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Abstract
Tidal energy conversion devices (TECDs) are in development throughout the world to

help reduce the need for fossil fuels. These devices will generally be mounted on the

seabed and remain there over a period of years. Most of the previous research on TECDs

has focused on their power extraction capability and efficient design. The handful of

studies which have focused on the effects of the devices on the marine environment have

not considered small-scale three-dimensional phenomena occurring in the flow near the

rotor. These phenomena are likely to disturb the marine environment by altering the

dynamics of sediment.

The accurate prediction of the rapidly changing flow down-stream of a TECD and

its influence on the seabed poses a challenge. The nature of the interactions between

such a flow and sediment has not been experimentally established. Predictions of these

interactions, as is necessary for an assessment of the effects of the devices on the seabed,

need to account for the depth-dependence of the flow velocity and its changes during

the tidal cycle. The difference between the typical time-scales of the development of the

rotor wake and the tidal cycle represents a difficulty for the computational modelling

of the interactions between the device and the tidal flow.

This dissertation presents an inviscid analysis of the flow down-stream of horizontal-

axis, vertical-axis and cross-flow TECDs by means of computer modelling. The Vortic-

ity Transport Model, modified to simulate the flow down-stream of a TECD mounted

onto the seabed, predicts the shear stress inflicted by the flow on the seabed. The

shear stresses on the seabed, generated by small-scale vortical structures in the wake

down-stream of the devices, cause sediment to uplift. This process along with the sub-

sequent motion of the sediment is simulated by a sediment model implemented into

the Vorticity Transport Model. The critical bed shear stress is known as a threshold

for initiation of sediment motion, therefore the relative difference between the stress

on the seabed and the critical bed shear stress, called the excess bed shear stress, is

chosen here as an indicator of the impact of the TECDs on the seabed.

The evolution of the instantaneous stresses on the seabed is predicted to vary with

the configuration of TECD. The results suggest that the average excess bed shear stress

inflicted on the seabed by the horizontal-axis device increases with the inflow velocity

during the flood part of the representative tidal cycle and that the increase can be

expressed by a simple algebraic expression. It is also predicted that the impact of

this device on the seabed does not monotonically decrease with increasing separation

between the rotor and the seabed. In addition, the relationship between the excess bed

shear stress and the position of the rotor is established. Furthermore, the simulations

indicate that the wake down-stream of the horizontal-axis device is lifted by the flow

away from the seabed, which result in a confinement of its impact to the vicinity of

the rotor. In contrast with the horizontal-axis configuration, it is concluded that the

vertical-axis and cross-flow configurations of the rotor would promote the erosion of

the seabed further away from the device, at a location where the wake approaches the

seabed again and that this location depends on the inflow velocity.

The predicted effects of these devices on the marine environment need to be con-

sidered in advance of their installation on the seabed.



Contents

List of Figures viii

1 Introduction 1

1.1 State of the Art . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

1.2 Research Objectives . . . . . . . . . . . . . . . . . . . . . . . . . . 8

1.3 Synopsis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

List of Symbols and Abbreviations 1

2 Hydrodynamic model 11

2.1 Studied Turbine Configurations . . . . . . . . . . . . . . . . . . . 12

2.2 Wake of a TECD . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

2.3 Vorticity Transport Model . . . . . . . . . . . . . . . . . . . . . . 20

2.3.1 Rotor Model . . . . . . . . . . . . . . . . . . . . . . . . . . 21

2.3.2 Governing Equations . . . . . . . . . . . . . . . . . . . . . 25

2.3.3 Velocity Calculation . . . . . . . . . . . . . . . . . . . . . 27

2.3.4 Discretization of the Governing Equations . . . . . . . . . 28

2.3.5 Advection Scheme . . . . . . . . . . . . . . . . . . . . . . 30

2.3.6 Adaptive Computational Grid . . . . . . . . . . . . . . . . 32

2.3.7 Octree Data Storage . . . . . . . . . . . . . . . . . . . . . 33

2.3.8 Fast Multipole Method . . . . . . . . . . . . . . . . . . . . 34

2.4 Tidal Flow Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

2.4.1 Velocity Profiles . . . . . . . . . . . . . . . . . . . . . . . . 41

2.4.2 Free Stream Vorticity . . . . . . . . . . . . . . . . . . . . . 42

2.4.3 Tide Induced Wake Vorticity . . . . . . . . . . . . . . . . . 43

v



CONTENTS

2.4.4 Fixed Computational Grid . . . . . . . . . . . . . . . . . . 46

2.4.5 Boundary Conditions . . . . . . . . . . . . . . . . . . . . . 46

2.4.6 Sediment in the VTM . . . . . . . . . . . . . . . . . . . . 50

2.4.7 Turbulent Diffusion Effects . . . . . . . . . . . . . . . . . . 51

2.5 Model Validation . . . . . . . . . . . . . . . . . . . . . . . . . . . 52

2.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54

3 Sediment Model 56

3.1 Sediment Characteristics at Potential Tidal Sites . . . . . . . . . 58

3.2 Initiation of Sediment Motion . . . . . . . . . . . . . . . . . . . . 59

3.3 Erosion and Sediment Load . . . . . . . . . . . . . . . . . . . . . 63

3.4 Sediment Transport . . . . . . . . . . . . . . . . . . . . . . . . . . 65

3.4.1 Settling Velocity . . . . . . . . . . . . . . . . . . . . . . . 66

3.5 Turbulence and Sediment Diffusivity . . . . . . . . . . . . . . . . 66

3.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68

4 TECD in Uniform Flow 69

4.1 Specifications of the TECD . . . . . . . . . . . . . . . . . . . . . 71

4.2 Structure of the Wake . . . . . . . . . . . . . . . . . . . . . . . . 72

4.3 Relative Erosion Flux . . . . . . . . . . . . . . . . . . . . . . . . . 79

4.4 Motivation for Tidal Flow Simulations . . . . . . . . . . . . . . . 85

4.5 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

5 TECD in Tidal Flow 88

5.1 Structure of the Wake . . . . . . . . . . . . . . . . . . . . . . . . 93

5.2 Excess Bed Shear Stress . . . . . . . . . . . . . . . . . . . . . . . 96

5.3 Tidal Cycle . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5.4 Effect of the Distance from the Seabed on the EXSS . . . . . . . . 111

5.4.1 TECD close to the seabed . . . . . . . . . . . . . . . . . . 124

5.5 Sediment Concentration . . . . . . . . . . . . . . . . . . . . . . . 133

5.5.1 Sediment Size . . . . . . . . . . . . . . . . . . . . . . . . . 141

5.6 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 143

vi



CONTENTS

6 Influence of Rotor Configuration on Sediment Motion 145

6.1 Vertical Axis TECD . . . . . . . . . . . . . . . . . . . . . . . . . 146

6.2 Cross-Flow TECD . . . . . . . . . . . . . . . . . . . . . . . . . . 159

6.3 Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

7 Conclusions and Future Work 183

7.1 Research Outcomes . . . . . . . . . . . . . . . . . . . . . . . . . . 185

7.1.1 What does the wake of a TECD look like? . . . . . . . . . 185

7.1.2 How does the wake affect the flow velocity close to the seabed?187

7.1.3 What effects do the devices have on the sediment? . . . . . 187

7.1.4 Can the change of these effects over time be approximated

by an algebraic expression? . . . . . . . . . . . . . . . . . 188

7.1.5 Does the expression apply for all configurations of a TECD? 189

7.1.6 Which are the key factors influencing the effects of the de-

vices on the seabed? . . . . . . . . . . . . . . . . . . . . . 189

7.1.7 What could be the long term consequences of the presence

of the TECDs on the seabed? . . . . . . . . . . . . . . . . 191

7.1.8 How could the marine environment change due to the pres-

ence of the TECD? . . . . . . . . . . . . . . . . . . . . . . 191

7.2 Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192

Appendix A 195

Appendix B 196

References 197

vii



List of Figures

2.1 Position of the blades of the HATT in the coordinate system. . . . 14

2.2 Position of the blades of the VATT in the coordinate system. . . . 16

2.3 Position of the blades of the CFTT in the coordinate system. . . . 16

2.4 Scale comparison of the studied devices. . . . . . . . . . . . . . . 17

2.5 Schematic representation of the wake of a horizontal axis turbine

in uniform flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

2.6 Schematic representation of the wake of a horizontal axis turbine

for a non-uniform inflow model, where the inflow velocity increases

with the height above the seabed . . . . . . . . . . . . . . . . . . 18

2.7 Computational domain with marked boundaries - 1) inlet; 2) right

wall (from down-stream direction); 3) outlet; 4) left wall; 5) top. . 19

2.8 An iso-surface of rotor vorticity in the computational domain. . . 20

2.9 A section of rotor vorticity in the computational domain. . . . . . 20

2.10 Schematic representation of the inner model . . . . . . . . . . . . 22

2.11 Schematic representation of the intercell vorticity fluxes, figure

taken from [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

2.12 Schematic representation of an octree grid structure, figure taken

from [1] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2.13 Decomposition of the vorticity field in to the far field (white), in-

termediate field (dark grey), near field (light grey) of cluster i,

figure taken from [1] . . . . . . . . . . . . . . . . . . . . . . . . . 37

2.14 Illustration of a velocity profile as an inflow condition . . . . . . . 41

2.15 Illustration of the implemented seabed boundary condition and a

possible free-surface representation. . . . . . . . . . . . . . . . . . 49

viii



LIST OF FIGURES

2.16 Illustration of the influence of the mirror vortex on the flow. The

dark grey arrow represents the wake induced velocity vector with-

out an influence of free surface, the light grey arrow represents the

velocity induced by the mirror vortex and the black arrow indicates

the wake induced velocity vector affected by the simple free-surface

model. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

2.17 Comparison between the variation in VTM-predicted aerodynamic

loading and experimental measurements made by Strickland et al.

[2] for TSR = 5, left: normal force, right: tangential force. Image

taken from Scheurich [3]. . . . . . . . . . . . . . . . . . . . . . . . 52

2.18 Smoke flow visualisation of the wake produced by a two bladed

rotor in ground effect. Image taken from Lee et al. [4] . . . . . . . 53

2.19 Vorticity distribution from a two bladed rotor in proximity to the

ground plane as calculated using the VTM. Image taken from

Phillips [5]. (The rotor was hovering one radius above the ground) 53

4.1 Position of the blades of the horizontal-axis TECD in the coordi-

nate system. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 71

4.2 Dependence of the power coefficient of the TECD on TSR. . . . . 72

4.3 Three-dimensional representation of the rotor vorticity field evolv-

ing in time, the black lines denote the position of the seabed (z = 0). 74

4.4 The iso-surface of the vorticity field, equal to 10% of the maximal

magnitude of the vorticity for TSR = 4, of the fully developed

wake; from top to bottom: TSR = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . 76

4.5 The near-bed velocity induced by the fully developed wake, from

top to bottom: TSR = 4, 4.5, 5, 5.56, 6, 6.67, 7. The value of the

free-stream velocity is depicted by black colour, the regions where

the near-bed velocity exceeds the free-stream value are red. . . . . 78

4.6 Illustation of the abrupt changes in the near-bed velocity, TSR =

4, from top to bottom: 25.6 Trr, 26.7 Trr, 34.5 Trr, 36.8 Trr, where

Trr denotes the time of one rotor revolution. . . . . . . . . . . . . 80

4.7 REEF for TSR = 4, left: zhub = 1.5R, right: zhub = 1.2R. . . . . . 81

4.8 REEF for TSR = 4.5, left: zhub = 1.5R, right: zhub = 1.2R. . . . . 82

ix



LIST OF FIGURES

4.9 REEF for TSR = 5, left: zhub = 1.5R, right: zhub = 1.2R. . . . . . 82

4.10 REEF for TSR = 5.56, left: zhub = 1.5R, right: zhub = 1.2R. . . . 82

4.11 REEF for TSR = 6, left: zhub = 1.5R, right: zhub = 1.2R. . . . . . 83

4.12 REEF for TSR = 6.67, left: zhub = 1.5R, right: zhub = 1.2R. . . . 83

4.13 REEF for TSR = 7, left: zhub = 1.5R, right: zhub = 1.2R. . . . . . 83

4.14 The mean value of REEF of the fully developed wake, left: zhub =

1.5R, right: zhub = 1.2R. . . . . . . . . . . . . . . . . . . . . . . . 85

5.1 The velocity of the flow at the rotor plane (x = 0), vhub/vtip = 0.2,

zhub = 1.5R, R = 5 m. . . . . . . . . . . . . . . . . . . . . . . . . 89

5.2 Boundary layer flow for vhub = 1.25 m/s. . . . . . . . . . . . . . . 90

5.3 Free-stream vorticity for vhub = 1.25 m/s. . . . . . . . . . . . . . . 91

5.4 Comparison of the rotor vorticity field for the two inflow models,

top: uniform inflow velocity, Vuniform = 1.25 m/s, bottom: the

velocity profile, vhub = 1.25 m/s. . . . . . . . . . . . . . . . . . . . 93

5.5 Illustration of the evolution of the rotor vorticity field, calculated

by the modified VTM. . . . . . . . . . . . . . . . . . . . . . . . . 94

5.6 The rotor vorticity field of the fully developed wake, vhub = 1 m/s

and zhub = 1.5R. . . . . . . . . . . . . . . . . . . . . . . . . . . . 95

5.7 The tide induced wake vorticity of the fully developed wake, planar

section perpendicular to the seabed and the rotor plane, vhub =

1 m/s and zhub = 1.5R. . . . . . . . . . . . . . . . . . . . . . . . . 95

5.8 The near-bed velocity, vhub = 1 m/s and zhub = 1.5R, from top

to bottom: t = 20.2 Trr, 27.9 Trr, 32.3 Trr, 36.8 Trr, where Trr

denotes the time of one rotor revolution. . . . . . . . . . . . . . . 96

5.9 The excess bed shear stress, vhub = 1 m/s and zhub = 1.5R, from

top to bottom: t = 20.2 Trr, 27.9 Trr, 32.3 Trr, 36.8 Trr. . . . . . . 97

5.10 The averaged excess bed shear stress, vhub = 1 m/s and zhub = 1.5R. 98

5.11 Set of velocity profiles used to represent subsequent stages of the

tidal cycle, zhub = 1.5R, R = 5 m. . . . . . . . . . . . . . . . . . . 99

5.12 The power extracted by the HATT with respect to the power avail-

able in an uniform flow of speed vhub. . . . . . . . . . . . . . . . . 100

5.13 The difference of the inflow velocity across the HATT. . . . . . . 101

x



LIST OF FIGURES

5.14 The rotor vorticity field of the fully developed wake, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . 102

5.15 Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . 103

5.16 Y-slice of the tide induced vorticity field of the fully developed

wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . 104

5.17 The near-bed velocity of the fully developed wake, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . 106

5.18 The excess bed shear stress once the wake is fully developed, from

top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . 107

5.19 The AEXSS evolution for the HATT for the inflow conditions listed

in Table 5.1. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

5.20 The dependence of the MAEXSS on the inflow velocity for the

HATT under two threshold conditions described in section 3.2,

left: θ ≥ θcr, right: |v| ≥ vt. . . . . . . . . . . . . . . . . . . . . . 109

5.21 The dependence of the MAEXSS for the HATT on the inflow ve-

locity, comparison of the VTM’s simulations with the algebraic

expression Eq. 5.10. . . . . . . . . . . . . . . . . . . . . . . . . . . 110

5.22 Velocity at the rotor plane, from left to right: zhub = 1.4R, 1.7R,

2R. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

5.23 The investigated velocity profile, Vin = 2 m/s at 40 m above the

seabed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112

5.24 The difference of the inflow velocity across the rotor for the inves-

tigated positions of the HATT above the seabed, listed in Tables

5.3 and 5.4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 113

5.25 The rotor vorticity field of the fully developed wake,from top to

bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R. . . 114

5.26 The rotor vorticity field of the fully developed wake, vtip/vhub =

5.56, zhub = 1.5R, top: vhub = 0.90 m/s, bottom: vhub = 1.42 m/s. 115

5.27 Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.116

xi



LIST OF FIGURES

5.28 Y-slice of the tide induced wake vorticity of the fully developed

wake, from top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R,

1.8R, 1.9R, 2R. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118

5.29 The near-bed velocity induced by the fully developed wake, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.119

5.30 The excess bed shear stress once the wake is fully developed, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.120

5.31 Variation of the AEXSS evolution with the position of the HATT

above the seabed, zhub ≥ 1.3R. . . . . . . . . . . . . . . . . . . . . 121

5.32 Dependence of the MAEXSS on the position of the HATT above

the seabed. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122

5.33 Dependence of the MAEXSS on the position of the HATT above

the seabed, comparison with Eq. 5.14, where ξz−2 = 16.5. . . . . . 123

5.34 Velocity at the rotor plane, left: zhub = 1.05R, right: 1.3R. . . . . 124

5.35 The rotor vorticity field of the fully developed wake,from top to

bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R. . . . . . . . . . . 125

5.36 Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R. . . . . . . 126

5.37 Z-slice of the rotor vorticity field of the fully developed wake, de-

tailed behaviour of the wake close to the seabed. . . . . . . . . . . 127

5.38 X-slice of the rotor vorticity field of the fully developed wake, com-

parison between cases zhub = 1.05R and zhub = 1.3R. . . . . . . . 127

5.39 Y-slice of the tide induced wake vorticity of the fully developed

wake, from top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R. 128

5.40 The near-bed velocity induced by the fully developed wake, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R. . . . . . . 129

5.41 The excess bed shear stress once the wake is fully developed, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R, showing

the asymmetry of the exposed area of the seabed for small zhub,

caused by the local deformation of the rotor vorticity. . . . . . . . 130

5.42 Variation of the AEXSS evolution with the position of the HATT

above the seabed, zhub ≤ 1.3R. . . . . . . . . . . . . . . . . . . . . 131

xii



LIST OF FIGURES

5.43 Dependence of the temporal mean of the AEXSS on the position

of the HATT above the seabed. . . . . . . . . . . . . . . . . . . . 132

5.44 The rotor vorticity field of the fully developed wake. . . . . . . . . 133

5.45 Y-slice of the rotor vorticity field of the fully developed wake. . . 134

5.46 The near-bed velocity induced by the fully developed wake. . . . . 134

5.47 Y-slice of the sediment concentration c, from top to bottom: η =

0.001, 0.002, 0.003, 0.004, 0.005 and 0.006 m2/s. . . . . . . . . . . 135

5.48 Y-slice of the sediment concentration c, from top to bottom: η =

0.007, 0.008, 0.009, 0.010 and 0.050 m2/s. . . . . . . . . . . . . . . 136

5.49 Z-slice of the sediment concentration c at height 1 m, from top to

bottom: η = 0.001, 0.002, 0.003, 0.004,0.005 and 0.006 m2/s. . . . 137

5.50 Z-slice of the sediment concentration c at height 1 m, from top to

bottom: η = 0.007, 0.008, 0.009, 0.010 and 0.050 m2/s. . . . . . . 138

5.51 Y-slice of the magnitude of sediment concentration gradient |∇c|,
from top to bottom: η = 0.001, 0.002, 0.003, 0.004,0.005 and

0.006 m2/s. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139

5.52 Y-slice of the magnitude of sediment concentration gradient |∇c|,
from top to bottom: η = 0.007, 0.008, 0.009, 0.010 and 0.050 m2/s. 140

5.53 EXSS once the wake is fully developed, from top to bottom: Sed-

iment size d = 0.25 mm, 0.50 mm and 0.75 mm. . . . . . . . . . . 141

5.54 The evolution of the AEXSS for the three sediment sizes, d =

0.25 mm, 0.50 mm and 0.75 mm. . . . . . . . . . . . . . . . . . . 142

6.1 Position of the blades of the VATT in the coordinate system. . . . 146

6.2 Power coefficient of the VATT. . . . . . . . . . . . . . . . . . . . . 147

6.3 Position of the blades of the VATT above the seabed. . . . . . . . 148

6.4 Illustration of the evolution of the rotor vorticity field for the

VATT, simulated by the modified VTM. . . . . . . . . . . . . . . 148

6.5 The rotor vorticity field of the fully developed wake down-stream

of the VATT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149

6.6 Set of velocity profiles used to represent a part of the tidal cycle. . 150

6.7 The difference of the inflow velocity across the VATT. . . . . . . . 150

xiii



LIST OF FIGURES

6.8 The rotor vorticity field of the fully developed wake, from top to

bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . 151

6.9 Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . 152

6.10 Y-slice of the tide induced wake vorticity field of the fully developed

wake, from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7. . 153

6.11 Composition of the induced vorticity ωI = ω∗ + ωw of the fully

developed wake, max |ω∗| vs. max |ωw|. . . . . . . . . . . . . . . . 155

6.12 The excess bed shear stress induced by the fully developed wake,

from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . 157

6.13 The AEXSS evolution for the VATT. . . . . . . . . . . . . . . . . 158

6.14 Clock-wise sense of rotation of the CFTT. . . . . . . . . . . . . . 159

6.15 Power coefficient of the CFTT and the VATT. . . . . . . . . . . . 160

6.16 Illustration of the evolution of the rotor vorticity field for the

CFCTT, simulated by the modified VTM. . . . . . . . . . . . . . 160

6.17 The rotor vorticity field of the fully developed wake down-stream

of the CFCTT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161

6.18 Illustration of the evolution of the rotor vorticity field for the

CFATT, simulated by the modified VTM. . . . . . . . . . . . . . 161

6.19 Set of velocity profiles used to represent a part of the tidal cycle. . 162

6.20 The difference of the inflow velocity across the CFTT. . . . . . . . 163

6.21 The rotor vorticity field down-stream of the CFCTT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6,

6.67, 7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

6.22 The rotor vorticity field down-stream of the CFATT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6,

6.67, 7. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165

6.23 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4. . . . . . . . . . . 166

6.24 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4.5. . . . . . . . . . 166

6.25 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5. . . . . . . . . . . 167

xiv



LIST OF FIGURES

6.26 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5.56. . . . . . . . . 167

6.27 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6. . . . . . . . . . . 168

6.28 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6.67. . . . . . . . . 169

6.29 Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 7. . . . . . . . . . . 169

6.30 X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFCTT, x = 8.72R, from top-left to bottom-right:

vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . . . . . . 170

6.31 X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFATT, x = 8.72R, from top-left to bottom-right:

vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . . . . . . 170

6.32 Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFCTT, from top to bottom: vtip/vhub =

4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . . . . . . . . . . . . 172

6.33 Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFATT, from top to bottom: vtip/vhub =

4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . . . . . . . . . . . . 173

6.34 Composition of the induced vorticity field of the fully developed

wake, max |ω∗| vs. max |ωw|. . . . . . . . . . . . . . . . . . . . . . 174

6.35 The excess bed shear stress induced by the CFCTT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . 176

6.36 The excess bed shear stress induced by the CFATT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7. . . . . . . . . . . . . 177

6.37 The AEXSS evolution for the CFCTT. . . . . . . . . . . . . . . . 178

6.38 The AEXSS evolution for the CFATT. . . . . . . . . . . . . . . . 178

6.39 The temporal mean of the AEXSS for the VATT, the CFCTT and

the CFATT. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180

xv



Chapter 1

Introduction

1.1 State of the Art

Although still young, the tidal energy industry has been developing rapidly over

the last few years. Indeed, the variety of devices designed to harness energy

from tides continues to expand every year. The enthusiasm for marine renew-

able energy technology in the United Kingdom and elsewhere has been fuelled

by optimistic estimates of the tidal energy resources. These estimates have sug-

gested that the amount of power available in tidal currents and waves could be,

in combination with other renewable sources of power, sufficient enough to pro-

vide a realistic energy alternative to fossil fuels. In fact, the World Wide Fund

for Nature (WWF) announced an ambitious goal of 100% energy to be obtained

from renewable sources by 2050 [6]. According to the WWF and the Office for

Metropolitan Architecture [6], an unprecedented increase in the number of re-

newable energy installations worldwide has to be accompanied by a reduction

in the energy demand below the level of consumption in 2000. To achieve such

an ambitious goal, the scenario of the WWF makes provision for large energy

conservation schemes, improvements in the efficiency of energy use, intensive re-

cycling of materials, a sharp reduction in food waste (presently, 50% of food is

wasted and lost worldwide according to Lundqvist and Molden [7]) and halving

the consumption of meat per person by 2050 in OECD countries.

The extent and distribution of tidal energy resources in the UK has been

summarized in the Atlas of UK Marine Renewable Energy Resources [8]. The
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UK Total Resource was estimated at approximately 110 TWh annually, a large

proportion of which is from presently known locations. A comprehensive overview

of the recent developments in the technology used to extract power from tides can

be found in the study by Bahaj [9]. The so called Significant Impact Factor (SIF),

which establishes how much of the energy can be extracted without significant

economic or environmental effects, was introduced as a measure of the technically

extractable power. The value of the SIF estimated by Black and Veatch [10]

further limits the extractable power from tides around the UK to around 18 TWh

every year. The current derivation of the SIF, however, requires revision - further

research should determine more appropriate values of the SIF in light of projected

technological developments [10]. The SIF is derived from an estimate of the

number of locations suitable for power extraction, based on the current state of

the technology. The estimated number of suitable sites is based on the speed of

the tidal flow. The merit of sites with low-speed currents could be acknowledged

if efficient ‘low-speed’ tidal energy converters were available. It could be argued

that the perception of tidal power extraction has become distorted - instead of

asking how the technology can be adapted to the character of the resource, the

resource has been perceived to be ‘limited’. Indeed, the extraction capacity of

existing devices, which did, initially, bear a strong resemblance to wind turbines,

has been used to identify potential resources of tidal energy to be flows faster

than 2 m/s. Concerns about the environmental factors affecting the availability

of the resource are understandable, nonetheless. It should be stressed, however,

that the interactions between the devices and marine environment have to be

properly understood in order to establish the available resource, i.e. the amount

of power that can be extracted without harm to the environment.

The handful of companies devoted to the design and manufacture of tidal

power extraction devices have drawn inspiration from the achievements of the

wind energy industry. The industry of wind power extraction has become well

established in the European Union over the last decade. In particular, the profu-

sion of wind power installations has been impressive. According to the European

Wind Energy Association [11], the percentage of total installed power capacity in

the EU in the form of wind power increased from 2.2% in 2000 to 11.4% in 2012.

At the end of 2012, a total of 106GW of wind power capacity was installed in the
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EU. In sharp contrast, the installed ocean power capacity in the EU accounted

for only 260MW in 2012 [11]. According to Bahaj [9], the state of the marine en-

ergy industry in 2012 can be compared to the state of the emerging wind energy

industry in the 1980s. The progress in the marine energy sector is, however, ex-

pected to proceed at a much faster rate than the development of the wind energy

industry given the commitment to tackle climate change. While the number of

on-shore wind energy installations could reach saturation in the near future, the

developments in tidal power extraction provide an opportunity to mitigate the

intermittent nature of wind power and thus to help secure a continuous power

supply from renewable sources. Positioning of arrays of tidal energy conversion

devices in strategically distributed tidal sites could, indeed, even out the periodic

nature of tidal power generation by phasing the periods when the velocity of the

stream is at its peak [12]. The regularity of power extracted from tides on a daily

basis could thus balance out the irregularity that is immanent to wind power

generation.

The biggest advantage of tidal energy is its predictability. The tidal cycle

has been observed over the ages for the purposes of navigation of marine and

sub-marine vehicles, fishing and weather forecasting. The earliest record of tidal

cycle observations dates back to the 2nd century BC [13]. Since then, detailed

data collection has enabled researchers to develop complex oceanographic models,

which can predict the behaviour of tidal currents with a good level of accuracy.

State-of-the-art oceanographic models, verified against experimental measure-

ments, predict tidal range, constituents of tidal currents, underwater pressure,

temperature, turbulence and sediment transport. With such an amount of infor-

mation it is not surprising that tidal currents should be considered a plausible

source of power for the future.

Although the marine energy industry is in an early stage of its development,

with many devices still in the testing phase, the prospect of such a reliable re-

source of power is promising. In addition to the previously mentioned advantages

of tidal energy over wind, the companies that operate tidal turbines are not likely

to face such a critical public opinion on the aesthetic qualities of the devices with

respect to the landscape. Once the technology reaches commercial scale, the

ratio of power generated from renewable sources is expected to rise, addressing
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not only the looming energy crisis, but also the much needed boost to industrial

infrastructure and employment. The energy independence of local communities,

with the prospect of a shortage of natural resources, could help to avoid future

conflicts in competition for scarce energy reserves. According to WWF and the

Office for Metropolitan Architecture [6], accessible local renewable energy sup-

plies provide a basis for stable future communities, clean means of transport, and

the prevention of food crises by divorcing food and oil prices.

Arguably, renewable energy conversion poses little harm to the natural envi-

ronment in comparison to coal mining and combustion, oil drilling and contami-

nation, Hydraulic Fracturing and the damage to the landscape by the exploitation

of bitumen deposits. The possible environmental impact of the devices for ex-

tracting power from renewable sources are, however, not to be neglected if a

reliable power supply is to be secured in the future. The estimates of the achiev-

able power output of tidal energy conversion devices have taken into account

possible impacts of the devices on the marine environment. According to Iyer

et al. [12], the estimated power capacity has included a limit to the number of

installed devices to mitigate potential damage to the seabed. The devices and the

environment in which they operate cannot be viewed separately since they form

an interconnected system. As much as a device influences its surroundings, the

changes in the environment can also affect the device in a ‘positive’ feedback loop,

possibly resulting in profound damage to the seabed and causing an alteration

of the natural conditions that motivated the placement of the device in the first

instance. In this light, an investigation of the interactions between the device and

the environment is necessary not only to protect the marine environment but also

to ensure continuous power output of the device. The long term effects of tidal

energy conversion technology on the marine environment have to be thoroughly

studied to mitigate potential undesirable consequences.

The presence of a tidal energy conversion device (TECD) can affect the ma-

rine environment in a number of ways. The fluctuations in local pressure near

an operating TECD are of particular concern. Cavitation on the blades of an

operating TECD could damage the blades by the action of cyclic stress, and

disturb the environment by implosion of the cavities with associated generation
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of sound waves, causing a peak in local pressure and temperature. To date, re-

search on the environmental impact of marine renewable energy conversion has

been focused on the potential change in behaviour of marine fauna and damage

to natural habitats. The placement of a TECD into large ocean estuaries could,

indeed, reduce the abundance of migrating fish through high levels of pressure

and mechanical strikes, in particular the species migrating through the estuary

to local rivers for reproduction [14]. The study by the Electric Power Research

Institute [15] investigated injuries and mortality of fish ‘injected’ into a rotor of

an operating TECD. Less lethal research methods have been used in Scotland to

investigate the influence of tidal energy installations on marine life. The Scot-

tish Association for Marine Science conducts research in many areas related to

the environmental interactions of marine renewable energy, including the collision

risks for mega-vertebrates, acoustic footprints of renewable devices, reef effects

of offshore structures, biofouling on the structures, impacts of mass macro-algal

culture and use of the wild seaweed resource, and survey techniques for tidal sites

(acoustics and marine mammal abundance) [16].

A structure mounted on the seabed can cause relocation of sediment, called

scouring of the seabed. In fact, the scour phenomenon occurs around any struc-

ture mounted on the seabed, even under steady current conditions [17]. The scour

near the foundations of off-shore wind turbines has been investigated repeatedly

and has resulted in proposals for effective scour protection techniques to mitigate

the impact of scour on the stability and dynamic behaviour of the wind turbine

[18]. The foundation of an off-shore wind turbine and the seabed represent an in-

terconnected system consisting of the device and the environment. The presence

of the wind turbine tower causes the flow to change in such a way that the shear

stress is increased near the foundation compared to the shear stress which would

have occurred in the absence of the tower. The scouring of the seabed around the

foundation might thus jeopardize the stability of the wind turbine itself. In the

case of an underwater turbine, the nature of the interactions between the flow

through the rotor and the seabed is unknown at present. In an analogy to the

situation with wind turbine foundations, the presence of a TECD on the seabed

could result in anomalous scour of the seabed. The TECD could influence the

dynamics of sediment. The effect on the sediment dynamics might accumulate
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and, over a period of years, result in an alteration to the local seabed morphol-

ogy. The possible reaction of the marine environment to the TECD mounted

on the seabed needs to be considered in order to assess the future state of the

interconnected system

TECD � environment,

referred to as the ‘TE’ system in this dissertation.

The potential consequences of mounting a rotor near the seabed are closely

related to the character of the flow velocity in the vicinity of the TECD. In large

part, researchers have chosen to focus on the unidirectional problem - the influence

of the presence of a TECD on the current velocity. The method has repeatedly

been the same - to represent the foreseen effects of a TECD by introducing some

form of simplified expression, e.g. a reduction in the velocity of the flow (some-

times referred to as a momentum sink), into an existing hydrodynamical model

[19, 20, 21, 22, 23, 24, 25, 26]. None of these studies has, however, considered

the three-dimensional nature of the flow at the scale of the rotor. Furthermore,

the expressions used to represent a TECD in the computer models have not been

experimentally justified. In comparison, studies focusing on the detailed struc-

ture of the wake of a TECD are rare. One such study applied the Large-Eddy

Simulation technique to examine the interactions between the wakes produced

by multiple rotors in a turbulent flow [27]. The main purpose of the study was

however to assess the changes in power production due to the turbulent inflow.

The assumption that large-scale hydrodynamical models, particularly those

which have approximated the influence of TECDs on the environment as a reduc-

tion of the flow velocity, produce realistic data has to be questioned before any of

the predictions are employed to regulate the deployment of TECDs. For instance,

in the case of the island of Alderney, Neill et al. [22] conclude that the deploy-

ment of an array of tidal energy converters could lead to a considerable change

in the maintenance of headland sand banks over a spring-neap cycle and advise

the developers of the devices to re-examine the positioning of the array. These

conclusions should be confirmed by small-scale modelling and measurements of

the flow down-stream of TECDs before an appropriate location of the array can

be determined, since the three-dimensional, small-scale fluid phenomena were

omitted from consideration in Neill et al. [22].
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A detailed three-dimensional study of the flow through the rotor of a TECD

has to be conducted, both by computational and experimental means, to under-

stand the nature of the flow. An empirical representation of the impact of TECDs

on the seabed, i.e. a relationship between physical quantities of the flow and the

device, should be derived from the results of computational investigations. Pre-

dictions of computational models need to be, however, subjected to verification

against experiments, whenever relevant experimental data is available. The re-

action of the environment to the changes caused by the presence of the TECD

on the seabed should be examined as well. After the interactions within a TE

system have been analysed, the temporal changes of the seabed can be assessed.

A variety of computational models are being used to simulate TECDs in stud-

ies focused on performance of the devices with the aim of maximizing the power

extracted from tides. The information about the velocity field further from the

rotor is not needed to evaluate the performance of a TECD, thus most of the

previous computational studies have not focused on the detailed structure of the

velocity field more than few diameters down-stream of the rotor. Previous exper-

imental investigation of the velocity field down-stream of TECDs used techniques

that emphasised the average of the velocity instead of recording the data in short

enough time intervals so that the temporal characteristics of the wake could be

captured. The scale used for simulations presented in this dissertation have been

smaller than the resolution of velocity measurements available at present. The

available experimental data include that presented by Myers and Bahaj [28],

where the velocity field down-stream of the two porous discs has been recorded.

Arguably, the flow down-stream of a static porous disc does not contain the effects

induced by the rotation of individual blades. Both computational investigation

of small-scale phenomena in the wake of a TECD further from the rotor and

experiments designed to capture the evolution of the wake are essential steps on

the path to a complete understanding of the TE system.

The dynamics of the TE system is likely to entail changes in current velocity,

sediment concentration, temperature, pressure and turbulence. The variation in

the velocity of the tidal current can be perceived as the primary measure of the

interactions within the system because each of the other quantities depends in
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some way on the velocity. The relationship between the current velocity and sed-

iment concentration down-stream of the TECD could be approximated without

detailed information about the temperature and the pressure in the current. In-

deed, until small-scale measurements of sediment transport by a rapidly changing

(turbulent) flow are available, computational investigations of sediment motion

in the flow down-stream of a TECD have to rely on an approach which does not

require information about turbulence. A suitable version of the sediment trans-

port model coupled to a detailed simulation of the changes in current velocity

could uncover the nature of the interactions within the TE system.

1.2 Research Objectives

The main purpose of the present research is to contribute to the knowledge about

the connection between a TECD and the Environment (TE system). The first

stage of the investigation proposed earlier is a detailed three-dimensional study

of the flow through the rotor of a TECD. This dissertation presents a visuali-

sation of the flow through the rotor obtained from a state-of-the-art computer

model, an inviscid analysis of the three-dimensional phenomena occurring in the

rotor wake and an investigation of the interactions between the wake and marine

environment. The existence of a simplified algebraic expression which approx-

imates well the effect of a generic TECD on the marine environment, assumed

by Ahmadian et al. [19] and Neill et al. [21] among others, is challenged in this

dissertation. The validity of a single algebraic expression for all TECD config-

urations is questioned and the existence of configuration-specific expressions is

investigated. The main task of the present research is to uncover the physics

of the small-scale three dimensional phenomena in the flow through the rotor of

a TECD. The small-scale phenomena have not been previously studied in such

detail. The three-dimensional effect in the flow down-stream of the rotor could

influence the environment over scales of a few centimetres. The research focus is

on the nature of the interactions within the TE system, with the premise that

the local small-scale interactions play a crucial role in any assessment of the

environmental impact of TECDs.
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This dissertation attempts to provide answers to the following research ques-

tions:

• What does the wake of a TECD look like?

• How does the wake affect the flow velocity close to the seabed?

• What effects do the devices have on the sediment?

• Can the change of these effects over time be approximated by an

algebraic expression?

• Does the expression apply for all configurations of a TECD?

• Which are the key factors influencing the effects of the devices on the

seabed?

• What could be the long term consequences of the presence of TECDs

on the seabed?

• How could the marine environment change due to the presence of the

TECD?

The outcomes presented in this dissertation provide a fundamental under-

standing of the physics of the small-scale interactions within the TE system. The

indicators of the environmental impact of TECDs are identified. The evolution

of the velocity field of the flow through the rotor of a TECD, which influences

a number of natural processes in the marine environment, is presented. Partic-

ular attention is paid to the effects of a TECD on the motion of sediment into

suspension. The relation between the erosion of the sediment and the velocity

of the flow down-stream of a TECD is studied. The motion of sediment is anal-

ysed by computer simulations of the evolution of the flow velocity down-stream

of the TECD. The possibility of expressing the key aspects of the interaction

of the device and the seabed as simplified formulas, and the conditions for the

applicability of these formulas, are examined. Future applications of the findings

presented in this dissertation are suggested.
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1.3 Synopsis

This dissertation has following structure. Chapter 2 presents in detail the Vor-

ticity Transport Model, modified to suit the purpose of modelling of the flow

through a TECD. Chapter 3 contains the description of the sediment model used

to simulate the effect of a TECD on the sediment down-stream of a TECD. In

Chapter 4, the flow down-stream of a horizontal-axis TECD is analysed under the

assumption that the inflow velocity is uniform. The influence of this flow on the

seabed is discussed and the reasons for the utilisation of a more realistic inflow

model are presented. Chapter 5 contains the analysis of the flow down-stream

of the horizontal-axis TECD, predicted by the modified VTM which employs the

inflow model in the form of a velocity profile. The predicted effects of the device

on the seabed are analysed and compared with the results obtained for the uni-

form inflow approximation. Furthermore, the dependence of these effects on the

phase of the tidal cycle and the position of the device is discussed. In Chapter 6,

vertical-axis and cross-flow configurations of TECDs are compared with the hor-

izontal axis configuration in terms of their influence on the seabed. And finally,

the findings of the present research are concluded in Chapter 7.
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Chapter 2

Hydrodynamic model

The nature of the small-scale interactions between the tidal flow and a tidal en-

ergy conversion device (TECD) mounted on the seabed is unknown at present.

Prototypes of TECDs undergo a testing period before their commercial deploy-

ment. The largest facility for testing of TECDs is the European Marine Energy

Centre (EMEC) Ltd, a not-for-profit private company, which provides services to

developers of TECDs. The EMEC does not provide the knowledge gained from

the tests freely to the public, however. The main objective of the research at

the EMEC is to support the marine energy industry. Furthermore, the design of

existing TECDs is intellectual property of private enterprises.

Consequently, the detailed experimental data, required for a reliable assess-

ment of the interactions between the flow and TECDs, are rarely available in

public domain. The lack of publicly available information about existing pro-

totypes of TECDs motivated the design of the TECDs in the present research.

The need for the assessment of the impact of TECDs on the marine environment

inspired the development of computer models of the flow through TECDs.

A TECD is subjected to an inflow, whose direction, speed and profile depends

on the phase of the tidal cycle. For a TECD deployed in a tidal channel, i.e.

between two islands or an island and the mainland, the direction of the flood

tide is approximately opposite to the direction of ebb tide. In such a case a

horizontal-axis TECD can adapt the pitch of the blades (180 degrees change)

to extract power from the opposite direction. In a more complicated case when

the flood tide direction is not simply the opposite to the ebb tide direction,
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a horizontal-axis TECD would also need to yaw to face the inflow. Locations

with a significant tidal asymmetry, i.e. the difference between the ebb and flood

velocities, would require a device with variable rotational speed to keep the TSR

constant, rather than a fixed speed TECD, to maximize the power output. The

importance of tidal asymmetry in sediment transport is described in [29].

This dissertation presents the research on the interactions between the flow

and a variety of community-sized (i.e. with rated power below 500kW) TECDs

by the means of high-resolution three-dimensional computer simulations.

2.1 Studied Turbine Configurations

A number of community-sized TECDs are in use, notably the 300kW device,

called HS300, installed by Andritz Hydro Hammerfest off-shore northern Norway

[30], 250kW open-centre turbine by Open Hydro and 250kW turbine by Scotre-

newables Tidal Power Ltd, called SR250, both installed in Fall of Warness off the

island of Eday, Orkney Islands for purposes of testing [31], [32]. A device even

smaller, the world’s first community-owned tidal turbine of 30kW, called Nova-

30, was deployed by Nova Innovation Ltd. in the Bluemull Sound in Shetland

[33]. Despite the presented examples of isolated, community-sized devices, most

of the planned tidal developments are large-scale turbine arrays. Marine Cur-

rent Turbines Ltd, in partnership with RWE npower renewables, plan to install

a 10MW array of seven twin rotor turbines in an area of 0.56km off the North

West coast of Anglesey, Wales, in 2015 [34], [35]. Meygen Ltd. is going to deploy

a large array of 1MW devices in the Inner Sound, Pentland Firth, Scotland [36].

An array of four AS1000 and four HS1000 turbines (both 1MW) in the sound of

Islay is planned by ScottishPower Renewables [37].

From these examples it follows that the majority of TECDs will operate in

arrays. The present study is focused on the wake of an isolated device to uncover

the small-scale hydrodynamics of the rotor wake. This study indicates the im-

portance of investigating near wake of TECDs and the value of expanding this

research focus in future work on tidal arrays. A TECD positioned in an array is

likely to experience the influence of the neighbouring wakes. This influence would

depend on the mutual position of the rotors. In a simplified case of a number of
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2.1 Studied Turbine Configurations

identical TECDs positioned so that their wakes extend down-stream in parallel,

the effect of the neighbouring wakes on the TECD’s wake could be captured by

’mirror’ boundary conditions on appropriate walls of the computational domain

shown in Fig. 2.7. Details of such boundary conditions are described in section

2.4.5. Sediment composition at turbine deployment locations can vary from sand

banks to non-erodible bed rock (as described in section 3.1). The studied case of

sediment erosion is concerned with a small, isolated 150kW device on an erodible

bed, in a stream of 1-1.5m/s, in contrast with an array of large 1.5MW devices

on non-erodible bed rock, in streams 2.5-4m/s.

The near-field effects of an isolated TECD on its surroundings, studied in

this dissertation, do not necessarily indicate the large-scale impact of tidal arrays

on the marine environment. Indeed, for example a local disruption of seabed

morphology may level out over greater distances from the device. Moreover,

small-scale changes in the flow observed within a few diameters down-stream of

the rotor might have only a small influence on the flow some kilometres away

from a tidal array. From the far-field perspective, the detailed knowledge of the

wake of a TECD is likely to offer little insight into the changes in tidal range and

speed due to a tidal array and its effects on the nearest coastline over a period of

years.

The interactions of the flow and three types of TECDs are analysed in this

dissertation, a horizontal axis tidal turbine (HATT), a vertical axis tidal turbine

(VATT) and a cross-flow tidal turbine (CFTT), all community-sized, isolated

devices. Geometry of these rotors is shown in Fig. 2.1, Fig. 2.2 and Fig. 2.3 and

their parameters are presented in Tables 2.1 and 2.3 respectively.

The wake of the HATT was simulated for a range of positions above the

seabed, zhub = 1.01R - 2R. The 10 m diameter HATT is rated for 150kW power

output in a stream of 2 m/s. Table 2.2 shows power output of the HATT in

streams between 1 m/s and 5 m/s as well as the power output of the HATT,

scaled between 10 m and 50 m diameter. The parameters of the HATT are

presented in Table 2.1,
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Figure 2.1: Position of the blades of the HATT in the coordinate system.

R [m] Nb Aerofoil AR

5 3 NACA0012 4.65

Table 2.1: Parameters of the HATT
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where R is the rotor radius, Nb is the number of blades and AR= l2/S is the

aspect ratio of the blades. S is the surface area and l is the length of the blades,

which have a twist of 18.58 degrees from root to tip.

PPPPPPPPPPP
vhub [m/s]

R [m]
5 10 15 20 25

1 0.019 0.076 0.172 0.306 0.478

2 0.153 0.612 1.376 2.447 3.823

3 0.516 2.065 4.645 8.258 12.904

4 1.224 4.894 11.011 19.575 30.586

5 2.390 9.558 21.506 38.233 59.739

Table 2.2: Variation of the HATT’s power output with the flow speed at the rotor

hub, vhub, and the rotor radius, R. The values ale presented in MW .
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Figure 2.2: Position of the blades of the VATT in the coordinate system.

Figure 2.3: Position of the blades of the CFTT in the coordinate system.
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2.2 Wake of a TECD

RV ATT [m] lV ATT [m] Nb Aerofoil AR

1.65 5 3 NACA0015 25.85

Table 2.3: Parameters of the VATT and the CFTT.

Figure 2.4: Scale comparison of the studied devices.

As indicated in Fig. 2.1 - Fig. 2.4, the present research has not included a

sub-structure of the TECDs.

2.2 Wake of a TECD

The configuration of one of the modelled devices, a horizontal axis TECD, is

illustrated in Fig. 2.5 for a uniform inflow and in Fig. 2.6 for a more realistic

inflow condition.
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2.2 Wake of a TECD

Figure 2.5: Schematic representation of the wake of a horizontal axis turbine in

uniform flow

Figure 2.6: Schematic representation of the wake of a horizontal axis turbine for

a non-uniform inflow model, where the inflow velocity increases with the height

above the seabed

The flow enters the computational domain from the left in the schematic

representations of the system shown in Fig. 2.5 and Fig. 2.6. The Cartesian

coordinate system used throughout this dissertation was set so that the x-axis

is aligned with the direction of the inflow and the z-axis with the height above

the seabed, with positive sense upward. The water depth is assumed to be large

enough so that surface effects can be omitted from consideration.

Fig. 2.7 shows the chosen computational domain. At the inlet boundary,

the velocity and vorticity are prescribed. At the boundary faces 2) - 5) the

condition of zero curvature of the induced vorticity is imposed. The top boundary

is assumed not to be influenced by surface waves, i.e. no free-surface model is used

in this study. The seabed boundary is modelled by the method of images - details

are provided in section 2.4.5 - which ensures the velocity component normal to

the seabed is zero. The boundary conditions employed are fully described in

section 2.4.5.
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2.2 Wake of a TECD

Figure 2.7: Computational domain with marked boundaries - 1) inlet; 2) right

wall (from down-stream direction); 3) outlet; 4) left wall; 5) top.

This dissertation does not consider the influence of a supporting structure

of TECDs on the seabed since the flow down-stream of static objects mounted

on the seabed has been investigated previously in the research on the scouring

around towers (monopiles) of wind turbines by Matutano et al. [17].

The effect of the presence of a turbine sub-structure depends on the geometry

of the sub-structure. The research conducted previously on scour down-stream of

wind turbine monopiles with circular cross-section has shown that the sediment

around the monopile is eroded and transported away by the flow. Furthermore,

the measured ’scour depth‘ is proportional to the monopile diameter, Dm, and

reaches 1.66Dm according to Matutano et al. [17]. A similar effect is to be

expected to occur around foundations of TECDs. A simplified TECD foundation

which consists of a circular monopile subjected to a realistic inflow would induce

vorticity trailed down-stream. Such a wake of a monopile would inflict stress on

the seabed and likely cause erosion around the monopile. In the present research

these effects are assumed to be small in comparison with the influence of the rotor

wake on the seabed. In this dissertation, the small-scale phenomena caused by

the rotating blades of a TECD, which have not been investigated previously in

such detail, are described.
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2.3 Vorticity Transport Model

Figure 2.8: An iso-surface of rotor vorticity in the computational domain.

Figure 2.9: A section of rotor vorticity in the computational domain.

2.3 Vorticity Transport Model

The Vorticity Transport Model (VTM) was originally developed to study various

conditions of helicopter flight. The VTM has been used and improved by many

researchers over the past decade. Its numerous applications include studies of the

Vortex Ring Phenomenon, helicopter noise, rotor-rotor interactions, helicopter
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2.3 Vorticity Transport Model

brownout and the aerodynamics of wind turbines [1, 38, 5, 3].

The above mentioned applications of the VTM have all been simulations of

the high-Reynolds-number flow around a rotor in operation under the assumption

that the fluid is incompressible. Seawater can be well approximated as an incom-

pressible fluid, hence the flow around a TECD is governed by the same equations

as the flow of air around a wind turbine. Moreover, the value of Reynolds number

relevant to a wind turbine of 50 m diameter and wind speed of 10 m/s is less

than three times greater than the Reynolds number for a tidal turbine of 10 m

diameter subjected to an inflow of 2 m/s, since the kinematic viscosity of seawater

is actually smaller than kinematic viscosity of air.

The VTM has been enhanced by the implementation of a number of spe-

cialized modules over the time of its development. The essential components of

the model include an inner model, where the hydrodynamic loads on the blades

are calculated, providing a source of vorticity, which feeds into an outer model

that advances the vorticity field in time and space within a Computational Fluid

Dynamics (CFD) framework.

The inner model used to calculate the source of vorticity is described in the

following section together with the structural dynamics of the rotor. In section

2.3.2, the mathematical formulation of the equation which governs the evolution

of the wake vorticity is presented, followed by section 2.3.3 with a description of

the methodology employed to calculate the flow velocity down-stream of a TECD.

2.3.1 Rotor Model

The motion of the blades in the flow generates a reaction, simulated by the inner

model in the VTM. At the start of the simulation, a vortex appears, ‘bound’ to

each blade of the rotor. The fluid cannot penetrate the blade, which presents a

barrier to the flow, thus the local flow velocity ub has zero normal component.

The vorticity source,

Sω = −dωb
dt

+ ub∇ · ωb, (2.1)

consists of the temporal and the spatial variation of the bound vorticity ωb.

The model of the blade hydrodynamics in the VTM is based upon a modified

Weissinger-L lifting line method. Each blade of the rotor is represented by a
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set of panels with collocation points placed at the three quarter chord location

on the blade as shown in Fig. 2.10. The local flow velocity ub consists of the

free-stream velocity, the structural motion of the panel and the wake induced

velocity. The condition of zero flow through the blade at the collocation point

yields an equation for the strength of the bound vortex. The vortex is attached

to each of the panels at the one quarter chord location. The resulting discrete

representation of the source of vorticity then detaches at the separation line and

is convected as a sheet by the local flow. The sheet of vorticity is convected

within the dynamic grid of the inner model, depicted in Fig. 2.10. The vortex

structures in the grid of the inner model are then interpolated to the grid of the

outer model as described in Line [1].

Figure 2.10: Schematic representation of the inner model

According to the Lifting-line theory, the approximation of the blades as a set

of two-dimensional panels allows the lift on the panels to be determined from the

velocity induced by the vortical wake and the variation of the angle of attack along

the blades. In the VTM, the described approach was complemented to account

for real blade loading by modification of the strength of the bound vorticity

using an alternative lift coefficient, obtained either from aerofoil look-up tables
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of experimental values measured statically in a wind tunnel (to allow arbitrary

aerofoils) or by a dynamic stall model.

The angle between the rotational velocity of the blades of a vertical axis

turbine and the inflow velocity is continuously changing. Hence, the task of

the calculation of the blade loading is more complicated than in the case of a

horizontal axis turbine. In order to study the dynamics of the wake of vertical

axis wind turbines a model of dynamic stall was implemented into the version

of the VTM, described in Scheurich [3].

A semi-empirical model of dynamic stall, called the Leishman-Beddoes-type

dynamic stall model, was incorporated into the Weissinger-L lifting-line method

described earlier. In the Leishman-Beddoes-type dynamic stall model, the lift and

drag coefficients are calculated and subsequently used within the blade model to

simulate blade loading more accurately than can be obtained using the static

aerofoil data alone. The blade loading model enhanced by the model of dynamic

stall was validated by comparison of the simulated blade loading with experimen-

tal measurements of dynamic stall for wind turbines [3]. The version of the VTM

adapted to model dynamic stall predicts well the blade loading of a vertical-axis

turbine, and is thus an appropriate tool for the investigation of hydrodynamics of

a vertical axis tidal turbine (VATT), whenever the tidal flow can be categorized

by a Reynolds number similar to the typical values for wind turbines.

The dynamic stall model used in the VTM relies on the availability of relevant

experimental data. In principle, however, the model could be generalised to

arbitrary aerofoils if the data were available. At present, the semi-empirical

model is based on the experimental data for the NACA0015 aerofoil [3].

The VTM employs a simplified representation of the rotor system in order

to limit the computational cost of the simulations. Reducing the computational

cost of the rotor model enables the allocation of the computer resources to the

high-resolution simulation of the flow through the rotor and further down-stream,

and to resolving the small-scale flow phenomena needed in the present research.

A conventional rotor system is treated as a collection of rigid blades. The

blades are allowed to move with respect to the rotor hub; and the motion is ex-

pressed in terms of lag, flap and feather angles. These three degrees of freedom
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together with the azimuth of the blade define the position of a blade. A gener-

alised approach is chosen in the VTM to model the structural dynamics of the

rotor, using Lagrangian Dynamics. The motion of the rotor system is determined

by the evolution of quantities identified with the various degrees of freedom of

the system. These quantities are regarded as generalised coordinates, q = q(qj, t),

j = 1...s, and together with their time derivatives, q̇ = dq/dt, these fully define

the structural dynamics of the rotor blades.

The Lagrangian function which summarizes the dynamics of the system at

time t is defined as1

LD = T − V +

∫ t0+t

t0

Dσdσ (2.2)

where

T(q, q̇) is kinetic energy of the blades, (2.3)

V(q, q̇) is potential energy (2.4)

and

Dt(q, q̇) is the rate of dissipation. (2.5)

Hamilton’s principle of stationary action, sometimes referred to as the ‘Prin-

ciple of Least Action’,

δ

(∫ t0+∆t

t0

LD −Wdσ

)
= 0 (2.6)

determines the evolution of the system, where δ denotes the variation with respect

to the trajectory of the system through the space defined by (q, q̇). The symbol

W denotes the work done by the external generalised forces Q on the system. In

the context of the rotor of a turbine, Q represents the fluid forces on the blades.

The substitution of Eq. 2.2 into Eq. 2.6 yields the Euler-Lagrange equations of

the rotor system
d

dt

(
∂LD

∂q̇

)
− ∂LD

∂q
= Q. (2.7)

1The subscript D emphasises the inclusion of dissipation into the Lagrangian function
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The total time derivative in Eq. 2.7 can be expanded to give

∂2LD

∂q̇i∂q̇j
q̈j +

∂2LD

∂q̇i∂qj
q̇j −

∂LD

∂qj
= Q. (2.8)

After evaluating all the derivatives, this can be solved directly for the accelerations

q̈. The generalised coordinates at the next time step can then be approximated

as

qn+1 = qn + q̇n∆t (2.9)

q̇n+1 = q̇n + q̈n∆t (2.10)

using Euler integration.

The Lagrangian approach is chosen for its generality. The Lagrangian for-

mulation of the structural dynamics of the rotor system makes it very easy to

accommodate changes in the mechanical design of the system by a straightforward

modification of the generalised coordinates and the associated energy functions.

2.3.2 Governing Equations

Once the source of vorticity is evaluated by the rotor model and interpolated

into the outer grid of the VTM, the vorticity field is transported down-stream by

the fluid. The motion of a Newtonian, incompressible fluid around the rotor is

governed by the Navier-Stokes equations

∂v

∂t
+ (v · ∇)v = −∇p

ρ
+ ν∇2v (2.11)

∇ · v = 0, (2.12)

where v is the velocity of the flow and p is the pressure. By taking the curl of

Eq. 2.11 the pressure term disappears. The resulting Vorticity Transport Equa-

tion is
∂ω

∂t
+ (v · ∇)ω − (ω · ∇)v = ν∇2ω, (2.13)

where ω is the vorticity of the fluid.

The flow around the blades of the rotor of a TECD is dominated by inertial

forces of the fluid rather than viscous forces. This observation can be expressed
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by a large Reynolds number. Since the Reynolds number depends on the charac-

teristic length of the system and the characteristic flow velocity, the value relevant

to a particular TECD relates to the size of the device as well as the velocity of

the flow. Since the velocities characteristic for the flow near the rotor blades are

typically smaller than the inflow velocity, the local Reynolds number is smaller

than the Reynolds number of the inflow. The flow through the rotor of a TECD

can thus be modelled using the high-Reynolds number approximation. Here, the

flow is assumed to be inviscid everywhere except at the rotor blades, where the

effect of the local viscous forces is modelled by the inclusion of the source of

vorticity Sω into Eq. 2.13.

In this formulation of the equations of the fluid motion, the vorticity and

velocity fields are coupled by the definition of vorticity, ω = ∇×v. This coupling

and the vector identity

∇× (∇× v) = ∇(∇ · v)−∇2v (2.14)

justifies using the Poisson equation

∇2vr = −∇× ω (2.15)

to obtain the rotational part of the velocity field, vr, since the fluid is considered

to be incompressible (i.e. the velocity field is solenoidal).

The velocity field can, however, comprise an irrotational component as well as

the rotational one, according to the Helmholz decomposition theorem [39]. The

velocity of the flow is then composed of the rotational velocity and the gradient

of a scalar harmonic function 1

v = vr +∇φ. (2.16)

The scalar field φ is sometimes called a velocity potential. When a rotor is exposed

to an inflow that does not vary in space, the irrotational part of the velocity field,

represented by ∇φ in Eq. 2.16, equates to the velocity of the inflow.

1∇2φ = 0
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2.3.3 Velocity Calculation

In all previous applications of the VTM, the vorticity-velocity coupling, intro-

duced in section 2.3.2, was considered for uniform inflow conditions. The original

version of the VTM contained the boundary condition at the rotor plane in the

form of a uniform inflow velocity. The irrotational part of the velocity field was

then attributed to the uniform inflow velocity. In the original VTM, the velocity

of the fluid passing through the rotor was assumed to be a composition of two

independent components, the uniform free-stream velocity, vfs, and the rotor

induced (rotational) velocity, vr, that was obtained as solution of

∇2vr = −∇× ω. (2.17)

The velocity used to transport the vorticity field in Eq. 2.13 was the total velocity,

v = vr + vfs.

The outer model of the VTM performs the calculation of the coupled quan-

tities, ω and vr, every time step. The primary quantity to be obtained is the

vorticity field as a solution of Eq. 2.13. The rotor induced velocity is then deter-

mined from Eq. 2.17. The solution of Eq. 2.17 has the form of the Biot-Savart

law

vr(x) = − 1

4π

∫
supp(ω)

(x− x′)× ω(x′)

|x− x′|3
dx′. (2.18)

In order to avoid the singularity at x = x′, the Rosenhead-Moore regularisation

is applied in the numerical evaluation of Eq. 2.18 by addition of an artificial

parameter δ (for details see [40] and [41]).

In the VTM the support of the vorticity field, supp(ω), is composed of NΩ

computational cells of a predefined volume Vi, for i = 1...NΩ. Then the integral

in Eq. 2.18 can be written as a sum of integrals, each calculating the contribution

of an individual cell to the velocity field at x. The regularised version of Eq. 2.18

then becomes

vr(x) =

NΩ∑
i=1

∫
Vi

Kδ(x,x
′)× ω(x′) dx′ (2.19)

where

Kδ(x,x
′) = − 1

4π

(x− x′)

(|x− x′|2 + δ2)3/2
. (2.20)
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Each of the individual integrals is then approximated by evaluating the integrand

at the centre of the computational cell, ci. The integral of vorticity over one cell

is represented simply by ω(ci)Vi since the distribution of vorticity within the cell

is assumed to be uniform. The contribution to the total velocity at the point x

by the vorticity in cell i is

(∆vi)(x) ≈ Kδ(x, ci)× [ω]i . (2.21)

where [ω]i = ω(ci)Vi. The rotor induced velocity field is then calculated as the

sum of the contributions of all individual cells in the computational domain.

vr =

NΩ∑
i=1

(∆vi). (2.22)

The computational cost of the direct summation in Eq. 2.22 would be very

high since the corresponding algorithm would contain N2
Ω ‘cell-cell’ interactions,

whereby each cell interacts with every other cell in the domain. The routines

based on the Fast Multipole Method, implemented into the VTM by A. J. Line

[1], replace some of the cell-cell interactions by a smaller number of cell-cluster and

cluster-cluster interactions, thus reducing the computational cost of the velocity

calculation. A cluster is a group of neighbouring cells containing vorticity.

2.3.4 Discretization of the Governing Equations

The vorticity transport equation Eq. 2.13 is solved numerically in a finite volume

formulation. The computational domain is partitioned into a finite number of

identical discrete cubes known as computational cells. The distribution of vor-

ticity within each computational cell is assumed to be uniform. As well as the

vorticity, the local velocity field is recorded for each cell. The vorticity and the

velocity in neighbouring cells are also recorded for each cell. The management

of the grid is described in section 2.3.7. The overall vorticity is preserved in the

velocity-vorticity formulation. Numerical diffusion can, however, reduce the com-

pactness of the vortical structures by smoothing the vorticity distribution. The

effects of numerical diffusion are minimised by the Total Variation Diminishing

(TVD) numerical scheme used in the VTM. The evolution of the velocity and
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vorticity through time is discretized into time steps or intervals of length ∆t.

The vorticity transport equation becomes

[ω]n+1 − [ω]n =

∫ n+1

n

{[(ω · ∇)v]n − [(v · ∇)ω]n + [Sω]n} dt, (2.23)

where the operator [·]n denotes integration over a cell with volume V at the

n-th time step n∆t. The integral on the right hand side of Eq. 2.23 can be

split into three terms, each contributing to ∆n[ω] = [ω]n+1 − [ω]n. The relation

Eq. 2.23 is used to obtain the vorticity at time step n + 1. First, the velocity

field vn = v(ωn) is evaluated as a superposition of the free-stream and rotor

induced velocity, obtained from Eq. 2.22. Then, the three terms can be dealt

with separately, using the operator splitting approach. The vorticity field at time

(n+ 1)∆t is constructed in three consecutive steps, here denoted symbolically as

n+ 1/3, n+ 2/3 and n+ 3/3

[ω]n+1/3 = [ω]n + ∆n[ω]source (2.24)

[ω]n+2/3 = [ω]n+1/3 + ∆n[ω]stretch (2.25)

[ω]n+3/3 = [ω]n+2/3 −∆n[ω]advect (2.26)

where

∆n[ω]source =

∫ n+1

n

[Sω]n dt (2.27)

∆n[ω]stretch =

∫ n+1

n

[(ω · ∇)v]n dt (2.28)

∆n[ω]advect =

∫ n+1

n

[(v · ∇)ω]n dt (2.29)

The source of vorticity is calculated from the blade loading in the rotor model, as

explained in section 2.3.1. The second term, Eq. 2.28, called the stretching opera-

tor is evaluated by Runge-Kutta integration. The third term, Eq. 2.29, the advec-

tion operator, is evaluated by the Weighted Average Flux (WAF) scheme, devised

originally to resolve hyperbolic conservation laws [42]. The three-dimensional

WAF scheme used in the VTM is described in detail in the following section.
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2.3.5 Advection Scheme

The Weighted Average Flux scheme was developed to resolve shock waves in a

compressible gas [43]. Consequently, the scheme was primarily used for hyperbolic

conservation laws in one dimension. Its ability to resolve flow near abrupt changes

in the quantities which represent the characteristics of the fluid makes it an

appropriate tool to calculate potentially steep vorticity gradients within the rotor

wake. The non-linear advection equation

∂ω

∂t
+ (v · ∇)ω = 0 (2.30)

is solved in the last of the three steps, Eq. 2.29. The change of the vorticity in

cell i between the n-th and (n + 1)-th time step is determined by the vorticity

flux from cell i − 1 to i, denoted as Fi−1/2, and the vorticity flux from cell i to

i+ 1, denoted as Fi+1/2.

Figure 2.11: Schematic representation of the intercell vorticity fluxes, figure taken

from [1]

The change of [ωi] in the n-th time step is

∆n[ωi] = −∆t

∆x

(
Fi+1/2 − Fi−1/2

)
, (2.31)

where ∆n[ωi] = [ωi]
n+1 − [ωi]

n. The WAF scheme evaluates the vorticity flux as

Fi+1/2 =
1

2

(
(1 + λµ) vi+1/2 [ωi]

n + (1− λµ) vi+1/2 [ωi+1]n
)

(2.32)

30



2.3 Vorticity Transport Model

where vi+1/2 is the velocity at the cell face between cells i and i+ 1, and

µ = vi+1/2
∆t

∆x
(2.33)

is the Courant-Friedrich-Lewy (CFL) number. λ is a wave amplifier function

which depends on CFL number and the vorticity distribution ratio

rni+1/2 =
[ωi]

n − [ωi−1]n

[ωi+1]n − [ωi]
n . (2.34)

The calculation of vorticity from the intercell vorticity fluxes is illustrated by

Fig. 2.11 taken from [1].

Unlike first order linear schemes, the second-order WAF scheme is prone to

non-physical oscillations in areas where the difference between vorticity in neigh-

bouring cells is large. To ensure that monotonicity of the solution is preserved,

the chosen scheme has to be Total Variation Diminishing. The total variation of

the vorticity field at time step n is defined as [44]

TV n(ω) =

∫ +∞

−∞

∣∣∣∣∂ω∂x
∣∣∣∣ dx, (2.35)

which in discretized form becomes

TV n(ω) =
∑
i∈Ω

|[ωi+1]n − [ωi]
n| , (2.36)

where Ω denotes the computational domain. The condition for the scheme to be

TVD is then expressed as

TV n+1(ω) ≤ TV n(ω) (2.37)

The wave amplifier functions used in the VTM are based on the SUPERA wave

amplifier introduced by Toro in [43] to ensure that the advection scheme of the

VTM satisfies the condition 2.37.

The one-dimensional WAF scheme is then applied to the three dimensional

problem approached as three one-dimensional problems, as described in [45], en-

suring the resulting routine still qualifies as a TVD scheme. The condition of

stability of the explicit WAF numerical scheme described in section 2.3.5 is ex-

pressed in terms of the local flow velocity, cell size and time step as∣∣∣∣v ∆t

∆x

∣∣∣∣ ≤ 1 (2.38)

and is called the Courant-Friedrichs-Lewy (CFL) condition.

31



2.3 Vorticity Transport Model

2.3.6 Adaptive Computational Grid

An adaptive meshing system was implemented into the VTM by A.J Line and

R.E. Brown in order to study high-frequency dynamics of the wake of a helicopter

[1]. An auxiliary structured grid was used in the rotor model described in section

2.3.1 to calculate the source of vorticity on the rotor blades, given by Eq. 2.1.

The wake vorticity was then transferred to an adaptive grid, sometimes referred

to as ‘Semi-Lagrangian’, where only the cells with vorticity were present. In

the adaptive grid, the evolution of the vorticity field further from the rotor led

to creation of new computational cells while cells, which no longer contained

vorticity, were erased from computer memory. This resulted in a computational

grid which required an update every time step. The adaptive management of the

grid had advantages when employed to investigate the high-frequency dynamics

of helicopter flight, for example when the geometry of the wake vorticity field

could not be envisioned prior to the simulation. The adaptive grid enabled the

wake of the rotor to grow arbitrarily in space and thus eliminated the need for

boundary conditions on the vorticity field. In order to prevent exhaustion of the

memory of a computer by the ever expanding computational grid, a limit is set

in the VTM for the maximal number of cells. The details of the adaptive grid

system used previously in the VTM are presented in [1].

The effectiveness of the computation was improved by an adaptation of the

grid resolution. The VTM includes the option of up to four sizes of grid cells to be

created. This allows the vorticity close to the rotor to be resolved in greater detail

and the resolution to be reduced further from the rotor. The original application

of the VTM, i.e. to study the wake of a helicopter, motivated this grid feature,

since the area of interest of the previous application was, indeed, close to the

rotor. For the investigation of the interactions between the wake of a TECD and

the seabed, which includes small-scale phenomena further from the rotor, the

decreasing resolution of the computational grid with the distance down-stream of

the rotor is rather undesirable. Fortunately, the original VTM offers the option of

a uniform, ‘isotropic’, grid geometry as well. The isotropic grid consists of more

cells than a grid with decreasing resolution. As a result, the investigation of the
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small-scale flow phenomena imposes higher demands on computer resources than

the previous applications of the VTM.

2.3.7 Octree Data Storage

For each cell within the grid described in 2.3.6, the vorticity in the centre of

the cell, the local velocity on the surfaces of the cell (for easier calculation of the

advection) and the information about the neighbouring cells has to be stored. The

grid of the VTM is handled as an octree data structure with all the connections

realized by pointers. In the base level of the structure, each cell is connected to its

six immediate neighbours and to its parent cluster. The next level is composed

of the parent clusters, each parent having at most eight children. The structure

of an octree data storage is illustrated in Fig. 2.12 from [1].

Figure 2.12: Schematic representation of an octree grid structure, figure taken

from [1]

Each of the parent clusters is linked to its neighbours, its children and its
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parent. The levelling up continues until the whole computational domain is em-

bedded in one large cluster. This organization of the grid proved to be convenient

in conjunction with the adaptive nature of the grid as the cells and clusters do

not always have eight children, but rather less, depending on the local geometry

of the vorticity field. The octree structure of the grid is well suited for the use of

the fast multipole method for the calculation of the rotor induced velocity.

2.3.8 Fast Multipole Method

This section explains how the rotor induced velocity is calculated in the VTM. In

section 2.3.3, the velocity produced by the rotor at the point x is approximated

as

v(x) ≈
NΩ∑
i=1

Kδ(x, ci)× [ω]i . (2.39)

In order to evaluate the velocity Eq. 2.39 it is necessary to calculate the sum

of the contributions from all the cells in the computational domain. If that was

to be done for j = 1...NΩ, then the computational cost of such a routine would

be of order N2
Ω. In other words, there would be N2

Ω cell-cell interactions. In the

VTM, a less computationally expensive, but approximate approach is chosen. The

Fast Multipole Method (FMM), introduced in [46], is employed to evaluate the

rotor induced velocity. The FMM takes advantage of the octree structure that is

imposed on the grid as described in section 2.3.7 and reduces the computational

cost by replacing a portion of the cell-cell interactions with a smaller number

of cell-cluster and cluster-cluster interactions. A cluster is defined as a group of

neighbouring cells in the adaptive grid (details of the nature of the computational

grid are presented in section 2.3.6), i.e. region τ ⊂ Ω. The contribution of the

vorticity contained in the cluster to the velocity field at point x is

∆vτ ≈
Nτ∑
i=1

Kδ(x, ci)× [ω]i . (2.40)

The Rosenhead-Moore kernel, Kδ, is expanded into its Taylor series around the

centre of the cluster, cτ , as follows

Kδ(x, ci) =
∞∑
l=0

1

l!
Dl
cKδ(x, cτ )(ci − cτ )

l. (2.41)
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The expansion is three-dimensional, so the index of each term is a vector

l = (l1, l2, l3), with the factorial l! = l1!l2!l3!. The differential operator is defined

as

Dl
c =

∂

∂cl11 ∂c
l2
2 ∂c

l2
2

(2.42)

and cl stands for cl11 c
l2
2 c

l3
3 . A further approximation to the contribution of the

cluster to the velocity field is then made by truncating the Taylor expansion after

the p’th term. This can be written as

∆vτ (x) ≈
p∑
l=0

al(x, cτ )×ml(τ), (2.43)

where

al(x, cτ ) =
1

l!
Dl
cKδ(x, cτ ) (2.44)

are tensors of the Taylor series and

ml(τ) =
Nτ∑
i=1

(ci − cτ )
l [ω]i (2.45)

are moments of vorticity. The task of the calculation of the cluster velocity is

divided into two independent parts, namely, the calculation of the tensors and the

moments. The tensors represent the effect of the distance between the cluster and

the point x where the velocity contribution ∆vτ (x) is evaluated. The moments,

on the other hand, express the distribution of vorticity internal to the cluster and

are independent of the interaction distance. It is possible to write the moments

of a cluster recursively as a binomial sum of the moments of its children, for

details see Line [1]. Replacing the evaluation of N2
Ω cell-cell interactions with

the calculation of the moments of large clusters allows the cost of the velocity

calculation to be reduced.

Whether the velocity at point x can be approximated by a truncated mul-

tipole series or not depends on the distance between the point x and centre of

the clusters, cτ . An estimate of the truncation error of the approximation is,

according to Krasny and Lindsay [47]

εp = max
i=1,2,3

(
(pi + 1)2dpτ |m0(τ)|

4π(|x− cτ |2 + δ2)pi/2+1

)
. (2.46)
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The Multipole Acceptance Criterion, based upon the error measure given by

Eq. 2.46, is used in the VTM to decide if the loss of accuracy resulting from

the approximation Eq. 2.43 is acceptable. The required level of accuracy of the

expression Eq. 2.43 is specified by a maximum acceptable error and the maximal

truncation order pmax is chosen accordingly. Equation Eq. 2.46 is used to find

such a p for which the error is below εmax. If no such p is found then the

interaction is not considered well separated [1].

The cost of the velocity calculation is further reduced by introducing so called

cluster-cluster interactions. When the velocity at the point x is evaluated using

Eq. 2.43, the velocity in the ‘sibling’-cells (the cells which share their parent

cluster) can be approximated locally as

∆v(xs) ≈ ∆v(x) +

p∑
l=1

1

l!
Dl
sv(x)(xs − x)l (2.47)

where xs denotes the position of a sibling cell.

In the VTM, two routines to evaluate the rotor induced velocity are imple-

mented. Both make use of the same theory described earlier in this section. The

first routine calculates velocity in the adaptive computational grid (described in

section 2.3.6). This routine benefits from the interactions between clusters of cells.

The information about the interactions which involve a cluster is summarized in

the cluster’s interaction list. The interaction list is based on the decomposition of

the grid into three parts - near, intermediate and far-field. The near-field contains

the nearest neighbours of i. The intermediate field contains all of the children of

the nearest neighbours of i’s parent (see section 2.3.7 for details about the grid

structure), except those that are already accounted for in the near-field. The

far-field is defined as the whole computational grid excluding the near and the

intermediate fields. The interaction list of cluster i is then defined as all of the

clusters in the intermediate field of i.

In the first stage of the calculation the moments of every cluster in the octree

(described in section 2.3.7) are calculated, starting with the parents of the com-

putational cells, in an upward sweep. Note that the moment of cell i is equal to

[ωi]. In the second stage, the interaction lists of the clusters are used to chose the

relevant moments to evaluate the velocity field in every cell of the grid in a sweep
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down through the levels of the grid starting at the root cluster which encapsulates

the whole grid. Both the far-field and the intermediate-field components of the

velocity field of the root cluster and its children are by definition zero. When the

far-field component of the velocity of a cluster i is known, its intermediate-field

velocity component is evaluated from cluster-cluster interactions with clusters

given by i’s interaction list. The sum of i’s far-field and intermediate-field com-

ponents of the velocity field are then stored as far-field components of the child

clusters of i. The same process is repeated, descending down the octree, until

the lowest level, inhabited by the computational cells, is reached. The process is

completed by evaluating the contribution of the intermediate and near-fields of

each cell as cell-cluster interactions. The described decomposition is illustrated

in Fig. 2.13.

Figure 2.13: Decomposition of the vorticity field in to the far field (white), in-

termediate field (dark grey), near field (light grey) of cluster i, figure taken from

[1]

The advantage of the described algorithm is that in the second stage, the

velocity in the whole computational domain (NΩ cells) can be evaluated simulta-

neously thus reducing the computational cost to O(NΩ).

The velocity field cannot be calculated by the above described two-stage al-

gorithm outside of the computational domain (i.e. where the vorticity induced

by the rotor is zero), since the information provided by the interaction lists of

clusters is not available outside of the grid. In the VTM, an alternative two-

stage routine has been used to evaluate the velocity where the interaction lists
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are undefined. The first stage of the alternative routine is the same as described

above, i.e. the calculation of the moments of vorticity in an upward sweep. The

difference between the two algorithms lies in the second stage - the sweep down

through the levels of the grid. The alternative routine evaluates the velocity at

the point x as

v(x) ≈
∑
τ∈S1

vτ (x) +
∑
i∈S2

vi(x) (2.48)

where the part of the computational domain, denoted S1, contains all the well-

separated clusters τ . The velocity contribution of these clusters can be then

approximated by cell-cluster interactions. In the domain S2 = Ω \ S1, the ve-

locity has to be calculated directly via cell-cell interactions. The velocity at any

point other than x can then be calculated by repeating the downward sweep. To

calculate velocity using the alternative routine in a domain, Φ, composed of Nφ

cells, the routine has to perform the downward sweep Nφ times, thus a total of

O(Nφ logNφ) interactions must be evaluated [1]. Since the alternative routine

is used only outside of the computational grid, the number Nφ is several orders

smaller than the number of the cells in the adaptive grid NΩ, the overall compu-

tational cost of the velocity calculation is thus relatively low, yet dependent on

the extent of the domain Φ.

The need to evaluate velocity outside of the computational grid arises when

the loading on the blades is required for the calculation of the source of vorticity,

given by Eq. 2.1 in section 2.3.1.
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2.4 Tidal Flow Model

In all applications of the VTM prior to the present research, the inflow velocity,

vfs, (sometimes referred to as the free-stream velocity) was a constant vector

field

vfs = (Vin, 0, 0) . (2.49)

∂Vin
∂xi

= 0, for i = 1, 2, 3. (2.50)

Since the uniform inflow velocity is irrotational, i.e.

∇× vfs = 0, (2.51)

the vorticity in the uniform inflow is identically zero.

When a uniform flow is disturbed by a TECD the nature of the flow changes

and the fluid is diverted around the blades of the TECD. The velocity of the

flow is no longer irrotational, since the flow around each blade contains vorticity

induced by the change in the flow velocity. The vorticity is then transported

down-stream of the TECD by the flow. The important point is that the vorticity

down-stream of a rotor, exposed to an uniform inflow, arises purely due to the

presence of the device in the flow. Such vorticity is called rotor vorticity in this

dissertation. The rotor vorticity induces a velocity vr which is, by definition,

rotational. Under uniform inflow conditions, the induced velocity determines the

flow through a TECD.

The assumption, that the rotor is the sole source of the vorticity in the flow,

motivated the implementation of the adaptive computational grid (described in

section 2.3.6) and the routines used for the calculation of the velocity field. This

implementation made good sense when relatively large regions down-stream of the

rotor were free of vorticity. The routines used to calculate the velocity field took

advantage of the uniform nature of the inflow and treated the rotor induced ve-

locity and the inflow velocity separately. As explained earlier, the velocity which

transports the vorticity was calculated by an efficient grid-based routine, and to

evaluate the velocity of the flow in regions with zero vorticity was computationally

more expensive. The velocity outside of the adaptive grid was, however, origi-

nally needed only to evaluate the source of vorticity on the rotor blades, using
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Eq. 2.1. Further need for velocity calculation close to the ground plane, generally

located outside of the adaptive grid, had arisen in the research into helicopter

brownout [5]. The increased computational cost indicated an inefficiency of the

grid management and the grid-based velocity calculation routine for applications

which required the knowledge of the velocity in areas without rotor vorticity.

The objective of the present research is to investigate various aspects of the

flow through the rotor of a TECD. As the name suggests, the device is mounted

on the seabed and subjected to a tidal flow. In the first approximation, the inflow

is treated as uniform. The uniform inflow approximation has its limits, however.

A number of research points, which are discussed in detail in section 1.2, need to

be addressed by a more realistic inflow model to provide a reliable assessment of

the environmental impact of a TECD on the seabed.

As will be shown in chapter 4, the results of the uniform inflow approach

indicate that a more realistic model of the inflow would profoundly influence the

simulation of the flow down-stream of the TECD. The uniform inflow condition

used in chapter 4 is presented to show the sensitivity of results to the choice of

inflow conditions. Real flows suitable for power extraction are generally varying

with water depth.

The defining feature of the tidal flow is its variability in space, particularly

near the seabed where the flow velocity decreases. In this section, the tidal flow

over a flat seabed is assumed to vary only in the vertical direction. The approx-

imation of the inflow that varies with water depth, but not laterally or longitu-

dinally is called a velocity profile in this dissertation. To model even a simplified

non-uniform inflow, the velocity profile, has required non-trivial modifications of

the VTM.

In the following section 2.4.1 is introduced the approximation of a spatially

varying inflow, the velocity profile. The notion of the free-stream vorticity, innate

to the tidal flow, is presented in section 2.4.2. A new quantity, representing the

interaction between the wake of a TECD and the tidal flow is defined in section

2.4.3. Subsequently, a new approach to the vorticity and velocity calculation

is proposed. The required modification of the grid management is explained in

section 2.4.4.
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2.4.1 Velocity Profiles

The tidal flow generally varies in space. A more realistic model of tidal flow

which represents the momentum loss in the boundary layer is considered in the

simulation of the flow through the TECD. The loss of momentum in the boundary

layer can be represented by an inflow velocity which decreases closer to the seabed.

The variation of the velocity in the directions parallel to the ground plane depends

on the particular morphology of the seabed. In the first approximation, the

seabed is considered flat and the horizontal variation of the inflow velocity can

thus be omitted from consideration. The term velocity profile used throughout

this dissertation signifies an inflow velocity which varies only with water depth,

z, but is invariant to the horizontal position (latitude, longitude) (x, y).

Figure 2.14: Illustration of a velocity profile as an inflow condition

The velocity profile is defined as a vector field of a fixed direction but variable

magnitude

vfs = (Vin(z), 0, 0) , (2.52)

∂Vin
∂z

> 0, (2.53)

∂Vin
∂x

=
∂Vin
∂y

= 0. (2.54)

The increase of the inflow velocity with the distance from the seabed is expressed

as the condition Eq. 2.53. The velocity profile satisfies the incompressibility

condition ∇ · vfs = 0. Despite the relative simplicity of this inflow model, its
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incorporation into the VTM presented a challenge since the model was developed

to benefit from the properties of the wake of a rotor subjected to a uniform

inflow. In particular, the computational efficiency of the VTM, associated with

the adaptive grid management and the routines used to evaluate the velocity,

depended upon the uniform nature of the inflow.

In contrast to the uniform inflow approximation, Eq. 2.49-Eq. 2.50, the veloc-

ity profile, Eq. 2.52-Eq. 2.53, contains a rotational component everywhere in

the flow, i.e.

∇× vfs 6= 0, ∀x ∈ Ω (2.55)

The new inflow approximation complicates the velocity calculation in the VTM.

Prior to the present research, the rotational and the irrotational components

of the velocity field could have been managed separately. It is implied within

the uniform inflow model of rotor hydrodynamics that the vorticity is localised

in the vicinity of the rotor. Helmholtz’s Theorem states that a smooth vector

field, u, for which both ∇ × u and ∇ · u vanish at infinity, can be split into a

rotational and an irrotational component [48]. The latter condition is satisfied by

the incompressibility assumption. The velocity profile framework, however, needs

to accommodate the curl of the velocity field that does not vanish at infinity.

The velocity of the flow through the rotor of a TECD subjected to a velocity

profile contains an unbounded vorticity field. The composition of the unbounded

vorticity field is presented in sections 2.4.2 and 2.4.3.

2.4.2 Free Stream Vorticity

To simulate the flow down-stream of a TECD subjected to tidal flow which gen-

erally varies in space, a new model of the inflow has been implemented into the

VTM. The situation of the rotor exposed to an inflow which is not uniform affects

the manner in which the velocity and the vorticity is calculated.

The model of a more realistic inflow involves new quantities, not considered

in the original VTM which employs the uniform inflow approximation. The first

quantity is called the free-stream vorticity and is defined as

ωfs = ∇× vfs (2.56)
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in this dissertation. The second quantity innate to the new model of the inflow,

called the tide induced wake vorticity in this dissertation, is introduced in section

2.4.3. As mentioned earlier, the flow near the flat seabed is approximated by a

velocity profile. Then, the free-stream vorticity field takes the form

ωfs = (0,Win(z), 0) , (2.57)

where Win(z) = dVin/dz. Note that Win(z) > 0 for z > 0. That is, the free-

stream vorticity field is positive above the seabed with the axis parallel to the

rotor plane and the seabed (the y axis). Temporal changes of the free-stream are

discussed in section 2.4.3.

2.4.3 Tide Induced Wake Vorticity

The free-stream vorticity complicates the vorticity calculation in the VTM. Fur-

thermore, the influence of the progress of the tidal cycle on the flow down-stream

of a TECD needs to be considered in a realistic model of the tidal flow.

When the free-stream vorticity varies in time and space the vorticity down-

stream of the TECD reflects the more complex nature of the inflow. The evolution

of the vorticity in the flow, or the ‘total vorticity’, remains governed by the linear

partial differential equation Eq. 2.13. The total vorticity can thus be written

as a superposition of the free-stream vorticity, ωfs, and the induced vorticity,

ωI = (ω − ωfs). The vorticity transport equation yields

∂ωI
∂t

+ (v · ∇)ωI − (ωI · ∇) v = SR − (v · ∇)ωfs + (ωfs · ∇)v − ∂ωfs
∂t

, (2.58)

where the velocity field, v, includes the free-stream velocity. The terms on the

right hand side containing ωfs can be viewed as additional sources of the induced

vorticity field. The induced vorticity is different from the rotor vorticity modelled

for a uniform inflow. It is now possible to distinguish three sources of the induced

vorticity, ωI : the source due to the rotor, SR = Sω (defined in section 2.3.1); the

source due to the progression of the tidal cycle

STC = −∂ωfs
∂t

; (2.59)
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and the source due to the interaction of the free-stream vorticity and the velocity

field that is induced by the rotor

Sint(v) = (ωfs · ∇)v − (v · ∇)ωfs. (2.60)

As mentioned above, the differential operator1

L(v) =
∂

∂t
+ (v · ∇)− [∇v] (2.61)

where [∇v] a = (a · ∇)v, ∀a ∈ R3, is linear. To identify the difference between

the vorticity generated down-stream of a rotor in a uniform flow and the vorticity

down-stream of a TECD in a spatially varying flow, the induced vorticity field,

ωI , is viewed as a composition of two vector fields ωw and ω∗, defined as the

solutions of the two equations

L(v)ωw = SR (2.62)

and

L(v)ω∗ = STC + Sint(v), (2.63)

so that

L(v)(ωw + ω∗) = SR + STC + Sint(v), (2.64)

which is an alternative form of Eq. 2.58. The equation Eq. 2.13 is a special case

of the equation Eq. 2.62, when the inflow is uniform and the vorticity comes from

the vorticity source, Eq. 2.1. The vorticity component ωw is thus equivalent to

the rotor vorticity studied in the case when the rotor is subjected to a spatially

uniform free-stream velocity. The quantity ωw, which originates from the source

Eq. 2.1, is referred to as the rotor vorticity in an analogy to the case of the

uniform inflow. The free-stream vorticity is present everywhere in the flow, i.e.

the velocity of the free-stream is rotational. The velocity is evaluated from the

total vorticity, ω = ωfs + ωw + ω∗ as the solution of

∇2v = −∇× ω. (2.65)

1formally L(v) : H1(R3×(0,∞))→ H1(R3×(0,∞)), the space H1 contains ‘weakly smooth’

functions.
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The structure of the vorticity field down-stream of a TECD in tidal flow is

very different from the structure of the rotor vorticity in the case of a uniform

inflow. This is because the vorticity component ω∗ has no equivalent in the

uniform inflow case. When the free-stream contains no vorticity, both STC and

Sint(v) are zero. Thus, the homogeneous equation

L(v)ω∗ = 0 (2.66)

yields the solution ω∗ = 0. The vorticity ω∗ thus embodies the effect of the tide

on the flow down-stream of the TECD and, consequently, the influence of the

device on its environment. In this dissertation, ω∗ is called the tide induced wake

vorticity.

The tide induced wake vorticity occurs as a result of the interaction between

the tidal flow, which varies over time, and the rotor. The temporal variation

of the free-stream represents the progression of the tidal cycle. The time scale

investigated by the VTM is adjusted to span the development of the wake of a

rotor. Typically, the rotor wake under a static (time invariant) inflow condition

is studied over an interval of minutes. The exact time interval depends on the

parameters of the flow.

It can be safely assumed that the variation of the velocity profile over the

period of the tidal cycle is very slow compared to the time-scales that are relevant

to the development of the wake of the TECD. In fact, according to Morris et al.

[49], the change of the tidal velocity at 10 m above the seabed is typically of order

10−4ms−1 per second, whereas the wake develops over time scales of the order of

10 seconds. The free-stream vorticity is thus considered time invariant over the

interval relevant for the development of the wake, i.e.

∂ωfs
∂t

= 0. (2.67)

The source of the tide induced wake vorticity attributed to progression of the tidal

cycle is thus negligible relative to the source resulting from the interaction between

the free-stream and the rotor. The tidal cycle can, therefore, be discretized and

represented as a set of consecutive velocity profiles, which correspond to a range

of inflow conditions for the VTM.
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2.4.4 Fixed Computational Grid

The spatial extent of the tide induced wake vorticity, ω∗, is generally larger than

the spatial extent of the rotor vorticity field, ωw. The induced vorticity field,

ωI = ωw + ω∗, thus lacks the compactness of the rotor vorticity field associated

with the uniform inflow case. The support of the induced vorticity needs to be

included in an expanded grid within the VTM to facilitate the computations.

The total vorticity field ω = ωfs + ωw + ω∗, is required to calculate the velocity

as

v(x) = − 1

4π

∫
supp(ω)

(x− x′)× ω(x′)

|x− x′|3
dx′, (2.68)

where supp(ω) is larger than supp(ωw) at any time during the simulation of the

wake of a TECD in tidal flow.

In the original version of the VTM, the adaptive grid was updated every time

step through deletion and insertion of cells, depending on the spatial distribution

of the rotor vorticity field. Extension of the adaptive grid approach for the tidal

flow simulations has proven computationally expensive, a problem which has

been addressed by the implementation of a new computational grid of fixed (time

invariant) geometry. It is of relevance that a fixed grid arrangement existed in

the VTM prior to the implementation of the adaptive grid, described in [1]. The

new fixed grid management, however, benefits from the utilisation of the octree

data structure and the efficient velocity calculation, described in sections 2.3.7

and 2.3.3. The new grid is created at the beginning of the simulation and remains

unchanged.

2.4.5 Boundary Conditions

The fixed grid is defined by its limits in the Cartesian stencil, [−x0, xmax] ×
[−ymax, ymax] × [0, zmax]. This modification requires a definition of boundary

conditions on the new, time invariant boundaries. The condition of zero curvature

on the induced vorticity field, (∇ωI · n) |∂Ω = 0, is imposed on the boundaries

x = xmax, |y| = ymax and z = zmax, so that there is no change in the vorticity field

passing through the boundary out of the computational grid. The rotor plane, at
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x = 0, does not represent a boundary. The condition at x = −x0, i.e. up-stream

from the rotor plane, is ω = ωfs.

The argument used in [1] in favour of a boundary-free grid over a fixed grid

is the influence of the boundary conditions on the flow in situations where the

wake induces a velocity of magnitude similar or greater than the free-stream (for

a graphical example see [1], page 35).

The adaptive grid could extend to contain all of the vorticity produced by the

rotor, which meant that possible disadvantages associated with fixed boundaries

were avoided. The nature of the Biot-Savart relationship Eq. 2.18 implies that

all of the vorticity needs to be included in the calculation of the velocity field and

omitting a region containing vorticity in the velocity calculation could result in

a solution which is not physical. Hence, the implementation of fixed boundaries

could introduce an error into the velocity calculation if the extent of the induced

vorticity field is larger than the size of the fixed grid. When the free-stream

contains vorticity, however, the adaptive grid formulation outlined in section 2.3.6

is no longer appropriate. The free-stream vorticity needs to be considered for the

simulation of a TECD placed into a boundary-layer flow.

The boundary condition of zero penetration at the ground plane (z = 0) is

modelled in the VTM by the method of images [5]. A vortex approaching a

solid surface behaves as if there were another vortex below the ground plane,

rotating in the opposite sense. In the presence of a solid surface, the induced

vorticity is obtained as a solution of Eq. 2.13, following which the vorticity of

the mirror wake is evaluated. The velocity field of the wake near the ground

plane is then calculated from the superposition of the two vorticity fields. The

method of images is capable of representing the ground plane as a boundary to a

high Reynolds number (inviscid) flow. An approximation of the viscous boundary

condition at the seabed is incorporated into the VTM via the inclusion of a free-

stream vorticity field corresponding to an empirical velocity profile as explained

in section 2.4.1. However, this implementation of the seabed boundary condition

is not equivalent to a full no-slip condition.

The imposed boundary condition implies that the component of the velocity

field normal to the seabed is zero, i.e. the flow does not penetrate the seabed, and

that the tangential component of the wake induced velocity near the seabed is
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amplified. However, the inflow model in the form of a velocity profile implemented

into the VTM helps to reduce this effect by ensuring that the flow velocity close to

the seabed decelerates. The amplified tangential component of the wake induced

velocity field could lead to some over-prediction of the erosion of the seabed by

the wake of a TECD. Without the reduction of the amplification effect the over-

prediction of the seabed erosion would be more pronounced. Nevertheless, the

modified VTM provides novel qualitative predictions of the wake structure and

the erosion of the seabed by the wake of a TECD.

In a first approximation, free surface could be modelled by another mirror

plane located at z = zmax to ensure no-penetration condition vI · n = 0 at the

upper boundary. Two vortices which represent a section of an inclined vortex

ring and their mirror images are depicted in Fig. 2.15,
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2.4 Tidal Flow Model

Figure 2.15: Illustration of the implemented seabed boundary condition and a

possible free-surface representation.

where the small black arrows indicate the direction of the vortex induced

velocity. An alteration of the wake induced velocity field due to the simplified

representation of free-surface is illustrated in Fig. 2.16.
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Figure 2.16: Illustration of the influence of the mirror vortex on the flow. The

dark grey arrow represents the wake induced velocity vector without an influence

of free surface, the light grey arrow represents the velocity induced by the mirror

vortex and the black arrow indicates the wake induced velocity vector affected by

the simple free-surface model.

2.4.6 Sediment in the VTM

A sediment transport model has been implemented into the VTM to simulate

the evolution of sediment concentration, c, using the pre-existing routines. The

VTM now contains a module to solve the transport equation

∂c

∂t
+ (v + ws) · ∇c = ∇ · (ε∇c) + Sc, (2.69)

where ε is the sediment diffusivity, ws is the settling velocity and Sc is the source

of sediment due to the presence of the TECD on the seabed. The settling ve-

locity and the source of sediment are calculated from semi-empirical formulas
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and depend on the parameters of the sediment, as described in chapter 3. The

advection of the sediment concentration is evaluated by the routine described in

section 2.3.5, employing less compressive wave amplifier than the advection of

vorticity, since the calculation of sediment concentration is less likely to be af-

fected by spurious oscillations. Unlike the vorticity transport equation, Eq. 2.69

contains a diffusion term. The sediment diffusivity is treated as a parameter due

to the lack of empirical data. The calculation of the sediment concentration is

fully explained in section 3.4.

2.4.7 Turbulent Diffusion Effects

While the viscous effects are small in high-Reynolds number flows and can thus

be omitted from consideration, the effects of turbulent diffusion generally are not.

Therefore, an implementation of a suitable turbulence model would be a valuable

future amendment to the VTM as discussed in chapter 7. The turbulent diffusion

effects may include earlier disintegration of the vortex structure and vortex decay

in general. This has implications for the predictions of the erosion inflicted by the

wake of a TECD on the seabed since turbulent diffusion might cause lower rates

of seabed erosion than is suggested by the results presented in this dissertation.

Furthermore, a turbulent inflow could affect the wake down-stream of TECDs.

In such a case the inflow could not be approximated as quasi-steady. The degree

of the influence of a turbulent inflow on the wake of a TECD is indicated by

turbulence intensity at tidal sites. Turbulence intensity is defined as ratio of

the magnitude of the velocity fluctuations, |v′|, and the magnitude of the mean

velocity, |v̄|, [50]. The turbulence intensity during strong tides is consistently

around 10% according to Thomson et al. [50], who analysed the data from a tidal

power site in Puget Sound, WA, USA, where maximum spring velocity magnitude

reaches almost 2 m/s. The velocity fluctuations were measured in 64 s periods

[50]. Arguably, measurements over different time periods could result in different

values of the turbulence intensity. The 10% variation of the inflow velocity which

is likely to occur during the period of wake development is not captured by the

VTM’s simulations at present. A turbulent inflow containing large eddies could

disturb the formation of the ordered vortical structure down-stream of TECDs.
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Nevertheless, the VTM’s predictions were validated previously as discussed in the

following section.

2.5 Model Validation

The predictions of the VTM in terms of rotor loading and wind turbine perfor-

mance have been validated previously and repeatedly against experimental data.

Of most relevance to the current study, the comparison between the VTM’s pre-

dictions of the blade loading and experiments has been done by Scheurich [3] for

wind turbines. A comparison between the loading on the blades predicted by the

VTM and experimental data from [3] is presented in Fig. 2.17. The ability of

the VTM to simulate accurately the wake further from the rotor was confirmed

by comparison between the simulations and relevant experimental data [5]. For

example the structure of the vorticity field for a typical case modelled by the

VTM by Phillips [5] is presented in Fig. 2.19 and compared to experimental data

from Lee et al. [4] presened in Fig. 2.18.

Figure 2.17: Comparison between the variation in VTM-predicted aerody-

namic loading and experimental measurements made by Strickland et al. [2]

for TSR = 5, left: normal force, right: tangential force. Image taken from

Scheurich [3].
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Figure 2.18: Smoke flow visualisation of the wake produced by a two bladed rotor

in ground effect. Image taken from Lee et al. [4]

Figure 2.19: Vorticity distribution from a two bladed rotor in proximity to the

ground plane as calculated using the VTM. Image taken from Phillips [5]. (The

rotor was hovering one radius above the ground)

The VTM’s predictions of blade loading for a wind turbine using relatively

thick NREL S809 aerofoil were previously compared with experimental data by

T.M. Fletcher in [51]. Moreover, the wake structure predicted by the VTM

was compared with predictions of a three-dimensional, incompressible, Reynolds-

Averaged Navier-Stokes flow solver in [51]. This comparison encourages the use

of the VTM to simulate the flow around TECDs.
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2.6 Summary

The Vorticity Transport Model is a complex modelling system, consisting of many

modules, developed over the years to simulate various configurations of the rotor,

for a variety of helicopter flight conditions, and the performance of vertical-axis

wind turbines. The core of the VTM is the solution of the vorticity transport

equation Eq. 2.13, a form of the equations of motion of an incompressible fluid,

that explicitly conserves vorticity within the flow. The vorticity transport equa-

tion governs the evolution of the wake vorticity field and the wake induced velocity

field, which is coupled to the vorticity by the Biot-Savart relationship, Eq. 2.18.

The source of vorticity is identified with the strength of the circulation around the

blades of the rotor. The vorticity source is evaluated by the modified version of

the Weisinger-L lifting-line method. The calculation of the transport of vorticity

is split into advection and stretching parts. The advection in three-dimensions is

treated as a sequence of three one-dimensional applications of the WAF scheme,

equipped with the SUPERA-type wave amplifier functions with the Total Varia-

tion Diminishing property to preserve monotonicity of the solution. The octree

structure of the grid in conjunction with the velocity calculation by the Fast Mul-

tipole Method reduces computational cost, since the costly cell-cell interactions

are replaced with faster cell-cluster and cluster-cluster interactions. The trunca-

tion error of the multipole expansion is smaller than a pre-set value, ensuring the

chosen degree of accuracy. The semi-empirical Dynamic Stall Model allows for

the wake of a vertical axis turbine to be studied, predicting the unsteady attached

flow, the unsteady separated flow and the formation of the dynamic stall vortex.

To study the impact of a TECD on the marine environment, the more realistic

inflow condition in the form of a velocity profile, defined in section 2.4.1, was con-

sidered. The spatial variation of the inflow has been accounted for by introducing

a free-stream vorticity into the model, which significantly alters the nature of the

flow. Extending the previous modelling strategy, two essential components of

the vorticity field have been identified - the rotor vorticity, which resembles the

vorticity field occurring under the uniform inflow condition, and the tide induced

wake vorticity. The latter component is zero in the uniform inflow case. Further-

more, two sources of the tide induced wake vorticity have been identified, one
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attributed to the progression of the tidal cycle and the other to the interaction

between the tide and the rotor. The free-stream vorticity was assumed to be time

independent during the VTM simulations. To accommodate the spatially varying

inflow the VTM required a modification to incorporate the simulation of the new

variables, which are defined in sections 2.4.2 and 2.4.3. A new time-invariant grid

geometry has been developed to replace the previous adaptive grid, which proved

to be unsuitable for the simulation of the flow down-stream of a TECD subjected

to a velocity profile. The new grid management has reduced the length of the

simulations below the time typically required by the original VTM to investigate

the uniform inflow cases. The new version of the VTM, adapted to simulate the

spatially variable inflow, is used to model the flow through a rotor for a range of

the inflow conditions.
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Chapter 3

Sediment Model

The hydrodynamics of a tidal energy conversion device (TECD), simulated by the

Vorticity Transport Model (VTM), needs to be put into the context of sediment

transport in order to study the interaction within the TECD-environment (TE)

system. The character of sediment and the seabed morphology in potential future

locations of TECDs is discussed in section 3.1.

The flow through the rotor of a TECD governs the influence of the device

on the seabed. As mentioned in section 2.4, the seabed is approximated as a

flat plane, which poses an impenetrable boundary to the flow. In the absence

of the TECD, the tidal flow contains the free-stream vorticity. The concept of

the free-stream vorticity, which was introduced in section 2.4.2, encapsulates the

reaction of the flow to the presence of a barrier – the seabed. If the TECD were

not in close proximity to the seabed the inflow to the rotor could be approximated

as uniform. The motion of sediment from the flat seabed needs to be modelled

with the consideration of viscous effects if the influence of the TECD wake on

the marine environment is to be understood.

When a realistic velocity profile (based on experimental data) is chosen as

an inflow model for the VTM, additional sources of vorticity have to be defined

consistently with the selected profile. The definition of the empirical velocity

profile includes the assumption that the free-stream velocity is zero on the seabed.

This approach does not, however, enforce the no-slip condition at the seabed.

In the present model of a flow through the rotor of a TECD, the seabed

interacts with the flow in two ways. On one hand, the rotor is exposed to the
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spatially variable inflow in the form of a velocity profile. On the other hand, the

induced vorticity field (that is caused by the presence of the rotor in the tidal

flow) produced down-stream of the device interacts with the seabed. A model of

such interactions is described in section 2.4.5.

Both the uniform inflow approximation and the more realistic inflow model

(i.e. the free-stream velocity in the form of a velocity profile) are investigated in

this dissertation. In both scenarios, the interaction of the flow through the rotor

of a TECD with the seabed is governed by the velocity field. Surface shear forces

on the seabed (related to the flow velocity above the seabed) initiate motion of

sediment, which is then transported by the flow in the layer just above the seabed.

The process of the initiation of the sediment motion varies with the parameters

of the sediment.

The characteristic time-scales of the different processes involved in the sedi-

ment transport in the wake of the HATT are listed in Table 3.1 to put the present

study into the context of large-scale sediment transport and changes in the seabed

morphology. The period of short-term changes of the seabed morphology is 1 year

according to van Rijn [52]. The time needed to complete one rotor revolution of

the HATT described in section 2.1 is Trr = 6.28 s. The eddy turnover time is

of the order of the lifetime of the largest eddies occurring in the flow, hence it

depends on the flow and typically varies between 0.1 s - 1 s according to Zimberg

et al. [53].

Eddy turnover time Trr Tidal Cycle Morphodynamic short-term period

0.1-1 s 6.28 s 12 hours 1 year

Table 3.1: Comparison of the time scales of the processes involved in the sediment

transport in the wake of the HATT.

As explained in section 2.4.3, for the purposes of the present research, the

tidal cycle can be discretized and the wake development can be treated as quasi-

steady, since the change of the tidal velocity at 10 m above the seabed is typically

of order 10−4ms−1 per second [49]. If an explicit turbulence model were used and

a turbulent inflow were considered, the quasi-steady approximation of the inflow
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3.1 Sediment Characteristics at Potential Tidal Sites

would not be possible given the eddy turnover times, which imply even faster

changes of small eddies. In such a case, also the use of static aerofoil data to

obtain the source of vorticity on the blades should be questioned. Since the

model used here does not provide for a turbulent inflow and the inflow velocity

is assumed to be time invariant over the period of wake development (∼ 50 s),

the use of the static aerofoil data is justified.

Sediment characteristics of potential future locations of TECDs are discussed

in section 3.1. The concept of a threshold of sediment uplift and its connection

to the parameters associated with the sediment particles are discussed in section

3.2. Erosion of sediment and the types of sediment motion are introduced in

section 3.3. The notion of an ‘excess bed shear stress’ is defined as a measure

of the impact of the flow on the seabed. The excess bed shear stress is assumed

to determine the erosion flux from the seabed and to influence the concentration

of sediment in the flow, i.e. the amount of sediment in motion. The sediment

concentration depends also on the rate of deposition of sediment back on the

seabed and the sediment diffusivity. A model of sediment settling is defined in

section 3.4.1. The relationship between turbulence and sediment diffusivity is

discussed in section 3.5. A model of the evolution of the sediment concentration

is presented in section 3.4.

3.1 Sediment Characteristics at Potential Tidal

Sites

In the extreme tidal conditions of the Pentland Firth (maximal stream velocity

of 4.5 m/s) the seabed is characterized as non-erodible bed rock [54]. Indeed,

with an exception of small areas near the shore and around the islands, where

accretion of sediment is predicted, the sediment was completely removed by the

tidal streams [26]. In other areas, suitable for power extraction by TECDs, the

composition of sediment varies, from non-erodible bed rock to the Alderney South

Bank sandbanks, where a tidal development is planned [22]. According to the

British Geological Survey [54], the composition of sediment on the seabed off the

west coast of Scotland includes sand and mud.
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A clear distinction needs to be made between large-scale tidal arrays, which

are likely to be installed in faster streams, and community-sized isolated devices,

placed to slower streams relatively close to shore. This dissertation is focused on

the latter case - a single TECD with rated power below 200kW. In slower streams

an accumulation of sediment on the seabed is predicted [26]. Hence, the seabed

near a community-sized TECD is more likely to be erodible than the seabed near

a tidal array.

3.2 Initiation of Sediment Motion

The nature of the interaction between the seabed and the flow depends on the

properties of the fluid. A viscous fluid moving over a surface generates shear forces

on the surface. The magnitude of the shear is related to the local near-bed velocity

[55]. In fact, the velocity of the flow just above the seabed and the parameters

of the fluid, principally its viscosity and density, determine the shear forces on

the seabed. The initiation of sediment motion depends not only on the action of

the shear forces, however. The properties of the sediment and morphology of the

seabed also influence the process of the initiation of the sediment motion.

In reality, how the seabed responds to the fluid forces depends on the shape

of sediment particles and local geometry of the seabed. The most often used

models of the initiation of sediment motion are the so called threshold models. In

such models, sediment particles are assumed to leave the seabed when a physical

quantity related to the surface shear forces generated by the fluid exceeds a

threshold value. The threshold value of sediment uplift has been found to depend

not only on the size of the particles, but also on the geometry of the particles

as well as the micro-structure of the surface and the local electrostatic field [56].

The vegetation on the seabed is known to change the bed roughness coefficient

[57]. The flat-seabed approximation, which is consistent with the definition of

the free-stream velocity in section 2.4.1, focuses attention on the basic principles

of sediment uplift. On a flat seabed, it is the character of the sediment which

determines whether or not a sediment particle leaves the seabed. Furthermore,

the properties of the sediment influence the type of motion which a sediment

particle undergoes once it has left the surface.
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The seabed generally hosts a variety of sediment, from clay to boulders. The

range of sizes of sediment on the seabed is usually characterized by a single

parameter called the median sediment diameter [55]. The representative size of

the sediment particles then presents an indicator of the type of sediment motion.

The diversity of sediment is categorized according to the dominant type of motion

the particles are likely to adopt. Larger particles will roll and hop along the seabed

while others will, under the same shear forces, leave the seabed to be suspended

into the flow.

The behaviour of the sediment depends on the relative amounts of the sed-

iment types present. Since the inter-particle force dominates the gravitational

force when the surface area of a particle is significantly larger than its volume

[58], the sediment is categorized either as ‘cohesive’ or ’non-cohesive’ depend-

ing on the size of the sediment particles. The particles of diameter larger than

62 µm are classified as non-cohesive sediment [55]. If the mud (cohesive sediment)

content (defined by so called clay-silt ratio) is below a critical value, the entrain-

ment of the sand particles is assumed to be the dominant erosion mechanism

according to Van Rijn [55]. Fine and coarse sand (non-cohesive sediment smaller

than 2 mm) is characterized by motion into suspension. Apart from the size of

sediment particles, the sediment is characterized by its density on the seabed.

The existence of a threshold of sediment uplift has been postulated by many

studies over the years to simplify the description of such motion for applications

in engineering, oceanography, geology, geochemistry and sedimentology [59]. The

relationship between the sediment parameters and the fluid shear forces (related

to the flow velocity above the seabed) is highly complex. Given the variability of

the hydrodynamic environment, many different empirical threshold curves have

been devised and used [60, 61, 62, 63, 64, 65].

The Shield’s curve, introduced by Shields [61], has been repeatedly revised

as more and more experimental data have become available. The modifications

have, however, brought ‘little more than scatter’ according to Miller et al. [64],

because, as is pointed out by Paphitis [59], the notion of a threshold is rather

subjective. The commonly used definitions of a threshold were based on visual

assessment. Such an assessment depends, indeed, on how the individual inves-

tigators perceived the moment at which particle motion is initiated [59]. Based
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upon their perception, some investigators even argued that sediment motion is

observable at any unidirectional current velocity greater than zero.

The research into the fluctuations of bed shear stress indicated the difficulty of

defining a unique threshold under turbulent flow conditions. The instantaneous

stresses have been observed to entrain sediment [66, 67, 68], even when the tempo-

ral mean of the stress was below the threshold condition. An experimental study

on near-bed turbulence suggests that the threshold of sediment motion is related

to the flux of turbulent kinetic energy [69]. A direct numerical simulation (DNS)

conducted to determine the forces acting on the sediment particles indicated that

two distinct ways of initiation of sediment motion, ‘pick-up’ and ‘roll-over’, have

to be taken into account to capture the entrainment of gravel by turbulent flow

in an open channel [70]. Furthermore, threshold velocity-based models have been

experimentally validated only for large-scale, steady flows and therefore their

applicability to more complex, small-scale unsteady flows, such as those caused

by the interaction of the flow down-stream of a TECD and the seabed, is un-

known at present. The applicability of threshold velocity-based erosion models

to small-scale fluid phenomena requires future experimental verification.

Nevertheless, due to the lack of consensus within the scientific community on

the process of initiation of sediment motion under rapidly changing flow condi-

tions, the original Shield’s definition of the threshold, reformulated by van Rijn

[55] to depend on dimensionless sediment size, is adopted here as a primary

threshold condition.

The Shield’s function is widely accepted among researchers to provide a simple

algebraic expression of sediment entrainment for a variety of types of sediment

[55]. This choice of threshold model thus makes the present research compatible

with sediment models currently in use. The sediment motion is assumed to

initiate when a critical value of bed shear stress is reached. The shear stress on

the seabed, τb, can be expressed as

τb = ρCD|vb|vb, (3.1)

where vb is the flow velocity at the friction height, and CD is a drag coefficient

of the fluid [71]. The friction height is defined as the position of the sediment

particles before they are moved by the flow. The relation Eq. 3.1 was chosen
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over the classical form of the shear stress, τb = ρν∇vb · n, since the latter is

used less than the former within the field of sedimentology. The choice of Eq. 3.1

ensures compatibility of the present research with oceanographic sediment trans-

port models, which makes the output of the presented model suitable as an input

into large-scale models of sediment motion.

The dimensionless bed shear stress, θ, is given by

θ =
τb

(ρs − ρ)gd
, (3.2)

where ρs is the density of sediment, ρ is the fluid density, g is the gravitational

acceleration and d is the mean diameter of the sediment [71]. In this dissertation,

d was chosen to represent fine to medium sand particles. This type of sediment

is present in British coastal seas, in particular in headland sand banks [22].

The threshold for initiation of sediment motion adopted in the present research

θcr = θ0(d∗)σ, (3.3)

is based on the data of Miller et al. [64], where d∗ is the dimensionless sediment

diameter [55]

d∗ = d

((
ρs
ρ
− 1

)
g

ν2

)1/3

, (3.4)

where ν denotes the viscosity of the fluid. The coefficients in Eq. 3.3 vary with

the sediment parameters as presented in table 3.2 [72, 73, 64].

1 < d∗ ≤ 4 4 < d∗ ≤ 10 10 < d∗ ≤ 20 20 < d∗ ≤ 150 d∗ > 150

θ0 0.24 0.14 0.04 0.013 0.055

σ −1 −0.64 −0.1 0.29 0

Table 3.2: Empirical relationship between the coefficients, θ0, σ and the dimen-

sionless sediment size

In the article by Zhang et al. [74], the critical bed shear stress, θcr, is influenced

by the local geometry of the bed material. Since only flat beds were studied, this

influence was not considered here.
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The threshold model Eq. 3.3 was chosen due to its widespread use within the

field of sedimentology and therefore to facilitate the comparison of the results with

other research studies. Nevertheless, to investigate the sensitivity of the model

to the choice of threshold condition, another threshold formula was adopted in

the form of the threshold velocity

vt =

√
K
ρs
ρ
gd (3.5)

where K = µ0/cd, cd is the particle drag coefficient and µ0 is a coefficient of

static friction [75]. The threshold condition Eq. 3.5 was devised for models of dust

and debris transport from the desert surface by helicopter rotors [75]. Since this

expression was specifically devised to approximate the entrainment of particles by

the unsteady flow through the rotor, |v| ≥ vt could be seen as more appropriate

threshold condition than θ ≥ θcr for the purposes of the present research.

3.3 Erosion and Sediment Load

A sediment is generally composed of bed load and suspended load, depending

on the type of motion which the sediment particles undergo. Both bed load

and suspended load are strongly related to the choice of the threshold model

of sediment uplift (conceivably, two threshold models suited to the two types of

motion could be used as proposed by Ma et al. [70]). The two mechanisms of

sediment motion depend on each other - the bigger grains of sediment which roll

and hop cause the smaller particles to move into suspension.

The erosion of sediment, studied By Huang et al. in [58], depends on a relative

measure ξ,

ξ =

(
θ

θcr
− 1

)
,when θ ≥ θcr, (3.6)

for the threshold model Eq. 3.3. The alternative threshold condition Eq. 3.5

yields

ξ =

(
|v|2

v2
t

− 1

)
,when |v| ≥ vt, (3.7)

since the bed shear stress is proportional to square of the flow velocity [73].
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The relative quantity, ξ, is called the excess bed shear stress in this dissertation.

Ribberink [73] suggests that the instantaneous value of the excess bed shear stress,

ξ = ξ(t), rather than the temporal mean thereof, needs to be taken into account

in modelling of sediment motion in an unsteady flow. The excess bed shear

stress is related to a number of quantities used to describe the sediment motion,

including the erosion flux of cohesive sediment [76], the bed load, qb, [73, 55], and

the concentration of the suspended load, cs, [77].

The commonly accepted relation between the erosion flux and the excess bed

shear stress is

E = E0ξ
f , f > 0 (3.8)

where E0 is an empirical constant [76]. The application of Eq. 3.8 relies on knowl-

edge of the constant, E0, which is affected by a number of factors of physical,

electrochemical and biological nature. Hence, the value of the erosion-flux con-

stant has to be determined from experiments for each particular flow situation

that is of interest [76].

Van Rijn [55] concluded that the bed load qb is related to the excess bed shear

stress as

qb ≈ τ
1/2
b ξ. (3.9)

Earlier, in [78], he defined the concentration of bed load, cb, as

cb =
qb
|vb|δb

, (3.10)

where δb is the thickness of the bed load layer. From Eq. 3.9, Eq. 3.1 and Eq. 3.10

it follows that the concentration of bed load is proportional to the excess bed shear

stress

cb ≈ ξ. (3.11)

According to [73], the bed load is proportional to ξ(t)m even for unsteady flows

and the parameter m is determined by experiments. In oscillatory flows the

instantaneous value of the excess bed shear stress determines the bed load [73].

Furthermore, the excess bed shear stress is related to the motion of sediment

suspended in the flow. The concentration of suspended sediment depends on the

excess bed shear stress c = c(ξ). In particular, according to Van Rijn [77]

cref ≈
ξ1.5

zref
(3.12)
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at a reference level zref < 0.01 m above the seabed. The reference concentration,

cref , is used to evaluate the sediment concentration, c, at all heights above the

seabed. The sediment concentration depends further on environmental param-

eters: the sediment size; the sediment density; the fluid viscosity and the fluid

density.

To summarize, the excess bed shear stress, ξ, determines the erosion flux of the

sediment, the concentration of bed load and the concentration of the sediment

in suspension. The instantaneous value of ξ has to be taken into account for

unsteady flow. This observation motivates the calculation of the excess bed shear

stress in every time step of the simulation. The instantaneous value, ξ(t), is used

herein to evaluate the source of sediment in the model of sediment transport used

in the present research.

3.4 Sediment Transport

Unlike the bed load concentration, cb, which can be evaluated by a rather simple

algebraic formula Eq. 3.10 (even in the case of oscillatory flows), the concentra-

tion of the sediment in suspension, c, is calculated as a solution of a differential

equation. In most of the literature on sediment transport, the one-dimensional

advection-diffusion equation is employed to resolve the evolution of the concen-

tration of the sediment in suspension.

Since the flow through the rotor of a TECD is inherently unsteady and since

the three-dimensional nature of the flow is of particular interest in the present

research, the evolution of the sediment concentration is modelled as

∂c

∂t
+ (v + ws) · ∇c = ∇ · (ε∇c) + Sc, (3.13)

where ε is the sediment diffusivity, Sc is the source of sediment, evaluated from

the erosion flux Eq. 3.8. The process of sediment deposition is expressed by

the vertical convection of the sediment concentration by the settling velocity

ws = (0, 0,−Ws).

The Eq. 3.13 is the generalisation of the time-averaged one-dimensional sedi-

ment transport equation used in [78].

ε
dc

dz
+ cWs = 0, (3.14)
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3.5 Turbulence and Sediment Diffusivity

3.4.1 Settling Velocity

The deposition of sediment is modelled by the inclusion of a semi-empirical set-

tling velocity into the sediment transport equation Eq. 3.13. The settling velocity

is essentially a threshold of sediment deposition. A sediment particle is assumed

to settle back on the seabed when the velocity of the moving particle decreases

below the settling velocity.

Several formulae have been devised over the years to quantify the process

of sediment leaving suspension. A detailed overview of the formulae used to

evaluate settling velocity is provided in Cheng [79]. Similarly to the threshold

model for the initiation of sediment motion, Eq. 3.3, the commonly used model of

the threshold of sediment deposition depends on the sediment size [79, 80]. The

following expressions were considered here [79, 80, 81].

Ws = (d∗)3

18d
ν d < 100µm (3.15)

Ws = 10ν
d

(√
1 + 0.1(d∗)3 − 1

)
100µm ≤ d ≤ 1mm (3.16)

Ws = 1.1ν
d
(d∗)3/2 d > 1mm (3.17)

3.5 Turbulence and Sediment Diffusivity

The sediment transport equation Eq. 3.13 contains the sediment diffusivity. If

the dependence of sediment diffusivity on the water-depth is known, a one-

dimensional approximation of the sediment concentration in a steady flow can

be obtained as the solution of Eq. 3.14. Such a solution obtained for a sediment

diffusivity parabolic with water depth is called the Rouse profile. The Rouse

profile is widely accepted to represent sediment concentration in a steady river

flow [82, 80, 83]. Given the experience with the experimentally confirmed Rouse

profile for sediment concentration, the sediment diffusivity in more complicated

flows is needed to evaluate the sediment concentration therein.

The sediment diffusivity and the reference concentration Eq. 3.12 determine

the concentration of suspended sediment. As explained earlier, the flow influences

the reference concentration through the excess bed shear stress, ξ, defined in

section 3.3. An approximation of the sediment diffusivity is needed to evaluate
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3.5 Turbulence and Sediment Diffusivity

the concentration of suspended sediment at all heights above the seabed from

Eq. 3.13.

The roughness of the seabed causes eddies to occur in the boundary layer [84].

In fact, diffusion of physical quantities transported by the flow, like salinity, tem-

perature and sediment concentration, is related to the turbulent eddy viscosity,

[74, 71, 84]. In the study by Holmedal et al. [84], the sediment diffusivity was

approximated as the sum of the turbulent eddy viscosity and the viscosity of the

fluid. The argument for this approximation is articulated by Zhang et al. [74].

The calculation of sediment diffusivity requires knowledge of the turbulent eddy

viscosity, which is normally obtained from a turbulence closure model [74, 71].

The VTM does not contain an explicit eddy simulation scheme in the form of the

evolution of turbulent kinetic energy, which is required to evaluate the turbulent

eddy viscosity and, consequently, the sediment diffusivity.

Instead, the sediment diffusivity is treated here as a parameter in the equation

of sediment transport Eq. 3.13. The inclusion of a value of sediment diffusivity

calculated by a large-scale model of sediment transport to the sediment trans-

port of the VTM was contemplated in the course of the present research. Such

a possibility is, however, not feasible due to the relatively coarse resolution of

common large-scale models (hundreds of metres), given the focus of the present

research on small-scale phenomena (centimetres). An approximation of the sedi-

ment diffusivity by a constant can seem relatively crude, given the dynamic nature

of turbulence and thus the diffusivity. Such an approximation is, however, the

first step on the way to understanding the sediment transport by the wake of a

TECD. A turbulence modelling scheme which would provide a realistic sediment

diffusivity in the appropriate spatial scale remains among the tasks for future

research.

The results presented in this dissertation might be later translated into larger-

scale, far-field models, which use depth-averaged analysis. Spatial averaging of

the velocity field smoothens out the small-scale features, however, the effect of the

TECD on the flow could be approximated by a horizontal and a vertical velocity

profiles down-stream of the device. Moreover, in a model using a greater time

step the influence of the wake on the flow could be expressed by the inclusion

of a source of turbulent kinetic energy into the model (given there is an explicit
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3.6 Summary

turbulence scheme), if the turbulent kinetic energy was calculated from the dif-

ference between magnitude of the flow velocity averaged over the large time step

and the maximum of the magnitude of the flow velocity predicted by the VTM

over the larger time step. The predicted erosion due to the presence of a TECD

can be also treated as a source of sediment into a large-scale sediment transport

model.

3.6 Summary

A model of sediment uplift by the tidal flow described in section 2.4.1, has been

devised. Two threshold conditions for the initiation of sediment motion were con-

sidered. The applicability of threshold models for initiation of sediment motion

to small-scale unsteady flows, such as those caused by the interaction between

the flow down-stream of a TECD and the seabed, is however unknown at present.

The critical bed shear stress Eq. 3.3 was chosen as the primary threshold con-

dition because of its wide-spread use to ensure the compatibility of the present

study with other research on sediment motion. The secondary threshold condi-

tion Eq. 3.5 was chosen to investigate the sensitivity of the sediment model to the

choice of a threshold condition. The excess bed shear stress, Eq. 3.6, Eq. 3.7, was

selected as an indicator of changes in the motion of sediment. The instantaneous

value of the excess bed shear stress is assumed to determine the erosion flux, the

concentration of bed load and the reference concentration of suspended sediment.

The transport of sediment in the unsteady flow is governed by the transport

equation for the sediment concentration Eq. 3.13. The process whereby the sed-

iment particles leave suspension has been modelled as vertical convection by the

settling velocity. The sediment diffusivity in the sediment transport equation

Eq. 3.13 is treated as a parameter in the present model of sediment transport.
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Chapter 4

TECD in Uniform Flow

The flow through the rotor of a TECD is analysed for two types of inflow models

in this dissertation. The two inflow models result in qualitatively different be-

haviour of the wake of a TECD. The simpler of the two approaches is to set the

inflow velocity as a uniform vector field. The research presented in this chap-

ter shows, however, that the simpler approximation of the inflow velocity does

not necessarily lead to a realistic representation of the influence of the TECD

on the seabed. In this chapter, the results for a uniform approximation of the

inflow velocity are presented. The flow through a TECD was investigated by

the means of high-resolution, three-dimensional simulations conducted using the

VTM, described in chapter 2.

The uniform inflow model is based on the assumption that the velocity of the

inflow does not vary with water depth. The inflow velocity (which is identical to

the velocity of the stream in the absence of a TECD) is assumed to be a constant

vector

vfs = (Vin, 0, 0) , ∀x ∈ Ω, (4.1)

where Vin = const. In the absence of a TECD, the stream does not contain

any vorticity because the velocity of the free-stream, vfs, is irrotational. The

uniform inflow condition Eq. 4.1 and the zero free-stream vorticity provide the

simpler of the two inflow models for the VTM. Such an inflow model could be

used for TECDs placed further above the seabed, where the differences between

the flow velocity at the bottom of the rotor disc does not differ greatly from
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the flow velocity at the top of the rotor disc. The gradient of the tidal velocity

across the rotor thus indicates whether the inflow model Eq. 4.1 should be used to

simulate the hydrodynamics of the TECD. The results presented in this chapter

help to identify the limits of the uniform inflow model, and decide whether a

more realistic model of the inflow, which would take into account the variation

of the inflow velocity with depth, should be developed.

The high Reynolds number approximation could be seen as unsuitable for

flows close to the seabed, where the viscous forces cause deceleration of the flow.

To assess the erosion of the seabed by the flow in the case of the uniform free-

stream velocity, the interactions between the flow and the sediment on the seabed

are simulated by the sediment model, described in chapter 3.

The presence of a TECD in the uniform stream induces vorticity in the flow.

The vorticity occurs as a reaction between the rotating blades and the stream.

Since the free-stream contains no vorticity, the source of the tide induced wake

vorticity is zero. The total vorticity in the flow is, therefore, equal to the rotor

vorticity. The source of the vorticity, which is located at the rotor blades, is

calculated as described in section 2.3.1.

The motion of the flow in the presence of the TECD, depicted in Fig. 4.1,

is simulated by the VTM, which predicts the evolution of the rotor vorticity.

The structure of the vorticity field determines the velocity field down-stream of

the TECD in a uniform flow and thus the impact of the flow on the seabed.

The changes in the structure of the vorticity field with the value of the inflow

velocity are discussed in section 4.2. The results are analysed to establish, or

otherwise, any connection between the erosion of the seabed and the structure

of the vorticity field. The the evolution of the velocity field predicted by the

VTM is presented in section 4.3, where a relative quantity called Relative Excess

Erosion Flux (REEF) is defined and used to express the effect of the presence

of the TECD on the sediment erosion flux. The limits of the uniform inflow

approximation are discussed in section 4.4.
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4.1 Specifications of the TECD

4.1 Specifications of the TECD

In this chapter, results of simulations conducted on a TECD which is represen-

tative of conservative design practice are presented. The TECD analysed in this

chapter is a three-bladed, horizontal-axis device. The rotor is modelled as a

constant-speed device, i.e. a predefined speed of rotation is assumed here. The

TECD in the coordinate system used in this (and the following) chapters is shown

in Fig. 4.1. The parameters of the device are listed in Table 4.1,

Figure 4.1: Position of the blades of the horizontal-axis TECD in the coordinate

system.

R [m] Nb Aerofoil AR

5 3 NACA0012 4.65

Table 4.1: Parameters of the TECD

where R is the rotor radius, Nb is the number of blades and AR= l2/S is the

aspect ratio of the blades. S is the surface area and l is the length of the blades,

which have a twist of 18.58 degrees from root to tip.

Various blade configurations have been modelled to investigate how the pa-

rameters of the rotor affect the power output of the device. The loading on the
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4.2 Structure of the Wake

blades for each configuration was examined and the blade parameters, i.e. chord,

twist, pitch and aerofoil, were chosen such that the device has a realistic power

output without compromising its structural integrity by the fluid forces. The in-

flow velocity is chosen big enough to represent flow conditions suitable for power

extraction. The power coefficient of the TECD is shown in Fig. 4.2 for a range of

values of the tip speed ratio TSR = vtip/vfs. At its best operating conditions (in

uniform flow 2 m/s) the TECD is capable of producing about 157 kilowatts of

power. Such a device represents a community-sized TECD with approximately

half of the power extracting capability of the first TECD connected to grid [85],

which is deployed in northern Norway.

Figure 4.2: Dependence of the power coefficient of the TECD on TSR.

4.2 Structure of the Wake

The vorticity field induced by the presence of the TECD in a uniform flow dom-

inates the flow down-stream of this device. Fig. 4.3 shows the evolution of the

rotor vorticity field predicted by the VTM. The forces on the blades, which are

rotating with a predefined speed, are calculated in the first time step, which

is equivalent to the sudden appearance of the operating rotor in the previously
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4.2 Structure of the Wake

undisturbed flow. The vortical structure which emerges from the blades at the be-

ginning of the simulation results from the fact that the simulations were initiated

impulsively and is called the starting vortex.

Three vortex sheets which originate on the rotor blades roll up to create

concentrated tip vortex filaments. The filaments form a helical structure which

is transported by the flow down-stream of the rotor. The vortical structure is

transported by the velocity field. The velocity field consists of the free-stream

velocity and the velocity induced by the vorticity. The vortex induced velocity

can locally exceed the mean velocity of the flow. A vortex filament which is

affected by the high local velocities exhibits a deformation. The deformation of

the vortical structure generates a ‘positive’ feedback by affecting the local flow

velocity. This behaviour leads to more deformations of the vorticity structure

over time. As a result, the helical vortical structure loses coherence further from

the rotor. The initially regular structure eventually disintegrates into fragments

of the vortex filaments. The fragments of vorticity exhibit seemingly random

motion, while being transported further down-stream of the device.

The initial unsteadiness in the flow which is caused by assuming an impulsive

start has little influence on the behaviour of the fully developed wake. The

starting vortex dissolves at a distance down-stream of the rotor which depends on

the inflow velocity. For velocities investigated in the present research the starting

vortex disintegrated within the distance of 20R down-stream of the rotor. Hence,

when the vorticity reaches the distance of 20R down-stream of the rotor, the wake

is considered to be fully developed.
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4.2 Structure of the Wake

Figure 4.3: Three-dimensional representation of the rotor vorticity field evolving

in time, the black lines denote the position of the seabed (z = 0).

The strength of the vorticity field depends on the tip speed ratio. For the

TECD with 5 m radius and rotational frequency 1rads−1, the velocity of the

blade tip is vtip = 5 m/s. Table 4.2 contains the values of the TSR and the

corresponding inflow velocities investigated in this chapter.

The relative strength of the vorticity field for the TSRs listed in Table 4.2 is

illustrated in Fig. 4.4 by a surface of a constant value of the vorticity (an iso-

surface) equal to 10% of the maximal magnitude of the vorticity for TSR = 4.

The strength and the structure of the vorticity field varies with the TSR. The

vorticity ‘filaments’ in Fig. 4.4 (the helical tubes of the presented iso-surface)

appear to be thicker for faster flows, which corresponds to higher values of the
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4.2 Structure of the Wake

Vin [m/s] 0.71 0.75 0.83 0.90 1.00 1.11 1.25

TSR 7.00 6.67 6.00 5.56 5.00 4.50 4.00

Table 4.2: The inflow conditions represented by the TSR and the inflow velocity

magnitude of vorticity. As expected, for faster inflow the ordered helical structure

is relatively longer with wider gaps between the individual loops of the filaments.

The process of disintegration of the helical structure is accelerated by the mutual

proximity of the filament loops. The loops formed by the filaments in slower flow

are closer together. As a result, the ordered part of the wake is shorter for lower

inflow velocities.

75



4.2 Structure of the Wake

Figure 4.4: The iso-surface of the vorticity field, equal to 10% of the maximal

magnitude of the vorticity for TSR = 4, of the fully developed wake; from top to

bottom: TSR = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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4.2 Structure of the Wake

The vortical structure down-stream of the rotor subjected to the inflow of

1.25 m/s (i.e. TSR = 4) shows a high level of disintegration within a distance of

3 rotor diameters. An intermediate phase, when the loops of the filaments have

been deformed by the flow but have not yet fragmented, is observable in Fig. 4.4

for TSRs higher than 5. The number of the deformed vortex loops yet to fragment

increases with the TSR. The deformed loops fragment within a distance of 10

rotor diameters down-stream of the TECD for all investigated values of the TSR,

and the spatial distribution of the fragmented vorticity also shows a dependence

on the TSR. For higher TSRs, the filaments which originated at the roots of the

blades (thus are closer to the axis of rotation) seem to disintegrate shortly before

the filaments which originated at the tips of the blades. When all of the filaments

have disintegrated within a few rotor diameters, most of the fragments gather into

a formation which is spatially confined around the rotational axis of the TECD.

A small number of fragments are, however, moving towards the seabed.

The impact of the flow down-stream of the TECD on the seabed is indicated,

in Fig. 4.5, by the velocity field at the friction height of 0.02R, referred to as the

‘near-bed’ velocity throughout this dissertation. The spatial distribution of the

high values of the near-bed velocity is consistent with the structure of the vorticity

field shown in Fig. 4.4. The near-bed velocity is influenced by both the ordered

vortical structure immediately down-stream of the rotor and the fragments of

the vorticity filaments approaching the seabed further down-stream of the rotor.

The effect due to the ordered vortical structure predominates and the near-bed

velocity exceeds the free-stream velocity immediately down-stream of the TECD

for each of the TSRs listed in Table 4.2. For the inflow of TSR = 6.67 and 7,

however, the maximum near-bed velocity occurs further from the rotor, confined

to a number of peaks disturbing the seabed.
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4.2 Structure of the Wake

Figure 4.5: The near-bed velocity induced by the fully developed wake, from top

to bottom: TSR = 4, 4.5, 5, 5.56, 6, 6.67, 7. The value of the free-stream velocity

is depicted by black colour, the regions where the near-bed velocity exceeds the

free-stream value are red.
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4.3 Relative Erosion Flux

The near-bed velocity, at the same time as the vorticity shown in Fig. 4.4, is

depicted in Fig. 4.5. The value of the free-stream velocity is depicted in black

and the regions where the near-bed velocity exceeds the free-stream velocity are

depicted in red in Fig. 4.5 for each of the TSRs. The behaviour of the fully

developed wake, illustrated by the vorticity and the near-bed velocity, indicates

the character of the impact on the seabed. The velocity field changes in fractions

of seconds together with the vorticity field, making the impact of the TECD on

the seabed variable in time. The local flow velocity can change significantly in

a short period of time, as a result of the rapidly moving fragments of vorticity

filaments approaching the seabed. The results suggest that the variable nature of

the flow down-stream of the TECD should not be neglected in the investigation

of the impact of this device on the seabed.

4.3 Relative Erosion Flux

The near-bed velocity has been observed to vary significantly over a period of

minutes. Indeed, the near-bed velocity is predicted to fluctuate between values

below and above the free-stream velocity during a period of less than 50 s. The

variability of the near-bed velocity over time is illustrated in Fig. 4.6 for the

TSR of 4. The colour range is consistent with the top diagram in Fig. 4.5. The

snapshots in Fig. 4.6 are chosen to emphasise the contrast of the extremes of the

near-bed velocity.

The impact of the flow on the seabed is quantified by the erosion flux, E,

defined as E = E0ξ. The dependence of the erosion flux on the value of the

empirical constant, E0, limits the applicability of the model to the flow conditions

for which the value of E0 is known. Unfortunately, E0 for the unsteady flow

down-stream of a TECD or a relevant equivalent unsteady flow is not available

at present.
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4.3 Relative Erosion Flux

Figure 4.6: Illustation of the abrupt changes in the near-bed velocity, TSR = 4,

from top to bottom: 25.6 Trr, 26.7 Trr, 34.5 Trr, 36.8 Trr, where Trr denotes the

time of one rotor revolution.

To circumvent the need for the empirical constant, E0, the influence of the

TECD on the seabed is expressed by a relative quantity called the Relative Excess

Erosion Flux (REEF)

Rf =

(
Ē

Efs
− 1

)
, for Ē ≥ Efs > 0, (4.2)

where Ē is the average of the erosion flux over the studied area of the seabed.

The REEF can be used as an indicator of the change in the seabed erosion due to

the TECD when the free-stream is strong enough to erode the seabed (Efs > 0).

The REEF indicates the relative difference between the erosion of the seabed
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4.3 Relative Erosion Flux

due to the TECD and the erosion which would have been caused by the uniform

free-stream in the absence of the TECD.

The behaviour of the REEF has been investigated with the anticipation of

observing a pattern in the evolution of the erosion flux caused by the presence

of the TECD, a pattern which would have been observed for all the investigated

TSRs. For example, the REEF could have been found to reach a representative

value which could have been then taken as a measure of the impact on the seabed.

Or, if the REEF were periodic in time, its frequencies and its amplitude could have

been used to indicate the impact. The REEF has been recorded throughout the

simulation for the values of the TSR listed in Table 4.2. Among other parameters,

the impact on the seabed is thought to be influenced by the distance of the rotor

from the seabed. To study this influence, the simulation of the flow through the

TECD was conducted for two positions of the rotor hub, 1.5R and 1.2R, above

the seabed. The evolution of the REEF is depicted in Fig. 4.7 - Fig. 4.13. The

REEF for zhub = 1.5R does not exceed 6.3%, while the REEF for zhub = 1.2R is

smaller than 3.5%, for any of the TSRs listed in Table 4.2.

Figure 4.7: REEF for TSR = 4, left: zhub = 1.5R, right: zhub = 1.2R.
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4.3 Relative Erosion Flux

Figure 4.8: REEF for TSR = 4.5, left: zhub = 1.5R, right: zhub = 1.2R.

Figure 4.9: REEF for TSR = 5, left: zhub = 1.5R, right: zhub = 1.2R.

Figure 4.10: REEF for TSR = 5.56, left: zhub = 1.5R, right: zhub = 1.2R.
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4.3 Relative Erosion Flux

Figure 4.11: REEF for TSR = 6, left: zhub = 1.5R, right: zhub = 1.2R.

Figure 4.12: REEF for TSR = 6.67, left: zhub = 1.5R, right: zhub = 1.2R.

Figure 4.13: REEF for TSR = 7, left: zhub = 1.5R, right: zhub = 1.2R.
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4.3 Relative Erosion Flux

The curves in Fig. 4.7 - Fig. 4.13 reflect the fluctuations of the near-bed

velocity, caused by fragments of the vortex filaments approaching the seabed.

The positive values of the REEF indicate a promotion and the negative values of

the REEF indicate a reduction in the sediment erosion relative to the erosion by

the uniform free-stream in the absence of a TECD. The REEF attains positive

but also negative values over the studied period of time. The fluctuations in the

REEF reveal the uncertainty in the impact of the TECD on the seabed.

After more than 250 s of the simulation time have passed (equivalent to ap-

proximately 4 months of run time), it has become clear that from the available

information about the temporal variation of the REEF, that it is not possible

to describe the REEF as periodic in time with a number of characteristic fre-

quencies. The typical run times of the VTM are presented in appendix B. In

fact, none of the investigated uniform inflow cases resulted in a pattern in the

evolution of the REEF. The REEF evolution appears to be a stationaty process,

i.e. the data do not follow any trends and have time-invariant mean. The wake of

the TECD in uniform flow has thus been deemed unlikely to reach a quasi-steady

state, represented by a pattern in the evolution of the REEF.

The REEF is averaged over the time interval, [t0, tEND], where t0 is the point

when the wake reaches the fully developed state and tEND is the end of the

simulation. The fluctuations of the REEF, observed in Fig. 4.7 - Fig. 4.13, are

used to define the (un-)certainty of the mean value (sometimes referred to as the

confidence interval). Fig. 4.14 depicts the temporal mean of the REEF. The error

bars in Fig. 4.14 denote the confidence intervals. The error bars which extend

below zero suggest that the outcome of the simulation is inconclusive, since the

TECD could cause promotion as well as reduction of the sediment erosion in

comparison with the free-stream erosion. Although the mean of the REEF seems

to increase with the TSR in the case when the TECD is mounted 1.5R above the

seabed, the large fluctuations in the REEF over the time of the simulation make

the assessment of the impact of the TECD on the erosion difficult.
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4.4 Motivation for Tidal Flow Simulations

Figure 4.14: The mean value of REEF of the fully developed wake, left: zhub =

1.5R, right: zhub = 1.2R.

A possibility of investigating the REEF further would be to generate a number

of REEF curves from the results of the VTM’s simulations for perturbed initial

conditions (for example for the inflow velocity 1.00 + 0.01k m/s for k = −5, ...5).

This range of the REEF data could then be averaged and the mean REEF could

be used to represent the impact of the TECD on the seabed for the uniform

inflow of 1 m/s. The simulations would be required to run long enough to cover

the period of wake development and beyond to capture the fluctuations in the

REEF. For such a statistical study of the REEF, however, considerable computer

resources would need to be allocated. Indeed, a single VTM simulation of the

wake of the TECD which encompass 250 s required a run-time of a number of

months. Hence, the generation of reliable statistical REEF data is not practical

with the present level of computer resources.

4.4 Motivation for Tidal Flow Simulations

Although the study of the flow down-stream of the TECD presented in this chap-

ter provided initial insight into the interactions between the wake of the TECD

and the seabed, the simulations revealed a number of aspects of the model indi-

cating the inadequacy of the uniform inflow approximation.

85



4.5 Summary

In a real flow, the velocity near the seabed decreases because of the friction

between the seabed and the flow. The flow in proximity of the seabed forms a

boundary layer. A more realistic inflow model should reflect the viscous nature

of the seawater by simulating a boundary layer flow. The decrease of the velocity

close to the seabed could have an effect on the flow down-stream of the TECD.

Such an effect is neglected by the uniform inflow approximation.

The flow close to the seabed is responsible for the erosion of the sediment.

Once the sediment is lifted from the seabed, the nature of the flow velocity in the

boundary layer determines the subsequent motion of the sediment. The model

of sediment transport by the flow down-stream of the TECD should include the

effects caused by the boundary layer to provide a realistic assessment of the

interactions within the TE system. The uniform inflow approximation applied

to sediment transport could result in an unrealistic distribution of the sediment

concentration.

The simulations of a TECD in a uniform flow did not yield a connection

between the environmental conditions and the motion of sediment. Such a con-

nection could have led to a quantification of the impact of the TECD on the

seabed. A possible reason why the simulations presented in this chapter did not

lead to a better understanding of the environmental impact of TECDs is that

the uniform inflow model was too simplistic, as discussed above. To investigate

this possibility, the model of the flow though the rotor of a TECD needed to be

modified to include the effects of an inflow velocity which decreases in the vicinity

of the seabed.

4.5 Summary

The first TECD presented in this dissertation is a three-bladed, horizontal-axis,

constant-speed device. The horizontal-axis TECD (referred to as the HATT)

is representative of conservative design practice. The flow down-stream of this

device and its interactions with the seabed were investigated for two positions

of the rotor, 1.2R and 1.5R, above the seabed and a range of inflow conditions,

listed in Table 4.2.
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4.5 Summary

The wake of the HATT simulated by the VTM contains vorticity, induced

by the presence of the device in the flow. The vorticity field is composed of fil-

aments, which form a helical structure immediately down-stream of the rotor,

whose strength depends on the TSR. The helical vortex structure becomes de-

formed further from the rotor. As the vorticity is transported down-stream, the

deformed filaments disintegrate, leaving behind a cluster of fragments of the vor-

ticity filaments. The fragments aggregate near the axis of the rotor for higher

values of the TSR. The distance from the rotor where the helical structure starts

to disintegrate also depends on the TSR.

The interactions between the flow down-stream of the HATT and the seabed

are determined by the near-bed velocity, which is influenced by the structure of

the vorticity field for all investigated values of the TSR. Indeed, the near bed

velocity exceeds the free-stream velocity in the region immediately down-stream

of the rotor, due to the presence of the helical vortical structure. For low values of

the TSR the highest values of the near-bed velocity are to be found further from

the rotor. The instantaneous near-bed velocity is used to evaluate the erosion

flux. The influence of the HATT on the erosion of the seabed was expressed

by the Relative Excess Erosion Flux (REEF). The mean of the REEF of the

fully developed wake indicates the impact of the device on the seabed under the

uniform inflow approximation, and the fluctuations in the evolution of the REEF

are used to determine the confidence interval of the mean. The large confidence

intervals suggest that the REEF can be positive as well as negative, implying

the possibility of either a promotion or a reduction of the sediment erosion flux.

The uncertainty in the mean value of the REEF leads to the conclusion that

the uniform inflow approximation may not be suitable for the purpose of the

assessment of the interaction within the TECD-Environment (TE) system.

The uniform inflow approximation was supposed to simplify the investiga-

tion of the environmental impact of the TECD. The results indicate, however,

that this simplification was rather counter-productive since the outcome of the

research presented in this chapter is inconclusive. The results presented in this

chapter motivated the implementation of a more realistic model of tidal flow

into the VTM, described in chapter 2, to achieve a better understanding of the

environmental impact of TECDs.
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Chapter 5

TECD in Tidal Flow

In the previous chapter, the flow through the rotor of a TECD was presented

for the uniform inflow model. A more realistic approach is to model the inflow

velocity as decreasing in proximity to the seabed. In this chapter, the results

for a more realistic, non-uniform approximation of the inflow velocity are pre-

sented. Fig. 5.1 depicts the velocity at the rotor plane, which illustrates the

inflow conditions used to represent the tidal flow. The flow through the TECD

was investigated by the means of high-resolution, three-dimensional simulations

conducted using the Vorticity Transport Model, described in chapter 2, equipped

with the inflow model defined in section 2.4.1.

The inflow velocity is taken to depend on the water depth so that

vfs = (Vin(z), 0, 0) , (5.1)

where z > 0. The velocity profile, vfs, was defined to model the boundary layer

flow which is observed near a solid surface. In the simplified case of the rotor

plane parallel to a straight shoreline and the tidal stream perpendicular to the

shoreline, the seabed would be eroded in the ‘to-shore’ direction during the flood

tide and in the ‘from-shore’ direction during the ebb tide. The simplified geometry

of the tidal current adopted here could also be relevant for TECDs placed into

strong streams between two islands (or an island and the mainland). Generally,

the position of the area of the seabed most affected by the TECD depends on the

direction of the tidal current. The velocity profile is a non-negative, monotically
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increasing, concave function of z, i.e.

∂kVin
∂zk

≥ 0 for k = 0, 1 (5.2)

and
∂2Vin
∂z2

≤ 0, (5.3)

above the seabed, so that the inverse function, z(Vin), is convex. The dependence

of the magnitude of the inflow velocity on the distance between the rotor and the

seabed is presented in Fig. 5.2.

Figure 5.1: The velocity of the flow at the rotor plane (x = 0), vhub/vtip = 0.2,

zhub = 1.5R, R = 5 m.
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Figure 5.2: Boundary layer flow for vhub = 1.25 m/s.

The dependence z(Vin) could be expressed by a number of functions. Among

the models used in the literature, the most common is a logarithmic curve [78].

The model used here relies on a semi-empirical velocity profile, which was ob-

tained by McIntosh et al. [86] from the velocity measurements in the Falls of

Warness in the Pentland Firth, conducted by the EMEC. The semi-empirical ve-

locity profile was a logarithmic curve taking into account surface roughness [87].

The range of the heights above the seabed where the velocity was measured did

not include the heights below 0.5 m, however. The semi-empirical velocity profile

was modified in the region close to the seabed to satisfy the no-slip condition on

the seabed. The resulting modified velocity profile is

Vin(z) = A log

(
z

ks
+ 1

)
(5.4)

where ks is an empirical constant. The value of A,

A =
vhub

log
(
zhub
ks

+ 1
) , (5.5)

is chosen so that the inflow velocity at the rotor hub, vhub, together with the

condition that inflow velocity is zero on the seabed, determine Vin(z). The velocity

at the rotor hub, vhub, is treated as an input parameter to the VTM.
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Since the inflow velocity is not uniform, the free-stream (the stream in the

absence of a TECD) contains free-stream vorticity

ωfs = (0,Win(z), 0) , (5.6)

as explained in chapter 2.4. For the chosen form of the velocity profile it follows

that

Win(z) =
A

z + ks
. (5.7)

The free-stream vorticity as a function of z is illustrated in Fig. 5.3.

Figure 5.3: Free-stream vorticity for vhub = 1.25 m/s.

The free-stream vorticity appears in the flow due to the interaction between

the flow and the seabed. The existence of this vorticity requires an addition into

the VTM, which is necessary for the assessment of the impact of a TECD on the

seabed. This vorticity is represented in the VTM via the formalism described

in section 2.4. For the example of the inflow shown in Fig. 5.2 -Fig. 5.3 the

free-stream vorticity decreases below 0.1s−1 at the heights greater than 10 m

above the seabed. If the rotor of a TECD was placed further than 2R above

the seabed, the flow down-stream could be sufficiently well approximated by the

uniform inflow simulations discussed in chapter 4. Surface effects could however

be found to alter the flow down-stream of a TECD in shallow water [88], and

potentially contribute to the variability of the stresses on the seabed. Further

work in this direction is proposed in section 7.2.
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The presence of a TECD in the boundary layer induces vorticity in the flow

down-stream of the device. The total vorticity field comprises the free-stream

vorticity, the rotor vorticity and the tide induced wake vorticity. The tide induced

wake vorticity, ω∗, is defined as a solution of Eq. 2.63, and is identified with the

influence of the velocity profile on the flow down-stream of the rotor, while the

rotor vorticity, ωw, is analogous to the vorticity field in the uniform inflow case.

The velocity field used to transport vorticity in Eq. 2.62 differs, however, from

the velocity field used in Eq. 2.13, as explained in section 2.4.3. The source of

the rotor vorticity is obtained from Eq. 2.1. The source of the tide induced wake

vorticity is calculated from Eq. 2.60. The results presented here are for the same

horizontal-axis TECD as in chapter 4, section 4.1, referred to as the HATT. In

this chapter, the investigation of the role of the inflow velocity in the interactions

within the TE system is presented. The non-uniform inflow velocity results in

a qualitative change of the flow down-stream of the HATT in comparison with

the uniform inflow case. The free-stream vorticity and the tide induced wake

vorticity fields could affect the seabed significantly by inducing or reducing bed

shear stress in comparison with the case of uniform inflow, in which neither of

the two vorticity fields exists. The total vorticity field, ω = ωfs + ωw + ω∗, was

studied to uncover the nature of the interactions between the flow down-stream

of the HATT and the seabed.

The structure of the flow down-stream of the HATT, which determines the

stresses on the seabed, is described in section 5.1. A measure of the impact of

the HATT on the seabed, the excess bed shear stress is presented in section 5.2.

The changes in the flow down-stream of the HATT during the tidal cycle, and the

consequent changes of the excess bed shear stress, which are important for a long-

term assessment of the impact, are presented in section 5.3. The degree to which

the position of the HATT in the boundary flow influences the environmental

impact of the device is described in section 5.4. Finally, the concentration of

sediment in the flow down-stream of the HATT, described in section 3.4, and

the variation of the sediment concentration with the sediment parameters, are

presented in section 5.5.
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5.1 Structure of the Wake

5.1 Structure of the Wake

The flow down-stream of the HATT simulated by the VTM with the uniform

inflow model, discussed in chapter 4, contains the rotor vorticity field. Similarly,

the flow down-stream of the HATT, simulated by the VTM with the non-uniform

inflow model Eq. 5.4, contains the vorticity field induced by the presence of the

rotor in the flow. The vorticity filaments originate on the blades of the rotor and

are transported down-stream by the flow, forming a helical structure immedi-

ately down-stream of the rotor. In contrast to the uniform inflow case, however,

the vertical gradient of the inflow velocity causes the helical vorticity structure

to incline because the vorticity closer to the seabed is transported more slowly

than the vorticity further above the seabed. Moreover, the rotor vorticity field

is transported approximately one rotor radius further from the seabed than is

the case for uniform inflow due to the vertical gradient of the inflow velocity.

This contrast is illustrated in Fig. 5.4 where the rotor vorticity for the uniform

inflow model is compared to the rotor vorticity field for the velocity profile. The

horizontal black lines in Fig. 5.4 denote the position of the seabed.

Figure 5.4: Comparison of the rotor vorticity field for the two inflow models,

top: uniform inflow velocity, Vuniform = 1.25 m/s, bottom: the velocity profile,

vhub = 1.25 m/s.

The evolution of the rotor vorticity field is shown in Fig. 5.5. The vortex
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5.1 Structure of the Wake

filaments assembled in the helical structure become increasingly inclined with

distance down-stream of the rotor. The inclined helical structure starts to disin-

tegrate down-stream of the HATT in less than 40 s of the simulation time at a

distance approximately 5R from the rotor plane. Consistently with the definition

used in chapter 4, once the vorticity reaches 20R down-stream of the rotor, the

wake is considered to be fully developed. The size of the computational grid used

in the modified VTM is presented in appendix A.

Figure 5.5: Illustration of the evolution of the rotor vorticity field, calculated by

the modified VTM.

An example of the fully developed wake is shown in Fig. 5.6 and Fig. 5.7.

The component of the vorticity field which represents the interaction between the

free-stream and the rotor vorticity fields, called the tide induced wake vorticity, is
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5.1 Structure of the Wake

presented in Fig. 5.7. The maximal magnitude of the tide induced wake vorticity

is less than 2% of the maximal magnitude of the rotor vorticity for the example

presented in Fig. 5.6 (i.e. for vhub = 1 m/s and zhub = 1.5R). The flow down-

stream of the HATT is thus most influenced by the rotor vorticity.

Figure 5.6: The rotor vorticity field of the fully developed wake, vhub = 1 m/s

and zhub = 1.5R.

Figure 5.7: The tide induced wake vorticity of the fully developed wake, planar

section perpendicular to the seabed and the rotor plane, vhub = 1 m/s and zhub =

1.5R.

Understanding the behaviour of the induced vorticity field beyond the point

of disintegration is the key to understanding the environmental impact of the

HATT. The fragments of the inclined vortical structure are transported away

from the seabed by the flow, as shown in Fig. 5.5. Consequently, the inclination

of the vorticity field results in a reduction of the influence of the fragments of the

vortex filaments on the seabed in comparison with the uniform inflow case.
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5.2 Excess Bed Shear Stress

5.2 Excess Bed Shear Stress

The impact of the HATT on the erosion of the seabed is related to the near-

bed velocity, i.e the velocity responsible for the uplift of sediment. The near-bed

velocity varies in time in relation to the motion of the vortical structure. The

temporal changes in the near-bed velocity are illustrated in Fig. 5.8. The region

Figure 5.8: The near-bed velocity, vhub = 1 m/s and zhub = 1.5R, from top to

bottom: t = 20.2 Trr, 27.9 Trr, 32.3 Trr, 36.8 Trr, where Trr denotes the time of

one rotor revolution.

in which the near-bed velocity is greater than the free-stream velocity, shown in

Fig. 5.8, is smaller in comparison with the location of high near-bed velocities

observed for the uniform inflow approximation in Fig. 4.6.

When comparing the result for the uniform inflow a problem arises. The free-

stream value of the erosion flux, Eq. 3.8, is zero when the inflow is approximated

by the velocity profile, unlike in the case of the uniform inflow. If the free-stream
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5.2 Excess Bed Shear Stress

erosion flux were positive, the relative excess erosion flux Rf = (ξ/ξfs− 1) would

be used to indicate the impact of the flow down-stream of the HATT on the

seabed. When the seabed is not eroded by the free-stream (ξfs = 0), however,

the relative excess erosion flux cannot be defined. Hence, another quantity, in-

troduced in section 3.3, the excess bed shear stress, ξ, is chosen as a measure of

the impact of the flow on the seabed.

The excess bed shear stress (EXSS) depends on the near-bed velocity. The

spatial distribution of the EXSS is depicted in Fig. 5.9. The EXSS becomes large

Figure 5.9: The excess bed shear stress, vhub = 1 m/s and zhub = 1.5R, from top

to bottom: t = 20.2 Trr, 27.9 Trr, 32.3 Trr, 36.8 Trr.

in the region immediately down-stream of the rotor. The high EXSS is caused

by the ordered part of the rotor vorticity field (i.e. the helical structure before

disintegration) in Fig. 5.6. An occasional spike in the EXSS further from the rotor

can occur when a vorticity fragment approaches the seabed. The majority of the

vorticity fragments are transported away from the seabed by the flow, however.
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5.2 Excess Bed Shear Stress

The EXSS, averaged over the studied area of the seabed is shown in Fig. 5.10.

The initial increase of the averaged excess bed shear stress (AEXSS) corresponds

to the establishment of the ordered part of the wake, illustrated by Fig. 5.5. The

start of the fluctuations of the AEXSS around a mean value coincides with the

disintegration of the ordered vortical structure observed in Fig. 5.5. The evolution

of the AEXSS, illustrated in Fig. 5.9, reveals that the HATT promotes the erosion

of the seabed in comparison with the free-stream erosion.

Figure 5.10: The averaged excess bed shear stress, vhub = 1 m/s and zhub = 1.5R.

The relation between the phase of the tidal cycle and the EXSS, which is

needed for an assessment of the impact of the HATT on the marine environment

over the tidal cycle, is presented in section 5.3. The change of the impact with

the position of the HATT is addressed in section 5.4, where a dependence of the

EXSS on the distance of the rotor from the seabed is described.
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5.3 Tidal Cycle

5.3 Tidal Cycle

0 0.5 1 1.5
0

0.5

1

1.5

2

2.5

Velocity [m/s]

z/
R

 

 

v
hub

 = 1.25 m/s

v
hub

 = 1.11 m/s

v
hub

 = 1.00 m/s

v
hub

 = 0.90 m/s

v
hub

 = 0.83 m/s

v
hub

 = 0.75 m/s

v
hub

 = 0.71 m/s

Figure 5.11: Set of velocity profiles used to represent subsequent stages of the

tidal cycle, zhub = 1.5R, R = 5 m.

The tidal velocity changes very slowly in comparison to the abrupt changes

in the local velocity field down-stream of the HATT. Based on data presented in

Morris et al. [49], the change of the tidal velocity at 10 m above the seabed per the

time scale characteristic for wake development would be ∂vfs/∂t ≈ 10−2 ms−2.

The influence of such a small quantity on the flow down-stream of the HATT can

be safely omitted from consideration, and the inflow velocity can be approximated

as time-invariant during the simulation. The details of the approximation are

presented in chapter 2, section 2.4.3. The time-invariant inflow velocity is used

to represent a phase of the tidal cycle. The tidal cycle can then be approximated

by a set of consecutive velocity profiles. Such a representation of the tidal cycle

can be found in Morris et al. [49], and the velocity profiles, which represent a

later stage of the flood-tide in the Severn estuary site [49], are similar to the

inflow conditions in Fig. 5.11.
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5.3 Tidal Cycle

In an analogy to the tip speed ratio defined for the uniform inflow, the ratio

between the rotational speed of the blade tips and the inflow velocity at the rotor

hub, vtip/vhub, is used to characterize the inflow conditions. The inflow velocity

at the rotor hub is set so that vhub = Vuniform, where Vuniform denotes the values

of the inflow velocity investigated for the uniform inflow approximation. The

resulting set of velocity profiles is depicted in Fig. 5.11.

The relationship between the power coefficient, which represents the power

extracted by the HATT with respect to the power available in an uniform flow

with speed vhub, and the phases of the tidal cycle is illustrated in Fig. 5.12.

Figure 5.12: The power extracted by the HATT with respect to the power avail-

able in an uniform flow of speed vhub.

The difference of the inflow velocity across the rotor, ∆v2R, defined as

∆v2R = vfs(zhub +R)− vfs(zhub −R), (5.8)

is presented in Table 5.1 for the set of velocity profiles in Fig. 5.11. From Eq. 5.4 it

follows that ∆v2R = 0.383vzhub for R = 5 m and zhub = 1.5R, and this relationship

is illustrated in Fig. 5.13.
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5.3 Tidal Cycle

Figure 5.13: The difference of the inflow velocity across the HATT.

vtip/vhub 7.00 6.67 6.00 5.56 5.00 4.50 4.00

vhub [m/s] 0.71 0.75 0.83 0.90 1.00 1.11 1.25

∆v2R [m/s] 0.27 0.29 0.32 0.35 0.38 0.43 0.48

Table 5.1: The inflow conditions in relation to the difference of the inflow velocity

across the rotor.

The rotor vorticity field, predicted by the VTM for the range of the inflow

conditions listed in Table 5.1, is depicted in Fig. 5.14. Similarly to the rotor

vorticity field in the uniform inflow simulations presented in chapter 4, the fil-

aments of vorticity in Fig. 5.14 are closer together and the maximal magnitude

of the vorticity is smaller for slower inflow. Furthermore, the inclination angle

and strength of the vorticity filaments are higher for higher vhub. The vortical

structure is most inclined for the largest inflow velocity (vhub = 1.25 m/s), an im-

portant feature as the level of the inclination influences the interactions between

the filaments and, consequently, their motion. The inner geometry of the rotor

vorticity field is illustrated by the planar section which is perpendicular to the

seabed and the rotor plane, in Fig. 5.15. This planar section is referred to as the

‘y-slice’ for convenience.
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5.3 Tidal Cycle

Figure 5.14: The rotor vorticity field of the fully developed wake, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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5.3 Tidal Cycle

Figure 5.15: Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.

The tide induced wake vorticity corresponding to the cases presented in

Fig. 5.15 is depicted inFig. 5.16. The magnitude of the tide induced wake vor-

ticity is less than 2% of the maximal magnitude of the rotor vorticity field for

all investigated velocity profiles. In comparison, the maximal value of the free-

stream vorticity is less than 10% of the maximal magnitude of the rotor vorticity
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5.3 Tidal Cycle

predicted by the VTM. In other words, the rotor vorticity reaches a higher mag-

nitude than the tide induced vorticity and the free-stream vorticity combined.

Figure 5.16: Y-slice of the tide induced vorticity field of the fully developed wake,

from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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5.3 Tidal Cycle

The vorticity field affects the flow close to the seabed, which is responsible for

erosion of sediment. The structure of the vorticity field varies with the inflow, so

does the near-bed velocity. The near-bed velocity, shown in Fig. 5.17, determines

the EXSS, depicted in Fig. 5.18. The erosion flux depends on the EXSS through

E = E0ξ. It is, however, the empirical constant E0 which is needed for evaluation

of the absolute value of the erosion flux. Hence, the erosion flux induced by a

TECD can be estimated only after the E0 for unsteady flows governed by small-

scale vortical structures is obtained.

The size of the most affected area of the seabed is related to the dimension

of the rotor for all investigated velocity profiles. The spatial distribution of the

excess bed shear stress suggests that the greatest impact of the HATT is to be

expected in two areas of the seabed on either side of the rotor plane, associated

with the ebb and flood parts of the tidal cycle. The size of the impacted areas

is proportional to the square of the rotor radius. The effect on the seabed varies

with the strength of the inflow, or in other words, with the phase of the tidal

cycle.

To uncover patterns in the evolution of the EXSS, its average over the studied

area of the seabed (denoted as the AEXSS) is presented in Fig. 5.19 for the inflow

conditions listed in Table 5.1. The common feature of the evolution of the AEXSS

is the initial increase associated with the development of the rotor vorticity field

illustrated in Fig. 5.5. The AEXSS increases during the formation of the helical

structure in the wake, and starts to fluctuate once the vorticity filaments begin to

disintegrate. Although the data presented in Fig. 5.19 fluctuate, the value of the

mean averaged excess bed shear stress (MAEXSS) of the fully developed wake is

larger than the maximum of the fluctuations.
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5.3 Tidal Cycle

Figure 5.17: The near-bed velocity of the fully developed wake, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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5.3 Tidal Cycle

Figure 5.18: The excess bed shear stress once the wake is fully developed, from

top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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5.3 Tidal Cycle

Figure 5.19: The AEXSS evolution for the HATT for the inflow conditions listed

in Table 5.1.

The mean of the fluctuations is chosen to represent the impact of the fully

developed wake on the seabed. The dependence of the MAEXSS on the inflow

velocity is presented in Fig. 5.20. An estimate of the fluctuations in the AEXSS

around the mean can be obtained as the difference between the maximal and

the minimal AEXSS occurring between the point of establishment of the fully

developed wake, t0, and the end of the simulation, tEND.

108



5.3 Tidal Cycle

Figure 5.20: The dependence of the MAEXSS on the inflow velocity for the

HATT under two threshold conditions described in section 3.2, left: θ ≥ θcr,

right: |v| ≥ vt.

The dependence of the MAEXSS on the velocity at the rotor hub can be

approximated using Eq. 5.4 and the definition of the EXSS ξ = (|vb|2/v2
t − 1),

where vb is the near-bed velocity and vt is the threshold velocity within the

sediment uplift model introduced in section 3.2. The near-bed velocity can be

written as a composition of the inflow velocity and the velocity induced by the

presence of the HATT, vb = vbfs+vbI . Given that |vb|2 = |vbfs|2 +2vbfs ·vbI + |vbI |2,

and that the first two terms contain the velocity at the rotor hub so that

|vbfs|2 = v2
hub

log(zb/ks + 1)

log(zhub/ks + 1)
, (5.9)

the MAEXSS can be expressed as

ξ̄ = ξv2v
2
hub + ξv1vhub + ξv0 , (5.10)

where

ξv2 = v−2
t

(
log(zb/ks + 1)

log(zhub/ks + 1)

)2

(5.11)

ξv1 = 2v−2
t vIx

(
log(zb/ks + 1)

log(zhub/ks + 1)

)
(5.12)

ξv0 = v−2
t |vI |2 − 1. (5.13)
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5.3 Tidal Cycle

The x−component of the temporal mean of the spatially averaged induced ve-

locity at zb, vIx, and its magnitude, |vI |, are generally unknown. The coefficients

in Eq. 5.10 for the single rotor device, described in section 4.1, mounted 1.5R

above the seabed, and zb = 10 cm are listed in Table 5.2.

ξv2 ξv1 ξv0
θ ≥ θcr 0.4640 6.543vIx 23.07|vI |2 − 1

|v| ≥ vt 0.1271 1.793vIx 6.321|vI |2 − 1

Table 5.2: Coefficients in the MAEXSS function Eq. 5.10.

The correlation of the expression Eq. 5.10 with the MAEXSS in Fig. 5.20 is

illustrated in Fig. 5.21. The coefficients ξv2 = 0.4640, ξv1 = 6.5 and ξv0 = −0.95,

which were used to define the curve in Fig. 5.21, suggest that the temporal mean

of the spatial average of the induced velocity would be smaller than the down-

stream component of the mean averaged velocity vIx.

Figure 5.21: The dependence of the MAEXSS for the HATT on the inflow velocity,

comparison of the VTM’s simulations with the algebraic expression Eq. 5.10.

To summarize, the flow through the rotor of the HATT affects the immediate

region of the seabed down-stream of the device. The results indicate that the

erosion of the seabed would vary during the tidal cycle and that the scale of the
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5.4 Effect of the Distance from the Seabed on the EXSS

erosion would be directly correlated to the local tidal velocity. A simple algebraic

relation Eq. 5.10 was devised to approximate the connection between the phase

of the tidal cycle and the impact of the HATT on the seabed.

The influence of the distance between the rotor and the seabed on the excess

bed shear stress has been investigated by a series of simulations, the results from

which are presented in section 5.4.

5.4 Effect of the Distance from the Seabed on

the EXSS

Figure 5.22: Velocity at the rotor plane, from left to right: zhub = 1.4R, 1.7R,

2R.

Unlike in the uniform inflow case, the distance of the HATT from the seabed

affects the nature of its environmental impact substantially. The effect of the

presence of the HATT in a boundary layer flow was studied for a number of

positions of the HATT above the seabed. The inflow velocity at the rotor plane

for different positions of the HATT is illustrated in Fig. 5.22. Although the flow

at the rotor blades decelerates, the flow just below the rotor disc accelerates

in comparison with the flow in the absence of a TECD. The velocity profile,

illustrated in Fig. 5.23, was defined to reach 2 m/s at 40 m, to represent flow

conditions suitable for power extraction at different heights above the seabed.
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5.4 Effect of the Distance from the Seabed on the EXSS

Figure 5.23: The investigated velocity profile, Vin = 2 m/s at 40 m above the

seabed.

The velocity at the rotor hub for the position of the HATT between 1.3R and

2R above the seabed is listed in Table 5.3.

zhub 1.3R 1.4R 1.5R 1.6R 1.7R 1.8R 1.9R 2R

vhub [m/s] 1.37 1.40 1.42 1.45 1.47 1.49 1.50 1.52

∆v2R [m/s] 0.68 0.61 0.55 0.50 0.46 0.43 0.40 0.38

Table 5.3: The inflow conditions and the position of the rotor hub above the

seabed.

The position zhub = 1.3R signifies that the blade tips of the 5 m long blades

pass as close as 1.5 m to the seabed. The quantity ∆v2R, defined in the previous

section, indicates that the HATT closer to the seabed is subjected to a bigger

gradient of the inflow velocity. The variation of the inflow velocity gradient with

the position of the HATT is illustrated in Fig. 5.24.

The effect of mounting the rotor even closer to the seabed is presented in sec-

tion 5.4.1. In contrast to the investigation of the tidal cycle where the rotational

speed was kept constant, while the ratio vtip/vhub varied with inflow velocity, the

ratio vtip/vhub is maintained at 5.56 for all the positions listed in Table 5.3 by

modifying the rotational speed.
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Figure 5.24: The difference of the inflow velocity across the rotor for the investi-

gated positions of the HATT above the seabed, listed in Tables 5.3 and 5.4.

Consistently with the investigation of the variation of the excess bed shear

stress during the tidal cycle, the structure of the induced vorticity field, i.e. the

rotor vorticity and the tide induced wake vorticity fields, were studied. The

rotor vorticity fields for the positions listed in Table 5.3 are shown in Fig. 5.25,

where the horizontal black lines denote the positions of the seabed. It can be

observed that the helical structure of the rotor vorticity field is more inclined

for smaller distances between the rotor hub and the seabed. The strength of

the rotor vorticity does not vary significantly with zhub relative to the variation

with vtip/vhub presented in Fig. 5.14. The ordered part of the rotor vorticity field

extends further down-stream of the rotor in Fig. 5.25 than in Fig. 5.14 for all

of the investigated positions of the HATT. The extent of the ordered vortical

structure does not vary with zhub relative to the variation with vtip/vhub observed

in Fig. 5.14, i.e. during the tidal cycle. The influence of the inflow velocity on the

structure of the rotor vorticity field is illustrated by comparison of the vorticity

structure in the two cases when vtip/vhub = 5.56 and zhub = 1.5R, presented in

Fig. 5.26.
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Figure 5.25: The rotor vorticity field of the fully developed wake,from top to

bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.
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Figure 5.26: The rotor vorticity field of the fully developed wake, vtip/vhub = 5.56,

zhub = 1.5R, top: vhub = 0.90 m/s, bottom: vhub = 1.42 m/s.

From Fig. 5.26 it follows that the location where the ordered vortical structure

starts to disintegrate depends on vhub, and the disintegration occurs further from

the rotor for faster inflow velocities.

The rotor vorticity field in Fig. 5.25 is transported from the seabed by the

boundary flow, causing a reduction of the area of the seabed affected by the

rapidly changing flow in the wake of the HATT. The results, presented in Fig. 5.25,

suggest that the process of the disintegration of the rotor vorticity field may

depend on the position of the rotor, since the vorticity structure for zhub ≤ 1.7R

contains a loop of the vortex filaments which is more deformed at zhub than the

filament loops down-stream of the rotor mounted further than 1.7R above the

seabed.

The detailed structure of the wake is illustrated by y-slice of the rotor vorticity

field in Fig. 5.27, where the darker colours denote higher values of the rotor

vorticity. The strength of the vortices is relatively similar for all investigated

positions of the rotor, in contrast to the vortex strength observed in Fig. 5.15,

where higher values of vorticity were correlated to smaller values of vtip/vhub.
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Figure 5.27: Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.
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Y-slices of the tide induced wake vorticity are presented in Fig. 5.28. Unlike

in Fig. 5.16, the tide induced wake vorticity contains high values further down-

stream of the rotor in a long narrow region a few centimetres above the seabed

for zhub ≥ 1.5R. The vertical gradient of the inflow velocity causes the elevation

of the induced vorticity away from the seabed in contrast to the case of uniform

inflow. The magnitude of the induced vorticity is, however, little influenced by

the variability of the inflow, since the maximal magnitude of the tide induced

wake vorticity is less than 5% of the maximal magnitude of the rotor vorticity

for any of the investigated positions of the rotor. Furthermore, the maximal

magnitude of the tide induced wake vorticity is smaller than 10% of the maximal

magnitude of the free stream vorticity.

The near-bed velocity, which is presented in Fig. 5.29 and related excess bed

shear stress (EXSS), which is shown in Fig. 5.30, indicate that the impact of the

flow on the seabed is confined into the region immediately down-stream of the

rotor for all values of zhub listed in Table 5.3, similarly to the EXSS in Fig. 5.18

and Fig. 5.9 in the previous section. The high EXSS is located in the area of the

seabed below the ordered helical structure in the induced vorticity. The extent of

the high EXSS as well as the maximal EXSS appear to depend on the position of

the rotor above the seabed. The seabed is affected by the highest EXSS, which

extends up to 6R down-stream of the rotor, for zhub = 1.3R, and the maximal

EXSS is more than four times bigger than the maximal value of the EXSS for

zhub = 2R. The extent of the area exposed to the high EXSS is smaller when the

HATT is mounted further above the seabed.
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Figure 5.28: Y-slice of the tide induced wake vorticity of the fully developed wake,

from top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.
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Figure 5.29: The near-bed velocity induced by the fully developed wake, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.
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Figure 5.30: The excess bed shear stress once the wake is fully developed, from

top to bottom: zhub = 1.3R, 1.4R, 1.5R, 1.6R, 1.7R, 1.8R, 1.9R, 2R.
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Figure 5.31: Variation of the AEXSS evolution with the position of the HATT

above the seabed, zhub ≥ 1.3R.

The evolution of the excess bed shear stress, averaged over the studied area

of the seabed, is presented in Fig. 5.31. The results shown in Fig. 5.30 suggest

that the impact of the HATT on the seabed, expressed by the EXSS, decreases

with the increasing distance of the rotor from the seabed for zhub ∈ [1.3R, 2R].

This behaviour is well expressed by the dependence of the temporal mean of the

averaged excess bed shear stress (MAEXSS) on zhub. The relationship between

the MAEXSS and zhub ∈ [1.3R, 2R] is summarized in Fig. 5.32, in which the error

bars of the MAEXSS are calculated as the difference between the maximum and

the minimum AEXSS within [t0, tEND], consistently with the previous section.
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Figure 5.32: Dependence of the MAEXSS on the position of the HATT above

the seabed.

In order to approximate the MAEXSS by a function of the distance between

the rotor hub and the seabed, the induced vorticity can be represented by a se-

ries of single vortices at height zb above the seabed, and the near-bed velocity

down-stream of the HATT is expressed as a sum of the contributions of the sin-

gle vortices. In two dimensions, a single vortex at height zhub above the seabed

induces a near-bed velocity vb = Γ/2π(zhub − zb), where Γ is the strength of the

vortex. Under the assumption that the seabed at the point x is influenced pre-

dominantly by the nearest single vortex, a dependence of the MAEXSS, denoted

as ξ̄, on zhub then follows from the definition of the EXSS

ξ̄ ≈
ξz−2

(zhub − zb)2
− 1. (5.14)

The constant ξz−2 depends on the strength of the vortex which would represent
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the wake of the HATT. The representative vortex strength can be obtained by a

fit of the data points presented in Fig. 5.32. For ξz−2 = 16.5, the fitted curve is

plotted against the three-dimensional results in Fig. 5.33. The relation Eq. 5.14

provides a simplified model of the MAEXSS.

Figure 5.33: Dependence of the MAEXSS on the position of the HATT above

the seabed, comparison with Eq. 5.14, where ξz−2 = 16.5.

The increased MAEXSS for the HATT closer to the seabed, shown in Fig. 5.32,

indicates that the HATT would cause even bigger erosion flux if mounted closer

than 1.3R above the seabed. The applicability of the relation Eq. 5.14 for the

HATT closer to the seabed, the impact on the seabed for zhub in the interval

[1R, 1.3R] is discussed in section 5.4.1. The placement of the rotor closer than

1.3R above the seabed yields somewhat surprising results about the nature of the

interaction between the flow down-stream of the HATT and the seabed, which

are presented in section 5.4.1.
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5.4.1 TECD close to the seabed

Figure 5.34: Velocity at the rotor plane, left: zhub = 1.05R, right: 1.3R.

The flow velocity at the rotor plane for the range of distances between the

rotor and the seabed presented in this section is illustrated in Fig. 5.34, where

the legend is the same as in Fig. 5.29. The range of the inflow velocities at the

rotor hub are listed in Table 5.4. The HATT mounted closer than 1.3R above the

seabed is exposed to a greater velocity gradient, than when the device is further

above seabed (compare with the velocity in Table 5.3). The magnitude of vertical

gradient of the inflow velocity is indicated by the quantity ∆v2R, which is listed

in Table 5.1.

zhub 1.05R 1.10R 1.15R 1.20R 1.25R

vhub [m/s] 1.30 1.32 1.33 1.35 1.36

∆v2R [m/s] 1.15 0.98 0.88 0.80 0.73

Table 5.4: Position of the rotor hub in the velocity profile.

The placement of the HATT at 1.05R above the seabed signifies that the tips

of the 5 metre-long blades pass as close as 25 cm above the seabed. The rotor

vorticity field for the positions in Table 5.4 is presented in Fig. 5.35.
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Figure 5.35: The rotor vorticity field of the fully developed wake,from top to

bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R.

The inclination of the ordered portion of the rotor vorticity field down-stream

of the HATT closer to the seabed observed in Fig. 5.25 is even greater for zhub less

than 1.3R. Indeed, the degree to which the wake inclines before it disintegrates

is greatest for the minimum separation between the rotor and the seabed, i.e.

zhub = 1.05R. The details of the structure of the rotor vorticity are illustrated by

the planar section through the rotor axis, perpendicular to the seabed and the

rotor plane (y-slice) shown in Fig. 5.36. The larger gradient of the inflow velocity

causes the vorticity to move away from the seabed within a distance of 2R down-

stream of the rotor, compared to the cases of zhub ≥ 1.3R, where the first sign of

the elevation of the vorticity appears only at distances greater than 4R from the

rotor. (beyond the point where the ordered vortical structure disintegrated).
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Figure 5.36: Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R.

The ordered vortical structure in the rotor vorticity field is deformed as a result

of the very small distance from the seabed, zhub = 1.05R. The deformation of

this structure, observed in Fig. 5.36, is asymmetric, a feature which is illustrated

further by z-slices of the rotor vorticity (planar sections parallel to the seabed

and perpendicular to the rotor plane) in Fig. 5.37. The asymmetry is related to

the sense of rotation of the HATT (i.e. clock-wise as seen in Fig. 5.34). X-slices

of the rotor vorticity (planar sections perpendicular to the seabed and parallel to

the rotor plane) are presented in Fig. 5.38.
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Figure 5.37: Z-slice of the rotor vorticity field of the fully developed wake, detailed

behaviour of the wake close to the seabed.

Figure 5.38: X-slice of the rotor vorticity field of the fully developed wake, com-

parison between cases zhub = 1.05R and zhub = 1.3R.
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From Fig. 5.37 and Fig. 5.38 it can be hypothesized that the strong vortices

which are very close to the seabed are responsible for the asymmetric deformation

of the ordered vortical structure. The interaction between the strong vortices and

the solid surface results in the acceleration of the flow near the point of contact

between the vortices and the seabed. The accelerated flow transports the rotor

vorticity away from the seabed near the point of contact.

Figure 5.39: Y-slice of the tide induced wake vorticity of the fully developed wake,

from top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R.

The y-slice of the tide induced wake vorticity, ω∗, is shown in Fig. 5.39. All

positions of the rotor, zhub, listed in Table 5.4, result in high ω∗ further from the

rotor. The high ω∗ is observed immediately down-stream of the rotor only for

zhub ≤ 1.1R. It can be seen that the tide induced wake vorticity is transported

down-stream and away from the seabed by the flow. In contrast to the cases of

zhub ≥ 1.3R, the high tide induced wake vorticity does not form a long narrow
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region close to the seabed as seen in Fig. 5.39. The relationship between the

magnitudes of the fields ωw and ω∗ is, however, the same as in the cases zhub >

1.3R. The maximal magnitude of the tide induced wake vorticity constitutes less

than 5% and 10%, respectively, of that for the rotor vorticity and the free stream

vorticity.

The near-bed velocity is shown in Fig. 5.40.

Figure 5.40: The near-bed velocity induced by the fully developed wake, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R.

The region of the seabed immediately down-stream of the HATT is exposed

to the highest flow velocities. The magnitude of the near-bed velocity is bigger

for smaller distances of the rotor from the seabed, as expected.

129



5.4 Effect of the Distance from the Seabed on the EXSS

Figure 5.41: The excess bed shear stress once the wake is fully developed, from

top to bottom: zhub = 1.05R, 1.1R, 1.15R, 1.2R, 1.25R, showing the asymmetry

of the exposed area of the seabed for small zhub, caused by the local deformation

of the rotor vorticity.

Rather unexpected is the reduction of the size of the affected area for the

smallest values of zhub. The reduction is a consequence of the elevation of the

vorticity field above the seabed occurring closer to the rotor than is the case

for zhub ≥ 1.3R because of the greater velocity gradient. The asymmetry of the

exposed area is caused by the local deformation of the rotor vorticity field, shown

in Fig. 5.37 and Fig. 5.38, which was discussed earlier.

The excess bed shear stress corresponding to the near-bed velocity, presented
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in Fig. 5.40, is shown in Fig. 5.41. The reduction of the area which is most

affected by the presence of the HATT is emphasized in Fig. 5.41 by the color

threshold between green and brown. The brown-white region, which indicates

the highest stresses on the seabed, is considerably smaller for zhub = 1.05R and

1.10R than for zhub = 1.25R and above.

Figure 5.42: Variation of the AEXSS evolution with the position of the HATT

above the seabed, zhub ≤ 1.3R.

The evolution of the excess bed shear stress averaged over the studied area of

the seabed for zhub < 1.3R is shown in Fig. 5.42. The evolution of the averaged

excess bed shear stress (AEXSS) shows that as a result of the reduction in size

of the area most exposed to the high values of the velocity, the EXSS is actually

lower for zhub = 1.05R than for zhub = 1.25R.

The dependence of the MAEXSS on zhub, evaluated from the data of the

fully developed wake for zhub < 1.3R, is displayed in Fig. 5.43, together with the

MAEXSS for zhub between 1.3R and 2R presented earlier in Fig. 5.32.
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Figure 5.43: Dependence of the temporal mean of the AEXSS on the position of

the HATT above the seabed.

Two intervals of a different nature of the excess bed shear stress have been

identified from Fig. 5.43. The temporal mean of the excess bed shear stress

averaged over the studied area of the seabed decreases with the increasing distance

of the rotor from the seabed when the HATT is mounted at least 1.3R above the

seabed. The excess bed shear stress inflicted on the seabed by the HATT peaks

when zhub = 1.25R, and decreases for the smaller distances. This behaviour is a

consequence of the asymmetry of the vorticity field close to the seabed discussed

previously. The greater velocity gradient causes the rotor vorticity to start moving

away from the seabed earlier than was the case for the HATT mounted at least

1.3R above the seabed. As a result, the expression Eq. 5.14 is not applicable for

the temporal mean of the excess bed shear stress when zhub < 1.3R.
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5.5 Sediment Concentration

As explained in chapter 3, section 3.3, the excess bed shear stress can be used

to determine the source of sediment leaving the seabed into suspension, Sc. The

motion of the sediment lifted from the seabed by the flow is modelled by the

sediment transport equation

∂c

∂t
+ (v −ws) · ∇c = ∇ · (ε∇c) + Sc, (5.15)

by the evaluation of the evolution of sediment concentration c.

The inclusion of a realistic representation of the sediment diffusivity into the

sediment transport model is needed to simulate the motion of sediment in the flow

through the HATT. A realistic representation of sediment diffusivity ε = ε(x, t) is

however difficult to choose without an appropriate (explicit) model of turbulence

implemented in the VTM, since the diffusion of sediment is generally associated

with turbulent kinetic energy, as described in section 3.5. The parametric study

of sediment diffusivity presented in this section provides, however, an insight into

the variability of the motion of the sediment with the flow conditions.

The sediment diffusivity together with the settling velocity determines the

evolution of sediment concentration, as described in chapter 3. Similarly to the

model of sediment deposition where the settling velocity is defined in the z-

direction, the vertical diffusion of sediment, η, is considered here. The sediment

diffusivity is treated as a parameter in Eq. 5.15, with values η = 0.001, 0.002,

0.003,0.004, 0.005, 0.006, 0.007, 0.008, 0.009, 0.01 and 0.05 m2/s.

The rotor vorticity field down-stream of the HATT is shown in Fig. 5.44 and

the y-slice thereof in Fig. 5.45.

Figure 5.44: The rotor vorticity field of the fully developed wake.
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Figure 5.45: Y-slice of the rotor vorticity field of the fully developed wake.

Figure 5.46: The near-bed velocity induced by the fully developed wake.

The near-bed velocity down-stream of the HATT is depicted in Fig. 5.46. The

source of sediment moving into suspension depends on the EXSS, which depends

on the near-bed velocity. The concentration of the sediment suspended in the

flow is evaluated by the sediment transport model Eq. 5.15. The results indicate

that the spatial distribution of the concentration of the sediment suspended in

the flow, sometimes referred to as the ‘sediment cloud’, varies significantly with

the choice of the vertical sediment diffusivity η. The y-slice through the sediment

cloud is shown in Fig. 5.47 and Fig. 5.48 for the investigated values of the sediment

diffusivity.
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Figure 5.47: Y-slice of the sediment concentration c, from top to bottom: η =

0.001, 0.002, 0.003, 0.004, 0.005 and 0.006 m2/s.

For the case of η = 0.001 m2/s, the results indicate an initial uplift of sediment,

which is then transported down-stream in a thin layer above the seabed without

further motion up-wards. The sediment finally settles back onto the seabed ap-

proximately 6R down-stream of the rotor. The displacement of the sediment is

correlated with the extent of the ordered vortical structure of the rotor vorticity

field. A particle of sediment representative of the case η = 0.001 m2/s would

follow a simple trajectory - up into suspension, along the seabed in the down-

stream direction and finally down onto the seabed. Such a trajectory is, however,
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not likely to represent a realistic example of the motion of sediment in the flow

affected by the rotor vorticity field Fig. 5.44. The sediment concentration dis-

plays other possible behaviour of sediment particles for η > 0.001 m2/s. The case

where the sediment disperses over the whole of the computational domain and

beyond was observed for η = 0.05 m2/s.

Figure 5.48: Y-slice of the sediment concentration c, from top to bottom: η =

0.007, 0.008, 0.009, 0.010 and 0.050 m2/s.

The differences between the structure of the sediment cloud are illustrated

in Fig. 5.49 and Fig. 5.50 by the z-slice through the sediment cloud 1 m above

the seabed. Consistent with the observations from Fig. 5.47 and Fig. 5.48, the

sediment concentration in the layer 1 m above the seabed is lower for smaller

values of η up to 0.004 m2/s. The amount of sediment in the 1 m layer is similar

for values of η between 0.005 m2/s and 0.007 m2/s. For η bigger than 0.007 m2/s

the sediment concentration in the 1 m layer decreases.
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Figure 5.49: Z-slice of the sediment concentration c at height 1 m, from top to

bottom: η = 0.001, 0.002, 0.003, 0.004,0.005 and 0.006 m2/s.
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Figure 5.50: Z-slice of the sediment concentration c at height 1 m, from top to

bottom: η = 0.007, 0.008, 0.009, 0.010 and 0.050 m2/s.

138



5.5 Sediment Concentration

The magnitude of the gradient of the sediment concentration |∇c| is illustrated

in Fig. 5.51 and Fig. 5.52 by the y-slice of |∇c|.

Figure 5.51: Y-slice of the magnitude of sediment concentration gradient |∇c|,
from top to bottom: η = 0.001, 0.002, 0.003, 0.004,0.005 and 0.006 m2/s.

The highest values of the concentration gradient for η = 0.001 m2/s are to

be found in the thin layer above the seabed. The location of the high values of

|∇c| coincides with the highest values of |c| in Fig. 5.47. The big concentration

gradient for η = 0.001 m2/s is due to the difference between the concentration

values in the thin layer, shown in Fig. 5.47, and the zero concentration above the

thin layer. The high concentration gradient in the thin layer suggests that the
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value 0.001 m2/s is indeed an unrealistic representation of sediment diffusivity.

The concentration gradient indicates that the sediment is more evenly distributed

in the flow when η > 0.001 m2/s.

Figure 5.52: Y-slice of the magnitude of sediment concentration gradient |∇c|,
from top to bottom: η = 0.007, 0.008, 0.009, 0.010 and 0.050 m2/s.

The magnitude of the concentration gradient for η = 0.05 m2/s is low in

comparison with the other investigated cases. The low values of |∇c| for higher η

resulted from two factors, firstly, the sediment is distributed more evenly in the

flow and secondly, the sediment has been dispersed beyond the computational

domain.
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5.5.1 Sediment Size

The sediment concentration depends on the source of sediment, the fallout ve-

locity and the sediment diffusivity. The sediment source and the fallout velocity

vary with the size of sediment particles. The sensitivity of the model of sediment

transport to the choice of sediment size can be determined from the simulations

of three sizes of sediment particles, d = 0.25 mm, 0.50 mm and 0.75 mm, all well

within the definition of types of sand. The vorticity and velocity of the simulation

are presented in Fig. 5.44, Fig. 5.45 and Fig. 5.46. The excess bed shear stress

calculated for the three sediment sizes is presented in Fig. 5.53.

Figure 5.53: EXSS once the wake is fully developed, from top to bottom: Sedi-

ment size d = 0.25 mm, 0.50 mm and 0.75 mm.

The lowest maximal value of the EXSS for d = 0.75 mm corresponds to the

higher value of the threshold which needs to be reached for the sediment particles

to leave the seabed. The evolution of the EXSS averaged over the studied area

of the seabed is shown in Fig. 5.54.
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Figure 5.54: The evolution of the AEXSS for the three sediment sizes, d =

0.25 mm, 0.50 mm and 0.75 mm.

The effect of the sediment size on the concentration of sediment is indicated by

the averaged excess bed shear stress (AEXSS) for the three sediment sizes. The

lower AEXSS for the larger sediment particles signifies that fewer larger sediment

particles would be lifted into suspension by the same flow. The concentration of

larger sediment particles in the flow would be lower, since fewer particles would

leave the seabed and the particles in suspension would settle onto the seabed

earlier due to larger settling velocity. Together with the sediment diffusivity, the

sediment size and sediment density affect the motion of the sediment particles in

the flow.
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5.6 Summary

The flow through the rotor of the HATT was simulated by the VTM equipped

with the non-uniform inflow model Eq. 5.4. The rotor vorticity field has a bigger

influence on the flow down-stream of the HATT than the tide induced wake

vorticity. The vertical gradient of the inflow velocity caused the rotor vorticity to

incline in comparison with the uniform inflow case, leading to a reduction of the

extent of the high near-bed velocity down-stream of the HATT. The excess bed

shear stress (EXSS) was identified as a measure of the changes in the sediment

erosion flux caused by the presence of the HATT in the flow. An area of the seabed

proportional to the radius of the HATT is the most affected by the presence of

the device. A representative value of the EXSS, the temporal mean of the average

excess bed shear stress (MAEXSS), is chosen to assess the impact of the HATT

on the seabed.

A sequence of velocity profiles has been used to represent stages of the tidal

cycle in a series of simulations conducted to study the changes of the EXSS

during the tidal cycle. The MAEXSS increases with increasing inflow velocity

at the rotor hub, a relationship which can be approximated by the algebraic

expression Eq. 5.10.

The effect of the position of the HATT in the boundary flow on the EXSS

is predicted by the VTM’s simulations. The simulations indicate that the dis-

tance between the rotor hub and the seabed influences the EXSS in two different

ways. Firstly, when the HATT is placed so that zhub ≥ 1.3R, the MAEXSS de-

creases with increasing distance from the seabed and the relationship between the

position of the rotor and the MAEXSS is well approximated by the expression

Eq. 5.14. Secondly, when the rotor hub is closer than 1.3R to the seabed, the

large gradient of the inflow velocity across the rotor area deforms the rotor vor-

ticity field, which for the minimum separation zhub = 1.05R, is asymmetric and

is transported by the flow away from the seabed within a distance of one rotor

diameter down-stream of the HATT. The size of the area of the high EXSS is thus

reduced in comparison with the case zhub = 1.25R. In other words, the excess

bed shear stress averaged over the investigated area of the seabed decreases with

zhub for the HATT closer than 1.3R to the seabed.
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5.6 Summary

The motion of the sediment lifted by the flow down-stream of the HATT is

predicted by the sediment transport model. The role of the sediment diffusivity

is assessed from the results of a parametric study. The highest concentration of

sediment appears to be in the area below the ordered vortical structure observed

in the rotor vorticity field for all of the investigated values of the sediment dif-

fusivity. The distribution of sediment in the flow down-stream of the HATT is

considered to be unrealistic for sediment diffusivity below 0.002 m2/s because

of the confinement of the sediment into the thin layer above the seabed. The

AEXSS and its fluctuations are predicted to decrease with increasing size of sed-

iment particles. To conclude, the sediment transport model is sensitive to the

choice of the sediment parameters. Hence, the information about the composition

of sediment in the vicinity of TECDs is needed for a realistic assessment of the

changes in the sediment motion caused by the presence of these devices on the

seabed.
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Chapter 6

Influence of Rotor Configuration

on Sediment Motion

Whether a TECD would inflict detrimental changes on the seabed depends, un-

doubtedly, on the configuration of the rotor. The investigation of the impact of

the horizontal axis tidal turbine (HATT), described in chapter 4, on the motion

of sediment is presented in chapter 5. The HATT configuration is rather common

among commercial designs of TECDs. The composition of the vorticity induced

by the presence of the HATT in the boundary flow and the relationship between

the rotor vorticity, ωw, and the tide induced wake vorticity, ω∗, has been estab-

lished for the HATT. The induced vorticity field, ωI = ωw + ω∗, down-stream of

the HATT determines the extent of sediment erosion.

A possible variation of the impact of a TECD on the seabed with the design

of the device motivated the research presented in this chapter. The configuration

of a vertical-axis tidal turbine (VATT) is introduced and the analysis of the flow

through the rotor of the VATT, using the same approach as for the HATT in the

previous chapter, is presented in section 6.1. The VATT configuration, studied

in a horizontal position, simulating so called cross-flow tidal turbines (CFTTs),

is likely to have a different impact on the seabed than the vertical configuration.

Furthermore, the impact of the CFTT on the seabed could depend on the sense

of rotation, hence this device is analysed for two operating conditions, clock-wise

and anti-clock-wise rotation, in section 6.2.
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6.1 Vertical Axis TECD

6.1 Vertical Axis TECD

The flow down-stream of a vertical axis tidal turbine (VATT) was simulated

by the modified version of the Vorticity Transport Model (VTM), described in

chapter 2. The interactions of the flow down-stream of the VATT and the seabed

were studied with the aim of comparing the findings with the investigation of the

impact of the HATT presented in chapter 5.

Figure 6.1: Position of the blades of the VATT in the coordinate system.

The blades, which are depicted in Fig. 6.1, of the VATT are not twisted

and have constant chord. The length of the blades is equal to the radius of the

HATT, lV ATT = R, while the distance between each blade and the rotation axis

is RV ATT = 0.33R. The dynamic loading on the blades of this device does not

compromise the structural integrity of the device, according to the analysis of

the blade loading performed by the semi-empirical Dynamic Stall Model, which

is described in chapter 2. The parameters of the VATT are listed in Table 6.1,

where AR stands for the aspect ratio of the blades and Nb is the number of blades
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6.1 Vertical Axis TECD

of the device. The power coefficient of the device is presented in Fig. 6.2, where

the error bars express the amplitudes of the oscillations due to the azimuthal

variation in the blade loading during a single rotor revolution, as described in

Scheurich [3].

RV ATT [m] lV ATT [m] Nb Aerofoil AR

1.65 5 3 NACA0015 25.85

Table 6.1: Parameters of the VATT.

Figure 6.2: Power coefficient of the VATT.

The progress of the simulation of the rotor vorticity field is illustrated in

Fig. 6.4. The rotor vorticity is transported by the boundary layer flow, defined

by Eq. 5.4 with

A =
vR/2

log
(
zR/2
ks

+ 1
) , (6.1)

which is chosen so that the inflow velocity in the middle of the vertical blades,

vR/2 = |vfs(zR/2)|, together with the condition that the inflow velocity is zero on

the seabed, determine the function Eq. 5.4.
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6.1 Vertical Axis TECD

Figure 6.3: Position of the blades of the VATT above the seabed.

Figure 6.4: Illustration of the evolution of the rotor vorticity field for the VATT,

simulated by the modified VTM.
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6.1 Vertical Axis TECD

The VATT is positioned so that the separation between the blade tips and

the seabed is 0.26R, i.e. the centre of the blades is located at zR/2 = 0.76R above

the seabed, as shown in Fig. 6.3.

The rotor vorticity leaves the blades concentrated into blade-shaped structures

of trailed vorticity, which are attached to sheets of shed vorticity. The blade-

shaped structures incline down-stream of the VATT and the inclination angle

increases with the distance from the device. The increasingly inclined vorticity

structure expands further above the seabed, as seen in Fig. 6.5.

Figure 6.5: The rotor vorticity field of the fully developed wake down-stream of

the VATT.

vtip/vR/2 7.00 6.67 6.00 5.56 5.00 4.50 4.00

vR/2 [m/s] 0.71 0.75 0.83 0.90 1.00 1.11 1.25

∆vR [m/s] 0.19 0.20 0.22 0.24 0.26 0.29 0.33

Table 6.2: The inflow conditions in relation to the difference of the inflow velocity

across the VATT.
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6.1 Vertical Axis TECD

Figure 6.6: Set of velocity profiles used to represent a part of the tidal cycle.

Figure 6.7: The difference of the inflow velocity across the VATT.

In a similar vein to the study of the seabed erosion during the tidal cycle

conducted for the HATT, the flow through the VATT during the tidal cycle is

analysed here. The set of velocity profiles, which are used to represent the tidal
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6.1 Vertical Axis TECD

cycle, is presented in Fig. 6.6 and the gradient of the inflow velocity across the

rotor is illustrated in Fig. 6.20.

The speed of rotation is set at 1rads−1 for each of the inflow conditions, listed

in Table 6.2. The rotor vorticity field for the set of velocity profiles is presented

in Fig. 6.8 as the iso-surface of 10% maximal vorticity for vtip/vR/2 = 4. The

detailed structure of the rotor vorticity field is compared in Fig. 6.9 for the inflow

conditions listed in Table 6.2.

Figure 6.8: The rotor vorticity field of the fully developed wake, from top to

bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.1 Vertical Axis TECD

The presented iso-surface of the rotor vorticity for lower vtip/vR/2 comprises

the blade-shaped formations, where the magnitude of the rotor vorticity, |ωw|,
is high, and the regions where |ωw| is less than 10 % of the maximal vorticity.

Similarly to the rotor vorticity field down-stream of the HATT, the inclination

angle of the vorticity structure is greater for lower values of the ratio vtip/vR/2,

which corresponds to faster inflows and greater vertical gradients of the inflow

velocity across the rotor.

The rotor vorticity is elevated from the seabed by the flow within a distance 2R

down-stream of the VATT, however the dissolving vortices approach the seabed

again beyond a distance 4R down-stream of the device. The described behaviour

is most pronounced for vtip/vR/2 = 4.5 in Fig. 6.9.

Figure 6.9: Y-slice of the rotor vorticity field of the fully developed wake, from

top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.1 Vertical Axis TECD

The results presented in chapter 5 suggest that the highest rotor vorticity

down-stream of the HATT occurs for the fastest inflow. Down-stream of the

VATT, however, the fastest inflow does not appear to cause the highest values

of the rotor vorticity, despite the strong vortex bound to the blades of the rotor.

The strongest vortices, observed in Fig. 6.9, are located down-stream of the rotor

for vtip/vR/2 = 4.5, 5 and 5.56 at approximately zR/2+R/2 above the seabed. The

rotor vorticity field for vtip/vR/2 ≥ 6 is dominated by dissolving vortices which

are transported away from the seabed.

Figure 6.10: Y-slice of the tide induced wake vorticity field of the fully developed

wake, from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.1 Vertical Axis TECD

The planar section (y-slice) through the tide induced wake vorticity, ω∗, is

shown in Fig. 6.10. Similarly to the rotor vorticity field, ωw, presented in Fig. 6.9,

the tide induced wake vorticity contains a row of long, narrow regions of high

|ωw|, which are increasingly inclined. The pattern observed in Fig. 6.10 loses

coherence further down-stream of the rotor, where the vorticity structure starts

to disintegrate.

The structure of the rotor vorticity down-stream of the VATT appears to

be more ordered than the rotor vorticity down-stream of the HATT, where the

initially regular helical structure breaks down at a distance proportional to the

rotor radius. The contrast between the two presented structures could be due to

the relative levels at which the vorticity iso-surfaces are selected since the vorticity

magnitude of the VATT and the HATT are of a different order. The strongly

structured wake of the VATT might not be realistic, however, since the wake

development does not account for the turbulence in the tidal stream as discussed

in section 2.4.7. In real flows at tidal sites, the turbulence intensity varies between

50% in slack waters and 10% during strong tides according to Thomson et al. [50].

The non-zero turbulent intensity suggests an earlier disintegration of the vorticity

structure would occur if turbulent effects were considered.

The presence of the VATT in the flow induces the tide induced wake vorticity,

which has a bigger influence on the flow than in the case of the HATT (presented

in chapter 5). Up to 13% of the induced vorticity occurred due to the reaction

of the boundary flow to the presence of the device in operation, which would

not have occurred if the flow had been approximated as uniform. The maximal

magnitude of ω∗ is compared to the maximal magnitude of ωw in Fig. 6.11 for

the set of the velocity profiles presented in Fig. 6.6.
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6.1 Vertical Axis TECD

Figure 6.11: Composition of the induced vorticity ωI = ω∗ + ωw of the fully

developed wake, max |ω∗| vs. max |ωw|.

From Fig. 6.10 it follows that the tide induced wake vorticity field for

vtip/vR/2 = 4 has the most influence on the flow down-stream of the VATT among

the investigated inflow conditions. Indeed, the highest tide induced wake vorticity

occurs close to the seabed for vtip/vR/2 = 4 and 4.5.

The induced vorticity ωI = ω∗ + ωw is responsible for changes in the velocity

close to the seabed. The near-bed velocity determines the excess bed shear stress

(EXSS). The EXSS is zero where the flow is not strong enough to erode sediment

from the seabed, according to the model for the sediment uplift. On the other

hand, a positive EXSS indicates the motion of sediment into suspension. The

spatial distribution of the EXSS of the fully developed wake is shown in Fig. 6.12,

from which it can be observed that the high values of the EXSS are concentrated

immediately down-stream of the VATT for all investigated inflow conditions.

The magnitude of the EXSS within the area proportional to R2 down-stream

of the device is expected to be bigger for faster inflow conditions, i.e. lower values

of vtip/vR/2. This is, however, not the case for vtip/vR/2 = 4, where the smaller
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6.1 Vertical Axis TECD

EXSS can be attributed to the smaller magnitude of the rotor vorticity observed

in Fig. 6.9.

Further down-stream of the VATT, the positive EXSS persists, in contrast

to the zero EXSS further down-stream of the HATT, presented in chapter 5. It

should be noted that for vtip/vR/2 = 4 and 4.5 the EXSS reaches more than 50%

of its maximal magnitude at a distance approximately 4R from the rotor, where

the dissolving vortices re-approach the seabed, as observed in Fig. 6.9. At a

distance approximately 6R down-stream of the rotor, the EXSS contains streaks

of higher and lower values, effectively reducing the average EXSS. The position

of the streaks coincides with the highest values of the tide induced wake vorticity,

presented in Fig. 6.10 for vtip/vR/2 = 4 and 4.5. Such an observation suggests

that the tide induced wake vorticity could act against the rotor vorticity, lowering

the impact of the VATT on the seabed for the two fastest inflow velocities (i.e.

vtip/vR/2 = 4 and 4.5).

The evolution of the EXSS averaged over the studied area of the seabed is

illustrated in Fig. 6.13. The EXSS varied in time even after the induced vorticity

reached the end of the computational domain. Fig. 6.13 shows that the averaged

excess bed shear stress (AEXSS) for vtip/vR/2 = 4.5 is bigger than the AEXSS for

vtip/vR/2 = 4, in contrast to the AEXSS for the HATT, presented in Fig. 5.19.
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6.1 Vertical Axis TECD

Figure 6.12: The excess bed shear stress induced by the fully developed wake,

from top to bottom: vtip/vR/2 = 4, 4.5, 5, 5.56, 6, 6.67, 7.

To express the over-all impact of the VATT on the seabed, the mean of the

AEXSS over the time interval which represents the final stage of wake devel-

opment shown in Fig. 6.4 was evaluated. The temporal mean of the averaged

excess bed shear stress (MAEXSS) is presented in Fig. 6.39 for the inflow condi-

tions listed in Table 6.2. The MAEXSS increases with the inflow velocity when

vR/2 ≤ 1 m/s, i.e. vtip/vR/2 ≥ 4.5. In contrast to the MAEXSS down-stream

of the HATT, the MAEXSS down-stream of the VATT, which is presented in

Fig. 6.39, did not show a simple dependence on the inflow velocity. Instead, the

impact of the VATT on the seabed is reduced for the inflow of vR/2 = 1.25 m/s

to the level observed for vR/2 = 0.90 m/s.
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6.1 Vertical Axis TECD

Figure 6.13: The AEXSS evolution for the VATT.

The choice between the HATT and the VATT configurations of the TECD

could mitigate the impact of the device on the seabed. The flow down-stream of

the VATT could be more influenced by the tide induced wake vorticity than the

flow down-stream of the HATT. The impact of the VATT on the seabed, which is

represented by the EXSS averaged over the studied are of the seabed, appears to

be lowest for the inflow faster than vR/2 = 0.90 m/s, i.e. vtip/vR/2 ≤ 5.56. Higher

EXSS might occur further from the VATT, beyond the computational domain,

however, since the cases when the inflow velocity is smaller than vR/2 = 1 m/s

suggest that the affected area down-stream of the VATT is limited and its extent

depends on the inflow.

Indeed, the rotor vorticity, which affects the flow the most, is elevated by

the boundary flow further down-stream of the VATT (as seen in Fig. 6.9 for

vR/2 < 1 m/s). Moreover, the rotor vorticity starts to disintegrate further down-

stream of the device. This results in a shorter extent of the region of positive

EXSS, observed for vR/2 < 1 m/s in Fig. 6.12.
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6.2 Cross-Flow TECD

The vertical axis turbine defined in section 6.1 is placed horizontally into the tidal

flow, so that the position of the rotor hub is zhub = 0.85R. The impact of such

an arrangement on the seabed is the focus of this section. The horizontal VATT

is referred to as the cross-flow tidal turbine (CFTT) in this dissertation.

Similarly to the VATT, the CFTT is placed in the boundary flow, defined by

Eq. 5.4 with

A =
vhub

log
(
zhub
ks

+ 1
) . (6.2)

The cross-flow geometry has advantages over the vertical configuration. Al-

though a CFTT does not benefit from the ability to extract power from multiple

directions, the horizontal orientation permits a row of CFTTs to be installed on

the seabed, using one generator for two CFTTs. The CFTT is considered here in

two operating conditions, clockwise and anti-clockwise rotation. The clock-wise

sense of rotation is defined in Fig. 6.14.

Figure 6.14: Clock-wise sense of rotation of the CFTT.

The power extraction capacity of the CFTT is illustrated in Fig. 6.15, where

the error bars express the oscillations caused by the azimuthal variation in the

blade loading during a single rotor revolution, as described in Scheurich [3].

The progress of the VTM-simulated rotor vorticity field down-stream of the

CFTT, which operates clock-wise (CFCTT) is presented in Fig. 6.16, and the

corresponding development for the device in anti-clock-wise operation (CFATT)

is presented in Fig. 6.18. The structure of the rotor vorticity field down-stream

of the CFCTT is illustrated in Fig. 6.17.
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6.2 Cross-Flow TECD

Figure 6.15: Power coefficient of the CFTT and the VATT.

Figure 6.16: Illustration of the evolution of the rotor vorticity field for the

CFCTT, simulated by the modified VTM.
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6.2 Cross-Flow TECD

Figure 6.17: The rotor vorticity field of the fully developed wake down-stream of

the CFCTT.

Figure 6.18: Illustration of the evolution of the rotor vorticity field for the CFATT,

simulated by the modified VTM.
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6.2 Cross-Flow TECD

The rotating blades of the CFTT induce trailed and shed vorticity which is

transported down-stream by the boundary flow. The induced vorticity structure

becomes increasingly inclined with increasing distance from the rotor due to the

vertical gradient of the inflow velocity.

In an analogy to the investigation of the changes in the flow down-stream of

the VATT during the tidal cycle, the flow down-stream of the CFCTT and the

CFATT was studied for the set of inflow conditions presented in Fig. 6.19. The

vertical gradient of the inflow acting on the CFTT is illustrated by the difference

of the inflow velocity across the rotor in Fig. 6.20 for the inflow conditions listed

in Table 6.3.
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Figure 6.19: Set of velocity profiles used to represent a part of the tidal cycle.
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6.2 Cross-Flow TECD

Figure 6.20: The difference of the inflow velocity across the CFTT.

vtip/vhub 7.00 6.67 6.00 5.56 5.00 4.50 4.00

vhub [m/s] 0.71 0.75 0.83 0.90 1.00 1.11 1.25

∆v0.66R [m/s] 0.16 0.17 0.19 0.20 0.22 0.25 0.28

Table 6.3: The inflow conditions in relation to the difference in the inflow velocity

across the CFTT.

The structure of the rotor vorticity field for the investigated set of velocity

profiles is shown in Fig. 6.21 and Fig. 6.22. The rotor vorticity field is illustrated

by the iso-surface of 10% of its maximal magnitude for vtip/vhub = 4. Similarly to

the rotor vorticity of the VATT, the regions of high vorticity, observed in Fig. 6.21

and Fig. 6.22 for lower ratios vtip/vhub, are separated by spaces where the rotor

vorticity is smaller than 10% of max |ωw|. The separation occurs for both the

CFCTT and the CFATT.

The differences in the inner structure of the rotor vorticity field between the

CFCTT and the CFATT configurations are presented in Fig. 6.23-Fig. 6.29, where

the horizontal black line denotes the position of the seabed. The range of the

values in Fig. 6.23-Fig. 6.29 is the same as in Fig. 6.9.
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6.2 Cross-Flow TECD

Figure 6.21: The rotor vorticity field down-stream of the CFCTT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.

164



6.2 Cross-Flow TECD

Figure 6.22: The rotor vorticity field down-stream of the CFATT of the fully

developed wake, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.23: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4.

Figure 6.24: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 4.5.

The results indicate that the position of the strongest vortices, which are

marked by the darkest colour in Fig. 6.23-Fig. 6.29, depends on the sense of

rotation of the device. Down-stream of the CFCTT, the strongest vortices occur

at a height of approximately zhub + 0.33R, while down-stream of the CFATT, the

strongest vortices are closer to the seabed, below the height of zhub.
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6.2 Cross-Flow TECD

Figure 6.25: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5.

Figure 6.26: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 5.56.

As presented in chapter 5, the structure of the rotor vorticity down-stream of

the HATT, namely the elevation of the rotor vorticity field by the boundary flow,

resulted in a reduction of the influence of the HATT on the seabed. Motivated by

the results for the HATT, the elevation of the rotor vorticity from the seabed for

the two operating conditions of the CFTT is compared in Fig. 6.23-Fig. 6.29. The
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influence of the flow down-stream of the devices on the seabed is qualitatively

different for the CFCTT than for the CFATT. The differences between the two

operating conditions of the CFTT are illustrated by the planar section through

the rotor vorticity field, perpendicular to the direction of the inflow, denoted as

‘x-slice’. The x-slices of the rotor vorticity for the two operating conditions are

compared in Fig. 6.30 and Fig. 6.31.

Figure 6.27: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6.

The rotor vorticity approaches the seabed again after the initial elevation by

the boundary flow for the CFCTT and the CFATT. The locations where the rotor

vorticity is transported initially away from the seabed and where the flow further

down-stream disturbs the seabed again depends on the inflow velocity.
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Figure 6.28: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 6.67.

Figure 6.29: Y-slice of the rotor vorticity field of the fully developed wake, top:

the CFCTT, bottom: the CFATT, vtip/vhub = 7.
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Figure 6.30: X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFCTT, x = 8.72R, from top-left to bottom-right: vtip/vhub = 4,

4.5, 5, 5.56, 6, 6.67, 7.

Figure 6.31: X-slice of the rotor vorticity field of the fully developed wake down-

stream of the CFATT, x = 8.72R, from top-left to bottom-right: vtip/vhub = 4,

4.5, 5, 5.56, 6, 6.67, 7.
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All of the investigated inflow conditions result in the appearance of two lobes

in Fig. 6.30, the shape of which varies with the inflow, time and distance from

the rotor. The distance x = 8.72R is chosen to serve the analysis of the excess

bed shear stress. The inner structure of the rotor vorticity field for the CFATT

contains the lobes only for vtip/vhub = 7 and those are observed further from

the seabed (denoted by the black line in Fig. 6.31) than the lobes in the rotor

vorticity down-stream of the CFCTT.

The tide induced wake vorticity, ω∗, is illustrated by its ‘y-slice’ (the planar

section perpendicular to the seabed and the rotor plane) in Fig. 6.32 for the

CFCTT and in Fig. 6.33 for the CFATT. The maximum of |ω∗|, observed for

vtip/vhub = 4, is smaller than the maximum |ω∗| for the VATT for both configura-

tions of the CFTT. The CFCTT induces higher values of |ω∗| than the CFATT.
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Figure 6.32: Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFCTT, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56,

6, 6.67, 7.
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Figure 6.33: Y-slice of the tide induced wake vorticity field of the fully developed

wake down-stream of the CFATT, from top to bottom: vtip/vhub = 4, 4.5, 5, 5.56,

6, 6.67, 7.
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The tide induced wake vorticity represents less than 9% of the vorticity in-

duced by the presence of the CFTT on the seabed, ωI . The ratio max |ω∗|/max |ωw|
increases with increasing inflow velocity. The composition of the induced vortic-

ity field is illustrated in Fig. 6.34 for both operating conditions of the CFTT and

the VATT.

Figure 6.34: Composition of the induced vorticity field of the fully developed

wake, max |ω∗| vs. max |ωw|.

The presence of the CFTT on the seabed generates high near-bed velocity (via

the induced vorticity) and, consequently, high excess bed shear stress (EXSS). In

contrast with the HATT and the VATT, the region of positive EXSS within 2R

down-stream of the CFTT is not the most affected area of the seabed, since the

CFTT induces the highest EXSS further from the rotor. Moreover, the structure

of the EXSS for the CFTT is more complex than the EXSS observed for the HATT

and the VATT, for which the seabed is most influenced by the ordered part of

the induced vorticity field immediately down-stream of the devices. The EXSS
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down-stream of the CFCTT for the investigated inflow conditions is presented in

Fig. 6.35. The spatial distribution of the EXSS for the CFATT is displayed in

Fig. 6.36.

The EXSS generated by the presence of the CFCTT in the boundary flow

is influenced by the structure of the induced vorticity, composed of the rotor

vorticity and the tide induced wake vorticity. Initially, the rotor vorticity, ωw, did

not the contain distinct lobe-shaped structures which are observable in Fig. 6.30.

Once the tide induced wake vorticity, ω∗, has reached its maximal values close to

the seabed, the lobes of ωw start to develop. The lobes of ωw then generate the

high EXSS in a number of spikes further down-stream of the CFCTT, which are

most apparent for vtip/vhub ≤ 5.56 in Fig. 6.23-Fig. 6.25.

Further down-stream of the CFATT the rotor vorticity is encountered closer

to the seabed than is the reach of the blades, which is noticeable especially for

vtip/vhub = 5.56 and 6 in Fig. 6.26 and Fig. 6.27. The location of the area of high

EXSS corresponds to the region where the induced vorticity re-approaches the

seabed, which is particularly apparent for vtip/vhub = 5.56 in Fig. 6.26, and the

maximum of the EXSS occurs in the area where the induced vorticity is closest

to the seabed.

The EXSS averaged over the studied area of the seabed (AEXSS) is presented

in Fig. 6.37 for the CFCTT and in Fig. 6.38 for the CFATT.
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6.2 Cross-Flow TECD

Figure 6.35: The excess bed shear stress induced by the CFCTT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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Figure 6.36: The excess bed shear stress induced by the CFATT, from top to

bottom: vtip/vhub = 4, 4.5, 5, 5.56, 6, 6.67, 7.
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6.2 Cross-Flow TECD

Figure 6.37: The AEXSS evolution for the CFCTT.

Figure 6.38: The AEXSS evolution for the CFATT.
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The AEXSS down-stream of the CFTT depends on the operating condition

of the device. The AEXSS for the CFCTT indicates that the wake did not reach

a stabilized state, which could characterise the behaviour of the flow, within the

studied time interval. Indeed, not only is it the case that the AEXSS for the

CFCTT did not stabilise, the AEXSS continues increasing with time.

The AEXSS for the CFATT, in contrast with the CFCTT, indicates that

the impact of the device on the seabed can be characterised by the mean of the

AEXSS over the time interval in which the AEXSS stabilised, [t0, tEND].

Although the AEXSS for the CFCTT continues increasing with time, the

temporal mean of the AEXSS (MAEXSS) is used to compare the results for the

CFCTT and the CFATT. The MAEXSS for the CFCTT, the CFATT and the

VATT for the set of inflow conditions, listed in Table 6.3, is presented in Fig. 6.39.

The increasing nature of the AEXSS for the CFCTT is demonstrated by the large

error bars, which are calculated from the maximal change of the AEXSS over the

interval [t0, tEND].

In contrast to the results obtained for the HATT, the MAEXSS for the

CFCTT, the CFATT and the VATT do not exhibit a dependence on the in-

flow velocity which can be well approximated by a simple algebraic model. The

MAEXSS for the CFCTT, the CFATT and the VATT did not exceed 2.5 over the

studied time interval for any of the investigated inflow conditions. Furthermore,

the influence of the VATT and the CFATT on the seabed stabilises over time. It

needs to be emphasized, that this is not the case for the CFCTT.
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Figure 6.39: The temporal mean of the AEXSS for the VATT, the CFCTT and

the CFATT.

The spatial extent of the impact needs to be taken into account in planning of

array-installations of CFTTs. Unlike the HATT, which, according to the results

presented in section 6.1, would cause sediment uplift in the confined area in

the immediate vicinity of the device, the results presented here suggest that the

CFTT would influence the motion of sediment further than 5R down-stream of

the rotor in both operating conditions. The location of the most affected area of

the seabed depends on the inflow velocity. Since the set of the inflow velocities

represent phases of the tidal cycle, as described in section 5.3, the flow down-

stream of the CFTT may inflict shear stresses at a distance from the device

which would vary during the tidal cycle.

6.3 Summary

The flow through the rotor of the vertical axis tidal turbine (VATT) and the

cross-flow tidal turbine (CFTT) was predicted by the VTM equipped with the
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model for the inflow in the form of a velocity profile. A sequence of velocity

profiles was used as the inflow conditions for the VTM simulations, with the

aim of uncovering the effect on the seabed during the tidal cycle caused by the

VATT and CFTT in operation. The impact of these devices on the seabed is

expressed by the excess bed shear stress (EXSS), which indicates the rate of

uplift of sediment into suspension. The EXSS differs with the geometry of the

TECD.

Both, the VATT and the CFTT cause an inclined vorticity structure to form

down-stream of the rotor, the inclination of which is due to the vertical gradi-

ent of the inflow velocity. The gradient of the inflow promotes the elevation of

the induced vorticity, effectively reducing the area of the seabed affected by the

VATT. The tide induced wake vorticity influences the EXSS down-stream of the

VATT, which represents up to 13% of the vorticity induced by the presence of

the device on the seabed. The highest EXSS occurs immediately down-stream of

the VATT, similar to the results for the horizontal axis configuration presented

in chapter 5. The VATT configuration, however, invoked positive EXSS beyond

2R from the rotor. The results indicate that the extent of the area affected by

the VATT depends on the inflow velocity, with a longer extent for faster inflows.

The mean averaged EXSS (MAEXSS) increases with the inflow velocity when

vR/2 ≤ 1 for this device. Furthermore, faster inflow conditions result in lower

values of the MAEXSS than for the inflow of vR/2 = 1.

The CFTT is considered in two operating conditions, clock-wise and anti-

clock-wise rotation, defined in Fig. 6.14. Both, the clock-wise CFTT, referred

to as the CFCTT, and the anti-clock-wise CFTT, referred to as the CFATT,

influence the seabed through the induced vorticity. The rotor vorticity together

with the tide induced wake vorticity, which represents up to 9% of the induced

vorticity for the CFCTT, generate high EXSS down-stream of the device. The

CFATT impacts the seabed over a narrower, elliptical region of high EXSS. The

maximum of the EXSS averaged over the studied area of the seabed is smaller for

the CFATT than for the CFCTT. The far-reaching impact of the CFTT on the

seabed contrasts sharply with the findings for the HATT and should be considered

in any array deployment projects involving CFTTs.
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The configuration of TECDs affects significantly the nature of the impact of

the flow down-stream of the devices on the seabed. The thorough study of the

HATT, presented in chapter 5, indicates that the impact on the seabed is confined

to an area close to the rotor. The results for the VATT suggest that the greatest

influence is in the region surrounding of the device, however, the seabed further

down-stream could also experience shear stresses induced by the presence of the

VATT. Finally, the results for the CFCTT indicate that this device would, in

relative terms, have the most variable impact of all the studied configurations of

TECDs, with the greatest effect on the seabed in the area further from the rotor

dependent on the inflow velocity.

The presented results uncover the variability of the impact of a TECD on the

seabed with the configuration of the device.
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Chapter 7

Conclusions and Future Work

The main purpose of the research presented in this dissertation was to explore

the connection between a TECD and the Environment and the nature of the

interactions within the TE system. The focus was on the physics of the small-

scale three-dimensional phenomena in the flow through the rotor of a TECD

with the aim of contributing to the understanding of the impact of TECDs on

the seabed. The results show that the three-dimensional effects in the flow down-

stream of the rotor could indeed influence the marine environment over scales of

a few centimetres.

Three types of TECDs were modelled by high-resolution three-dimensional

computer simulations using the VTM, a state-of-the-art computer model. The

visualisation of the flow through the rotor obtained from the VTM made the

analysis of the three-dimensional phenomena occurring in the rotor wake pos-

sible. The first TECD is defined as a three-bladed, horizontal-axis device, and

calibrated to represent a commonly used commercial design. The horizontal axis

configuration of the TECD is referred to as the HATT in this chapter. The sec-

ond TECD is also a three bladed device, defined as a vertical axis tidal turbine

(VATT). The third TECD is technically the rotor of the VATT placed hori-

zontally into the flow, referred to as a cross-flow tidal turbine (CFTT). The

CFTT is considered in two operating regimes: rotating clock-wise (CFCTT) and

anti-clock-wise (CFATT) around the axis, which is parallel to the seabed and

perpendicular to the down-stream direction. The VATT and the CFTT repre-

sent alternatives to the horizontal axis configuration, which are considered for
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commercial deployment.

The flow through the rotor of the HATT was initially investigated under the

assumption that the inflow velocity is uniform, i.e. that the velocity of the tidal

flow is a constant vector. The outcomes of this investigation, discussed in chapter

4, motivated the implementation of a more realistic model of the tidal flow into

the VTM, which was then used to study the influence of the TECDs on the

seabed. The more realistic inflow model comprises the inflow velocity in the form

of a velocity profile and, since the assumption of the non-uniform inflow velocity

implies the presence of a vorticity field in the absence of the rotor, the model

includes the vorticity in the free-stream. The free-stream vorticity was simulated

as time-invariant since the changes of tidal velocity over the time scales relevant

to the wake development are negligible, according to available experimental data.

As opposed to the original version of the VTM, where the total vorticity

field was spatially confined, the modified version of the VTM which includes

the non-uniform inflow model needs to account for a boundless vorticity field.

The modified VTM simulates the total vorticity in the flow, which comprises the

free-stream vorticity and the vorticity induced by the presence of the rotor, the

latter consisting of two components, the rotor vorticity and the tide induced wake

vorticity. The first component originates at the blades of the rotor similarly to

the vorticity field induced by the rotor under the uniform inflow condition. The

second component represents the interaction between the tidal flow and the rotor,

an interpretation which is based on the fact that the tide induced wake vorticity

is zero in the uniform inflow case.

The modified VTM which incorporates the simulation of the two components

of the induced vorticity uses a time-invariant grid geometry. The time-invariant

grid replaced the adaptive grid, which was devised under the assumption that the

inflow is uniform and that the total vorticity field is spatially confined. The new

grid management reduced the length of the simulations below the time typically

required by the original VTM to investigate the uniform inflow cases. The flow

down-stream of each of the TECDs was simulated by the modified version of the

VTM, in order to analyse the flow through the devices for a range of the inflow

conditions and rotor parameters.
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The relative difference between the shear stress, imposed by the flow on the

seabed down-stream of the TECDs, and the critical bed shear stress, is called

the excess bed shear stress (EXSS). The EXSS is used here as a measure of the

changes in the sediment motion, caused by the presence of the TECDs, on the

seabed. Furthermore, the spatial distribution of the instantaneous EXSS provides

qualitative information about the effects of the TECDs on the seabed. The EXSS

is needed to evaluate both the amount of sediment eroded from the seabed due to

the presence of the TECDs and the concentration of the sediment suspended in

the flow down-stream of the rotor. To express the overall impact of the TECDs

on the seabed, the temporal mean of the excess bed shear stress averaged over

the studied area of the seabed (MAEXSS), is employed.

The outcomes of the present research are presented in the following section.

7.1 Research Outcomes

The research questions listed in section 1.2, which defined the objectives of this

dissertation, are addressed here for all three investigated configurations of the

TECD.

7.1.1 What does the wake of a TECD look like?

The results of the VTM’s simulations indicate that the flow down-stream of a

TECD is governed by the vorticity field induced by the device and that the

structure of the induced vorticity field depends on the inflow model. Two inflow

models were used to simulate the flow down-stream of the HATT.

When the inflow velocity is assumed to be uniform, the vorticity originates

at the blades of the HATT, hence it is called the rotor vorticity. This vorticity

field contains filaments that form a helical structure immediately down-stream

of the device, the strength of which depends on TSR. The results suggest that

as the rotor vorticity is transported down-stream of the HATT by the flow the

helical structure initially becomes deformed, and subsequently disintegrates fur-
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ther down-stream at a distance which depends on TSR, leaving behind a cluster

of fragments of the vorticity filaments.

When the inflow velocity is approximated by a velocity profile, the total vortic-

ity present in the flow down-stream of a rotor consists of the free-stream vorticity

and the induced vorticity, which is modelled as the superposition of the rotor

vorticity and the tide induced wake vorticity. The rotor vorticity has a greater

influence on the flow field down-stream of the HATT than the tide induced wake

vorticity, for all investigated rotor configurations. The relationship of the two

components of the induced vorticity fields is possible to quantify by the ratio of

the maximal magnitude of the former to the maximal magnitude of the latter,

which is more than fifty for the HATT, more than seven for the VATT and more

than ten for the CFTT.

The structure of the rotor vorticity down-stream of the HATT exhibits similar

features for both inflow models. In both cases, this vorticity field forms an ordered

helical structure, composed of three tip vortex filaments, which disintegrates fur-

ther down-stream of the HATT. The findings indicate a difference between the

two cases, nevertheless. The vertical gradient of the inflow velocity is likely to

cause the rotor vorticity to incline in comparison with the rotor vorticity of the

uniform inflow case.

All of the investigated configurations of the TECD studied by the VTM result

in the induced vorticity to be inclined due to the vertical gradient of the inflow

velocity, with an initially ordered induced vorticity structure which disintegrates

further down-stream of the rotor. Moreover, the results suggest that the induced

vorticity further down-stream of the HATT as well as the VATT is transported

away from the seabed by the boundary flow. Consequently, the HATT and the

VATT configurations could have a limited influence on the seabed. The induced

vorticity down-stream of the CFTT is also predicted to be transported away from

the seabed in vicinity of the rotor, however, in contrast to the other two rotor

configurations, the induced vorticity is likely to approach the seabed again further

down-stream of the CFTT.

Since the inflow model in the form of a velocity profile is considered to be

more realistic, only the data produced by the modified version of the VTM,
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incorporating this feature, are used to assess the impact of the TECDs on the

seabed.

7.1.2 How does the wake affect the flow velocity close to

the seabed?

The velocity of the flow at a height of 10 cm above the seabed (called the near-

bed velocity) is likely to be influenced by the structure of the induced vorticity

field. The results indicate that the near-bed velocity exceeds the free-stream ve-

locity in the regions which are most influenced by the rotor vorticity. For the

HATT configuration, the helical vortical structure immediately down-stream of

the device is predicted to cause the high near-bed velocity to be confined within

4R down-stream of the device. As a result, the shear stress on the seabed could

exceed the threshold for sediment uplift in the vicinity of the HATT. The find-

ings for the VATT suggests that the highest near-bed velocity occurs also in the

vicinity of the rotor. In contrast to the findings for the HATT, the area further

from the VATT is likely to be affected by the device as well. The modelling of

the CFTT configuration yields data qualitatively different from the other two

configurations. The near-bed velocity down-stream of the CFTT is predicted to

reach a maximum further from the rotor for both investigated operating condi-

tions (CFCTT and CFATT). The predicted location of the high near-bed velocity

is correlated to the region where the rotor vorticity approaches the seabed again.

7.1.3 What effects do the devices have on the sediment?

The EXSS down-stream of the TECDs is needed to determine the amount of

sediment eroded from the seabed. The dependence of the EXSS on the speed of

the tidal current was studied for all three configurations of the TECD.

The study concludes that both the HATT and the VATT are expected to

generate the highest EXSS immediately down-stream of the rotor. The high

EXSS down-stream of the HATT is likely to occur closer than 4R to the device

for all investigated inflow conditions. Furthermore, a positive EXSS could be
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found beyond 4R down-stream of the VATT. This indicates that the extent of

the area affected by the VATT is larger for faster currents. The MAEXSS down-

stream of the HATT consistently increases with increasing inflow velocity, while

the MAEXSS obtained for the VATT only increases with the inflow velocity when

vR/2 ≤ 1 m/s. Indeed, the results suggest that the currents faster than vR/2 =

0.9 m/s can cause the MAEXSS to be lower than the value for vR/2 = 0.9 m/s.

The CFTT in both operating conditions, CFCTT and CFATT, is predicted to

generate high EXSS further down-stream of the rotor (beyond 4R). The most

apparent difference between the two operating conditions of the CFTT is the

predicted geometry of the affected region of the seabed. The CFATT is likely to

affect the seabed over a narrower region of high EXSS than the CFCTT. Down-

stream of the CFATT, this region could be almost elliptical for vR/2 = 1.11 m/s.

The MAEXSS down-stream of the CFTT is, according to the VTM’s predictions,

comparable for both of the two operating conditions, however the MAEXSS for

the CFCTT does not represent a stabilised state. More generally, the predicted

far-reaching impact of the CFTT on the seabed contrasts sharply with the findings

for the HATT.

Based on these results, the configuration of TECDs could significantly affect

the nature of their impact on the marine environment. The expected impact

of the HATT on the seabed is confined to an area close to the rotor. In the

case of the VATT, the greatest influence is likely to be in the region surrounding

the device, however the seabed further down-stream could also experience shear

stresses generated by the VATT. The CFTT would have the most variable impact

of all the configurations of TECDs, with the greatest effect on the seabed further

from the rotor, at a distance which depends on the inflow velocity.

7.1.4 Can the change of these effects over time be approx-

imated by an algebraic expression?

The variation of the MAEXSS over the period of the tidal cycle can be derived

from the predictions of the impact of the TECDs on the seabed for a number of
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inflow conditions, since those inflow conditions can be interpreted as subsequent

stages of the tidal cycle.

As mentioned earlier, the results suggest that the MAEXSS down-stream of

the HATT increases with increasing inflow velocity. In the context of the tidal

cycle this would signify that the erosion of the seabed down-stream of the HATT

increases during incoming tide. The relationship between the predicted MAEXSS

and the inflow velocity at the rotor hub and, consequently, the phase of the tidal

cycle, can be approximated by the algebraic expression Eq. 5.10 for the HATT

configuration.

7.1.5 Does the expression apply for all configurations of

a TECD?

The findings presented in this dissertation indicate that the effect on the seabed

varies greatly with the configuration of the TECD. The VATT and CFTT config-

urations are likely to have qualitatively different impact on the seabed than the

HATT. While the MAEXSS can be approximated by a monotonic function of the

inflow velocity for the HATT configuration, this does not apply for the other two

configurations of the TECD, according to VTM’s predictions. Hence, the simple

algebraic expression Eq. 5.10 is applicable only for the HATT configuration.

7.1.6 Which are the key factors influencing the effects of

the devices on the seabed?

The effect of the position of the HATT in the boundary layer on the EXSS is

of particular interest. The results suggest that the distance between the HATT

and the seabed influences the EXSS in two different ways. When the HATT

is placed so that zhub ≥ 1.3R, the MAEXSS decreases with increasing distance

from the seabed. The relationship between the position of the rotor and the

MAEXSS predicted by the modified VTM is well approximated by the expression

Eq. 5.14. When the hub of the HATT is closer than 1.3R to the seabed, the large
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gradient of the inflow velocity across the rotor area is likely to cause the rotor

vorticity field to be transported away from the seabed within a shorter distance

than in the cases when zhub ≥ 1.3R. The result for the minimum separation

zhub = 1.05R indicates that the area of the seabed affected by the HATT is

located less than 2R down-stream of the rotor. The formation of the ordered

helical structure immediately down-stream of the HATT could be disrupted by

the close proximity of the seabed. The predicted structure of the rotor vorticity is

asymmetric as a result and the asymmetry of the ordered vortical structure causes

further reduction of the impact of the HATT on the seabed. Indeed, the area

of the high EXSS is likely to be smaller when the HATT is placed 1.05R above

the seabed in comparison with the positions of the rotor for which zhub ≤ 1.3R.

The counter-intuitive conclusion is that the excess bed shear stress averaged over

the investigated area of the seabed would decrease with zhub for the HATT closer

than 1.3R to the seabed.

The instantaneous EXSS is used to evaluate the source of the sediment trans-

ported by the flow down-stream of the TECD. The motion of the sediment sus-

pended in the flow, which depends on the sediment diffusivity and sediment size,

is analysed for a range of the sediment parameters for the HATT configuration.

The results indicate that the MAEXSS is smaller for larger sediment particles

since the threshold for sediment uplift is higher for coarser sediment. The posi-

tive MAEXSS signifies that the seabed would be eroded as a result of the presence

of the HATT for sand particles bigger than 0.25 mm and smaller than 0.75 mm.

The highest concentration of the sediment is predicted to appear in the area be-

low the ordered vortical structure observed in the rotor vorticity field for all of the

investigated values of the sediment diffusivity. The distribution of the sediment

in the flow down-stream of the HATT is considered to be realistic for sediment

diffusivity between 0.002 m2/s and 0.01 m2/s. The conclusion of the parametric

study is that the sediment transport model is sensitive to the choice of sediment

diffusivity.
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7.1.7 What could be the long term consequences of the

presence of the TECDs on the seabed?

Since the erosion down-stream of the HATT is predicted to increase as the tidal

velocity increases, the amount of sediment leaving the seabed is likely to peak

when the tidal velocity reaches a maximum. Under the assumption that the

vector of the tidal velocity is directed normal to the rotor plane, the regions of

the seabed likely to be eroded most are located on either side of the HATT, in an

area proportional to the rotor radius. The high shear stresses in these two regions

could damage the foundation of the device as well as the electrical cables used

to connect the HATT to the shore. The results suggest that the erosion down-

stream of the VATT is going to be greatest close to the device, however the seabed

further from the device could be affected as well. The erosion down-stream of

the CFTT is predicted to be greatest further from the device in comparison with

the erosion near the other TECD configurations. The variable location of the

highest erosion during the tidal cycle renders the CFTT the most unpredictable

of the three configurations of the TECD in context of the long-term impact on

the seabed.

To summarize, if the TECD is deployed in areas of the seabed covered by

sand, the presence of a TECD on the seabed could lead to a displacement of

large amounts of sand from the vicinity of the device further down-stream. This

displacement could cause changes in the local seabed morphology over a period

of years.

7.1.8 How could the marine environment change due to

the presence of the TECD?

The aforementioned possibility of a displacement of large amounts of sediment

due to the presence of a TECD on the seabed and the potential change of the

morphology of the seabed might influence the direction and speed of the tidal

current. This hypothetical scenario would be detrimental to the initiative of

extracting power from the tides as a part of the solution of the energy crisis,
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since a change of the strength or direction of tidal currents could worsen the flow

conditions previously suitable for power extraction.

If the devices were mounted onto the seabed with vegetation, the plants could

be exposed to the high shear stresses in periodic intervals. The damage to the

vegetation on the seabed might affect food-supply of marine fauna. Nevertheless,

the degree of uncertainty of the findings due to awaiting experimental validation

of the VTM’s predictions renders any long-term predictions of the effects on

marine flora and fauna speculative. As such the presented results need to be

treated with caution and considered to provide essentially qualitative analysis of

the near wake hydrodynamics.

7.2 Future Work

The modified Vorticity Transport Model could be extended to include surface

effects (mentioned in chapter 5) in order to simulate the hydrodynamics of a

TECD in shallow waters. The effect of surface waves on the flow down-stream

of the TECD could be evaluated by implementing a free-surface model into the

VTM. Furthermore, to fully capture all the physics of the wake of a TECD the

VTM should be amended to include the diffusion effects discussed in section

2.4.7 and to include a full no-slip condition at the seabed, improving upon the

approximation employed in the present study.

The predictions of the VTM presented in this dissertation are based on mod-

elling of small-scale flow phenomena, with the assumption that the resolution of

the grid is high enough to capture the most important flow features. These pre-

dictions could be improved if the effects of turbulence in the wake of a TECD on

the sediment motion were simulated by an appropriate sub-grid turbulence model.

An alternative to the VTM, which employs the vorticity confinement method has

been considered a valid approach to implicit sub-grid turbulence modelling [89].

A.J. Chorin [39] connects the turbulence theory for incompressible flow and the

vorticity field therein, identifying turbulence with a special case of statistical me-

chanics. Hence, Implicit Large Eddy Simulation (ILES) appears to be the most

suitable choice for the VTM. The VTM’s routines could be adapted to attain the
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ILES quality, since the ILES condition often depends on the type of numerical

scheme used to calculate advection. This approach requires thorough analysis

of the TVD advection scheme (particularly the chosen wave amplifier functions)

used in the VTM.

As mentioned earlier, the effect of the TECD on the seabed vegetation needs to

be studied. A model of growth of marine plants could be devised, and calibrated

to match the experiments of Nepf et al. [57], to assess the changes due to the

presence of a TECD on the seabed. Outcomes of the proposed research would

undoubtedly interest marine biologists who investigate the influence of man-made

structures on the marine ecosystem.

The effect of the foundations of the TECD on the seabed could alter the flow

down-stream of the device and change the location of the high bed shear stresses.

When the combined environmental impact of the TECD and its foundations is

known, the foundations could be designed to mitigate the effects of the TECD

on the seabed. The design of the TECD should be optimized to have a minimal

effect on the environment without compromising the power extraction capability.

To predict the effect of a farm of TECDs on the marine environment, rotor-rotor

interactions would need to be investigated in terms of high induced stresses on

the seabed.

The applicability of the sediment model used within the modified VTM can

be extended for a mixture of sediment types. A detailed small-scale model of

motion of particulate matter should be devised and validated by experiments.

Such a model could predict a realistic sediment diffusivity (mentioned in chapter

3) and settling velocity, which could then be used in the modified VTM.

The predictions of the impact of the TECDs on the marine environment pre-

sented in this dissertation need to be understood in an appropriate context. The

investigation was focused on small-scale fluid phenomena changing over a period

of seconds. An interface between the hydrodynamic and sediment modelling over

the scales of the TECDs and large-scale oceanographic and sediment transport

models is required to determine if the presence of the TECDs on the seabed causes

changes of the morphology of the seabed and consequently the tidal currents.

To conclude, the VTM’s simulations predict the evolution of the small-scale

phenomena in the wake of a TECD which have not been investigated previously.
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The qualitative results presented in this dissertation suggest that more attention

should be drawn to the small-scale hydrodynamics of the rotor wake. Notwith-

standing the valuable predictions presented herein, for the VTM to be employed

for further studies of the physics of the flow around TECDs, a number of signifi-

cant improvements to the model would be required, as previously identified.
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Appendix A

Simulation Parameters

Cell size Time step Grid size

Notation ∆x/R ∆t [s] VΩ

Value 0.040 0.035 20R× 4R× (zhub + 2R)

Table A: Parameters of the simulations
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Appendix B

Typical run times

Run time of Trr



Uniform inflow simulations by the original VTM 73.6 h

Variable inflow simulations by the modified VTM 28.5 h

Table B: Comparison between the typical run times needed for completion of one

rotor revolution


Run times vary with the settings of the output of the simulations.
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