard ݇− modelߝ was used for its relatively low

computational cost and reasonable accuracy. Background theories are provided by Pope

(2000) and Ansys (2013).

In order to fully resolve the bottom boundary layer rather than using wall functions,

enhanced near-wall treatment has been adopted in the presented study. This follows the

‘low Reynolds number modelling strategy’ (Ansys, 2013) and has not been included in

any previous numerical models (Teles et al., 2013; Zhang et al., 2014). The near-wall

modelling method is specifically appropriate for a very-refined mesh near the bed,

typically with the first near-wall node placed at yା ≈ 1.

6.1.2 Multiphase flow model

The present model consists of two phases, i.e. air and water. The Volume of Fluid (VOF)

model, as a surface tracking technique applicable to a fixed Eulerian mesh, was adopted

to capture the free surface. This is based on solving a single set of momentum equations

and tracking the volume fraction of each of the fluids throughout the computational

domain. In each cell, the sum of volume fractions of all phases adds up to one. Therefore,

the variables and properties in any given cell are either purely representative of one phase,

or a mixture of phases, depending on the value of volume fraction. The default ‘implicit’
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scheme was adopted for time discretization, where the volume fraction value at the

present time step is required rather than at the previous step as for ‘explicit’ schemes.

More details of the fundamental theory are given by Ansys (2013).

6.1.3 Wave generations and absorptions

In the present model, waves were generated using the ‘open channel wave boundary

condition’. This was accomplished employing velocity components based on the second-

order Stokes wave theory at the inlet boundary.

At the outlet end of the numerical flume, a numerical beach was used to avoid wave

reflections. This was accomplished by adding a damping sink term to the body forces

term of the momentum equations, for cells in the zone near the pressure-outlet boundary.

Consequently, surface elevation and fluid velocity can be reduced.

Detailed information on wave generation and the numerical beach is given in Ansys

(2013).

6.1.4 Discretisation method

The finite volume method is adopted in the model to solve the governing equations of the

fluid. The basic step is dividing the computational domain into a number of control

volumes or cells to create a computational mesh or grid, where the variable of interest is

stored at the centroid of the control volume. The next step is to integrate the differential

form of the governing equations over all the control volumes of the domain. Interpolation

profiles are then assumed so as to describe the variation of the variables between cell

centroids. The resulting discretized equation can be solved by an iterative method.

6.1.5 CFD model set-up

A schematic diagram is shown in Figure 6-1 to illustrate the general procedure for setting

up any CFD model. This procedure has been followed to develop the numerical wave-

current flume in the present case. Detailed information of the model set-up at each step is

presented in the following sub-sections and included in Zhang et al. (2017).
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Figure 6-1. A general procedure for CFD model set-up and software used at each step.

6.1.5.1 Geometry and Meshing

The numerical flume was 12.86m in length, with a numerical beach 4.34m long at the

outlet end of the flume. The height of the computational domain was set as 0.3m, with

0.2m for depth of water to match the validation case study and 0.1m for the air domain.

Having created the geometry using the Ansys embedded tool, the domain was spatially

discretized into smaller control volumes to solve the governing equations. This process is

alternatively known as a meshing process, which is highly significant for numerical

simulations since high quality mesh can reduce the risk of divergence and minimize errors

from discretization. In the present study, quadrilateral meshing shows good convergence

behaviour. The horizontal discretization of mesh is evenly distributed, the same as Teles

et al. (2012, 2013), Zhang et al. (2014). In the present study, the mesh is very refined near

the bed (yା ≈ 0.3 for the first grid). This is to avoid the weakness of not fully resolving

the bottom boundary layer when adopting the ‘wall-function approach’ (Teles et al.,

2013). Mesh refinement near the free surface is important to avoid numerical dissipation

of waveforms.

Meshing was performed to give 50000 cells (see Figure 6-2) after a convergence test of

mesh size was conducted to test the mesh independence.

Geometry Meshing Simulation set-up Solving Post-
processing

Workbench

Geometry;

ICEM CFD.

Workbench
Mesh;

ICEM CFD.

Ansys Fluent.
Ansys Fluent;

CFD-Post
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Figure 6-2. Part of the mesh, WCA1, from Zhang et al. (2017).

6.1.5.2 Boundary Conditions and Initial conditions

6.1.5.2.1 Unidirectional turbulent current generation

In order to generate a turbulent current, a pressure-inlet boundary condition was specified

with a streamwise velocity of 0.2m/s. Turbulence parameters were set to match the value

obtained in the case study, including turbulence intensity of 3.9% and hydraulic diameter

of 0.43m. The outlet boundary condition was a pressure-outlet, with the same turbulence

parameters. Free surface level at 0.2m and bottom level at 0m were both specified through

pressure-inlet and pressure-outlet boundary conditions, which is typical for a two-phase

flow. The atmospheric pressure was specified as 1atm=101325Pa in the air domain. Since

gravity is important in open-channel flows, gravitational acceleration direction and

magnitude are specified in the model. The smooth bed was specified as a non-slip wall.

The top boundary of the computational domain was specified as a slip-wall with zero

shear stress.

A standard initialisation method as recommended by the Ansys (2013) was adopted. The

flow field was initialised with values determined from the inlet boundary. After this,

initial velocities and turbulence parameters such as turbulent kinetic energy and

dissipation rate were specified across the whole domain.
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6.1.5.2.2 Waves propagating with the turbulent current

Having set up the model for a unidirectional current, waves were added. In this case,

second-order Stokes waves were superimposed on the background current after a flow

time of 19.6s. The characteristics of the waves (see Table 6-1) were input based on the

Doppler Shift theory (Peregrine, 1976) to ensure that the observed frequency is

unchanged (T=1s) with and without the current (WCA1 and WA1 respectively). After the

initial turbulent current was generated, some changes to boundary conditions and cell

zones were made to superimpose wave motions. The waves were generated through the

velocity-inlet boundary condition, specifying the depth-averaged velocity (0.185 m/s) and

turbulence parameters. Several other depth averaged velocities were tried and the

magnitude of 0.185 m/s gave the closest results compared with experimental data. Wave

parameters were specified at the inlet, through a wave boundary condition. A numerical

beach was then switched on, covering the region from x=8.52m to the end of the flume

in order to avoid wave reflections. The damping resistance was set to 100 (m-1) in order

to suppress the reflected waves.

The solution was initialised using the same method as for the current-alone case.

Case Conditions WA1 WCA1
Water depth h (m) 0.2
Wave height H (m) 0.029 0.02
Wavelength L (m) 1.21 1.446
Table 6-1. Wave characteristics of CFD model, with and without the current.

6.1.5.3 Solution Schemes

In the present study, a transient-type pressure-based solver was adopted to generate a

stable current flow. The pressure-velocity coupling scheme chosen was the Pressure-

Implicit with Splitting of Operators (PISO) algorithm which is recommended for

transient-type problems (Ansys, 2013).

In terms of spatial discretization, a second-order upwind scheme was used for momentum,

turbulent kinetic energy and dissipation rate. In this method, a higher-order accuracy at

cell faces is achieved through a Taylor series expansion of the cell-centred solution about

the cell centroid. The discretization for gradient remained the default ‘Least squares cell

based’, which is recommended for its high accuracy and less expensive computation. For

pressure interpolation, the PREssure STaggering Option (PRESTO!) algorithm was used

as recommended for all VOF calculations and for flows with large pressure gradients
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(Ansys, 2013). The interface scheme ‘Compressive’ was adopted for interpolation

because of its accuracy and medium-to-high computational speed. The theory behind the

numerical algorithms is given in Ansys (2013).

In terms of temporal discretisation, a second-order implicit transient formulation was

adopted in the model for its high accuracy. Fixed time stepping is recommended in the

User Guide for better accuracy and was adopted for the present study; a time step of

0.001s was adopted to provide its relatively high accuracy and computational speed after

performing the convergence study. A residual target was set at 10-5 as the convergence

criterion; this was achieved within each time step.

6.2 Results and Discussions

Mean velocity profile for the combined wave-current flow is plotted on linear and semi-

logarithmic scales in Figure 6-3 (a) and (b) respectively. Results suggest good agreements

with the experimental data, with a maximum discrepancy less than 3%.

Periodic velocities in the vicinity of the bed are shown in Figure 6-4, at 18° phase intervals

through half a wave cycle along with the experimental data for comparison. The

maximum and minimum periodic velocities induced by the wave motion are in good

agreement with the experimental results. This indicates that the present model is capable

of fully resolving the bottom oscillatory boundary layer.

Ensemble-averaged velocity profiles are illustrated in Figure 6-5. Flow reversals are

observed to occur within 0.4mm of the smooth bed. The region of flow reversals shows

good agreements with the experimental data. This leads to an inflexion point in the

instantaneous velocity profile, which is a sign of flow instability (Schlichting, 1974).

In order to further investigate the characteristics of the wave-current bottom boundary

layer, time histories of bed shear stress are plotted in Figure 6-6 (b). The corresponding

free surface elevation is shown in Figure 6-6 (a) for comparisons. Results suggest a peak

value of the bed shear stress at 28.1s, and a peak value of free surface elevation at 28.2s.

This indicates that the bed shear stress is 36° in advance of wave profile, which is a typical

feature of oscillatory boundary layers and in satisfactory agreement with the experimental

value of 30°.

The phase lead has been studied in previous experiments and considered by Nielsen

(1992). Although the value varies among previous experiments (Jonsson, 1967; Jonsson
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and Carlsen, 1976; Brevik, 1980; Asano and Iwagaki, 1985; Trowbridge and Agrawal,

1995; Yuan and Madsen, 2014, 2015), it is well accepted that this should be between 30°

and 45°. Results of the present CFD model further confirm this and provide more insights

for time histories of bed shear stress within a wave cycle.

Figure 6-3. Mean velocity profile for waves propagating with a current, water depth of

200mm, wave period of 1s, wave height of 0.02m, flow rate of 0.185 m/s: (a) linear

scale; (b) semi-logarithmic scale.
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Figure 6-4. Periodic velocities in the bottom boundary layer: (a) numerical results; (b)

experimental results (Kemp and Simons, 1982).

Figure 6-5. Ensemble-averaged velocity profiles at 18° interval, WCA1 (CFD results)

0.000

0.001

0.002

0.003

0.004

0.005

-0.1 -0.05 0 0.05 0.1

y
(m

)

(a)

0°

18°

36°

54°

72°

90°

108°

126°

144°

162°

180°

0

0.001

0.002

0.003

0.004

0.005

-0.1 -0.05 0 0.05 0.1

y
(m

)

(b)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

-0.05 0.05 0.15 0.25 0.35

y
(m

)

0°

18°

36°

54°

72°

90°

108°

126°

144°

162°

180°

〈ݑ〉 ݉ ݏ/

ݑ (݉ (ݏ/

ݑ (݉ (ݏ/



193

Figure 6-6. Time series within a wave cycle, combined wave-current flows, water depth

of 200mm, wave period of 1s, wave heights of 0.02m, flow rate of 0.185 m/s: (a) free

surface elevations; (b) bed shear stress.
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Conclusions

Motivated by the overall aim to enhance our understanding of combined wave-current

boundary layers, the present study examines the influence of waves on the structure of

turbulence. This is accomplished by experimental programmes performed in laboratory

flumes with different scales. Turbulence characteristics and coherent structures in the

unidirectional current without waves added are in reasonable agreement with existing

knowledge with ାߣ near the top of the published range, demonstrating the successful

employment of the experimental methodology. Therefore, they are suitable for

investigations of turbulence structures in combined wave-current boundary layers.

From a technical point of view, the main conclusions obtained from the present project

are as follows:

1. The streak spacing is linearly related to the integral spatial scale I.S.S, and the

relationship λ = 6*I.S.S is valid regardless of laboratory scale, water depth, and 

measurement techniques.

2. Measurements from the PIV technique and hydrogen bubble visualisation lead to

the same research findings, which will be given as follows. This provides some

guidance for experimentalists in terms of experimental methodology.

From a physical point of view, the main conclusions obtained from the present project

are as follows:

1. As addressed in the first research question, low-speed streaks observed in the

unidirectional current boundary layer are also present in combined wave-current

boundary layers. The dimensional mean streak spacing is not altered significantly

by the waves superimposed. A decrease of mean streak spacing of less than 3mm

(13%) is observed when waves with larger amplitudes and higher frequencies are

added. The non-dimensional mean streak spacing is ,ା=143ߣ as established from

the present study and different from that of the unidirectional turbulent current.

2. Within a wave cycle, the spacing between turbulent streaks varies with the passing

of wave crest and trough, increasing when the flow accelerates and decreasing

when the flow decelerates. This is demonstrated by the streamwise velocity

contours measured by the PIV system and visualisation using hydrogen bubbles,

and is observed in both flumes. As addressed in the second research question, a

sine function of time can represent the change of streak spacing variation within
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a wave cycle. The amplitude of the change in periodic streak spacing is linearly

related to the wave-induced orbital displacements in the streamwise direction.

Mathematical representations of periodic streak spacing are given, based on the

experimental results from both flumes.

3. For all tests in the present study (current-alone and wave-current conditions), the

probability density functions of streak spacing are essentially very similar with

and without waves added to the current. Both are better represented by a Burr

distribution compared with the lognormal distribution found by previous authors

for a unidirectional turbulent current.

4. Stronger ejections are observed when the flow decelerates, and the size of

spanwise vortices increases, as observed in velocity vectors from a vertical plane.

5. Quadrant analysis of Reynolds shear stress reveals that the maximum Reynolds

shear stress induced by ejections is increased when waves are superimposed on

the turbulent current, scaling with wave frequencies and amplitudes.

Contributions from the other three quadrant events remain similar to those of the

turbulent current without waves added.

6. Flow reversal is seen to cause low-speed streaks to break up into blocks of low-

speed regions, losing their coherence in the streamwise direction.

7. The results listed above from the present study have some scientific implications,

which reveal the underlying physical processes in combined wave-current

boundary layers. The non-dimensional mean streak spacing shows a small

increase when waves are superimposed, compared to the value for a unidirectional

current. This provides a guidance for research of combined wave-current

boundary layers. The periodic change of streak spacing suggests a possible

mechanism of turbulence production (suppression) when the flow decelerates

(accelerates). The linear relation between the magnitude of streak spacing

fluctuations and the wave-induced orbital displacements indicates that the forward

and backward movements can lead to periodic change of streak spacing. This

provides an additional mechanism of disturbing turbulent boundary layers and can

be used for turbulence prediction. Quadrant analysis results, together with the

dimensional streak spacing, indicate that waves with shorter periods and larger

amplitudes impact turbulent boundary layers more significantly.
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8. The findings have some engineering implications for sediment transport. Previous

work on unidirectional turbulent currents (Nakagawa and Nezu, 1981) has shown

that the probability density function of streak spacing is the same as that for

bursting frequency. Thus, the new function of streak spacing can be used for

deriving a new probabilistic model for sediment resuspension. Velocity gradients

across the flume change periodically within one wave cycle. When the flow

accelerates (decelerates), streamwise velocities distribute more (less) evenly

across the flume. The periodic change of velocity distributions across the flume

within a wave cycle indicates a possible movement path of sediment. Quadrant

analysis results suggest an additional mechanism of sediment suspension caused

by waves. Based on the new experimental results from the present study, a semi-

empirical formula has been proposed for eddy viscosity distributions in combined

wave-current boundary layers. This is different from existing eddy viscosity

assumptions for modelling WCI. Comparisons between the present formula and

the previous experimental data collected in an oscillating water tunnel show

reasonable agreement. The newly developed eddy viscosity distribution can be

used to improve accuracy of predicting sediment transport.

It should be noted that the experiments were conducted over smooth boundaries. Previous

work on turbulent boundary layers in unidirectional currents (Grass et al., 1991, 1993)

has demonstrated that turbulent structures over smooth and rough boundaries are

essentially the same. It is therefore concluded that results from the present investigation

can be generalised to flow fields over rough boundaries in wave-current boundary layers.

Reynolds numbers are low in both sets of experiments, which can be improved in the

future study.

Preliminary tests of a CFD model have been conducted to provide some guidance on

future work on wave-current interaction (WCI). These show that mean velocity profiles,

wave-induced periodic velocities, and the near-bed phase advance are all in satisfactory

agreements with previous experimental results. Therefore, the present CFD model can be

used for further study of wave-current interaction. An LES model should be adopted for

future work, employing the VOF model for multiphase-flow modelling as has been used

by the present study, to obtain a three-dimensional view of the coherent structures in

combined wave-current boundary layers. The results of the present work can be re-

analysed to obtain turbulence kinetic energy (TKE), which can be valuable and more

relevant to the numerical modelling for near bed turbulence under combined flows.
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Appendix A: User-written programmes for data

analysis of hydrogen bubble visualisation

Step 1: Determine the displacements of bubbles from the image

[X, map] = imread('CA-03 (black-white+image process).jpg');

figure,imshow(X, map);

t=graythresh(X);

im2bw(X,t);

Y=im2bw(X,t);

imshow(Y);

for i=1:1429

if sum(Y(:,i))==0;

p(1,i) = -1000;

continue

else

a=find(Y(:,i));

p(1,i)=(min(a)+max(a))/2;

end

end

p=p';
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for dr=0:898

for k=1:899-dr

y(k,dr+1)=x(k,1)*x(k+dr,1);

end

end

Step 2: Auto-correlations of streamwise velocity

for dr=0:898

for k=1:899-dr

y(k,dr+1)=x(k,1)*x(k+dr,1);

end

end
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Appendix B: User-written programmes for analysis of

PIV data in the horizontal plane

1. Current-alone test, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['CAA-7Hz 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end
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for i=0:9

L=importdata (['CAA-7Hz 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])
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end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAA-7Hz 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end
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for i=10:99

L=importdata (['CAA-7Hz 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAA-7Hz 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['CAA-7Hz 20170327a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

for i=1:127

for j=1:770

eval(['Line_H.b' num2str(i) '(:,' num2str(j) ')=a' num2str(j) '(' num2str(i) '*127-

126:' num2str(i) '*127,4);'])

end

end

for i=1:127

for j=1:770
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eval(['Line_H.c' num2str(i) '=sum(Line_H.b' num2str(i) ')./(sum(Line_H.b'

num2str(i) '~=0)+eps*(sum(Line_H.b' num2str(i) '~=0)==0));'])

end

end

for i=1:127

for j=1:770

eval(['Line_H.x' num2str(i) '=Line_H.b' num2str(i) '-repmat(Line_H.c' num2str(i)

',127,1);'])

end

end

for i=1:127

for j=1:770

for k=1:53

eval(['Line_H.auto' num2str(i) '(' num2str(k) ',' num2str(j) ')=sum(Line_H.x'

num2str(i) '(14:66,' num2str(j) ').*Line_H.x' num2str(i) '(13+' num2str(k) ':65+'

num2str(k) ',' num2str(j) '));'])

end

end

end

for i=1:127

eval(['Line_H.R' num2str(i) '=Line_H.auto' num2str(i) './repmat(Line_H.auto'

num2str(i) '(1,:),53,1);'])

end

Step 3: Calculate integral spatial scales
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for i=6:124

for j=1:770

for m=1:52

eval(['intermedium=Line_H.R' num2str(i) '(' num2str(m) ',' num2str(j)

')*Line_H.R' num2str(i) '(' num2str(m) '+1,' num2str(j) ');'])

if intermedium>0

continue;

else

eval(['Line_H.ITS' num2str(i) '(1,' num2str(j) ')=trapz(gridz(1:'

num2str(m) ', 1),Line_H.R' num2str(i) '(1:' num2str(m) ',' num2str(j) '))+0.5*Line_H.R'

num2str(i) '(' num2str(m) ',' num2str(j) ')*(Line_H.R' num2str(i) '(' num2str(m) ','

num2str(j) ')-0)/(Line_H.R' num2str(i) '(' num2str(m) ',' num2str(j) ')-Line_H.R'

num2str(i) '(' num2str(m) '+1,' num2str(j) '))*(gridz(' num2str(m) '+1,1)-gridz('

num2str(m) ',1));'])

break;

end

end

end

end

2. WCAAT2sA70mm, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end
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for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])
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end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end
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for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mm 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mm 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])
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end

for i=10:70

L=importdata (['WCAAf0d5HzA70mm 20170327a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

The programme for this step is the same as that of current-alone test as shown above.

Step 3: Calculate integral spatial scales

The programme for this step is the same as that of current-alone test as shown above.

3. WCAAT1.67sA120mm, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end
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for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])
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end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99
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L=importdata (['WCAAf0d6HzA120mm 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d6HzA120mm 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d6HzA120mm 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['WCAAf0d6HzA120mm 20170327a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])



232

end

Step 2: Auto-correlations of streamwise velocity

Step 3: Calculate integral spatial scales

4. WCAAT1.43sA120mm, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);
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eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end
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for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])
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end

for i=10:99

L=importdata (['WCAAf0d7HzA120mm 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d7HzA120mm 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['WCAAf0d7HzA120mm 20170327a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

Step 3: Calculate integral spatial scales

5. WCAAT1.25sA100mm, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);
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eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end
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for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])
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end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d8HzA100mm 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d8HzA100mm 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9
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L=importdata (['WCAAf0d8HzA100mm 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

Step 3: Calculate integral spatial scales

6. WCAAT1.11sA86mm, wave-current flume:

Step 1: read data

for i=1:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00610' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0061' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00620' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end
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for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0062' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00630' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0063' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00640' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0064' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])
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end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00650' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0065' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00660' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0066' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00670' num2str(i)

'.T000.D000.P000.H000.L.vec']);



242

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d9HzA86mm 20170327a0067' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d9HzA86mm 20170327a00680' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['WCAAf0d9HzA86mm 20170327a0068' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

Step 3: Calculate integral spatial scales

7. WCAAT1sA70mm, wave-current flume:

Step 1: read data

for i=1:9
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L=importdata (['WCAAf1HzA70mm 20170327a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end
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for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);
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eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf1HzA70mm 20170327a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end
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for i=0:9

L=importdata (['WCAAf1HzA70mm 20170327a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['WCAAf1HzA70mm 20170327a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Auto-correlations of streamwise velocity

Step 3: Calculate integral spatial scales



247

Appendix C: User-written programmes for analysis of

PIV data in the vertical plane

1. Current-alone test, wave-current flume:

Step 1: Read data

for i=1:9

L=importdata (['CAAuv-7Hz 20170512a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end
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for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);
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eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end
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for i=10:99

L=importdata (['CAAuv-7Hz 20170512a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['CAAuv-7Hz 20170512a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['CAAuv-7Hz 20170512a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

Step 2: Store the time series of velocity vectors into matrices with sorted order

for n = 1:5

for m=1:770

eval(['x' num2str(m) '(:,' num2str(n) ')=a' num2str(m) '(:,' num2str(n) ');']);

end

end

for i=1:770

eval(['x' num2str(i) '=sortrows(x' num2str(i) ');'])

end



251

Step 3: Time-average over the whole time series of data

for q=0:1

eval(['w' num2str(q) '=zeros(16129,5);']);

end

for k = 1:770

eval(['w' num2str(k) '=w' num2str(k-1) '+x' num2str(k) ';'])

end

UVave = zeros(16129,5);

UVave(:,1) = w770(:,1)/770;

UVave(:,2) = w770(:,2)/770;

UVave(:,3) = w770(:,3)/770;

UVave(:,4) = w770(:,4)/770;

UVave(:,5) = w770(:,5)/770;

Step 4: Reynolds Shear Stress calculations

UV=zeros(16129,5);

for i=1:770

eval(['UV=UV+x' num2str(i) '(:,1:5);']);

end

UV=UV/770;

for i=1:770

eval(['x' num2str(i) '(:,7)=x' num2str(i) '(:,3)-UV(:,3);']);

eval(['x' num2str(i) '(:,8)=x' num2str(i) '(:,4)-UV(:,4);']);
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eval(['x' num2str(i) '(:,9)=x' num2str(i) '(:,7).*x' num2str(i) '(:,8);']);

end

UVfinal=zeros(16129,1);

for i=1:770

eval(['UVfinal=UVfinal+x' num2str(i) '(:,9);']);

end

UVfinal=UVfinal/770;

UVfinal=reshape(UVfinal,127,127)

Step 5: Velocity gradient calculations

dUdy = diff(U(:))./diff(y(:))*1000;

plot(dUdy(1:115,1),y(1:115,1))

Step 6: Quadrant Analysis of Reynolds shear stress

temp4=zeros(16129,1);

for k=1:770

eval(['temp4(:,1)=temp4(:,1)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8);']);

end

temp4=temp4/770;

temp2=zeros(16129,5);

for k=1:770

eval(['temp2(:,1)=temp2(:,1)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8).*(x' num2str(k)

'(:,7)>0 & x' num2str(k) '(:,8)>0);']);

eval(['temp2(:,2)=temp2(:,2)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8).*(x' num2str(k)

'(:,7)<0 & x' num2str(k) '(:,8)>0);']);
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eval(['temp2(:,3)=temp2(:,3)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8).*(x' num2str(k)

'(:,7)<0 & x' num2str(k) '(:,8)<0);']);

eval(['temp2(:,4)=temp2(:,4)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8).*(x' num2str(k)

'(:,7)>0 & x' num2str(k) '(:,8)<0);']);

eval(['temp2(:,5)=temp2(:,5)+x' num2str(k) '(:,7).*x' num2str(k) '(:,8).*(x' num2str(k)

'(:,7).*x' num2str(k) '(:,8)==0);']);

end

temp3=temp2./770;

QARey=temp3(:,1:4)./repmat(temp4,1,4);

2. WCAAT2sA70mm, wave-current flume:

Step 1: Read data

for i=1:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00110' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0011' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(i) '=L.data;'])

end
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for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00120' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0012' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(100+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00130' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0013' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(200+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00140' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end
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for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0014' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(300+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00150' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0015' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(400+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00160' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(500+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0016' num2str(i)

'.T000.D000.P000.H000.L.vec']);
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eval(['a' num2str(500+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00170' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=10:99

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0017' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(600+i) '=L.data;'])

end

for i=0:9

L=importdata (['WCAAf0d5HzA70mmuv 20170512a00180' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end

for i=10:70

L=importdata (['WCAAf0d5HzA70mmuv 20170512a0018' num2str(i)

'.T000.D000.P000.H000.L.vec']);

eval(['a' num2str(700+i) '=L.data;'])

end
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Step 2: Store the time series of velocity vectors into matrices with sorted order

for n = 1:5

for m=1:770

eval(['x' num2str(m) '(:,' num2str(n) ')=a' num2str(m) '(:,' num2str(n) ');']);

end

end

for i=1:770

eval(['x' num2str(i) '=sortrows(x' num2str(i) ');'])

end

Step 3: Time-average over the whole time series of data

for q=0:1

eval(['w' num2str(q) '=zeros(16129,5);']);

end

for k = 1:770

eval(['w' num2str(k) '=w' num2str(k-1) '+x' num2str(k) ';'])

end

UVave = zeros(16129,5);

UVave(:,1) = w770(:,1)/770;

UVave(:,2) = w770(:,2)/770;

UVave(:,3) = w770(:,3)/770;

UVave(:,4) = w770(:,4)/770;

UVave(:,5) = w770(:,5)/770;
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Step 4: Reynolds Shear Stress calculations

for j=1:10

eval(['x_new' num2str(j) '=zeros(16129,2);']);

end

for i=128:16002

for j=1:10

for k=j:10:770

eval(['x_new' num2str(j) '(i,1)=x_new' num2str(j) '(i,1)+mean(x' num2str(k) '([i-

127,i,i+127],3));']);

end

end

end

for i=128:16002

for j=1:10

for k=j:10:770

eval(['x_new' num2str(j) '(i,2)=x_new' num2str(j) '(i,2)+mean(x' num2str(k) '([i-

127,i,i+127],4));']);

end

end

end

for j=1:10

eval(['x_new' num2str(j) '=x_new' num2str(j) '/77;']);

end
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for t=1:770

eval(['x' num2str(t) '(:,6)=x' num2str(t) '(:,3)-x_new' num2str(mod(t-1,10)+1) '(:,1);']);

eval(['x' num2str(t) '(:,7)=x' num2str(t) '(:,4)-x_new' num2str(mod(t-1,10)+1) '(:,2);']);

end

x_temp=zeros(16129,1);

for t=1:770

eval(['x' num2str(t) '(:,8)=x' num2str(t) '(:,6).*x' num2str(t) '(:,7);']);

end

for t=1:770

eval(['x_temp=x_temp+x' num2str(t) '(:,8);']);

end

x_temp=x_temp/770;

x_temp2=reshape(x_temp,127,127);

Step 5: Velocity gradient calculations

dUdy = diff(U(:))./diff(y(:))*1000;

plot(dUdy(1:115,1),y(1:115,1))

Step 6: Quadrant Analysis of Reynolds shear stress

x_count=zeros(16129,5);

for t=1:770

eval(['x_count(:,1)=x_count(:,1)+x' num2str(t) '(:,6).*x' num2str(t) '(:,7).*(x' num2str(t)

'(:,6)>0 & x' num2str(t) '(:,7)>0);']);

eval(['x_count(:,2)=x_count(:,2)+x' num2str(t) '(:,6).*x' num2str(t) '(:,7).*(x' num2str(t)

'(:,6)<0 & x' num2str(t) '(:,7)>0);']);
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eval(['x_count(:,3)=x_count(:,3)+x' num2str(t) '(:,6).*x' num2str(t) '(:,7).*(x' num2str(t)

'(:,6)<0 & x' num2str(t) '(:,7)<0);']);

eval(['x_count(:,4)=x_count(:,4)+x' num2str(t) '(:,6).*x' num2str(t) '(:,7).*(x' num2str(t)

'(:,6)>0 & x' num2str(t) '(:,7)<0);']);

eval(['x_count(:,5)=x_count(:,5)+x' num2str(t) '(:,6).*x' num2str(t) '(:,7).*(x' num2str(t)

'(:,6)==0 | x' num2str(t) '(:,7)==0);']);

end

x_count=x_count/770;

for j=1:10

eval(['x_ct' num2str(j) '=zeros(16129,5);']);

for t=j:10:770

eval(['x_ct' num2str(j) '(:,1)=x_ct' num2str(j) '(:,1)+x' num2str(t) '(:,6).*x' num2str(t)

'(:,7).*(x' num2str(t) '(:,6)>0 & x' num2str(t) '(:,7)>0);']);

eval(['x_ct' num2str(j) '(:,2)=x_ct' num2str(j) '(:,2)+x' num2str(t) '(:,6).*x' num2str(t)

'(:,7).*(x' num2str(t) '(:,6)<0 & x' num2str(t) '(:,7)>0);']);

eval(['x_ct' num2str(j) '(:,3)=x_ct' num2str(j) '(:,3)+x' num2str(t) '(:,6).*x' num2str(t)

'(:,7).*(x' num2str(t) '(:,6)<0 & x' num2str(t) '(:,7)<0);']);

eval(['x_ct' num2str(j) '(:,4)=x_ct' num2str(j) '(:,4)+x' num2str(t) '(:,6).*x' num2str(t)

'(:,7).*(x' num2str(t) '(:,6)>0 & x' num2str(t) '(:,7)<0);']);

eval(['x_ct' num2str(j) '(:,5)=x_ct' num2str(j) '(:,5)+x' num2str(t) '(:,6).*x' num2str(t)

'(:,7).*(x' num2str(t) '(:,6)==0 | x' num2str(t) '(:,7)==0);']);

end

end

for j=1:10

eval(['x_ct' num2str(j) '=x_ct' num2str(j) '/77;']);

end
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x_test=x_count(:,1:4)./repmat(x_temp,1,4);
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Appendix D: Calculations of return current speed

A return current towards the wave generator exists in closed wave flumes, cancelling the

flux caused by the Stokes drift. This appendix presents detailed procedures for

determining the return current speed, based on the table given by Ramsden and Nath

(1989). Results are presented and discussed by comparing to the depth-averaged mean

velocity changes when waves are added.

1. Test Condition: ‘WCAT1sA20mm’

Water depth ℎ = 0.16�݉ ; wave period ܶ = ;ݏ1 wave height =�ܪ 40݉݉ .

ܮ =
݃ܶଶ

ߨ2
=

9.81 × 1

ߨ2
= 1.56 (݉ )

ℎ = 0.16 (݉ )

ℎ

ܮ
=

0.16

1.56
= 0.102

ܥ =
ܮ
ܶ

=
1.56

1
= 1.56 (݉ (ݏ/

ܪ

ܮ
=

0.04

1.56
= 0.026

where ܮ is deep water wave length, ݃ the gravitational constant, ܥ the deep water wave

celerity.

Using the table given by Ramsden and Nath (1989) (see Figure A-1):

−ܴ
ܥ

= 0.008

Therefore, the return current possesses the velocity ܴ = 0.008 × 1.56 = 0.012 (݉ .(ݏ/

By calculating the depth-averaged mean velocity of ‘WCAT1sA20mm’, this gives:

ܷௗ = 0.223 (݉ (ݏ/

The depth-averaged mean velocity of ‘CA’ is:

ܷௗ = 0.211 (݉ (ݏ/

Thus, the difference in the depth-averaged mean velocity is 0.012 (m/s). This velocity is

consistent with the return current flow velocity.
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2. Test Condition: ‘WCAT1.11sA20mm’

Water depth ℎ = 0.16�݉ ; wave period ܶ = ;ݏ1.11 wave height =�ܪ 40݉݉ .

ܮ =
݃ܶଶ

ߨ2
=

9.81 × 1.11

ߨ2
= 1.924 (݉ )

ℎ = 0.16 (݉ )

ℎ

ܮ
=

0.16

1.924
= 0.08

ܥ =
ܮ
ܶ

=
1.924

1.11
= 1.733 (݉ (ݏ/

ܪ

ܮ
=

0.04

1.924
= 0.021

Using the table again:

−ܴ
ܥ

= 0.005

Therefore, the return current possesses the velocity ܴ = 0.005 × 1.733 = 0.01 (݉ .(ݏ/

By calculating the depth-averaged mean velocity of WCAT1.11sA20mm, this gives:

ܷௗ = 0.224 (݉ (ݏ/

The depth-averaged mean velocity of CA is:

ܷௗ = 0.211 (݉ (ݏ/

Thus, the difference in the depth-averaged mean velocity is 0.013 (m/s). This velocity is

in reasonable agreements with the return current flow velocity.

3. Test Condition: ‘WCAT1.25sA20mm’

Water depth ℎ = 0.16�݉ ; wave period ܶ = ;ݏ1.25 wave height =�ܪ 40݉݉ .

ܮ =
݃ܶଶ

ߨ2
=

9.81 × 1.25ଶ

ߨ2
= 2.44 (݉ )

ℎ = 0.16 (݉ )

ℎ

ܮ
=

0.16

2.44
= 0.066
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ܥ =
ܮ
ܶ

=
2.44

1.25
= 1.952 (݉ (ݏ/

ܪ

ܮ
=

0.04

2.44
= 0.016

Using the table again:

−ܴ
ܥ

= 0.005

Therefore, the return current possesses the velocity ܴ = 0.005 × 1.952 = 0.01 (݉ .(ݏ/

By calculating the depth-averaged mean velocity of WCAT1.25sA20mm, this gives:

ܷௗ = 0.220 (݉ (ݏ/

The depth-averaged mean velocity of CA is:

ܷௗ = 0.211 (݉ (ݏ/

Thus, the difference in the depth-averaged mean velocity is 0.009 (m/s). This velocity is

consistent with the return current flow velocity.

4. Test Condition: ‘WCAT1.38sA20mm’

Water depth ℎ = 0.16�݉ ; wave period ܶ = ;ݏ1.38 wave height =�ܪ 40݉݉ .

ܮ =
݃ܶଶ

ߨ2
=

9.81 × 1.38ଶ

ߨ2
= 2.973 (݉ )

ℎ = 0.16 (݉ )

ℎ

ܮ
=

0.16

2.973
= 0.054

ܥ =
ܮ
ܶ

=
2.973

1.38
= 2.154 (݉ (ݏ/

ܪ

ܮ
=

0.04

2.973
= 0.013

Using the table again:

−ܴ
ܥ

= 0.003

Therefore, the return current velocity ܴ = 0.003 × 2.154 = 0.006 (݉ .(ݏ/

By calculating the depth-averaged mean velocity of WCAT1.38sA20mm, this gives:
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ܷௗ = 0.217 (݉ (ݏ/

The depth-averaged mean velocity of CA is:

ܷௗ = 0.211 (݉ (ݏ/

Thus, the difference in the depth-averaged mean velocity is 0.006 (m/s). This velocity is

consistent with the return current flow velocity.

Figure A-1. Return current in a closed wave flume, from Ramsden and Nath (1989).
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Appendix E: Previous experiments summary

Reference Main outcomes Applicability Facility type
(wave flumes
or oscillating
water
tunnels)

Method
(Instrument)

Wave
Conditions:
Wave period
T (s);
Wave height
H (mm)

Eddy viscosity
distributions
(whether given or not;
Whether used for
validations of previous
theoretical models or not)

General assessments

Bakker and
von Doorn
(1978)

Mean velocity profiles
and bed shear stress

WCI over rough
beds, waves
propagating with
a turbulent
current;

for small values
of ܽ/ ௦݇

(3 - 4).

Wave flume:
30m long,
0.5m wide
and 0.5m
deep

laser-doppler
velocity meter
(LDV)

T=2s;

H=120mm.

Not given. The results of mean velocity
profiles were widely used for
validations of eddy-viscosity
based theoretical models.

Fixed at one wave period, not
covering a wide range of test
conditions.

Brevik
(1980)

Mean velocity profiles
and bed shear stress

WCI over a
smooth bed,
waves
propagating with
a turbulent
current.

Wave flume:
26m long,
0.6m wide,
and 0.75m
deep

Micropropeller T=2s, 1.8s,
1.5s;

H=7cm,
11cm, 12cm,
14cm, 16cm,
18cm.

Not given. The experiments were more
focused on changes of wave
properties caused by the
current, i.e. wavelengths and
wave heights.
The friction factor was
derived by wave attenuation
measurements. However,
results suggested very
scattered. This was attributed
to the sidewall effects.
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Mean velocities throughout
the whole water column were
observed to be reduced when
waves were added. This was
not observed by others.

Brevik and
Aas (1980)

Mean velocity profiles
and bed shear stress

WCI over a
rippled bed,
waves
propagating
with/against a
turbulent current.

Wave flume:
30m long, 1m
wide, and
1.8m deep.

Micropropeller T=2s, 1.8s;

H=14cm,
15cm, 16cm.

Not given. The friction factor derived
from wave attenuation
measurements showed
reasonable results because the
presence of the rippled bed
made the sidewall effects
negligible.
No phase advance was
observed from the near-bed
velocities, compared to the
free surface elevation.
The decrease of mean
velocities in the whole water
column was observed, similar
to Brevik (1980). However,
this phenomenon was not
found by other researchers.
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Thomas
(1981)

Wavelengths, wave
heights, velocity
profiles under the wave
crest and wave trough.

WCI over a
smooth bed,
waves
propagating
against a
turbulent current.

Wave flume:
27m long,
0.72m wide,
and 0.57m
deep.

Resistance
type wave
gauges, LDA.

T=1.25s Not given. Results of the wavelength and
velocity profiles in the
presence of a shear flow were
shown to be well predicted by
their irrotational mean flow
model.
Changes of the wave
amplitude were found to be
well predicted by their model,
assuming that the current
properties are altered by
waves in a very slow way.

Kemp and
Simons
(1982)

Mean velocity profiles,
turbulent fluctuations,
and Reynolds shear
stress.

WCI over smooth
and rough beds,
waves
propagating with
a turbulent
current.

Wave flume:
14.5 m long,
457 mm wide
and 690 mm
deep

laser-Doppler
anemometer
(LDA)

T=1s;

H=29mm,
37.8mm,
46.4mm,
54.4mm

Eddy viscosities were
obtained for the rough bed
condition, in the near-bed
region
≥ݕ) 35݉݉ ).

Widely used for the validation
of mean velocity profiles,
predicted by eddy-viscosity
based models.
Widely used for numerical
models of WCI for
validations.
Many theories have been
proposed to explain the
phenomenon of WCI found in
this paper.
Fixed at one wave period, not
covering a wide range of test
conditions.
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Kemp and
Simons
(1983)

Mean velocity profiles,
turbulent fluctuations,
and Reynolds shear
stress.

WCI over smooth
and rough beds,
waves
propagating
against a
turbulent current.

Wave flume:
14.5 m long,
457 mm wide
and 690 mm
deep

laser-Doppler
anemometer
(LDA)

T=1s;

H=29mm,
37.8mm,
46.4mm,
54.4mm

Eddy viscosities were
obtained for the rough bed
condition, in the near-bed
region
≥ݕ) 35݉݉ ).

Widely used for the validation
of mean velocity profiles,
predicted by eddy-viscosity
based models.
Widely used for numerical
models of WCI for
validations.
Many theories have been
proposed to explain the
phenomenon of WCI found in
this paper.
Fixed wave period, not
covering a wide range of test
conditions.

Asano et al.
(1986)

Mean water level
gradient.

WCI over a rough
bed, waves
propagating
following a
turbulent current.

Wave tank:
27m long,
0.5m wide,
and 0.7m
deep.

Resistance
type wave
gauges

T=1.21s,
1.38s, 1.46s,
1.7s

Not given. Mean water level gradients
were increased with the
addition of the waves. This
indicates an increased bed
shear stress induced by wave
motions.

Visser (1986) Bed shear stress WCI over a
smooth and rough
boundary, waves
propagating at
90° to a turbulent
current.

Wave basin:
34m long,
16.6m wide;
water depth
varies
between
0.1m and
0.2m.

Micropropeller
and LDA

T=1s, 1.8s,
2s;

H ranges
from 4cm to
10cm.

Not given. Increased bed shear stress was
observed, determined from
the mean water level gradient.
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Sleath (1990) Velocity profiles WCI over a
smooth and rough
boundary, waves
propagating at
90° to a turbulent
current.

Flume:
5m long,
1.2m wide,
and 0.26m
deep.
Oscillating
plate
replaced at
the test
section.

LDA T=1.8s, 2.2s,
2.4s, 2.9s,
4.4s, 4.5s,
4.6s;

H=28cm.

Not given. Mean velocity profiles over a
smooth bed were not altered
significantly by the waves
superimposed. Whereas over
a rough bed, the changes in
mean velocity distributions
were similar to the condition
of waves propagating with the
current.

Thomas
(1990)

Wavelengths, wave
heights, velocity
profiles under the wave
crest and wave trough.

WCI over a
smooth bed,
waves
propagating
against a
turbulent current.

Wave flume:
27m long,
0.72m wide,
and 0.57m
deep.

Resistance
type wave
gauges, LDA.

T=1.25s Not given. Results of the wavelength and
velocity profiles in the
presence of a shear flow were
shown to be well predicted by
their model, applying finite-
amplitude wave theory and a
slowly varying theory
(Thomas, 1981). This
suggsted the significance of
the depth-averaged mean
velocity, as well as vorticity
distribution in WCI.

Simons et al.
(1992)

Bed shear stress WCI over rough
beds, waves
propagating with
an orthogonal
current.

Wave basin:
20m long,
18m wide,
and 0.7m
deep.

Ultrasonic
Current Meter
(UCM) for
velocity
measurements
and UCL shear
plate for bed
shear stress

T=1 - 3 s;

H:
max=300mm
.

Not given. Direct measurements of bed
shear stress obtained.
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Arnskov et
al. (1993)

Bed shear stress WCI over a
smooth bed,
waves
propagating
obliquely to a
turbulent current.

Wave basin:
23.5m long,
12.5m wide,
and 0.4m
deep.

Hot-film probe T=1s, 1.5s;

H ranges
from 0.5cm
to 15cm.

Not given. Values of the mean bed shear
stress are increased when
waves were added, indicating
a non-linear interaction
between waves and currents.
This does not occur for the
maximum bed shear stress.

Ranasoma
and Sleath
(1994).

Velocity profiles WCI over a
rippled bed,
waves
propagating at
90° to a turbulent
current.

Flume:
5m long,
1.2m wide,
and 0.26m
deep.
Oscillating
plate
replaced at
the test
section.

LDA T ranges
from 1.8s to
3s.

Not given. Logarithmic distributions
were observed from the mean
velocity profiles.
Mean velocity distributions
were predicted by their model
to a satisfactory degree, but
not near the bed. The latter
was explained by the vortex
formation and ejections.

Simons et al.
(1994)

Bed shear stress WCI over rough
beds, where
random waves
propagate with a
current.

Wave basin:
20m long,
18m wide,
and 0.7m
deep.

Ultrasonic
Current Meter
(UCM) for
velocity
measurements
and UCL shear
plate for bed
shear stress

T=1.28s,
1.29s, 1.31s,
1.48s, 1.49s,
1.50s;

Hsig=142mm,
144mm,
145mm,
147mm,
172mm,
175mm.

Not given. Direct measurements of bed
shear stress obtained.
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Klopman
(1994)

Mean velocity profiles WCI over rough
beds, waves
propagating with
a turbulent
current.

Wave flume:
46m long,
1 m wide and
0.5 m deep

LDV T=1.4s;

H=120mm,
100mm.

Not given. In agreements with the
findings of Kemp and Simons
(1982, 1983).

Lodahl et al.
(1998)

Velocity distributions
and bed shear stress

WCI over a
smooth bed,
waves
propagating
following a
turbulent current.

Oscillating
water tunnel:
10m long,
0.39m wide,
and 0.29m
high.

LDA T=5.3s, 10s Not given. Results suggest that time-
averaged bed shear stress can
be increased, unchanged, or
decreased by the waves added.
This depends on the flow
regimes of both current and
waves.

Fredsoe et al.
(1999)

Mean velocity profiles,
and turbulent
fluctuations.

WCI over a
rippled bed,
waves
propagating with
a turbulent
current;

for small values
of ܽ/ ௦݇

(around 1).

Wave flume:
28m long,
0.6m wide,
0.8m deep.

LDA for
velocity
measurementS
and flow
visualisations
for vortex
evolution
studies.

T=2.5s;

H=130mm.

Not given. Limited range of wave
periods.

Simons et al.
(2000)

Bed shear stress and
mean velocities

WCI over rough
beds
(covering a wide

range of


ೞ
= 7 −

70 and


ೞ
≤ 5 ),

where regular or
random waves
propagate with a
current.

Large
Oscillating
Water
Tunnel:
14m long,
1.1m high,
and 0.3m
wide;

LDV for
velocity
measurements
and UCL shear
plate for bed
shear stress

T=0.8s-3s. Not given. Direct measurements of bed
shear stress obtained.
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Simons and
MacIver
(2001)

Bed shear stress and
mean velocities

WCI over a
smooth and rough

bed (


ೞ
= 0.02 −

1.25 ), where
regular,
bichromatic and
random waves
propagating with
and against a
turbulent current.

Wave flume:
Same as
Kemp and
Simons
(1982,
1983).

LDV for
velocity
measurements
and UCL shear
plate for bed
shear stress

T=0.8s-2.5s;

H:
max=69mm.

Not given. Direct measurements of bed
shear stress obtained.

Umeyama
(2005)

Mean velocity profiles,
turbulent fluctuations,
and Reynolds shear
stress.

WCI over a
smooth bed,
waves
propagating with
(against) a
turbulent current.

Wave flume:
25m long,
0.7m wide
and 1.0 m
deep

LDA T=0.9s, 1.0s,
1.2s, 1.4s;

H=2.02cm,
2.51cm,
2.67cm,
2.80cm.

Based on the mixing
length model, and
therefore eddy viscosity
was not calculated.

Limited range of wave periods
and bed conditions.

Musumeci et
al. (2006)

Velocity profiles. WCI over smooth
and rough beds,
waves
propagating with
an orthogonal
current.

Wave tank:
18m long, 4m
wide and
1.2m deep
with a fixed
horizontal
bottom

ADV (30Hz) T=0.8s, 1.0s,
1.2s, 1.4s;

H=85mm,
86mm,
89mm,
102mm.

Not given. A variety of wave conditions
tested.

Umeyama
(2009)

Mean velocity profiles,
turbulent fluctuations,
and Reynolds shear
stress.

WCI over a
smooth bed,
waves
propagating with

Wave flume:
25m long,
0.7m wide
and 1.0 m
deep

LDA T=0.9s, 1.4s,
1.6s;

Based on the mixing
length model, and
therefore eddy viscosity
was not calculated.

Limited range of wave periods
and bed conditions.
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(against) a
turbulent current.

H=2.02cm,
3.04cm,
2.80cm.

Fernando et
al. (2011)

Mean velocity profiles,
bed shear stress, and
ripple development.

WCI over rough
beds, waves
propagating with
an orthogonal
current.

Wave tank:

24m long,
10m wide,
and 0.9m
deep

ADV (25Hz) T=1.5s

H=44mm to
186mm.

Used for validations of
Fredsoe (1984),
Christoffersen and
Jonsson (1985), Grant and
Madsen (1979), and
Myrhaug and Slaattelid
(1990).

Comparisons made with the
models of Christoffersen and
Jonsson (1985), Grant and
Madsen (1979), and Myrhaug
and Slaattelid (1990).
Good agreements were found
in the lower water regime,
while larger discrepancies
were found in the outer flow.
Fredsoe (1984) model showed
not as good as the other
models in predicting mean
velocities.

For bed shear stress
predictions, the model of
Grant and Madsen (1979)
performed the best, with
relative difference
approximately 10%.

Jepsen et al.
(2012)

bed shear stress WCI over a
smooth bed,
where waves
propagate with
and against a
turbulent current.

2m long,
0.02m wide,
and 0.11m
deep

PIV T=5s, 10s. Very small-scale tests.

Umeyama
(2011)

Instantaneous velocity
fields.

WCI over a
smooth bed,

Wave flume: PIV & PTV T=1.0s; Not given. Limited range of wave periods
and bed conditions.
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waves
propagating with
(against) a
turbulent current.

25m long,
0.7m wide
and 1.0 m
deep

H=1.03cm,
2.34cm,
3.61cm,
0.91cm,
2.02cm,
3.09cm.

Rusu and
Soares
(2011)

Wave spectrum WCI over a
smooth bed,
waves
propagating with
(against) a
turbulent current.

3D wave
basin:
30m
long,20m
wide, and 3m
deep.

Resistance
type wave
gauges

T=10s, 12s,
14s, 16s;

Hs=5m, 8m,
10m, 11m,
13m

Not given. Results of wave spectrum
analysis showed that the
significant wave heights were
decreased (increased) when
waves propagated with
(against) the current.

Yuan and
Madsen
(2015)

Mean velocity profiles,
and bed shear stress.

WCI over smooth
and rough beds,
waves
propagating with
a turbulent
current.

Oscillating
water tunnel:
10m long,
50cm deep,
and 40cm
wide at the
test section

PIV T=6.25s,
12.5s;

Piston
displacement
amplitude
a=160mm,
200mm,
250mm,
320mm,
400mm

Improved version of Grant
and Madsen model.

Fixed at two wave periods.
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Singh and
Debnath
(2016)

Mean velocities,
turbulence intensities,
Reynolds shear stress
and their contributions
from four quadrant
events.

WCI over a
smooth bed,
waves
propagating
following a
turbulent current.

Wave flume:
18.3m long,
0.9m wide,
and 0.90m
deep

ADV T=1.67s,
0.67s, 0.4s;

H=5cm, 6cm,
7cm.

Not given. A decrease of mean velocities
near the free surface was
observed when waves were
added. This agrees well with
previous exepriments.
However, their quadrant
analysis results were not in
accordance with classical
turbulence theories.
Therefore, their results of
coherent structures in
combined wave-current
boundary layers were not
high-quality.

Singh et al.
(2016)

Mean velocities,
turbulence intensities,
and Reynolds shear
stress

WCI over a rough
bed, waves
propagating
following a
turbulent current.

Wave flume:
18.3m long,
0.9m wide,
and 0.90m
deep

ADV T=1s, 0.5s;

H=2cm, 3cm.

Not given. Results of mean velocity
profiles were obtained by
time-averaging and spatia-
averaging over 2 roughness
elements. This suggests a two-
region profile: linear or
exponential below the
roughness crest, and
logarithmic above the crest.
Results suggest that wave
frequency does not change the
mean velocity profiles
significantly.



277

Singh et al.
(2018)

Mean velocities,
Reynolds shear stress,
and joint probability
distribution of
turbulence fluctuations.

WCI over a rough
bed, waves
propagating
following a
turbulent current.

Wave flume:
18.3m long,
0.9m wide,
and 0.90m
deep

ADV T=1s, 0.5s;

H= 3cm.

Non-dimensional eddy
viscosity was presented,
using shear velocity and
water depth as scaling
parameters.

Mean velocity profiles show
agreements with previous
experiments, with an increase
in the upper water column and
a decrease in the lower
regime.
When waves were added, the
second peak observed in the
spectral analysis of velocity
time series. This corresponds
to the wave frequency.

Table E-1. Laboratory experiments of WCI summary
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Reference Main outcomes
(velocity profile and/or
bed shear stress)

Site Method (Instrument) Bed shear stress
(whether given or not;
whether used for validations of
previous theoretical models or
not)

General assessments

Huntley and Hazen (1988) Bed shear stress under
combined wave-current
flow.

Nova Scotia Electromagnetic
flowmeters

Validated the model of Grant
and Madsen (1979)

Good agreements
found.

Lambrakos et al. (1988) Velocities and bed shear
stress under combined
wave-current flow.

Strait of Juan de
Fuca

Electromagnetic
flowmeters

Used for validation of Myrhaug
and Slaattelid (1989)

Fair agreements found.

Soulsby and Humphrey (1990) Bed shear stress under
combined wave-current
flow.

7.5 km southwest
of the coast of the
Isle of Wight

Electromagnetic
flowmeters

Used for validation of Myrhaug
and Slaattelid (1990)

Good agreements
found.

Trowbridge and Agrawal
(1995)

Velocities in the wave
bottom boundary layer.

Duck, North
Caroline

LDV Validated the model of Grant
and Madsen (1979)

Good agreements
found for seabed flow
structures.

Table E-2. Field tests summary
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Appendix F: Previous eddy viscosity models summary

Figure F-1. Eddy viscosity distributions for time-invariant WCI models, not to scale,

from Fredsoe and Deigaard, 1992, pp. 77.

Figure F-2. Time-averaged eddy viscosity profile, (a) weak current; (b) strong current.

(After Yuan and Madsen, 2015, pp. 500)
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Figure F-3. Eddy viscosity profile. (After You et al., 1991, pp. 532)


