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Abstract

With the increase in human activity associated with the recent rise in
K u w a bilt péoduction, there is greater need for an optimised solution
to protect the Kuwaiti coastline and islands from wave attacks and
erosion. This thesis describes a programme of research conducted to
support the development of a cost-effective method of protecting the
Kuwaiti coastline with a breakwater system that also provides an
opportunity to generate energy by locally increasing the energy density
of waves to make wave energy conversion (WEC) more efficient, cost-

effective and commercially competitive.

A comprehensive review of the historical development and current
state-of-the-art regarding breakwater and WEC technologies is
presented. On the basis of these evaluations, a floating breakwater
combined with point absorber device is identified as appropriate for use
in the Kuwaiti near shore marine environment. The need for increasing
the local energy density at the point absorber is highlighted and the
concept of using a parabolic concentrator in combination with point

absorber is suggested and developed.

An analytical study extends the understanding of the role of damping in
the response of an idealised point absorber device. A steady-state
harmonic model is developed to simulate the motion of a single buoy
with one degree of freedom (heave) along the vertical axis to optimise
its geometrical and control parameters and maximise its power
absorption from incident waves. Evaluating different buoy shapes
namely: bullet, spike, and bi-cone (60°/120°) indicates that for each
buoy shape, there is an optimum operating range for the power take-off
(PTO) that drives the generator where wave energy capture and thus

electrical power would be greatest. In the model, comprising a spring-



damper system, the PTO is represented as a damper with a constant

damping coefficient ((;To) and the radiation force is represented by a
linear radiation damping term ((1)). The model reveals that the best
performance is obtained at the optimum value for @ which is @

&) "X . This condition is met when the buoy with optimum mass is
at resonance with the peak frequency of the sea state at] ¢ Ko (@

Evaluating the power absorption as a function of @ in the model also

reveals that at resonance, a buoy of any shape will have two types of

behaviour: one driven by low radiation damping and the other by high
radiation damping range of values. Operation in the low & region is
difficult to achieve in practice, and hence, it is recommended that
devices should be designed to operate in the high &) region to

maximise power capture.

Data is presented from wave tank testing conducted using a flume at
the Kuwaiti Institute for Scientific Research (KISR). This is used to
evaluate the capability of the proposed parabolic concentrator elements
to increase potential wave energy harvesting. A wealth of data, both
visualisation and numerical, was obtained and this compares well with
the computational analyses. The results indicate that a parabola-buoy
system would be capable of absorbing almost 260 kW of power at

prototype scale (1:16).

A computational modelling approach using the commercial CFD code
ANSYS-Fluent is developed, applying the volume of fluid approach
combined with a wave boundary condition. The KISR wave tank was
modelled with parabolic element installed and data is compared to that
obtained experimentally. Good agreement between CFD and
experimental data is obtained validating the modelling choices made.
Additional modelling results for the behaviour of waves near an
anchored buoy in combination with a parabolic concentrator are

presented.



The work presented in this thesis shows that there is the potential for
Ssubstanti al beneyt for power absorpti
parabolic concentrator-point absorber device. Future modelling work

with fluid-structure interaction and moving buoy will permit further
optimisation and development paving the way for full-scale
developments in the future.



Declaration of Originality

| hereby declare that the research conducted in this thesis and the
thesis itself was composed and originated entirely by myself in the
Mechanical Engineering Department at the University of Nottingham,
unless otherwise stated. This work has not been submitted for any

other degree or professional qualification.

Saad Alsahlawi



Acknowledgements

I would like to thank Kuwait Petroleum Cooperation (KPC) for the

financial support they have provided throughout this project.

| would like to express my gratitude to my supervisors Prof Seamus
Garvey and Dr. Kathy Simmons for their invaluable guidance and
support at every stage of this project. | would also like to thank Dr.
Ropes Patel and Dr. Bruce Kakimpa for sharing their technical
expertise and for being a great source of knowledge precisely at the

times | needed them most.

In addition, | would like to thank Kuwait institute for scientific research
(KISR) represented by Dr. Neelamani Subramaniam and his team for
letting me use their facility for the experimental work. | would also like to
extend my thanks to the University of Nottingham for providing me with

this opportunity.

Special thanks to my family and wife for their constant support and

encouragement throughout this experience.

Finally, | dedicate this thesis to my precious daughters Kadi and Taleen

for their unconditional love.



Contents

Development of a Floating Wave Energy Converting Breakwater for Gulf

Type Marine ENVIFONMENT ..o 1
ADSTIACT ... [
Declaration of Originality .......ccuuuuiiiiii i e iv
ACKNOWIEAGEMENTS ...oviiiii e v
(O 1 (=T 01 Vi
LISt Of FIQUIES ... e e e et s e e e e e e e aanees X
IS 0 ) 1= o] =S XVi
List of Abbreviations and Terms USed..............uuuuuuvmiieiiiirimiiinimiinnnnninnnn. XVii
Chapter 1: INtrodUCLION ....oooiiiiiee e e e e e e aaeees 1
1.1. Background and Motivation for the Work.............cccccvviiiinn i, 1
1.2. Research Objectives and Approach ...........ccccoeoeeiiii, 5
1.3.  Outline of Thesis CONENL........cccoeeeieeiieeeeeee e 6
Chapter 2: Literature Review: Breakwaters and Wave Energy Converters
[T =T0Ls) TR 11
22000 S 1111 {0 Yo [ [ 1o I 12

A = (=T 1= 1= 3PP 12
2.3.  Floating BreakWaters..............uuuviiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeeeeeee 18
2.3.1. History of Floating BreakWaters ..................ueuureemmmimeieeiiinninnnns 18
2.3.2. Development of Floating Breakwaters .............ccccccuvvvviiinnnnnns 19
2.3.3. Classification of Floating Breakwaters ............ccccoeevvveevinnnnnnn. 24
2.3.4. Floating Breakwater Applications............cccooevviiiiiieeiiiiiiiinnn. 25
2.3.5. Floating Breakwater Economic Considerations...................... 28
2.3.6.  Floating Breakwater Potential for Kuwait .................cccccvvennnn. 31

2.4, Ocean Wave ENEIgY ...t 34
2.4.1. Wave Energy Converters (WECS) ........coovveeiiiiiiinieeeeeeeeiiinnn. 37
2.4.2. Wave Energy EXtraction ............ccceeiiiiiiiiiiiiiii e 41

2.5. Floating Breakwater-WEC Integration ...........ccccooiveiiiiiiiiiinneeenn. 48
2.5.1. Potential Application for Kuwait .............ccciviiiiiiiiiiiiiiiinn. 54
2.5.2.  COSt SNAING...cciiieeiieeecee e 58

2.6, CONCIUSIONS.....ciiiiiiiiiiiiiiiiiiiieie ettt 61

Vi



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber

MO EITTNG et 63
3.1, Literature REVIEW .......c.ooeiiiiiiiii e e e 65
3.2, Background TREOIY ........cooiviiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeee e 72

3.2.1. Ocean Wave CharacteristiCS ..........ccevveeerrieeiiiiiiiieeeeeeeeiiiinnnnn. 72
3.2.2.  Linear Wave ThEOIY ......cceiiiiiiiieeeiee et 74
3.2.3. Dynamics of a Floating Body in Regular Waves .................... 75
3.2.4. Mass-Spring-Damper SYStemM.......cccceeveeeeiiiiiiiiiiiie e 78
3.2.5. Point Absorber System FeaturesS...........cccoevvvveeeiieeeeceevninnnnnn. 79
3.3.  Generalised Heaving Point Absorber (Buoy) Model....................... 81
3.3.1. Mass-Spring-Damper Representation.............ccceeeeevvvviiinnnnnn. 81
3.3.2. Newton's Second and Third LawsS..............uuuvvmmemimmieeimiinnnnnnnn. 82
3.4. Time Domain MOEl ..........covviiiiiiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeeee e 84
3.4.1. Equation of Motion of a Heaving Point Absorber.................... 84
3.4.2.  PoOWer and ENEIQY ...........uuuuuuummmmmmiiiiiiiniiiiiniinnnennnnnnnennennnnens 86
3.5.  Steady-State Harmonic Model..............coovviiiiiiiiiiiiiiiiiiiiiiiiiiiiieeee 88
3.5.1. EQUAtiON Of MOTION......uuuiuiiiiiiiiiiiiiiiiiiiiiiiiieiiieiieeeeneeeeeeeneeeeeenes 88
3.5.2.  POWEr ADSOIPLION ....uuviiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeieieeneeeeeeeeeeeeeanes 90
3.5.3. Power Absorption OptimiSation..................eueevureemeeiiieeiiiiiinnnns 90
3.5.4. Results and FINAINGS .........uuuuumiimmiiiiiiiiiiiiiiiiiiiieieie. 92
3.6.  Validation of Steady-State Harmonic Model ................cceevvvvvinnnnn.. 94
3.6.1. Power Absorption OptimiSation..................uveveueememiieeeeineiiinnnns 94
3.6.2.  Results and FINAINGS .........uuuuuuuimiiiiiiiiiiiiiiiiiiiiieieieieeeee. 97
3.7.  Steady-State Harmonic Model Optimisation ................ccccevvvvvinnnnn.. 98
3.7.1. Resultsand FiNdiNgS ......ccccooeviiiiiiiiii e, 98
3.8.  Buoy Shape OptimiSation ..........ccceeeiiiiiiiie e 102
3.8.1. Statistical ANAlYSIS.......oiiviiiiiiiereiie e 107
3.8.2. Buoy Power OptimisSation ............ccuuuuiiiiieeeiiieiiiiiaae e eeeeeeeaes 112
3.8.3.  Results and FINdiNGS ........coiiiiiiiiiiiii e 113
3.9, CONCIUSIONS. ....euiiiiee e 116

Chapter 4: Experimental Wave Flume Tank Testing .........cccccoevvieiineenns 119

4.1. Theoretical Background .............cccceiiiiiiiiiiiiii e 120
4.1.1.  PoOWer ADSOIPLION ......uuuuiiiiiiiiiiiiiiiiiiiiitiiiiiiiiiiieeeeeeeeeeeieeeee 120
4.1.2. Fourier Series for Analysing Wave Tank Behaviour............. 122
4.1.3. Froude Scale RatiO............uuuuuuummmmmniiiiiiiiiiiiiiiiiiiiiiiieiinniiienne 123

4.2.  Outline of Experimental WOrkK..........cccooeeviviiiiiiiiiii e, 124

4.3. Experimental Setup and Measurement............cccceeeevvvveivininneeennn. 127

Vi



4.3 1. WaAVE FIUME TaANK .oeniiniieieeeee e 127

4.3.2. Wave Conditions Generated.............oeevvvveeiiiiiiieeeeeeeiiinnn 130
4.3.3.  Measurement Instrumentation ............ccceevvvviinieeeerreeiiiinnnnn. 133
4.3.4.  Calibration ..........oooeuiiiiiie e 139
4.3.5. Data Acquisition and Collection ...............cccccvvmmvimniiiiiinnnnnnns 140
4.4. Stage-1: Experimental Wave Tank TeStS ......cccceeveevvviiiiiiiiinnneenns, 145
4.4.1. Parabolic CONCENIIALOr.........uuuuuriuiiiiiiiiieiiiiiiiiiiieaennnneneeeeenee 145
4.4.2. Stage-1 TeSt SetUP.....oiiiieiiieiiiii e 146
4.4.3. Stage-1 ReSUIS.......cuviiiii e 148
4.4.4., Stage-1 DiSCUSSION......ceiiieeeiieiiiiiiee e e et e e e e 152
4.45. Stage-1 FiNdiNgS ....ocvuieiiiiieiiieicee e 156
4.5. Stage-2: Point Absorber (BUOY)......ccoviveeiiiiiiiiiiiiie i, 157
45.1. Stage-2 BUuOYy GEOMELIY ...cccuiiiiiiiiiieeeiii et 157
452, Stage-2 TeSt SETUP....cviiii i 164
45.3. Stage-2 Decay TeSt.....cooii i 166
454, Stage-2 RESUMS........uuuuiiiiiiiiiiiiiiiiiiiiiieeeeaee 169
4.5.5.  Stage-2 DiSCUSSION......uuuuuiuiiiiiiiiiiiiiiiiiiiiiiiiiiiiinieeneeeeeeeeeaneee 172
4.5.6. Stage-2 FiNAiNGS .......uuuuummmmmiiiiiiiiiiiiiiiiiiiiiiiiiiiiieinieeieeeeeeee 174
4.6. Stage-3: Parabolic Concentrator-Point Absorber (Buoy) ............. 175
4.6.1. Stage-3 TeSt SEtUP....uuii e 175
4.6.2. Stage-3 RESUMS........uuuiiiiiiiiiiiiiiiiiiiiiieeeee 176
4.6.3.  Stage-3 DiSCUSSION......uuuuuiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiiiieieneeeeeeeeeeee 181
4.6.4. Stage-3 FiNAINGS .......uuuuuuummiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeieieeeeeeeeees 184
N O o [ox (11 1o L3R 185
Chapter 5: Computational Fluid Dynamics (CFD) Modelling.................. 188
5.1. Computational Fluid Dynamics (CFD) ..........cccccciiiiiiiiienieennes 189
5.1.1. Computational Fluid Dynamics (CFD) Development............ 189
5.2.  Computational Fluid Dynamics (CFD) Methodology .................... 193
5.2.1.  CONVEIGENCE .. .oiiiieeeeiie ettt e e e e 193
5.2.2.  Boundary ConditioNS .........ccceeeeiiiiiiiiiiiaee e 194
5.2.3.  TUIDUIEBNCE ..o e 195
5.3.1.  Wave generation ...........uuiiiiieeiiiiiiiiieaa e 200
5.3.2.  MeSh SeleCtion........coovuiiiiiiii e 203
5.4. CFD Wave Tank Model ..........ccouviiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieiieeeeeeeeee 204
5.4.1. GEOMEIIY SEIUP .vuuiiiiiiiii et 204
5.4.2.  Boundary ConditionS .........ccceeeviiiiiiiiiiiiie e e 207
5.4.3. MESH oo 207



5.4.4. Mesh Sensitivity StUAY...........uuuurmmmmmiimmiiiiiiiiiiiiiii. 209

5.4.5. Parabola CFD Model Validation...................uuevmmieiimiiiineninnnns 219
5.5. CFD Wave Tank Model With BUOY ............coovviiiiiiiiiiiiiiiiiiiiiiieeee, 223
5.5.1.  GEOMELIY SELUP ..coeiiieeeieiiii e eee e e e e e e eeneees 223
5.5.2.  Boundary CONAItIONS ..........euvurrrmmmmmmninriinniineiienineneennnenneeeenns 224
5.5.3.  FOICES ... 224
B5.5.4.  MESH oottt 225
5.5.5. Results for Parabola-Static Buoy Mesh Sensitivity Study..... 226
5.6. CFD Results for Static BUOY...........ccuvviiiiiieeeiiieiicee e 228
5.7.  Future CFD Modelling .......ccooviieeiiiiiiiicie e 239
5.8, CONCIUSIONS....cciiiiiiiiiiiiiiiiiiiiiieiieeeieee ettt 241
Chapter 6: Conclusions and Further Research ...........cccccccvviieeniieinniininn, 243
6.1.  Main AChIEVEMENTS ......ccvvviiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeeeee e 243
6.2.  Contributions to KNOWIEAQE.........coovviiiiiiiiieeeieeeiiee e, 246
6.3, PrOJECT COSt..cciiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeee et 247
6.3.1. CaPItAl COST...uurririiiiiiiiiiiiiiiiiiiiiieiiieeeebbeeeeeeebeeeneeeeeeneneeeeeeenee 247
6.3.2.  SNUPPING tetetiiiiiiiiiiiietieeeiie bbb 249
6.3.3.  INStAllAtioN .....eeeiie i 249
6.3.4. Operation and Maintenance COSt .........cccevvvvviviiiiiiieeeennnenenns 250
6.3.5.  Mid-life Overhaul ............cccooiiiiiiiiii e 251
6.3.6.  DECOMMISSIONING ....vvvvrrineieiirineinieneieeneeeneneneennnnneeenneneeereeenne 251
6.3.7. Total Lifetime COSt.........uuiiiiiieieiieeiiee e e e e 252
6.4, FULUIE WOIK ..eeeieii it e e 252
S LT =T Lo =T 255
APPENAICES oottt 277
Y o] o 1] T [ Qe 7 277
A3.1 Time Domain Model ..o 277
A3.2 Steady-State Harmonic Model.............cooooiiiiiiiiiiiee e 281
A3.3 Verification of Steady-State Harmonic Model ............................ 283
A3.4 Steady-State Harmonic Model Optimisation .............ccccccceeeeenee. 288
Appendix 4A: Hydraulic Motor Calculation .............cccceoiiiiieiiiiiiiiiiieee. 292
Appendix 4B: Calibration Data For Waveprobes 1-6............cccccceeeeeeeeenn.. 294
Appendix 4C: Decay Test Results For Each Buoy Shape........................ 296



List of Figures

Fig. 1.1: Location of Kuwait in Arabian Gulf (a) (Baby S., 2011) and Kuwaiti

territorial water (b) (Neelamani et al., 2007) ...........euvmmmimiimimiiiiiiiiiiiiiiens 3
Fig. 1.2: Flowchart of the thesis content and chapters ...........ccccceeeeeeeiiinnnns 8
Fig.2.1: Steps in selection of breakwater type (Burcharth, 2009) .............. 16
Fig. 2.2: Breakwater type for typical range of wave height and period (PND
ENgineers INC., 2015) ......coouiiiiii i 17
Fig. 2.3: Protection of offshore crude oil loading terminals......................... 26
(Neelamani and Al Banna, 2017) ......ccoeieeiiiiiiiiiieee e 26
Fig. 2.4: Floating breakwater used for erosion protection of an island
(Neelamani and Al Banna, 2017) ......ccoeieeiriiiiiiiieee e 27
Fig. 2.5: Floating breakwater used for marina protection........................... 28
(Neelamani and Al Banna, 2017) .......cccouviiiiiiiiiiiiiiiiieeeeeeeeeee 28
Fig. 2.6: Comparison of breakwater costs per running metre as a function of
water depth (Fousert, 2006) .........cccouiiieiieeee e 29
Fig. 2.7: Capital costs vs safety of breakwaters (Burcharth, 2009)............ 31

Fig. 2.8: Parabolic concentrator focal point (www.physicsclassroom.com) 33
Fig. 2.9: Global distribution of average annual wave power in kW/m of crest
length for various locations around the world (Mamun et al., 2010)........... 35
Fig. 2.10: Kuwaiti territorial waters (Neelamani et al., 2007)...................... 35

Fig. 2.11: Classification of wave energy converter systems (Hagerman,

Fig. 2.12: Classification according to: (a) location (b) size, orientation and

energy-extracting method (adapted from Falnes, 2006)..............cccevvennnnn.. 41
Fig. 2.13: Pelamis (Oregon State University, 2011) .........ccccccceiiiiieeeereennes 43
Fig. 2.14: PowerBuoy (Ocean Power Technologies, 2011) ....................... 44

Fig.2.15: LI MPET OWC (The Quee.ndasd
Fig.2.16: Left: Oyster (Aguamarine Power), top right: WaveRollers (AW-

Energy Ltd.) and bottom right: Oceanus 2 (SeatricCity)..........cccceeeveeeereeennes a7
Fig. 2.17: Parabolic focusing device (Denniss, 2007)..........cccceeeeeieeeereennnns 51
Fig. 2.18: Moving curved CCell paddle (http://www.ccell.co.uk) ................ 52
Fig. 2.19: CCell paddle operation (http://www.ccell.co.uk)......................... 52
Fig. 2.20: Curved CCell paddle (http://www.ccell.co.uk)................cceerrennn. 54

X

Uni ver .



Fig. 2.21: The hourly variation (a) and probability density (b) of wave power

around Qaru Island for 3 years (Neelamani, 2009) ..........cccevvvviivviiieiiennnn. 56
Fig. 2.22: Material ratio flat/CCell structure ..., 60
Fig. 3.1: Power transfer in a generic WEC (Price, 2009) ...........cceeeeeeeeennn. 66
Fig. 3.2: Ocean wave characteristics (Anon, 1984) ...........ccccceeeeieieeeeeeeenn. 72
Fig. 3.3: Wave depth propagation (www.slideplayer.com).................ccouue. 73
Fig. 3.4: Definition of the 6 degrees of freedom (Journee and Massie, 2001)
................................................................................................................. 75
Fig. 3.5: Superposition of hydromechanical and wave loads..................... 77
(Journee and Massie, 2001) .......oouiiiiiieeee e 77
Fig. 3.6: Basic design of a point absorber system ............ccccccveeeeeieeeeieinnn, 80
Fig. 3.7: Motion curves of an underdamped, overdamped and critically
damped system (De Backer, 2008)............ccuuiiieiiieieeiieeiieee e 81
Fig. 3.8: Schematic representation of mass-spring-damper system
(modified from Price, 2009).........cccuiiiiiiiiiiiiii 82
Fig. 3.9: Newton's second and third laws applied to a buoy moving in heave
motion (Price, 2009).........couiiiiiiiiii 83
Fig. 3.10: Schematic representation of the simulated heaving point absorber
in the time domain model (Modified from Price, 2009) ..........ccccvvvvvvvirnnnn. 85
Fig. 3.11: Power capture by a point absorber (Price, 2009)....................... 87
Fig. 3.12: Schematic representation of a heaving point absorber in the
steady-state harmonic model (Modified from Price, 2009)................ovvunnn.. 88
Fig. 3.13: Power capture at3=  1592.50 Ns/mand O  (a) 100 kg (b)
253.4549 kg and (€) 500 Kg ...eeveeeerririiiiiiiiiiiiiiiiieieieiieeeee ettt 93

Fig. 3.14: Power capture at O  253.4549kg and4F  1592.50 Ns/m.... 95
Fig. 3.15: Maximum power absorption vs 3k and4t atci  1783.33 kg... 97
Fig. 3.16: Maximum power capture model difference (%) at0  1783.33 kg

................................................................................................................. 98
Fig. 3.17: Power capture at9=  6.543 10°Ns/mand4k  6.54 % 10° Ns/m
................................................................................................................. 99
Fig. 3.18: Contour plot for the relationship betweend= and 4 atO .......... 99
Fig. 3.19: Log power vs ciand c; at 0  253.4549 KQg .....coeevvvveeeeeeeennn. 100
Fig. 3.20: The relationship betweendt anddF with O ..o, 101
Fig. 3.21: Shapes and dimensions of prototype buoys.................ccccooe. 103
Fig. 3.22: Profiles of 3= for the DUllet BUOY ...........ccvurrieriiiriiiricieenne 110
Fig. 3.23: Profiles of 4= for the SpIKe BUOY ........c.evvveeririciercccecie 111

Xi



Fig. 3.24: Profiles of 4= for the bi-Cone BUOY ............ccovrirereririieiiirienenn. 112

Fig. 3.25: Mean 4t for the bullet, spike and bi-cone buoys...................... 114
Fig. 3.26: Maximum power capture at J"|= for zero damped buoys......... 115
Fig. 4.1: Schematic of wave flume tank and position of parabola............. 128
Fig. 4.2: Stages of wave flume tank testing ..., 129

Fig. 4.3: Wave flume tank facility and data acquisition setup at KISR ..... 130
Fig. 4.4: Wave probes in the concrete flume tank measuring regular waves
for wave CharaCteriSatioN .................ueeuueurueiieiiiiiiieirieeinereeeeee e 134
Fig. 4.5: Potentiometer mounted on the frame at the concrete flume tank

............................................................................................................... 135
Fig. 4.6: Load cells to measure forces acting on the buoy....................... 136
Fig. 4.7: PTO MOLOr SYSEIM ... 137
Fig. 4.8: Polystyrene beads scattered around the area of interest........... 138

Fig. 4.9: Reflection analysis: data acquisition time selection of a suitable
window for the wave analySiS............ooeuiiiiiiiicec e 142
Fig. 4.10: Types of wave reflection: longitudinal and cross waves........... 142
Fig. 4.11: Incident wave height: data acquisition time selection of a suitable
window for the wave analysis with wave probes WP1, WP2 & WP3 ....... 144
Fig. 4.12: Incident wave height: data acquisition time selection of a suitable
window for the wave analysis with wave probes WP4, WP5 & WP6 ....... 145
Fig. 4.13: Proposed design for shallow parabolic concentrator (Model 1) 147
Fig. 4.14: Proposed design for deep parabolic concentrator (Model 2) ... 147
Fig. 4.15: Fabrication and installation stages of parabola models at KISR: a)

fabrication of stainless steel beams structure b) Fabrication of parabola

stainless steel sheet c-d) Installation of parabola structure ..................... 148
Fig. 4.16: Parabola-1 response (a), Parabola-2 response (b).................. 151
Fig. 4.17: Photographs of the maximum wave amplification zones for

parabola models 1&2...........coooiiiiiiiii 152
Fig. 4.18: Parabola-1 and parabola-2 model responses-(a, b, ¢, d)......... 154
Fig. 4.19: Bi-cone (60°/120°) buoy shape (model scale in mm)............... 161
Fig. 4.20: Zero damped, damped and extra damped bullet buoy ............ 162
Fig. 4.21: Zero damped, damped and extra damped spike buoy............. 163

Fig. 4.22: Test Setup for point absorber (buoy) and the heaving mechanism

Fig. 4.23: Schematic of test setup for the cable and pulley arrangement. 166

Fig. 4.24: Experimental setup of cable and pulley arrangement............... 166

Xii



Fig. 4.25: Measured zero damped buoy position during decay test and
o8| Y= 1| 167
Fig. 4.26: Measured half damped buoy position during decay test and curve

1 168
Fig. 4.27: Measured fully damped buoy position during decay test and curve
L S 168

Fig. 4.28: Efficiency of power absorption, /1 , (%) as a function of wave

period (8, aNd C).....ccooviiiiii e 170
Fig. 4.29: Power absorbed by the buoy (W) as a function of wave height (a,
o TR o USSP 171

Fig. 4.30: Test setup for parabolic concentrator-point absorber and motion

tracking using orange polystyrene beads ..........ccccevviiiiiii e, 176

Fig. 4.31: Efficiency of power absorption, h, (%) as a function of wave
period for parabolic concentrator-point absorber (a,b, ¢, and d).............. 178
Fig. 4.32: Power absorbed by the buoy (W) as a function of wave height for
parabolic concentrator-point absorber-(a,b,C)..........viiiiii 179
Fig. 4.32-(d,e): Power absorbed by the buoy (W) as a function of wave
height for parabolic concentrator-point absorber............cccccceeeiiviieiniiinnns 180
Fig. 4.33: Comparison of power absorbed by the buoy (W) as a function of

wave height (H = 0.09 m) for parabola 1 and 2 for the same location...... 180
Fig. 5.1: Schematic of wave tank dimensions...............ccccceevvieeeieeeeceinnnn, 206
Fig. 5.2: Wave tank schematic representation..............ccccccevvveeeeeeeereennnns 207
Fig. 5.3: 3D hexahedral structured mesh for wave tank model................ 208

Fig. 5.4: Plan and isometric views of the 3D hexahedral structured mesh

0 ] o PSP 209
Fig. 5.5: Meshing in the interface region ...........ccccoo oo, 210
Fig. 5.6: Surrounding rough grid for air and water regions ...................... 211
Fig. 5.7: Meshing in the vicinity of the parabola-1 amplification zone ...... 212

Fig. 5.8: Calculated air velocity time histories at the focal point from mesh
SENSILIVIEY STUAY ....eiviiiiiiiiiiiiiiiieee ettt 213
Fig. 5.9a: Calculated water velocity time histories at the focal point from
MeSh SenSItiVity STUAY ... 214
Fig. 5.9b: Calculated water pressure time histories at the focal point from
MESh SENSILIVILY STUAY ...eevvviiii i e e 215

Fig. 5.10: Predictions of wave height at 11 m from mesh sensitivity study



Fig. 5.11: Calculated wave height at amplification zone from mesh

SENSILIVILY STUAY ...eeiiiiieiiiiiiiiiiiii ettt 218
Fig. 5.12: Physical model wave height at 11m (black) and at amplification
P40 ] gL ( 0]10 14 I PP PP PPPPPPPPPPPPP 220
Fig. 5.13: 4300 k CFD model wave height at 11m (black) and at
amplification ZoNe (Fed)........cooiveiiiiiii e 220
Fig. 5.14: CFD predictions for pressure contours in the wave tank.......... 222
Fig. 5.15: Physical model bi-cone (60°/120°) buoy dimensions ............... 224
Fig. 5.16: CFD model bi-cone (60°/120°) buoy volume fraction contour plot
............................................................................................................... 224
Fig. 5.17: Plan and side views of the wave tank with buoy mesh ............ 225

Fig. 5.18a: Calculated lift force from models with 8 M and 10 M cells ..... 227
Fig. 5.18b: Calculated drag force from models with 8 M and 10 M cells.. 228

Fig. 5.19a: CFD predictions for wave height at amplification zone .......... 229
Fig. 5.19b: CFD predictions for lift and drag forces ...............ccoeeeeeeeeeennn. 229
Fig. 5.20a: Wave height at amplification zone fromt=48tot=52s ...... 229
Fig. 5.20b: Lift and drag force fromt=48t0t=52S......ccccceeviiiininnnnnnnnn. 230
Fig. 5.21: Pressure and shear stress contours for the static bi-cone

(B0°7120°) DUOY ...ttt ettt e e e e e e ennaeaa e 231
Fig. 5.22a-b: (a) Wave-buoy interaction response (b) 3D wave tank

contours @t £ =49.05 S ..o 232

Fig. 5.22c: Wave- buoy vectors of interface velocity field (left). LIC
visualisation of the velocity field, coloured by the volume fraction of water
on a vertical plane in the middle of the domain (right) at t=49.05 s.......... 233
Fig. 5.23a-b: (a) Wave-buoy interaction response (b) 3D wave tank
CONLOUIS At 1= 40.35 S it 234
Fig. 5.23c: Wave- buoy vectors of interface velocity field (left). LIC
visualisation of the velocity field, coloured by the volume fraction of water
on a vertical plane in the middle of the domain (right) att =49.35s........ 234
Fig. 5.24a-b: (a) Wave-buoy interaction response (b) 3D wave tank
CONLOUIS At 1 = 49.60 S . .iiiiiiiie e 235
Fig. 5.24c: Wave- buoy interface vectors of interface velocity field (left). LIC
visualisation of the velocity field, coloured by the volume fraction of water
on a vertical plane in the middle of the domain (right) at = 49.60 s.......... 236
Fig. 5.25a-b: (a) Wave-buoy interaction response (b) 3D wave tank
CONEOUIS @t £ = 49.90 S ...uuiiii i 237

Xiv



Fig. 5.25c: Wave- buoy interface vectors of interface velocity field (left). LIC
visualisation of the velocity field, coloured by the volume fraction of water
on a vertical plane in the middle of the domain (right) at = 49.90 s.......... 237
Fig. 5.26a-b: (a) Wave-buoy interaction response (b) 3D wave tank
CONLOUIS @t 1= 50,1 S .ot eaeans 238
Fig. 5.26¢: Wave- buoy interface vectors of interface velocity field (left). LIC
visualisation of the velocity field, coloured by the volume fraction of water
on a vertical plane in the middle of the domain (right) att =50.1 s.......... 238
Fig. 5.27: velocity contour of y-plane wave tank with buoy...................... 239

Fig. 5.28: Buoy motion in heave during stage-2 experimental testing...... 240

XV



List of Tables

Table 2.1: Cost estimates in British Pounds (£) (Neelamani and Al-Banna,

2 0 PP 30
Table 2.2: Classification of wave energy device processes (Source: Brooke

(2003) with reference to Hagerman (1995) Figure 2.23) ...ccccooeeeevvvvvviinnnnnn. 40
Table 3.1: Classification of propagation environment (Anon, 1984)........... 73
Table 3.2: Buoy Shape Selection Criteria..........cccoovvviviiiiiiceeiiiiiieee e, 104

Table 3.3: Bullet, spike and bi-cone decay tests and statistical results.... 109

Table 3.4: Probability of damping reduction (%) for different buoy shapes

............................................................................................................... 109
Table 4.1: Scale ratio for Froude models (Heller, 2011) ..........ccccceeeeeeee. 124
Table 4.2: Experimental wave tank tests outline. All experiments were

carried out at the Kuwait Institute for Scientific Research........................ 126

Table 4.3: Joint distribution of significant wave height and mean wave

period for location 1 in Kuwaiti territorial waters (number of occurrences

over 12 years) (Neelamani et al., 2007) .......ccevvviieiiiiiiiiiiiiiiiiiiiiiieieeeeeee 131
Table 4.4: Regular wave testing conditions at prototype and model scales

............................................................................................................... 132
Table 4.5: Wave probe calibration constants ...........cccceevvieeiiviiiiiiiinneeenn, 139
Table 4.6: Experimental data from parabola-1 and parabola-2 tests ....... 149

Table 4.7 Bi-cone (60°/120°) buoy dimensions (prototype and model).... 160
Table 5.1: Characteristics of generated Waves...........ccccooeeevveeeiiiiinneeenn. 207
Table 5.2: Outline of all input parameters in the mesh sensitivity study for
the wave tank parabolamodel ... 211
Table 5.3: Mesh sensitivity study results (P = pressure, V = velocity)...... 216
Table 5.4: Percentage difference in wave height calculated during the mesh
sensitivity study from the 6900 k mesh case ..........cccevviiiiiiiiiiieiiinnn. 219
Table 5.5: Outline of all input parameters in the mesh sensitivity study for
the wave tank model With BUOY .............uuuiiiiiiiiiiiiiis 226
Table 5.6: Drag and lift forces in the mesh sensitivity study for the wave
tank Mmodel With DUOY .......coooviiiiiei e 227
Table 6.1: Parabolic concentrator-buoy device capital cost summary ..... 250

Table 6. 2: Total lifetime cost of parabolic concentrator-buoy device ...... 252

XVi



List of Abbreviations and Terms Used

Abbreviations

CFB Cylindrical floating breakwater
CFD Computational fluid dynamics
CROWN Circular ramp overtopping wave energy converter
CSF Continuum surface force

CWR Capture width ratio

DBFB Double barrier floating breakwater
DHI Danish Hydraulic Institute

DPM Discrete phase model

FB Floating body

FBT Floating breakwater with trusses
FBW Floating breakwater

FE Finite element

FEM Finite element method

FFB Flexible floating breakwater

FPM Fine point method

FVM Finite volume method

HRIC High resolution interface capturing
KISR Kuwait Institute of Scientific Research
LIC Line integral convolution

LSM Level set method

MCFB Mesh cage floating breakwater
NS Navieri Stokes

XVii



owcC Oscillating water column

PFB Porous floating breakwater
PFEM Particle finite element modelling
PIV Particle image velocimetry
PTO Power take off
RANS Reynolds averaged Navieri Stokes
RBF Radial basis functions
RNG Renormalisation group
SIMPLE Semi-implicit method for pressure-linked equations
SPH Smooth particle hydrodynamics
UDF User defined function
VLFS Very large floating structure
VOF Volume of fluid
VOF-LES Volume of fluid i large eddy simulation
WEC Wave energy converter
Symbols

Wave parameters

A Wave amplitude [m]

AF Amplification factor

Aw Area occupied by the buoy in the sea water [m?]
C Wave speed [m/s]

Water depth [m]

By Buoy draft [m]

D Waterline diameter of buoy [m]

Dijj Diameter of maximum amplification zone [m]

E Energy stored in waves per unit of sea surface [J/m?]

XViii



m|

H

model

H

prototype

H,
Hr
L
Lac

Lo
Lfe

Lfc

LTank

Pa

Ti

Total energy stored in waves per unit area of sea
surface [J/m?]

Wave frequency [HZz]

Force in the heaving direction [N]

Signal in the time domain

Distance from the wave maker to WP1 [m]
Wave number (2p /1)

Acceleration due to gravity [m/s?]

Wave height [m]

Amplified wave height [m]

Significant wave height [m]

Incident wave height [m]

Wave height at model scale [m]

Wave height at prototype scale [m]

Reflected wave height [m]
Total cylinder height [m]
Wave length [m]

Length from the centre of the parabola to the centre of
the maximum [m]

Deep water wave length [m]

Length from edge of parabola to centre of maximum
amplification zone [m]

Length from centre of parabola to centre of maximum
amplification zone [m]

Width of flume tank in power calculations [m]

Power in the wave front [W]

Power absorbed by a heaving buoy [W]

Average incident wave power per unit crest width[W/m]
Reflection coefficient

Wave period [s]

Incident wave period [s]

XiX



Trnodel
Tp
T

prototype

Wave period at model scale [s]

Periodic time of the wave in Fourier Series [s]
Wave period at prototype scale [s]

Time [s]

Signal time [s]
Buoy velocity in the heaving direction [ms]

Output voltage [V]

Group velocity of waves [ms]
Froude scaling factor
Absorption efficiency [%]
Density [kg/m?3]

Wave angular frequency [rad/s]

Natural angular frequency [rad/s]
Natural resonance frequency of the device [rad/s]

Incident wave frequency [rad/s]

Newtonian mechanics terms

Added mass matrix

Hydrodynamic damping coefficient matrix
Excitation force [N]

Resultant external force [N]
Instantaneous angular momentum [Nms]
Hydrodynamic spring constant matrix
Mass [kg]

Mass and inertia matrix

Resultant external moment [Nm]

Time [s]

Instantaneous velocity [m/s]

XX



® Acceleration [m/s?]
oy Velocity [m/s]

ub Location with respect to reference frame [m]

Analytical modelling terms

A Amplitude of excitation force [m]

Aw Area occupied by the buoy in sea water [m?]

) Damping coefficient [Ns/m]

0 PTO damping coefficient [Ns/m]

B Optimum PTO damping coefficient [Ns/m]

) Radiation damping coefficient [Ns/m]

o Optimum radiation damping coefficient [Ns/m]

) Actual damping coefficient [Ns/m]

® Critical damping coefficient [Ns/m]

f(t) Force across damper [N]

Fexc Wave excitation force [N]

Fret Net force [N]

Fpro PTO damping force [N]

Frad Radiation force [N]

Fres Restoring force [N]

Fspring Mechanical spring force [N]

G Acceleration due to gravity [m/s?]

K Spring constant, used to represent buoyancy-stiffness
[N/m]

M Mass [kg]

Optimum mass [kg]
Power absorbed by the PTO [W]

Standard deviation in results

- 0w T @

Time [s]

XXi



u(t)

WO

¥, v
#, W

~ I

-3

Wave vertical velocity [m/s]

Velocity across damper [m/s]

Wave displacement [m]

Vertical displacement [m]

Vertical velocity [m/s]

Vertical acceleration [m/s?]

Damping ratio

Frequency of displacement for calculating time constant
Amplitude of displacement for calculating time constant

Time constant representing time to settle to steady state
Overall power absorption efficiency [%0]

Angular frequency of excitation force [rad/s]

Wave amplitude [m]

Wave amplitude at the crest [m]

Wave amplitude at the trough [m]

Wave speed [m/s]
Drag force [N]

Lift force [N]

Side force [N]

Acceleration due to gravity [m/s?]

Generated wave height [m]

Curvature from the surface normal

Wave number

Wave length [m]

XXii



L Characteristic length in Reynolds no. calculations [m]

N facec Number of faces on the cell
Pp Pressure [Pa]
Protal Total pressure [Pa]
P, Static pressure [Pa]
S Source term
S; Surface tension coefficient
T Time [s]
Wave period [s]
Ua Time averaged velocity [m/s]
U, Volume flux through the face
Z Kinematic viscosity [Ns/m?]
€1 Eddy viscosity [Ns/m?]
a Volume fraction [%]
A Absolute dynamic viscosity [Ns/m?]
Ve Control volume [m?]
V. Cell volume [m?]
f Scalar variable
r Volume average density [kg/m?3]
W Wave angular frequency [rad/s]
W, Effective wave frequency [rad/s]
£ Reference wave propagation direction

Direction opposite to gravity

Mo i

Direction normal to X and ¥

Buoy motion at damped oscillation [m/s]

N
—~

—
~—

XXiii



Chapter 1: Introduction

This thesis describes a programme of research conducted to support
the development of a cost-effective method of protecting the Kuwaiti
coastline with a breakwater system that also provides an opportunity to
generate energy at this site, by locally increasing the energy density of
waves to make wave energy conversion more efficient, cost-effective

and commercially competitive.

1.1. Background and Motivation for the Work

The recent growth of the worlddé population combined with the rise in
living standards has led to an increase in global energy usage since the
beginning of this century. Concerns over global warming have
prompted an urgent search for alternative energy sources to meet
global demands in the near future and for generations to come.
Renewable energy resources represent one the best hopes for
reducing ma n k i codtribstion to global warming and meeting global
demands for energy (Krupp and Horn, 2008). Renewable energy can
be defined as fAenergy obtained from n
energy occurring in the i mmediate en\
2006). There are numerous types of renewable energy available
including solar, wind, geothermal, biomass fuel and ocean waves.
Compared to wind and solar energy, ocean wave energy presents
considerable technical advantages, because it is more predictable,
persistent and spatially concentrated (Clement et al., 2002). The
oceans are a vast and powerful source of energy which could
potentially be harnessed to supply more than enough energy to meet
worldwide demand for electricity (Pelc and Fujita, 2002). Ocean wave

energy may not be the sole solution to global warming problems, but it
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has the capability to make a substantial contribution towards future
energy supply.

The idea of converting ocean wave energy into useful energy forms is
not new. According to Leishman and Scobie (1976), the first British
patent for a wave energy device dates back to 1855, while in France,
Girard and Son patented their ideas as early as 1799. Intensive
research and development in this field began after the dramatic
increase in oil prices in 1973. In the 1980s when oil prices declined, the
interest in wave energy nearly disappeared. Funding for wave energy
research increased again in the late nineties following the Kyoto
conference on the reduction of CO2 emissions and the growing
awareness of the limited and insecure nature of t he wamelgy 6 s
supply. At present, in many areas of the world, ocean wave energy has
great promise. However, many of the technologies to harness this
energy remain to be developed to commercial standards. Further
research is still needed to develop reliable wave power conversion
technologies which could be economically competitive in the global
energy market. The enormous potential of ocean wave energy strongly
supports efforts to find viable and profitable engineering solutions for

capturing energy from waves.

The global wave power resource in deep water (> 100 m depth) is
estimated to be approximately 1710 TW or 8,0001 80,000 TWh/yr
(Panicker, 1976). A detailed examination of the global potential shows
that the most promising locations for wave energy production are
located off the western coasts of continents in the moderate to high
latitudes where there is deep water (> 40 m), since wave energy is
found to reach power densities of 60i 70 kW/m in these locations
(IRENA, 2014). For example, countries like Australia, Chile, Ireland,
New Zealand, South Africa, the UK, and the US have excellent wave
resources with average power densities in the range of 40i 60 kW/m
(ABP, 2008; IRENA, 2014). Iranian seas also have great wave energy
potential. For instance, the Caspian Sea has a maximum wave power

density of 30 kW/m (Alamian et al., 2014). Much lower ocean wave
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power densities were reported for the State of Kuwait at the
Engineering Congress on Alternative Energy Applications in 2009
(Neelamani, 2009). For example, it was reported that the wave power
density available around Qaru Island (Figure 1.1.b) varies between 0
and 16 kW/m.

1
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Fig. 1.1: Location of Kuwait in Arabian Gulf (a) (Baby S., 2011) and Kuwaiti
territorial water (b) (Neelamani et al., 2007)
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The State of Kuwait is situated in the north western coastal plain of the
Arabian Gulf (Figure 1.1a). Kuwait occupies an area of approximately
17,800 km? at latitudes of 28° 30' N to 30° 05'N and longitudes of 46° 3'
E to 48° 35' E (Neelamani et al., 2007). Its territorial water is about 500
km in length and has depths of up to 25 i 30 m (Neelamani et al.,
2007). There are nine islands in Kuwait, namely: Bubiyan, Warba,
Failaka, Miskan, Umm Al-Namil, Awhah, Kubbar, Qaru and Umm Al-
Maradim. The Kuwaiti territorial waters can be divided into two regions:
the shallow Northern area which is less than 5 m deep in most places
and has a muddy sea bed; and the relatively deep Southern area which
has a bed of sand and silica deposits. Although the area of the Kuwaiti
territorial waters is only about 7611 km?, the wave climate varies

significantly between different areas.

Wave energy potential and significant wave heights and periods have
been predicted statistically for 19 different locations (Figure 1.1Db) in the
Kuwaiti territorial waters based on 15 years6 w @frhistaric wave data,
denoting the average recurrence interval over 100 years (Neelamani et
al., 2007). Among these 19 locations, the significant wave height varies
from 1.86 to 4.02 m and the mean wave period is between 4.2 and 6.3
s for the significant wave heights corresponding to a 100 year return
period. Based on the hydrodynamic atlas and the extreme wave
analysis for Kuwaiti territorial waters, the marine area surrounding Qaru
Island and Umm Al-Maradim are the most suitable for wave energy
power plants (Neelamani et al., 2007). It was estimated that for a period
of 1 year, the total incident wave power per metre of wave is about
6000 kWh around Qaru Island. Water depths in the area reach 25 to 30
m about 1000 m away from the island (Neelamani, 2009). Wave power
greater than 1 kW/m around Qaru Island is available for more than 12%
of the year (Neelamani, 2009).

The coastal zone in Kuwait is considered to be of special importance as
almost all the residential, commercial, industrial, and tourist areas are
concentrated along the coastline and the entire population lives within

15 km of the coast. Moreover, the majority of Kuwai t 6s oi | por
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harbours are located on the Southern shore. With the increase in
human activity associated with the recent rise in oil production, there is
greater need for an optimised solution to protect the Kuwaiti coastline
and islands from wave attack and erosion. As the wave climate, for
example around Qaru Island, has been found suitable for the
installation of a floating wave energy conversion (WEC) device
(Neelamani, 2009), this provides an opportunity to consider using a
combined protective and energy generating system at this site.
However with the low wave power density, a coastal protection
structure is needed that is also capable of locally increasing the energy
density of waves to make wave energy conversion more efficient, cost-

effective and commercially competitive.

1.2. Research Objectives and Approach

The main objective of the research presented in this thesis is to support
the development of a viable and validated solution to protect the
Kuwaiti coastline and islands from wave attacks and erosion. The
programme of research conducted aims also at supporting the
development of a method of protecting the Kuwaiti coastline with a
breakwater system that also provides an opportunity to generate
energy by locally increasing the energy density of waves to make wave
energy conversion (WEC) more efficient, cost-effective and
commercially competitive. The study provides the first evaluation of the
potential of a parabolic concentrator to enhance wave energy
conversion in mild wave climates such as that found in the State of

Kuwait.
The objectives of the research can be summarised as follows:

1 Conduct a thorough literature review to identify WEC and
breakwater concentrator combinations suitable for Kuwait,

1 Conduct analytical modelling of a point absorber to better
understand how to optimise its dynamic behaviour and design

geometry,



Chapter 1: Introduction

1 Develop and apply a Computational Fluid Dynamic (CFD)
modelling approach suitable for analysing wave behaviour in the
presence of a geometrically representative parabolic
concentrator-point absorber device,

1 Use experimental testing to generate data to validate the CFD
modelling work, and

1 Use experimental testing to increase understanding of wave and
point absorber behaviour to support the optimisation of the
proposed prototype system,

1 Reassess the viability and cost effectiveness of the proposed

prototype system.

1.3. Outline of Thesis Content

A flowchart of the research discussed in this thesis is given in Figure
1.2. A brief description of the scope and content of each chapter is also
provided. The bulk of the literature review covering breakwater-wave
energy conversion systems is given in Chapter 2. Additional literature
review sections are included in each chapter separately. These
sections focus specifically on the research presented in the related

chapters.

A review of the literature on state of the art breakwater structures and
WEC devices is given at the beginning of the second chapter. The
review indicates that a point absorber WEC is an appropriate type of
device to be combined with a breakwater. A thorough literature review
was conducted examining all existing breakwater-wave energy
conversion systems that are appropriate for mild wave climates such as
that found around Qaru Island. In addition, to finding a method of
increasing wave energy density. The innovative research on focusing
waves using a bottom step or reflector wall with a parabolic shape in
the horizontal plane conducted and published by Monopolis et al.
(1980) and others (Helstad, 1980; Kudo et al., 1987; Murashige and
Kinoshita, 1992; Yang and Ertekin, 1991; Cheung et al., 1995) was of

particular interest as it presented a viable option for increasing wave
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energy density. Based on an analogy with optics (Mehlum and
Stamnes, 1980; MacCormick et al., 1980), it can be seen that a
parabolic reflector causes waves to amplify at the focal point of the
step. This attribute is very attractive in view of the wave climate at Qaru
Island, and as such a parabolic concentrator could function as a
breakwater, part of a WEC device and as a mooring facility which would
be highly cost effective. The amplified and focused wave energy inside
the parabola structure could be converted into usable power using a
wave energy device such as a point absorber (buoy). In Chapter 2,
various types of breakwater construction are discussed, and a solution
based around a parabolic concentrator combined with a point absorber
moored to the sea bed was selected to be developed as part of this
study. Aspects related to cost sharing during construction by
incorporating WECs into breakwaters are also discussed at the end of
the chapter.

In the third chapter, the heaving motion of a point absorber WEC is
modelled analytically. The model considers a single point absorber
system with one degree of freedom (heave) along the vertical axis. The
novel approach in this <chapter

damping profiles, and parameters that are initially assigned to give a
linear damping profile are optimised to maximise the energy absorbed
per wave cycle. The approach used is numerical and the dynamic
equations are formulated and results calculated in the time domain
using the software MATLAB which offers a fast solver with high
numerical accuracy. In order to calculate the steady-state harmonic
response, the model is initially simplified and an optimal damping profile
is determined through numerical optimization in the time domain.
Having determined the optimal damping profile numerically, a steady-
state harmonic solution methodology is developed and matched to the
time domain solution. Further calculations using the steady-state
harmonic model are carried out to determine optimal damping profiles
for different buoy shapes. The results of these analyses provide the

necessary input for key decisions regarding optimal damping profiles
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and maximum power extraction for three different buoy shapes which
can be tested experimentally.

The fourth chapter contains a detailed description of the experimental
programme carried out to investigate the hydrodynamic performance
and dynamic motion response of a parabolic concentrator-heaving buoy
system. The Kuwait Institute for Scientific Research (KISR) wave flume
tank was utilised for these experiments. The motivation for the
experimental investigation and a description of the test facility,
measurement technigues and testing procedures are presented in the
first part of the chapter. This is followed by a description of some
specific aspects related to the geometry of the buoy and parabolic
concentrators tested and the methods of data collection. In addition, an
analysis of the physical quantities measured during the preliminary
stages of testing is provided to understand the phenomenon under
investigation. Two candidate parabolic geometries were tested and the
results presented demonstrate the effect of the incoming wave
characteristics on their performance. Based on the results obtained,

one of the parabolas was selected for future testing.

The final part of the experimental chapter details the wave tank tests in
which the performance of the optimum combined parabola-buoy
configuration was examined for the following two cases: (i) parabolic
concentrator-heave only zero damped point absorber and (ii) parabolic
concentrator-heave only damped point absorber. The results are
analysed to generate an understanding of the hydrodynamics and
potential power output of the novel technology.

In the fifth chapter, the focus of the theoretical study moves to less
idealised systems than those considered in Chapter 3. In this chapter,
the numerical simulation methods available for modelling fluid flows
with interfaces are reviewed. The commercial computational fluid
dynamics (CFD) code ANSYS-FLUENT is used to model the essential
elements of the KISR wave tank with a parabolic concentrator. A mesh
sensitivity study is presented and the optimum mesh for this study
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identified. Experimental data from the KISR wave tank is then
compared to the CFD data and good agreement is demonstrated. In the
final section of Chapter 5, a model of the wave tank with a static buoy is
presented with predictions for the forces acting on a buoy due to wave
motion. This work forms an essential precursor to possible future work
involving fluid-structure interactions where the behaviour of a moving

buoy would be evaluated.

In the final, sixth chapter, the most important findings of this research
are highlighted and a summary of the main achievements and
contribution to the body of knowledge in this area are given. In addition,

some recommendations for future work are proposed.
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Chapter 2: Literature Review: Breakwaters and

Wave Energy Converters (WECS)

The aim of the first sections of this chapter is to conduct a thorough

literature review:

1 To identify breakwater and WEC combinations suitable for
Kuwait,

1 To address the general purpose of breakwaters and list their
selection criteria,

1 To justify the view that the floating types are superior to other
breakwater types,

1 To summarise recent literature reviews of floating breakwaters

design and performance aspects, and

=

To identify a suitable coastal protection structures that are

capable of locally increasing the energy density of waves.

The remainder of this chapter explains the concept of ocean wave
energy and conducts an investigation into the main types of existing
WECs. The devices are classified according to their size, orientation,
location and mode of operation. The chapter extends further to detail
aspects related to wave energy extraction and review the current
market for wave energy systems. The potential suitability of the various
WEC devices for use with parabolic concentrator technology is
assessed within the chapter. The last section of the chapter aims to
provide a preliminary assessment of the effectiveness and applicability
of a parabolic concentrator-WEC structure for an ocean wave spectrum

representative of the operational wave environment of Kuwait.
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2.1. Introduction

The basic purpose of any breakwater is to provide protection to
shorelines, harbours and structures and prevent damage from
excessive waves. Breakwaters are also used to protect coastlines
against erosion caused by waves. Technological improvements within
the last 100 years and changes in societal focus have led to alterations
in the design and purpose of breakwaters. Although their purposes may
vary, the common link between all breakwaters is their use for providing

protection against waves.

Following the introduction of the concept of wave energy over a decade
ago, there has been a substantial amount of research and development
carried out on wave energy conversion concepts and technologies.
Today, the main aims for the development of ocean wave energy
systems are ensuring the reliability of the WEC technology employed
and reducing costs. A significant amount of experience has been
gained which can be drawn upon to improve the design and
performance of ocean power techniques. More recently, the design
goals for coastal engineers have started to shift from protecting against
towards harvesting wave energy, and in some cases both. Climate
change, evidenced by storms and the observed rise in sea level, and
the demand for high energy harvesting rates challenge the
effectiveness and sustainability of existing coastal structures. In
particular, seawalls and breakwaters need to be higher, stronger and
more efficient. This requirement for more efficient and sustainable
coastal structures can be potentially fulfilled through the combination of
WECs with other coastal and ocean engineering facilities such as

breakwaters.
2.2. Breakwaters

The history of breakwaters goes back to ancient times where simple
mounds were constructed with stones. As early as 2000 B.C., a stone

masonry breakwater was constructed in Alexandria, Egypt (Takahashi,
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2002). The Roman Emperor Trajanus (A.D. 53-117) constructed what is
believed to be the oldest existing rubble mound breakwater. It reached
its equilibrium slope after a long history of damage and subsequent
repairs and it triggered the beginning of coastal modification. There has
been much discussion of breakwaters after the construction of the first
modern breakwater at Cherbourg, France, around the end of the 18™
century. The historical development of breakwater structures was
originally summarised by Ito in 1972 and later rearranged and slightly
modified by K. Tanimoto in 1987. Beginning with the ancient dyke-style
breakwaters comprised of natural stone, various trends were seen in
structural development towards increasing both stability against waves

and savings in cost.

Although there are several types of breakwater structure used
throughout the world, three main types can be distinguished, namely
(Takahashi, 2002):

(1) Mound Type: Mound breakwaters essentially consist of a large
mound of loose elements such as rocks, stones or concrete
blocks. The most basic type is a mound of randomly placed
stones. This type of breakwater is particularly attractive if the loose
elements required are available in the vicinity of the breakwater
location and the water is shallow (depth < 10 m) (Fousert, 2006).

(2) Vertical Type, including the monolithic and composite types:
Monolithic breakwaters have a cross-section which acts as a single
large solid block. Structures of this type include block walls,
masonry walls and the caisson. These breakwaters are generally
suitable for use in medium water depths (10 m i 24 m) (Fousert,
2006), where it is cheaper to construct than a mound type. A
composite breakwater comprises a monolithic breakwater with a
low-crested berm. This type of breakwater is particularly suitable
for deeper waters (24 mi 32 m) (Fousert, 2006) and in areas which
have appropriate soil conditions for a stable foundation. This type

is very similar to a rubble mound breakwater armoured with
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3)

2.2.

concrete blocks. The main difference is that the concrete blocks in
the rubble mound breakwater act to protect the rubble foundation,
while the concrete blocks of the horizontally composite breakwater
function to reduce the wave force and size of the reflected waves
(Takahashi, 2002).

Special Non-Gravity Types: Common unconventional
breakwaters come under the categories of non-gravity, such as
pneumatic/hydraulic breakwaters, floating and pile (Verhagen et
al., 2009). In most standard cases, these types of breakwater are
uneconomical because of the high structural strength required for
the breakwater elements. A floating breakwater is very useful in
deep waters (depths > 20 m) (Elchahal et al., 2008), but is only
effective for relatively short wavelength waves. In the next section,

the selection criteria for breakwaters are detailed.

1. Breakwater Selection Criteria

The main factors to be considered in the selection of a suitable

bre

1.

akwater design have been listed by Takahashi (2002):

The availability of construction materials at or near the site: If
construction materials are easily accessible then this is a big
advantage for the rubble mound breakwater for example since this
reduces material costs, especially when a large supply of rubble

stones is readily available.

. The depth of water and condition of the sea floor: If water

depths are not very large, sea bed soils are weak and restrictions on
wave reflection exist, then the initial choice would be for a rubble
mound structure. On the other hand, if, sea bed soil strength is
reasonably good and water depths are medium to large, then a

composite structure would be the obvious initial choice.
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3. The equipment suitable/available for its construction: Some
types of breakwaters can be constructed on land such as the rubble
mound breakwater w h i c hscake casracton

equipment such as work barges.

4. Cost of construction: The composite breakwater can be rapidly
constructed and is fully stabilised once its caissons are filled with
sand. In comparison, the rubble mound type is more unstable and

its inner layers may be subjected to damage during construction.

5. Maintenance: Some breakwaters such as the composite type
require less maintenance where others tend to require relatively
frequent maintenance efforts such as maintaining the blocks of

rubble mound breakwaters.

Once the functional criteria for the breakwater structure are defined and
the environmental and construction conditions are investigated, a
breakwater type can be selected for further analysis in terms of
conceptual design and costing. The selection of breakwaters involves
the steps indicated in the diagram shown in Figure 2.1.
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Functional Criteria

1 Space for access roads, installations, moorings

I Constraints with respect to overtopping, wave

transmission & wave reflection

Environmental Conditions at Site Conditions for Construction

1 Water levels & bathymetry, wave climate, 1 Material availability, logistic conditions
currents 1 Space for production and storing of

9 Statistics of hydrographical & material & elements
meteorological conditions with respect to 1 Availability of equipment & skill
construction in the sea 1 Urgency, time allowed for construction

Selection of potential alternative breakwater

types for preliminary design & cost analysis

Selection of preferred breakwater type(s) for final

detailed desian includina lifetime cost optimisation

Fig.2.1: Steps in selection of breakwater type (Burcharth, 2009)

In practice, breakwater selection conditions are almost never clear, as
breakwaters tend to have different characteristics, especially with
respect to function, constructability and environmental impact. Due to
the large number of aspects to consider, there are no simple rules for
the choice of breakwater type. The actual combination of functional and
environmental conditions varies considerably from location to location,
and in practice determines the final choice. Lamberti and Franco,
(1994) have compared the use of a caisson (composite) breakwater
with a rubble mound breakwater armoured by concrete blocks for
applications where both types are strong contenders. In addition, Hales,
(1981) has evaluated and discussed the existing technical literature on
floating breakwater concepts and noted that the four fundamental
factors that greatly influence their design are: buoyancy and floating
stability, wave transmission, mooring forces and structural integrity.
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Furthermore, the choice of breakwater type is largely dependent on
wave height and period. Large waves require rubble mound structures
that are able to absorb wave energy. Floating breakwaters, on the other
hand, can be used for smaller wave heights and periods. Vertical wall
types are used to cover the range between rubble-mound and floating
breakwaters, as shown in Figure 2.2.

Floating breakwaters are not suitable for cyclone and Tsunami
dominated sea conditions, however they work well in marine conditions
with moderate and short period waves. They are particularly suitable for
the Kuwaiti territorial waters where the extremely significant wave
height varies from 1.86 to 4.02 m and the mean wave period is in the
range 4.2 to 6.3 sec (Neelamani et al., 2007). For a country like Kuwait
which has short waves, deep waters and a limited supply of good
quality stone, floating breakwaters are the most appropriate coastal
protection structures. Although the advantages of floating structures
appear obvious, the use of these structures is limited, mainly due to
their complex hydrodynamic behaviour, reliability and cost. Section 2.3

will provide insight into all aspects related to floating breakwaters.
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Fig. 2.2: Breakwater type for typical range of wave height and period (PND
Engineers Inc., 2015)
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2.3. Floating Breakwaters

Based on the selection criteria given in section 2.2.1, the floating
breakwater type was identified as the most suitable for applications
within the Kuwaiti territorial waters. Therefore, this section will focus

solely on floating breakwaters.
2.3.1. History of Floating Breakwaters

One of the first floating breakwaters was constructed in 1811, where it
was used to provide shelter for the fleet at Plymouth in Great Britain
(Morey, 1998). However, their application for the reduction of surface
gravity waves was first considered by Joly in 1905. Interest in their use
increased during the Normandy invasion in World War Il. At that time,
Great Britain developed a floating breakwater called the ‘Bombardon' to
protect men and materials during offloading on the Normandy coast.
The design consisted of several iron elements; unfortunately it failed
during a severe storm which occurred after the invasion. As a result, the
interest in floating breakwaters declined until 1975, when it rose again

due to their potential for naval and military applications.

During the 1970s the demand for floating breakwaters for the protection
of marinas increased. With space becoming very scarce in coastal
zones and the large demand for new marinas, floating breakwaters
were used to create appropriate areas for the construction of these
marinas. After the potential of floating breakwaters was recognised,
there was a growth in research examining wave transmission,
reflection, energy dissipation, dynamic response, mooring forces, and
the effect of the width of the floating breakwater on its hydrodynamic

characteristics.

Over the years, many different types of floating breakwater have been
developed and many conclusions have been drawn as to their
effectiveness. Some of the advantages of floating breakwaters include

the following:
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. Floating breakwaters are less expensive than fixed structures in

deeper waters (depths > 10 feet) (Hales, 1981).

Floating breakwaters can effectively attenuate moderate wave
heights (wave heights < 6.5 feet) (Tsinker, 1995).

Poor soil conditions may make floating breakwaters more feasible
to use than heavy rubble fixed breakwaters (McCartney, 1985).
Floating breakwaters have minimal effects on water circulation,
sediment transport and fish migration. (McCartney, 1985)
Floating breakwaters can be easily moved, rearranged in different
layouts, or transported to other sites (Hales, 1981).

If ice formation presents a problem, floating breakwaters can be

removed easily (McCartney, 1985).

Some of the disadvantages of floating breakwaters are the following:

1.

2.3.2.

Floating breakwaters are less effective than fixed structures at
reducing wave heights for slow waves; a practical upper limit for
the design wave period is 4 to 6 seconds (equivalent to a
minimum frequency of 1.0 rad/s to 1.6 rad/s) (Tsinker, 1995).
Floating breakwaters are susceptible to structural failure during
catastrophic storms (Tsinker, 1995).

If the structure fails and is detached from its moorings, it may
become a hazard.

Compared to the more common fixed breakwaters, floating
breakwaters require a high degree of maintenance (Tsinker,
1995).

Development of Floating Breakwaters

Recent developments in floating breakwater technology have come

about as a consequence of worldwide research efforts. Studies have

included numerical modelling of floating breakwaters aiming to assess

the wave characteristics around a floating breakwater (either moored or

freely floating), the dynamic response of the breakwater (heave, pitch,

roll, surge, sway and yaw) and to enable estimation of mooring forces
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for different incident wave characteristics and different mooring
configurations. As experimental data is essential for verifying
mathematical model results, this has usually been obtained from
physical modelling experiments either in the laboratory or in the field.
Some of the key publications in this area are by Stiassnie (1980),
Yamamoto (1981), Drimer et al., (1992), Abul-Azm, (1996), Williams
(1997; 2000) and Stiassnie and Drimer (2003). Some researchers, such
as McCartney, (1985), have carried out detailed physical model studies
using a laboratory wave flume and basin to understand the wave
transmission, reflection, energy dissipation, mooring and dynamic

response characteristics of floating or special type breakwaters.

There has been a significant amount of interesting research completed
around the world on floating breakwaters during the last decade. For
example, Gozo et al., (2009) carried out a visualisation study of the flow
field around Double Barrier Floating Breakwaters (DBFB) using the
particle image velocimetry (PIV) technique. Their model predicted the
wave height distribution behind a DBFB with good accuracy. Wang and
Sun, (2010) carried out a physical model study on porous floating
diamond-shaped blocks. This breakwater type was found to dissipate
more wave energy and more effectively reduce mooring forces than

conventional designs.

Uzaki et al., (2011) experimentally investigated the wave absorption
performance of a novel steel floating breakwater with trusses (FBT),
which is composed of a box-type pontoon and truss structures. Flow
visualisation revealed that the front truss structure breaks incident
waves and converts wave energy to turbulent energy effectively. Pefia
et al., (2011) also carried out laboratory experimental investigations on
four different pontoon floating breakwater types. In their study, a basic
pontoon type model with twin fins was modified by reducing the
breakwater width and increasing the depth of the fins. It was concluded
that the width of the pontoon is the key design parameter, and small
modifications in cross-sectional shape have less effect on

hydrodynamic behaviour and mechanical loads.
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Despite the large amount of literature on floating breakwaters in
general, Ozeren et al. (2011) noted that there is still a lack of
knowledge about the performance of cylindrical breakwaters, which as
a result of their simplicity, can minimise construction and material costs.
They carried out a laboratory investigation of the hydrodynamic
interaction of cylindrical breakwaters with monochromatic waves in
deep and transitional water depths. The tested breakwater models
featured single and multiple-cylinder cross-sections combined with
bottom-moored, arm-restrained (connected to shoreline), and pile-
restrained configurations. When the breakwater models were fixed, the

reflection was higher than for the partially restrained models, and

efficiency was found to be strongly dependent on draft ratio (a0 7Q

where Q is the draft and ‘Qis the height of the structure). For partially
restrained models, dissipation strongly influenced transmission
coefficients. Furthermore, horizontal restraint was found to be more
important than vertical restraint in terms of improving breakwater

efficiency.

The effect of introducing skirt walls to a floating breakwater was studied
by Koutandos and Prinos (2011). Non-porous skirt walls were found to
be better at reducing wave transmission than porous skirt walls
(Koutandos and Prinos, 2011). In 2012, Shih experimentally studied the
transmission and dissipation characteristics of porous perpendicular
pipe breakwaters under different wave conditions for various
combinations of pipe diameters and lengths. It was found that wave
energy was mainly dissipated due to drag and interception of the
resultant motion by the pipe breakwaters. It was also revealed that
attenuation is much more effective with smaller pipe diameters than
with longer lengths. Li and Lin, (2012) carried out regular and random
wave impact tests on floating bodies using a numerical wave tank. The
wave impact forces were obtained for different wave heights, periods
and water depths. Zhao et al., (2012) also investigated both
theoretically and experimentally the interaction between waves and an

array of porous circular cylinders with and without an inner porous
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plate. The draft of the cylinders, the location of the inner porous plate,
and the spacing between adjacent cylinders were adjusted to
investigate their effects on wave dissipation. He et al., (2012; 2013)
examined the hydrodynamic performance of floating breakwaters with
and without pneumatic chambers. Their experimental results showed
that pneumatic chambers can significantly enhance wave energy
dissipation and reduce wave transmission. A two dimensional numerical
wave tank model was used by Wei et al., (2013) to simulate interactions
between water waves and inclined-moored submerged floating
breakwaters; the applicability and validity of their model were further
confirmed by comparing numerical and experimental results.
Koraimaand Rageh (2013) studied the hydrodynamic performance of a
floating breakwater with under-connected plates. Their experimental
results showed that the efficiencies of transmission and reflection

increase with the number of the plates.

Zhou et al.,, (2014) investigated the effects of different floating
breakwater shapes on wave absorption and provided a basis for the
design of a floating breakwater for an offshore project. Three different
floating breakwater shapes were studied experimentally, namely: a soft
wall-sided pontoon, a solid wall-sided pontoon and a circular cross-
section breakwater filled with water. Various factors including wave
period, wave steepness and geometrical characteristics were
considered. The circular cross-section breakwater provided greater
wave absorption compared to the other two types and proved to be the
most efficient. More detailed experiments were conducted on the
circular cross-section breakwater where a V-shaped floating breakwater
consisting of two single circular cross-section breakwaters was studied.
The effects of the angle between the two sections, the wave period and
the wave height were examined. The results revealed that geometrical
configuration and water depth significantly impact on wave attenuation
and mooring forces. Another new types of floating breakwater has also
been tested in a wave flume tank. Similar to the cylindrical floating

breakwater (CFB) consisting of two parts, this design had a main body
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of rigid cylinders, and a flexible mesh cage containing a number of
suspended balls intended to absorb wave energy by converting it to
mechanical energy (Ji et al., 2015). A series of experiments were
carried out to compare the performance of this floating breakwater
design with traditional double pontoons and box floating breakwaters.
Results showed that the new design performed better than the more
traditional designs in that wave transmission was significantly reduced
by the mesh cage and balls, especially in the case of long waves. Ji et
al. (2016) also conducted flume tank experiments on four types of
floating breakwater, namely cylindrical floating breakwaters (CFB),
porous floating breakwaters (PFB), mesh cage floating breakwaters of
type-I (MCFB-I) and mesh cage floating breakwaters of type-Il (MCFB-
II). The hydrodynamic performance of each type was tested to identify
the most effective configuration for wave attenuation. The incident and
transmitted waves, the tensions in the mooring lines and the motion
responses of all of the four types were measured. Among them, MCFB-
| was found to have the greatest attenuation effect on the incident wave
amplitude.

In March 2016, Neelamani and Al-Banaa patented an innovative
floating breakwater design with skirt walls with a defined porosity which
gives material savings of up to 50% or more compared to more
conventional designs (US Patent No. US 9,340,940 B2). Wang et al.
(2016) tested an arc plate breakwater, which consisted of several
horizontal arc plates suspended on supporting piles. The damped
performance of the breakwater was explored using two-dimensional
regular wave model tests. The hydrodynamic performance of the
breakwater was compared with that of a similar breakwater which
consisted of several horizontal plates. The surface arc plate was found
to be a better wave attenuator and a stronger reflector than the
submerged plate. Moreover, when the arc gap was equal to the arc
height, the arc plate breakwater with a smaller relative height was found
to dissipate more waves than the one with a greater relative height. The

performance of an offshore circular ramp overtopping wave energy
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converter (CROWN) was investigated very recently by Liu et al. (2017).
The converter consisted of a reservoir surrounded by a circular ramp
and an outflow duct installed with a low water head turbine.
Experiments were conducted to examine wave overtopping behaviours
and demonstrated that guide vanes can effectively control the wave
water motion on the ramp for overtopping into the reservoir. An analysis
of the overtopping discharge showed that the resonant zone is located
in the smaller relative wave length domain. Guide vanes and milder
ramp slopes were found to significantly enhance the overtopping
discharge of the device.

From the research discussed above, it is clear that significant effort has
been made worldwide to optimise floating breakwater configurations
with a view to reducing costs while at the same time increasing
hydrodynamic performance. Both theoretical and experimental tools
have been used to tackle the issues related to floating breakwaters.
Many floating breakwater concepts have been patented and some have
been field tested. To date, they have been used for different purposes
such as the creation of temporary calm water conditions for
construction or war-related activities, coastal protection, marinas,

floating airports, yacht harbours, etc.
2.3.3. Classification of Floating Breakwaters

Over the past two decades, floating breakwaters have mostly been
used in conjunction with marinas, particularly in areas with large water
depths (Elchahal et al., 2008). The application of floating breakwaters
for ports, however, is less common because ports are often located
near seas or oceans where there are higher and longer waves and
floating breakwaters have historically been ineffective in these harsher
ocean conditions (Briggs et al., 2002). The main reason is that wave
lengths are large relative to the width of the floating breakwater,
causing the breakwater to move up and down on the wave rather than
acting to reduce wave energy. Richey and Nece (1974) recognised

there are at least 60 different floating breakwater configurations in
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existence. Based on the principle on how they attenuate waves, they
are classified by the Permanent International Association of Navigation
Congress (PIANC, 1994) into two classes:

1 Reflective structures: these reflect incoming waves and are often

rigid structures so they do not deform under wave loads. The most
common reflective types include the pontoon, A-frame, Hinged

types.
1 Dissipative structures: these dissipate wave energy through

turbulence, friction and non-elastic deformation, and are often
flexible. These structures include the scrap-tyre, tethered-float,

porous-walled, flexible membrane types.
2.3.4. Floating Breakwater Applications

A floating breakwater can provide a versatile means of protecting a
marina or dockage area, and offers the best defence from short waves
or boat wakes in reservoirs, marinas, lakes and rivers. In addition to
applications in deep waters with short waves, there are some other

applications where floating breakwaters may be suitable.

Floating ports: Currently, interest in floating breakwaters mainly comes
from military port construction, the pleasure boat market and the
expansion of commercial harbours. Ports are often very expensive to
construct in areas of deep water and it might prove advantageous to
build floating ports in these areas. In order to make a floating port
feasible, the structure needs to attenuate the wide spectrum of waves
which occur in oceans and large seas (Ali, 2006). In a storm, wave
heights can reach 6 m with associated periods of up to 18 sec (Briggs
et al., 2002), thus a very large floating breakwater is required which in

most cases is not an economically viable solution.

Offshore engineering: One of the more interesting examples in this
category is the pier extension of Port Hercule in Monaco which was
designed to provide sea defences for a large harbour. With a total

weight of 160,000 tons, it is a multi-purpose breakwater as it houses a
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parking garage, mooring facilities and 25,000 m? of free space, divided
into two levels. The option of a floating breakwater was chosen
because of the combination of deep water and poor soil conditions at
the site. The structure of a floating breakwater is relatively easy to
transport and may be suitable for reducing large wave heights to
acceptable levels such that they do not hinder maintenance activities.
Another example of an offshore application is floating transhipment
container terminals as these can offer increased efficiency for the
loading and unloading of large container vessels (Fousert, 2006).
Floating breakwaters can also be used to protect offshore crude oil

loading terminals from wave activity as illustrated in Figure 2.3.

Floating Breakwater - ’

Transfer Ling

Mooring Buoy

Fig. 2.3: Protection of offshore crude oil loading terminals
(Neelamani and Al Banna, 2017)

Local regulations: In some cases, floating breakwaters have been
installed at locations at which local regulations restrict the use of more
conventional designs. For example, in Bulgaria, a permit is required for
the construction of a conventional breakwater, which is a time
consuming and costly to obtain. In contrast, a floating breakwater only
requires a mooring permit, which is much easier to arrange (Drieman,
2011).
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Other applications: Floating breakwaters can also provide a certain
amount of shoreline erosion protection for islands, e.g. Qaru Island in
Kuwait where there are large areas of coral as illustrated in Figure 2.4.
In such locations, breakwaters can reduce or prevent the costly
consequences of seashore erosion. Some types of floating breakwater,
for example the pontoon type, are suitable for use as docks for mooring
boats in calm wave conditions. In addition, floating breakwaters can be
of use for defining swimming areas, for protecting open sea fish cages
from strong waves and for protecting marinas as illustrated in Figure
2.5. They can also be useful even in the most unusual applications
such as sewage ponds or by simply helping to moderate the wave or

providing accesses from one place to another.

Dy R

|

Floating Breakwater

Fig. 2.4: Floating breakwater used for erosion protection of an island
(Neelamani and Al Banna, 2017)
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Fig. 2.5: Floating breakwater used for marina protection
(Neelamani and Al Banna, 2017)

2.3.5. Floating Breakwater Economic Considerations

The optimum choice of design for any breakwater is very complicated
as a wide range of both functional and environmental factors must be
considered. Both the breakwaterd sstructural integrity and wave
transmission performance depend on its geometry, mass, and mooring
properties. The final choice often comes down to the results of a cost
analysis and economic evaluation of the various alternatives. From the
sections above, it is clear that the applicability of each type of
breakwater strongly depends on water depths, availability of materials
and local soil conditions.

The construction costs of the various conventional breakwaters have
been discussed extensively in the literature. Fousert (2006) compared
values from the literature with the cost of a floating breakwater, as
shown in Figure 2.6. While higher maintenance costs are a
disadvantage of floating breakwaters, the independence of their costs
from water depth is in their favour.
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Fig. 2.6: Comparison of breakwater costs per running metre as a function of
water depth (Fousert, 2006)

According t o, (20017 franraecomgentinal point of view,
conventional breakwaters are preferred for water depths up to around 8
m. For depths ranging from 8 to 20 m, a caisson breakwater is more
cost effective than the conventional rubble mound breakwater types
due to the increase in volume of rocks required at the base. Between
20 and 30 m, composite breakwater designs become the most cost
effective, as the increase in the height of caisson required would need a
corresponding increase in its width. In contrast, the costs of floating
breakwaters barely increase with increasing depths and in general, they
are regarded as more economical than fixed breakwaters (Grinyer,
1995). Moreover, there are additional advantages such as they can be
constructed on soft ground without the need for ground improvement.
According to Grinyer, (1995), floating breakwaters have exceeded
expectations with regards performance and are often used to allow the
temporary berthing of large visiting craft and the loading and unloading
of passengers from the Hythe ferry. As an example of the cost
effectiveness of floating breakwaters, the total cost of the 205 m floating
pontoon breakwater for the Town Quay Marina at Southampton was
approximately £481,000 which equates to a price of less than £2,400

per metre (Grinyer, 1995). The construction of this breakwater
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commenced in January 1993 and was already completed by July of the

same year.

A recent economic study was conducted and presented by Neelamani
at the Innovation in Wave Breakwaters Forum 2017 which focused on
the Arabian Gulf marine environment and conditions (Neelamani and Al
Banna, 2017). The study summarised in Table 2.1, compared cost
estimates for the construction and mobilisation of a rubble mound
breakwater with concrete armour, and a floating breakwater with 5 skirt
walls. The floating breakwater was 8 m wide, 12 m long and 5 m deep.
Each skirt wall was 2 m deep and 20 cm thick. The rubble mound
breakwater had seaside and leeside slopes of 1:2 and 1:1.5,
respectively. Its height was 11 m and its bottom and top levels were 4
m and 42.5 m wide, respectively. The water depth with reference to
mean water level was 6 m. Costs were estimated for a total run of 200

m.

Despite the expensive maintenance costs (about 5% of the initial costs)
associated with the floating breakwater, the floating design gave cost
savings of 40% compared to the rubble mound design. The material
cost estimates in 2017 were based on: cost of stone/cubic m = £53,
cost of plain concrete/cubic m = £107 and cost of reinforced
concrete/cubic m = £214.

Table 2.1: Cost estimates in British Pounds (£) (Neelamani and Al-Banna, 2017)

Rubble mound with concrete armour  Floating breakwater with 5 skirt walls

Cost of rubble for 200 m = £2,184,509 | Cost of reinforced concrete for caissons

Cost of plain concrete for 200 m = to cover 200 m = £ 620,300
£1,092,349
Mobilization (50%) + Mooring cost (20%)
Sea bed preparation (10%) + + Scaffolding cost (20%) + Transport cost
Engineering study (3%) = £425,991 (10%) + Cranes for erection (20%) +

Engineering study (10%) + Miscellaneous
cost (20%) = £930,451
Total cost = £ 3,702,859 Total cost = £ 1,550,751
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Generally speaking, a true economic evaluation of any breakwater must
consider total expenditure for the full service lifetime; lifetime
expenditure tends to depend on the chosen safety level of the structure.
The safety levels related to minimum total costs over the service life of
a breakwater should take into account capital costs, maintenance and
repair costs, and downtime costs as illustrated in Figure 2.7 (Burcharth,
2009).

Total costs

Construction costs

Maintenenance, repair

and economic loss due
to downtime etc.
~,

. LIS =
Optimum safety level Safety of breakwater

Capitalized costs (present value)

Fig. 2.7: Capital costs vs safety of breakwaters (Burcharth, 2009)

2.3.6. Floating Breakwater Potential for Kuwait

As stated in Chapter 1, with the low wave power density at Qaru island
in Kuwait and the limited local sources for good quality stone, there is a
need to find a suitable coastal protection structure that is also capable
of locally increasing the energy density of waves in order to make wave
energy conversion a more efficient, cost effective and commercially
competitive technology. Considerable engineering effort has been
devoted to WEC design concepts and technologies. In particular,
research has focused on increasing the local energy density of waves
and confining this energy to a localised area in order to make WEC
systems more efficient. The necessary tools to focus wave energy are
not yet available, but the similarity between the analytical
representation of water waves and light waves instantly provides some
interesting ideas for their development derived directly from optics.
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Pioneering researchers in the use of the Fresnel lens concept for
focusing wave energy are Mehlum and Stamnes (1980) and
MacCormick et al. (1980). By analogy with optical theory, it is possible
to show that wave reflection can be maximised or wave transmission
minimised with a parabolic step on the sea floor (Mehlum and Stamnes,
1980). Wave energy focusing structures to amplify the incident wave
height at a predetermined focal point have been proposed. A number of
studies have been carried out examining various wave energy focusing
techniques to investigate their performance under different wave
conditions. A horizontal thin plate submerged under the surface of the
water was initially proposed by Helstad, (1980) and examined further
both numerically and experimentally by Kudo et al. (1987). Murashige
and Kinoshita (1992) looked at thin plates of different shapes and
dimensions. An innovative experimental study in which focusing of
waves was carried out by means of a bottom step or wall with a
parabolic shape in the horizontal plane was conducted and published
by Monopolis et al. (1980). By analogy to optics, such a step should
cause waves to amplify at the focal point of the parabola. This concept
was studied further by Ertekin and Monopolis (1985) whose
experimental results showed wave amplification by a factor of eight
could be achieved. This concept is very attractive in view of the issue
with low power density at Qaru Island. A parabolic concentrator
breakwater appears to be the best and most cost effective candidate for
this location as it can function as a breakwater, WEC focusing device

and mooring facility.

A parabolic concentrator is a reflective wall used to collect wave
energy. It transforms an incoming plane wave travelling along its axis
into a spherical wave converging towards its focal point as illustrated in
Figure 2.8. In other words, a series of incoming waves parallel to the
axis of the parabola will reflect, amplify and concentrate at the focal
point. Conversely, a spherical wave generated by a point source placed
at the focal point will be reflected into a plane wave propagating along

the axis.
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Fig. 2.8: Parabolic concentrator focal point (www.physicsclassroom.com)

Wave behaviour at the focal point of a parabolic step was studied by
Yang and Ertekin (1991) using a three-dimensional numerical model
based on the boundary element method. The model was used to solve
a linear boundary value problem to predict wave behaviour. It was
found that the energy density of waves increases at the focal point. It
was also found that wave amplitude amplification not only occurred at
the focal point, but also at a series of locations along the parabolic step
discontinuity. The magnitude of wave amplification was found to
depend on the focal length, location of the side walls, water depth ratio
(of the deep region to the shallow region), and the incoming wave
length. Another wave focusing structure was studied by Cheung et al.,
(1995), using time domain modelling. In their model, the wave energy
was reflected by a much smaller submerged narrow structure defined
by a parabola similar to an optical reflector. Their results also illustrated
that wave amplification not only occurs at the focal point of the structure

but at a series of locations in front of the structure.

The amplified and focused wave energy inside a parabolic breakwater
structure can be converted into usable power, e.g. pneumatic power,
and a wave energy device can produce more power if waves are
amplified since, according to linear wave theory, power is proportional

to the square of the wave amplitude (Airy, 1841). With this in mind, a
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detailed review of existing WEC device designs will be conducted in
section 2.4 and their potential suitability for use in conjunction with

parabolic concentrator technology will be assessed.
2.4. Ocean Wave Energy

The fast depletion of fossil fuel resources worldwide has required an
urgent search for alternative energy sources to meet global demands
both in the near future and for generations to come. It is clear that no
single renewable energy source can meett h e w eequireinérgs, but
out of the many alternatives, ocean energy stands out as a promising
option to make a contribution towards meeting these needs. Ocean
wave energy has several advantages over other forms of renewable
energy since waves are: more constant, more predictable and have a
high energy density, enabling devices to extract more power from
smaller volumes at lower cost with reduced visual impact (Brekken,
2009).

Although the need to find other solutions to satisfy the growing global
demand for energy was emphasised by the oil crisis in the 1970s,
relatively few people have recognised wave energy as a feasible
alternative. Wave energy is usually expressed in terms of power level,
or the amount of energy available in each metre of a wave crest. The
usual units of measurement are kilowatts per metre (kW/m) for a local
area or megawatts per kilometre (MW/km) for a larger area. The global
wave power available in deep water (depth > 100 m) is approximately
171 10 TW or 8,0001 80,000 TWh/yr (Panicker, 1976). The distribution of
average annual wave energy density in different parts of the world can
be seen in Figure 2.9. The power density along the west coast of
Europe, Scotland and Ireland is 75 kW/m (Mork et al., 2010). For the
State of Kuwait, much lower power densities have been reported
(Neelamani, 2009). The wave power available around Qaru Island, for
example, is found to vary from O to 16 kW/m (Figure 2.10) with wave

powers greater than 1 kwW/m available for more than 12% of the year.
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Fig. 2.9: Global distribution of average annual wave power in kW/m of crest

length for various locations around the world (Mamun et al., 2010)
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Fig. 2.10: Kuwaiti territorial waters (Neelamani et al., 2007)

The idea of converting ocean wave energy into useful energy forms is
not new. Leishman and Scobie (1976) have documented the historical

development of wave power devices. According to them, the first British
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patent dates back to 1855, while Girard and Son patented their ideas in
France as early as 1799. About 340 patents were obtained in the period
from 1855 to 1973. Interest in ocean energy and the need to find other
solutions to satisfy the growing global demand for energy was
emphasised by the oil crisis in the 1970s. However, in 1980 when gas
was cheap, relatively few people recognised it as a feasible alternative
energy source and the funding for wave energy projects ceased.
Considerable engineering effort has been devoted to WEC design
concepts and technologies, yet despite the pioneering works of Salter
(1974), Budal and Falnes (1975; 1980), Evans (1976; 1980) and others,

very few WEC devices have actually been deployed.

In general, wave energy is harnessed through movement of the device,
irrespective of whether it floats on the surface of the ocean or operates
below sea level. Unlike other renewable resources, there are a large
number of different concepts and techniques for harnessing wave
energy. Over 1000 different wave energy harnessing techniques have
been patented in Japan, North America and Europe, and all involve

three main conversion levels, as reported by Brooke (2003):

1 Primary level: At the primary level, wave energy is captured by an
oscillating system. Examples of these types of systems include: a
floating body, an oscillating solid element, or oscillating water within
the structure. The system should be able to store some of the kinetic
and/or potential energy extracted from the wave.

1 Secondary level: At the secondary level, the stored energy is

converted into a useful form. This involves the use of devices for
power take-off (PTO) and level control such as controllable valves,
hydraulic rams and pneumatic components along with the
associated electronic hardware and software. In this secondary
conversion, kinetic/potential energy is converted to the rotational

energy of a shaft by means of a turbine.
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1 Tertiary level: This is the last and final level in which the s haf t 6s
rotation within a generator is used to convert the harnessed power

into electricity.
2.4.1. Wave Energy Converters (WECS)

Wave energy converters (WECs) capture the energy contained in
ocean waves to generate electricity. The concept of extracting energy
from ocean waves is not a recent phenomenon. Researchers have
been studying different concepts and solutions for wave energy
conversion since the 1970s. In the following sections, the variety of

existing WEC systems and their basic principles will be described.
2.4.1.1. Wave Energy Converter Classification

Due to the diversity in the ways energy can be absorbed from waves,
WEC devices can be classified based on various different attributes.
One of the most prevalent ways this has been done in the literature is
by using the classification system proposed by Falcao, (2010), which
groups the devices into three main categories: oscillating water
columns, overtopping devices, and wave activated bodies (heaving
buoys, pitch/surge devices, surge/heave/pitch devices and yaw/heave
devices). Twelve distinct process variations have also been identified

by Hagerman (1995) (Figure 2.11) as follows:

1 Oscillation mode: heave, surge, or pitch

1 Method of force reaction: against the sea bed or against another,
differently oscillating body

1 Type of waveri oscillator interface: solid or flexible structure, or
wateri air interface for an oscillating-water column (OWC)

Ha g e r m@999%) snodified classification in Table 2.2 (from Brooke,
2003) shows the main generic types of wave energy harnessing
schemes. These categories have been slightly updated, and a

summary of a few of them is given in the following sections. The main
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generic types of wave energy harnessing schemes (Brooke, 2003;

Hagerman, 1995) can be listed as follows:

1.

Oscillating Water Column (OWC) Systems: These systems include

a partially submerged, hollow structure open to the sea below the
water line and include OWC-onshore, OWC-offshore and OWC-
floating systems.

Overtopping Systems: In these devices the water in incident waves

is collected to create a head to drive one or more low head turbines.

Point _Absorber Systems: These systems are either floating or

mounted on the sea bed and are allowed to heave following the
action of the incoming waves. They provide a heaving motion which
is transformed by mechanical and/or hydraulic subsystems into
either linear or rotational motion which is in turn used to drive
electric generators. Subtypes include absorber-point, absorber-
multipoint and absorber-directional float.

Surge Devices: These devices use the particle velocity of the

incoming waves to drive a deflector or to generate a pumping effect
with a flexible bag facing the wave.
Other Devices: These devices comprise any that do not fall within

the above-mentioned classes.

WEC devices can also be classified according to location; size and

orientation; and energy extraction method as described below.

(a) Classification according to location

WECs can be categorised based on their distance from the shore as

onshore, nearshore or offshore (Cruz, 2008; Falcao, 2010) as illustrated

in Figure 2.12a. Onshore WEC devices are placed on the coastline.

Near-shore devices are those that are located in shallow waters 107 25

km from the coastline. Offshore devices can be located at distances

greater than 25 km away. Offshore devices take longer to develop as a

result of the harshness of the environment.
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Fig. 2.11: Classification of wave energy converter systems (Hagerman, 1995)

39



Chapter 2: Literature Review: Breakwaters and WECs

Table 2.2: Classification of wave energy device processes (Source: Brooke
(2003) with reference to Hagerman (1995) Figure 2.23)

I - Reference
of System Wave Energy Conversion Process to
Hagerman
2
Onshore | 1.2 | Reservoir filled by wave surge 1
1.3 | Pivoting flaps 4
2.1 | Freely floating oscillating water column 3
2.2 | Moored floating oscillating water column 3
2.3 | Bottom mounted oscillating water column 2
2.4 | Reservoir filled by direct wave action 1
N e 2.5 | Flexible pressure device 11
2.6 | Submerged buoyant absorber with sea floor reaction 12
. Heaving float in bottom mounted or moored floating 2
caisson
o Floating articulated cylinder with mutual force )
reaction
3.1 | Freely heaving float with sea floor reaction point 6
3.2 | Freely heaving float with mutual force reaction 7
3.3 | Contouring float with mutual force reaction 8
3.4 | Contouring float with sea floor reaction point 9
Offshore | 3.5 | Pitching float with mutual force reaction 10
3.6 | Flexible bag with spine reaction point 11
37 Submerged pulsating-volume body with sea floor ]
reaction point
3.8 | Reservoir filled by direct wave action 1

(b) Classification according to size and orientation, and energy
extraction method
If the size of the system is small compared to a typical length of wave,
then the WEC is called a point absorber (Budal and Falnes, 1975). This
type of system typically has a power rating of a few hundred kilowatts.
Hence, a large power plant would need to consist of hundreds or
perhaps thousands of such units dispersed in a very long and relatively
narrow array along the coast. In contrast, if the system size is large

compared to a typical wavelength, then the WEC is called a line

40




Chapter 2: Literature Review: Breakwaters and WECs

absorber. Line absorbers can be further classified into terminators or
attenuators, as illustrated in Figure 2.12b. A wave energy line absorber
is a terminator if it is aligned parallel to the main direction of the wave

crests, and an attenuator if it is aligned normal to the main wave crests.

1) Shore-based 1) Bo"om-ﬂ.‘mdmg or
2} Near-shore bottom- submerged on not too
slauduxg lll'r‘l) waler

3) Floating: near-shore or 5) Submerged not far from

offshore a water surface
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Point Abzorber: Attenmator Terminator

(b)

Fig. 2.12: Classification according to: (a) location (b) size, orientation and

energy-extracting method (adapted from Falnes, 2006)

2.4.2. Wave Energy Extraction

The harnessing of wave energy is based on the principle of
accumulating water movements to create a small head behind a dam.
Extracting energy from ocean waves has been carried out for many
years. Nowadays, WEC technology has evolved and several different
concepts have been successfully designed and built. It was estimated
that in 2013, there were more than a hundred projects at various stages
of technological development (Falcao, 2010; Bahaj, 2011). Wave
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energy technologies generally consist of a number of components
(IRENA, 2014):

1. The structure and prime mover that capture the wave energy,

2. The foundation or mooring that keeps the structure and prime mover
in place,

3. The PTO system that converts mechanical energy into electrical
energy (of the existing WECs, 42% use hydraulic systems, 30%
direct-drive systems (mostly linear generators), 11% hydraulic
turbines, and 11% pneumatic systems (IRENA, 2014)),

4. The control systems that safeguard and optimise performance
based on operating conditions.

Despite the large variation in their design, WECs can be classified into
three main types: attenuator, point absorber and terminator.
Attenuators are long multi-segment floating structures that are oriented
parallel to the direction of the waves. An example of such a device is
the 750 kW Pelamis (Latin for "Sea Snake") shown in Figure 2.13 which
was developed by Ocean Power Delivery. The Pelamis consists of four
tubular sections (with a diameter of 4.6 m and a total length of 150 m)
connected by rams. These sections move relative to each other as a
wave passes underneath. The rams pump hydraulic fluid through a
hydraulic system, converting Kkinetic energy into hydraulic and
mechanical energy. The Beadrrawnprodil® enables it to survive

extreme weather conditions.
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Fig. 2.13: Pelamis (Oregon State University, 2011)

Point absorber devices are floating structures consisting of a buoy
connected to a number of components that move relative to each other
due to the rising and falling of waves. The mechanical energy
generated is used to drive an electrical generator. The electrical energy
is then fed down a single cable to a junction on the sea bed. The
energy generating capacity of a single point absorber device can be up
to 11 MW. There are many examples of point absorbers; one such is
Ocean Te c h nweltBooy, ghoven inAFigure 2.14.
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Fig. 2.14: PowerBuoy (Ocean Power Technologies, 2011)

The PowerBuoy system allows the buoy to capture and convert wave

energy into low cost clean electricity.
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Terminator devices are floating structures with a floating or bottom-fixed
water reservoir. They usually have reflecting arms which ensure that as
waves arrive, they spill over the top of the ramp and are restrained in
the reservoir. The potential energy of the water collected, due to the
height of the water above the sea surface, is transformed into electricity
using conventional low head hydro turbines. Examples of terminator
devices are the Salter Duck developed at the University of Edinburgh
and the LIMPET OWC (Figure 2.15). The energy generating capacity of
a single terminator device can be up to 1.5 MW. Other representative
devices are the WaveDragon (Denmark); Seawave Slot-Cone
Generator (Norway); and WaveCat (Spain) (IRENA, 2014).

Most of the energy contained in a wave (95%) is located within the top
one fourth of the wave height (IRENA, 2014). This energy can be
extracted in different ways depending on the wave& motion. A WEC
device that is freely floating can experience up to six degrees of
freedom: three translational (surge, sway and heave) and three
rotational (roll, pitch and yaw). Some devices are not freely floating, but
are restrained to fewer degrees of freedom, for example, due to their
connection to the sea bed. In general, the following rules for the
extraction of wave energy apply (IRENA, 2014):

1 A horizontal front/back wave motion, i s u r, cpe lie harnessed

with technologies whichusea fAr ol |l. rotationo
1 A horizontal side-to-side wave motion, fi s w acgnobe harnessed

with technologies using a fipitch ro
1 A vertical (up/down) wave motion, fi h e a a® de harnessed

with technol ogies amrifitgr andilyatwi omad a

Another way to categorise wave energy technologies is thus by how the
surge, heave, sway or a combination of motions is harnessed (EMEC,
2014). In general, point absorbers use a heave motion to drive a piston
up and down; terminators and OWCs convert surge motion, and
attenuators use pitch motion to drive a rotor. Despite the fact that these

systems are simple (there are no moving parts other than the air
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turbine) and reliable, their performance level is not high. The
development of new control strategies and turbine concepts are seen
as ways to notably increase their power generating capacity. A new
generation of floating OWCs integrated on spar-buoys have exhibited
substantial improvements in performance. Representative devices
include: GreenWave (Scotland/UK); Mutriku (Basque Country/Spain);
Ocean Energy Buoy (Ireland); Oceanix (Australia); Pico Plant
(Azores/Portugal) and Wavegen Limpet (Scotland/UK) (Papaioannou,
2011; SI Ocean, 2012; IRENA, 2014).

In general, Europe is still the leading market for all wave energy
technologies, nevertheless the markets in other countries and regions
are growing rapidly. As summarised in the wave technology brief
(IRENA, 2014), the first WECs deployed were the 750 kW Pelamis
prototypes in the UK and the 2 MW Archimedes Wave Swing 2
prototype in Portugal in 2004. (In 2013, Alstom announced that it would
not be investing further in the Archimedes Wave Swing.) In Portugal in
2008, the first wave energy farm (2.25 MW) comprising three Pelamis
prototypes were tested. Aquamarine Power has a 315 kW Oyster
installed in the Orkney Islands in 2009, and an 800 kW Oyster in 2011
(Figure 2.17 7 left). The Danish company Dexawave is running projects
in Denmark and Malta. In 2011, the Basque Energy Board (EVE)
opened the first commercially-operated wave power plantat Mut r i kud s
breakwater, with sixteen 18.5 kW OWC wave turbines and a total
installed capacity of 296 kW (Papaioannou, 2011; SI Ocean, 2012).
The Finnish company AW-Energy Ltd. has deployed three, 100 kW
WaveRollers in Portugal, and is planning a 1.5 MW farm in France
(Figure 2.17 i top right). Another Finnish company, Wello Ltd., is
testing its Penguin design (using a rotating mass) in UK waters. The
Norwegian company Langlee Wave power moved its activities to the
Canary lIslands and started pilot projects in 2014. Seatricity installed
their 162 kW Oceanus 2 at the Wave Hub Facility in the UK in 2016
(Figure 2.16 1 bottom right).
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Fig.2.16: Left: Oyster (Agquamarine Power), top right: WaveRollers (AW-Energy

Ltd.) and bottom right: Oceanus 2 (Seatricity)

In addition, there are a number of companies working on development
of WECs in America, Australia and Canada including Ocean Power
Technologies (with pilot projects in Australia, the UK and the US with
expansion into Japan), Oceanlinx (with a 1 MW OWC launched in
October 2013, in South Australia), Carnegie Wave Energy (with
projects in Australia, Bermuda, Canada, Ireland and La Reunion), and
Eco Wave Power (with projects in China, Cyprus, Mexico, and the UK).
Additionally, China (Guangzhou Institute of Energy Conversion,
National Ocean Technology Center, South China University of
Technology, Sun Yat-sen University), Japan (Mitsui, Japan Marine
Science and Technology Centre) and Korea (Maritime and Ocean
Energy Engineering Research Institute (KORDI), Korea Maritime
University) have also shown a strong interest in wave energy. All the
companies listed above have initiated and continued to support new
research, development, pilot testing and demonstration projects
(Papaioannou, 2011).
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2.5. Floating Breakwater-WEC Integration

The idea of integrating WECs into breakwaters is not new. Thewor | d 6 s
first wave power extracting breakwater system was installed in Sakata
Port in front of the Sea of Japan in the winter of 1989 (Takahashi et al.,
1992). Its structure is composed of a special caisson with an innovative
configuration which can accommodate Oscillation Water Columns
(OWCs) and an engine room with turbines coupled to a generator with
an output power of 60 kW. A trial system with harbour walls was also
installed in front of the breakwater at Vizhinjam in India in 1991 (Raju
and Neelamani, 1992). This wave energy plant was equipped with
Wells turbines with a power of 150 kW. It has also been used to test
different types of air turbine, including impulse turbines. Research into
integrating OWC-type wave energy extraction systems into caisson
breakwaters has also been carried out by Matrins et al. (2005), Boccotti
(2007), and Arena et al., (2013), among others.

Vicinanza et al., (2014) combined rubble mound breakwaters and
WECs in an innovative way such that wave energy is extracted by
collecting wave overtopping in a front reservoir and turbines are driven
as the water collected returns to the sea. Orer and Ozdamar (2007)
investigated the efficiency of a plate wave energy converter which can
also perform the function of a breakwater. In their design, a pulsating
flow occurs below the plate opposite to the direction of wave
propagation, which can be used to drive turbines. An efficiency of
approximately 60% can be achieved by modifying the structure below
the plate. He and Huang (2014) experimentally investigated the
hydrodynamic performance of a pile-supported OWC structure which
can act as a breakwater and has the potential to utilise wave energy.
As their design incorporates a fixed structure, the cost of installation

would rise with increasing water depth.

The integration of wave energy devices into floating breakwaters has
not been studied extensively as yet. Hong et al., (2006) theoretically

investigated the hydro-elastic response of a very large floating structure
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(VLFS) placed behind a reverse T-shaped freely floating breakwater
with an OWC. Hong et al., (2006) claimed that if the reverse T-shaped
floating breakwater is connected to the very long floating structure
(VLFS) by a pin, it will likely act as an anti-motion device. Using a fully
nonlinear numerical model, Koo (2009) investigated the motion
response of a floating box-shaped breakwater that serves as a WEC.
The pneumatic damping system in the breakwater is provided by an
airflow nozzle at the top of the chamber whereby energy is dissipated
as the air passes through the outlet. Koo (2009) reported that the
maximum body displacement occurs for frequencies near the
resonance period of the column. He et al., (2012; 2013) integrated an
OWC-type device with a slack-moored floating breakwater and found
that with this system, a broader frequency range for energy extraction
was created and there was also an improvement in wave attenuation
for longer-period waves. Michailides and Angelides (2012) introduced a
new type of flexible floating breakwater (FFB), which acts not only as a
shore protection structure, but also as a wave energy device. The
structure captures wave energy through the relative motion between
adjacent floating modules. The authors also theoretically investigated
the hydrodynamic performance of the FFB under PTO damping using
linear hydro-elastic theory. Zanuttigh et al., (2010; 2013) experimentally
investigated the feasibility of using the DEXA WE device as a wave
attenuation structure. The device consists of two rigid pontoons with a
hinge in between, which allows the pontoons to pivot in relation to each
other. The study focused on the wave field around the device, the wave
transmission and reflection. The results suggested that the DEXA

structure can be integrated into coastal protection schemes.

Ning et al., (2016) conducted an experimental study on a novel
integrated system comprising a vertical pile-restrained floating
breakwater which works on the same principle as an oscillating buoy
WEC. Their integrated system has a box-type floating breakwater as its
base structure. A PTO system is installed above the floating breakwater

body with no requirement to change the geometry of the original base
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structure. The heave motion of the floating breakwater is controlled by
the PTO system through the transmission mechanism, and wave
energy is captured from the kinetic energy related to the heave motion
of the floating breakwater. However, the magnitude of the PTO
damping force could potentially affect the motion of the floating
breakwater, and in turn alter the transmission coefficient. It may thus be
possible to optimise the capture width ratio (CWR) and transmission
coefficient of the integration system. The PTO damping characteristics
and the effects of various parameters including the wave period, wave
height, system dimensions and excitation current, on the hydrodynamic
performance were investigated. Results indicated that the PTO
damping force, the draft and the ratio between the width of the floating
breakwater and the wavelength have a significant influence on
hydrodynamic performance. It was concluded that the floating
breakwaters examined perform more efficiently under larger PTO
damping forces and there is no need to modify the geometry. It was
also found that breakwaters can be utilised for energy extraction if the
appropriate dimensions and PTO damping force are selected based on
the dominant sea state at the deployment site. Incident wave height
was found to have little influence on reflection and transmission
coefficients but it was found to have a significant effect on the capture
width ratio (CWR = Paverage/Pincident). It was found that with careful
adjustment of the PTO damping force, the CWR of the system can
reach 24% while the transmission coefficient remains lower than 0.50

and as such the design is effective.

An invention similar to a parabolic concentrator was proposed by
Energetech Australia Pty. Limited in 2005. In 2007, the company
changed its name to Oceanlinx and patented the concept (Denniss,
2007). This design includes a plane wave focusing and amplifying
structure comprised of an open sided bay bounded by a generally
upright wall. The wall is oriented such that it admits advancing wave
fronts in a direction generally parallel to the axis of symmetry. Upon

reflection from the wall, the waves converge to an energy harnessing
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region near the apex or adjacent to the focal point of the parabola,
thereby amplifying the vertical displacement of the waves in that region.
The parabolic-shaped wall allows capture of a wide band of incident
wave energies, thus increasing the production capacity of the device.
The conceptual design also includes an oscillating water column (OWC)
at the focal point of the parabolic wall such that the amplified waves are
concentrated at the chamber allowing efficient energy conversion from
incident waves over a range of angles. The parabolic focusing device is
shown in Figure 2.17. The current Oceanlinx products do not include

the curved wall collector element.
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Fig. 2.17: Parabolic focusing device (Denniss, 2007)
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The concept of a parabolic concentrator element was also included in a
more recent project that promised to deliver the next generation of
floating WEC devices called the Curved CCells paddle. This device is
made from composite materials and controlled by a new type of
dynamic PTO system. In order for the curved paddle wall illustrated in
Figure 2.18 to adsorb incident wave energy, it needs to move so it
creates a wave that is exactly out of phase with the incident wave.
When the waves cancel each other out, no energy remains in the water
at the paddle wall's boundaries and the original wave energy is

transferred to the moving wall.

Fig. 2.18: Moving curved CCell paddle (http://www.ccell.co.uk)
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Fig. 2.19: CCell paddle operation (http://www.ccell.co.uk)
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The CCell collects energy by harvesting power from the open sea.
Flexible curved guides focus the incoming waves towards a strong
central core, illustrated in Figure 2.19, which drives hydraulic pistons
that extract the power. The curved shape also creates a beneficial
pressure on the shore face of the paddle, dramatically increasing the
net force across the paddle when the paddle is within both wave crests
and wave troughs. Much like the wing of a plane, this effect dynamically
increases the catchment width of the CCell, leading to an estimated

effective width of over 120%.

In 2012, laboratory tests were performed in the wave flumes at UCL on
a selection of curved and flat paddle shapes, to assess the importance
of the curvature of the CCell for absorbing wave energy. The curvature
illustrated in Figure 2.20 was found to not only increase the forces and
power delivered to the piston, but also caused a noticeable reduction in
turbulence around the paddles. The tests demonstrated that the curved
CCell paddles would extract energy from waves within both a wave
crest and a wave trough. Through the use of rapid prototyping and
short development cycles, the project is aiming to deploy nine 20 kW
units within three years. Several of these will be deployed to provide
power to two remote islands. A curved CCell paddle 0.5 m wide (1/5™
the width of the tank in the experiments) was found to deliver 2 to 3
times more power than an equivalent flat paddle. In 2015, the CCell
project won £1.8M to develop the next generation of CCell units. No
further information is available on the current status of the CCell project.
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Fig. 2.20: Curved CCell paddle (http://www.ccell.co.uk)

Findings from the literature concerning breakwater-WEC integration
and projects such as the Oceanlinx wave focusing WEC and the curved
CCell paddle are encouraging for the idea of utilising wave energy cost

effectively in the coastal areas of Kuwait.
2.5.1. Potential Application for Kuwait

Neelamani et al., (2007) have encouraged the use of floating
breakwaters for erosion protection of the Kuwaiti islands and for new
harbour breakwaters, particularly from an environmental point of view.
Wave energy potentials and significant wave heights and periods have
been predicted statistically for 19 different locations in the Kuwaiti
territorial waters based on 15 years6  w oaf thistoric wave data
(Neelamani et al., 2007). For the 19 locations considered, the extremely
significant wave height varies from 1.86 to 4.02 m and the mean wave
period in the Kuwaiti sea was found to range from 4.2 to 6.3 sec for the
significant wave heights corresponding to a 100-year return period. It is
essential to consider the wave power potential of Kuwaiti territorial

waters before planning any WEC installations. From the Hydrodynamic
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Atlas and the extreme wave analysis for Kuwaiti territorial waters
discussed above, it is clear that the marine areas surrounding Qaru
Island and Umm Al-Maradim could be potential sites for wave energy
power plants (Neelamani et al., 2007). The water depths about 1000 m
away from the islands reach 25 to 30 m, hence floating wave energy
devices would be the most appropriate.

Three year so6 womethburlyovariatiohaof wavef power
around Qaru Island was collected and indicate that the wave power
available varies from 0 to 16 kW/m (data reproduced in Figure 2.21a)
(Neelmani, 2009). Furthermore, from the graph showing the probability
of exceedence of wave power around Qaru Island (reproduced in
Figure 2.21b), it can be seen that a wave power greater than 1 kW/m is
available for more than 12% of the year. It is estimated that over a
period of 1 year, the total incident wave power is about 6000 kWh at
this location. The wave climate around Qaru Island is thus suitable for
the installation of a wave power device with the extracted power
sufficient for the utility services on Qaru Island. However, with the low
wave power density and limited resources of good quality stone in the
area, there is a need to find a suitable coastal protection structure
which can protect the island from wave attacks and erosion as well as
locally increase the energy density of the waves. In order to attenuate
the waves, the floating breakwater must have a dimension extending in
the direction of waves, typically on an order of the wave length. Also,
the floating breakwater must have a reasonably deep draft to extend to
depths equal if not greater than the amplitude of the waves. In addition,
a hydrodynamic resistive shape is desirable, rather than a more
streamlined shape. As discussed in section 2.3.6, wave focusing by the
introduction of a parabolic shape element is very attractive for this site.
A parabolic concentrator would be the best solution as it can function
as a breakwater, a WEC device and a mooring facility. The amplified
and focused wave energy inside the parabolic breakwater structure

could be converted into usable power using a wave energy device.
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It is not necessary to construct the concentrator to extend up from the
sea floor, as wave action is typically confined to the upper strata of the
water. Accordingly, it has been found that the proposed floating
concentrator can also provide the desired attenuation of wave action,

when provided with the proper characteristic and moored in appropriate

locations.
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Fig. 2.21: The hourly variation (a) and probability density (b) of wave power

around Qaru Island for 3 years (Neelamani, 2009)

There are a wide range of wave energy technologies which can be
applied in combination with floating breakwaters depending on water
depth and location (shoreline, near shore, offshore) (Cruz, 2008;

Falcao, 2010). Kuwaiti territorial waters are up to 25130 m deep
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(Neelamani et al., 2007). Bottom-fixed near shore devices are intended
for use in shallow waters typically 2071 25 m deep. These have nearly
the same advantages as onshore devices in that they are relatively
easy to install and maintain, however they tend to be exposed to higher
power waves. Offshore wave energy devices are intended to make use
of the greater energy content of waves found in deeper water (depth >
25 m). Furthermore, 67% of the current WEC concepts are floating, and
only 19% are fixed (IRENA, 2014).

Despite the numerous integrated WEC-breakwater concepts that are
detailed in section 2.5, the idea of integrating WE devices into floating
breakwaters has not been the studied extensively. The research which
has been carried out on floating breakwaters in combination with OWCs
and oscillating buoys was discussed earlier. Babarit et al., (2012)
conducted a study on the selection of WECs and eight wave energy
converters with different working principles were considered. Their
performance at five prospective locations with depths ranging from 40
to 100 m was estimated. For each device, a humerical Wave-to-Wire
time-domain model was built and the power matrices of each device
were computed. By multiplying these power matrices with the wave
scatter diagrams at each site, the annual mean absorbed power for
each device at each site was derived. The devices considered were: a
small  bottom-referenced heaving buoy, a bottom-referenced
submerged heave-buoy, a floating two-body heaving converter, a
bottom-fixed heave-buoy array, a floating heave-buoy array, a bottom-
fixed oscillating flap, a floating three-body oscillating flap device and a
floating oscillating water column. The aim was to compare the devices
in terms of annual absorbed energy per unit of characteristic mass, per
unit of characteristic surface area and per unit of characteristic PTO
force. The power matrices of each WEC were computed from numerical
models in order to calculate the annual absorbed energy. It was found
that the annual absorbed energy differed significantly from the lowest, 2
kW for the small bottom-referenced heaving buoy at the least energetic

site, to the highest, 800 kW for the bottom-fixed oscillating flap at the
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most energetic site. This was expected as the devices compared differ
greatly in their size and working principles.

The performance measures estimated in the study by Babarit et al.,
(2012) reflect the main cost drivers to be considered when selecting a
WEC to combine with a parabolic breakwater. Babarit et al., (2012)
stated that the absorbed energy relative to the dimension-related
parameters of the device is of primary concern. A point absorber has a
relatively low capital investment and high power capture to mass ratio
(Budal and Falnes, 1975). Being much smaller than the incident
wavelength, a point absorber also has the added benefit of being
capable of converting more power than is directly incident on its body
and the power it produces is greater if the waves are amplified since,
according to linear wave theory, power is proportional to the square of

the wave amplitude (Yang and Ertekin, 1991).

Pioneering experimental research on point absorbers was performed by
Budal et al.,, (1975; 1980). Although there has been a significant
amount of research since on point absorbers by Budal, Falnes and
others (detailed in chapter 3), to date there are no parabolic
concentrator-point absorber WEC devices in use which highlights the
need for development of this innovative conceptual design. The
research presented in this thesis aims to optimise the configuration of
this type of device and assess its potential for power production and

commercial application based on the wave conditions in Kuwait.
2.5.2. Cost Sharing

Cost sharing is an effective way of reducing the capital costs of an
engineering installation, and integrating WECs into breakwaters
provides a promising way to realise cost-sharing in wave energy
technology (Ning et al., 2016). In 1996, Graw discussed the advantages
of sharing the construction costs of a breakwater-WEC system. With

breakwater-WEC integration, installation costs are reduced for both the

58



Chapter 2: Literature Review: Breakwaters and WECs

electricity producer and the authorities who wish to provide shelter for
the coastal area or structure.

On the basis of a designed breakwater-WECO scharacteristics, the
economic feasibility of the structure can be assessed by first measuring
the amount of material which is active in carrying load in the structure
and then determining how much material is required for a large-scale
structure. This is defined as the structural capacity (Garvey, 2010). The
capacity of a structure is related to the magnitude of the force that it
carries and the distance over which this force is transmitted. The unit of
structural capacity is thus force x distance (with units of Newton metre).
Although dimensionally structural capacity has the same units as work
and torque, physically it is quite different. Very few studies on structural
design have referred to this measure (Garvey, 2010) and no discussion
has been provided as to what materials provide the greatest value in
terms of (force x distance) capacity per unit cost. The total potential of a
structure to carry load is related to the product of the total volume of
structural material and the maximum allowable stress that the material

can withstand.

In the study in which the curved CCell paddle was developed, a curved
structure was found to be naturally stiffer than a flat structure with the
same width (CCell, Zyba Ltd). By curving a flat paddle, 90% less
material is required to achieve the same overall stiffness, or
alternatively, peak stresses can be reduced by 80% using the same
plate thickness, as illustrated in Figure 2.22 (CCell, Zyba Ltd).
Moreover, the CCell paddle is designed to be flexible within the guides
of the unit and strong in the centre. This is achieved through a variation
in thickness which further reduces the overall mass and improves the
life of the paddle by reducing fatigue. An economic analysis conducted
by Zyba Ltd. showed that the CCell can deliver a four-fold improvement
in installation costs in £/W; a small unit can be installed at a price of
£2.5/W and OPEX costs below £50/MWh are achievable. The CCell is
thus one of the few concepts that could make wave energy

economically viable.
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The most significant cost after the cost of the structure is related to the
PTO system (Naty et al., 2016). The latest estimates from European
wave energy projects also suggest that the PTO system accounts for
22% of the total lifetime project costs with installation 18%, operation
and maintenance 17%, foundations and mooring 6%, and grid
connection 5% (SI Ocean, 2013). Hence the economic viability of a
breakwater that will be utilised for energy extraction not only depends
on the structurebs opti mum geometry but
employed. In section 2.5.1, a point absorber was identified as the most
appropriate wave energy device for harnessing the amplification effects
provided by a parabolic structure. In order to increase device efficiency
and minimise energy production costs, it is necessary to optimise buoy
geometry and PTO system configuration. This will be investigated in
depth in Chapter 3 based on the dominant sea state at the proposed
deployment site in Kuwait.
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Fig. 2.22: Material ratio flat/CCell structure (http://www.ccell.co.uk)
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2.6.Conclusions

The purpose of the comprehensive literature review presented in this
chapter is to identify a viable solution to protect the Kuwaiti coastline
and Qaru island in particular from wave attacks and erosion. The
conducted literature also aimed at finding a method of protecting the
island with a breakwater system that also provides an opportunity to
generate energy by locally increasing the energy density of waves to
make wave energy conversion (WEC) more efficient, cost-effective and
commercially competitive. The wave climate around Qaru Island was
found to be suitable for the installation of a WEC device and a floating
breakwater was identified as the most appropriate type to be combined
with the WEC device.

In addition, with the low wave power density and limited resources of
good quality stone in the area of interest, the chapter provided the first
evaluation of the potential of a parabolic concentrator to enhance wave
energy conversion around the island. A parabolic concentrator was
found to be the best solution as it can function as a breakwater, a WEC
device and a mooring facility. The amplified and focused wave energy
inside the parabolic breakwater structure could be converted into

usable power using a wave energy device.

The main objective of the work presented in this thesis relates to the
development of various WEC elements to be combined with a floating
parabolic breakwater with a particular focus on optimising conversion
efficiency and the concept of focusing waves. The combination of a
parabolic concentrator with a point absorber was assessed further in
section 2.5. Selection of a suitable point absorber WEC and
optimisation of its geometrical and control parameters will be conducted
in chapter 3. The will be done by developing a steady-state harmonic
model that can simulate the motion of a single buoy with one degree of
freedom (heave) along the vertical axis. The model will be used to
identify the best point absorber configuration at which power absorption

from incident waves is maximised. This concept is developed in more
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detail in Chapter 4 where design of a parabolic concentrator-point
absorber geometry is proposed and the likely impact/benefit of such a
technology is investigated experimentally. A CFD modelling approach
suitable for analysing wave behaviour in the presence of a
geometrically representative parabolic concentrator-point absorber
device will be developed in chapter 5. The experimental testing will be
used to generate data to validate the CFD modelling work.
Reassessment of the viability and cost effectiveness of the proposed

prototype system will be provided in chapter 6.

A theoretical background to aspects related to the hydrodynamics of
waves and floating body theory, ocean wave characteristics and wave
energy density will be provided in chapter 3. There are additional
literature review elements incorporated in Chapters 3, 4 and 5 of this
thesis as they are related specifically to the research topics presented
within these chapters and are particularly intended for the reader who is

not familiar with these topics.

62



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

Chapter 3: Steady-State Harmonic and Time

Domain Point Absorber Modelling

A point absorber system is a complicated dynamic system in which the
buoy is connected to a PTO-driven generator in order to capture the
wave induced motion to turn it into electrical power.The buoy motion
depends on the buoy geometry and dimensions, the mass of the
moving parts of the system and on the damping force from the
generator. The damping in the generator depends on both the
generator specifications, the connected load and the buoy velocity. In
this chapter the buoy geometrical and control parameters have been
used to study how the buoy geometry, assuming constant PTO
damping coefficient, affects the motion and the energy absorption of a

WEC. The geometrical parameters include a linear radiation damping

term @ which defines the geometry of the buoy. The control

parameters relate to the PTO damping mechanism, 0.

The aim of this chapter is to develop a steady-state harmonic model
that can simulate the motion of a single buoy with one degree of
freedom (heave) along the vertical axis. The model can be used to
optimise a buoybds geometr i caimiseatshd con:
power absorption from incident waves. To increase wave device
efficiency and consequently minimise energy production costs, a novel
approach to optimising the geometry and performance of heaving point

absorbers was utilised by fixing buoy mass and using the values for

@ and @ which gave the greatest power absorption. The power
response was thus maximised by using the best value for @ from the

region driven by high @ for determining the best value of o for a mass

equal to the optimum mass.
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The steady-state harmonic model developed was verified against
results from a time domain model
were allowed to settle down to steady state. The optimisation approach
developed within the chapter could be used to help realise major
economic design benefits for a point absorber buoy of any shape for a
given sea state. Buoy behaviour is simulated based on the assumptions
of regular waves and a constant PTO damping coefficient. This
approach is standard practice for this type of modelling and hence was

a natural starting point for this work.

A literature review of the proposed methods for increasing the efficiency
and power absorption of wave devices, and consequently to minimise
energy production costs, is given in section 3.1. In the second section,
a theoretical background to aspects related to the hydrodynamics of
waves and floating body theory, ocean wave characteristics and wave
energy density is provided. This section is particularly intended for the
reader who is not familiar with these subjects. The basics of linear wave
theory as well as the supporting assumptions are reviewed and the
dynamics and forces acting on a floating body in regular wave
conditions are illustrated. The third section of the chapter goes on to
determine the solution to the differential equation describing the
heaving motion of a point absorber. At first, the solution for a simple
mass-spring-damper system is considered. This is then extended for a
point absorber subjected to external control forces such as the wave
and damping forces which act on a buoy. The analysis method for the
time domain model is described in section 3.4. A numerical approach
was employed, and the dynamic equations describing the motion of the
buoy were formulated and analysed in the time domain using the
software MATLAB. The differential equations describing the motion of
the buoy were derived and solved using the common 4™ order Runge-
Kutta method. In section 3.5, a steady-state harmonic model describing
the motion of a buoy is developed in MATLAB. Validation of the steady-
state model against the time domain model is presented in section 3.6

using the steady-state results from both models. In section 3.7, the

64

after



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

validated steady-state harmonic model is developed further and in
section 3.8 it is used to optimise the geometrical parameters of different
buoy shapes to maximise their power capture. Details of the codes

developed in MATLAB are given in Appendix 3.
3.1. Literature Review

To date, research into increasing the energy absorption of heaving
point absorbers under regular waves has focused on tuning the WEC
system to oscillate in resonance with the incoming waves. If a point
absorber buoy is in resonance with incident waves, it will see increased
displacement amplitudes and velocities, and therefore absorb more
energy than when it is not (Budal and Falnes, 1975; Falnes, 2002). To
achieve resonance, the phase and amplitude of the point absorber
oscillation have to be chosen carefully to ensure optimal performance.
Phase and amplitude can be varied independently through phase and
amplitude control factors (Cruz, 2008). These control factors are
considered optimal for a desired point absorber motion when maximum
power absorption is achieved. This can be calculated for a single buoy
in multiple degree of freedom motion or in single degree of freedom
motion. An optimal result can be obtained by forcing both the amplitude
and phase to take particular values. As summarised by Price (2009),
the various stages required to convert the power absorbed from a wave

to the final useful energy are as follows (see Figure 3.1):

1 Stage One: is the flow of power between the wave (0) and the
primary interface (1), giving the intercepted power.

1 Stage Two: is the flow of power between the primary interface
and the (PTO) (2), giving the captured power.

1 Stage Three: is the flow of power between the PTO and the final

stage of power conversion (3), giving the delivered power.
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Fig. 3.1: Power transfer in a generic WEC (Price, 2009)

In a point absorber system, the buoy is connected to a PTO-driven
generator in order to capture the wave induced motion to turn it into
electrical power. A point absorber can be considered as a mechanical
system with two sets of parameters, namely geometrical parameters
and control parameters. The geometrical parameters define the
structure of the buoy and cannot be changed once the buoy is built.
The control parameters are related to the PTO damping mechanism
and are usually variable parameters that can be tuned to match a given
sea state. Motion control of WEC devices has been the focal point of
much research with the view to increasing performance and thus the
competitiveness of particular devices in the energy market. Hence,
numerous techniques mainly based on latching, unclutching or phase
control (Salter et al., 2002) have been developed and applied to wave
devices to improve efficiency and minimise energy production costs.

These will be discussed in detail below.

With regular waves, the maximum power absorption for a heaving point

absorber WEC can be achieved when:

1. The velocity profile of the device is in phase with the excitation

force of the waves (Falnes, 2002).

66



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

2. Energy is supplied during the wave cycle to maximise the
velocity excursion (Falnes, 2002).

As the second condition requires very complex PTO mechanisms, it is
rarely considered. However, a limited number of solutions have been

proposed for condition one. These include:

1 Linear damping: by applying a constant linear damping
coefficient (Nolan et al., 2005).

1 FEreewheeling or Declutching: by allowing the device to freewheel

(unloaded) from the extrema (i.e. allowing velocity to increase
and then applying load only after a certain velocity threshold is
reached) (Salter et al., 2002; Wright et al., 2003; Babarit et al.,
2009).

1 Latching: by locking the buoy in a position at the instant when its
velocity becomes zero and then releasing it after a fixed period
of time (Budal and Falnes, 1975; Falnes and Lillebekke, 2003;
Babarit et al., 2004; Korde, 2002; Wright et al., 2003; Greenhow
and White, 1997).

Early theoretical work by Budal and Falnes (1975), Newman (1976),
and Evans (1976) showed that a single point absorber is able to
capture power from a wave crest width greater than the width of the
buoy itself, giving potential greater power extraction when collecting
power from a given length of beach. Budal and Falnes (1975)
demonstrated that a single point absorber (buoy) in simple heave
motion can extract maximum power from a crest length of piA¢“
wavelengths of an incident wave. For real buoys, the heave amplitudes
required for maximum power extraction are available only in resonant
conditions. Outside resonant frequencies, the power absorbed
decreases mar kedl y. This was il
work where the power absorption of a semi-submerged sphere was
plotted as a function of wave frequency. At resonant frequencies with
no frictional damping, the power recovery of a linear PTO damper

(generator) was seen to reach the theoretical maximum. However, on
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either side of the resonant frequency, the dynamic heaving response of
the buoy was insufficient to reach the levels required for maximum
theoretical power recovery (Duncan and Brown, 1982). Lighthill (1979)
reviewed the physical aspects related to this behaviour and noted that
i n order to broaden a buoybs fr
damping coefficient should be set higher than the optimum at
resonance. Evans (1976) found that while working in a single mode
with a linear PTO mechanism, wave power extraction characteristics
can be controlled through added damping alone without any
requirement for added mass. The absorption length of the device was
calculated by applying an added damping approximation curve to the
linearly controlled heaving sphere. The absorption length was defined
as the length of wave frontage for which the power equals the time
averaged power absorbed by the sphere. Parameterisation of the
added damping was also carried out by Greenhow (1982) to calculate
the wave absorption characteristics of a heaving sphere with linearly
and non-linearly phase controlled motion. By parametrising the added
damping for 2D and axially symmetric 3D wave power devices, the
main features of power extraction with linear and non-linear PTO

mechanisms was modelled very easily.

The need for reducing WEC device costs is mainly due to their high
costs of installation and maintenance. Studies have been undertaken to
optimise the hydrodynamic performance of various WEC devices to
increase their efficiency of energy extraction from waves. Vantorre et al.
(2004) varied buoy geometry, PTO damping and the supplementary
inertia required for phase control, maximising efficiency and increasing
the capture width of a heaving point absorber device intended for
deployment in the North Sea off Belgian coastlines. In Babarit and
Clement (2006), three different latching control strategies were
compared to show their effectiveness in different sea states with all
three strategies giving a considerably increased efficiency in irregular
waves. Nolan et al. (2005) proposed latching as an optimal strategy to

bring a devicebs velocity profil
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force. The most important control variable was found to be the latching
period which was determined based on the excitation force and system
parameters. The study also revealed that the system must be designed
so that the devicebds resonant freqguen
wave frequency at the deployment location, and some type of provision
must be made for when the wave frequency deviates away from the
predominant value. Yavuz et al. (2006) assessed the performance of a
point absorber where the resonance was tuned by varying the PTO
characteristics. Results showed a maximum power capture of 50% of
the rated power in regular waves. This work was continued in Yavuz et
al. (2007) to consider irregular waves, where it was shown that power
capture can be maximised by continuously tuning the natural frequency
of the device to the incoming wave frequency. Falcao (2007) performed
a time-domain analysis to evaluate the hydrodynamic performance of a
heaving floating device coupled to a hydraulic PTO unit. He developed
an algorithm to optimise the device which showed its performance to be
weakly dependent on wave period and independent of wave height
when simulated in real sea conditions. It was also found to produce
power output at similar levels to a fully linear PTO unit. Falcao (2008)
continued the study, and included a strategy for phase control of
latching in the frequency domain to further increase the power
absorbed. In Falcao (2009) paper, the geometrical configuration of a
two-body heaving point absorber was optimised through phase control

in the frequency domain.

Folley and Whittaker (2009) proposed a new control method called
active bipolar damping or declutching. In this method the buoy's velocity
is shifted so it is in phase with the wave force. Theoretically, this
method showed potential for higher power capture than that achievable
with optimum linear damping without the requirement of reactive energy
storage. A linearised model was investigated by Babarit et al. (2009)
which included a hydraulic PTO. Results showed greater power levels
could be achieved with the declutching control method which provided

the added advantage of requiring a less complex system. The
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recommendations in Babarit et al., (2009) for the use of the economical
declutching method were confirmed by Teillant et al., (2010). Teillant et
al., (2010) determined the best control strategy to apply based on the
relative resonant frequency of the device and the monochromatic wave
frequency set. Both latching and declutching strategies were
considered via a general parametrisation of the damping force. The
optimal damping profile was calculated for a range of incident wave

frequencies, including the resonant frequency of the device. A set of 11
successive wave frequencies were examined (| = 0.4 71 1.3 rad/s plus

the resonance case). For frequencies on either side of the resonant
value, the results for maximum energy absorbed clearly indicated there
was an optimal strategy for control. The optimal damping strategy

moved from a latching strategy when 7 to a declutching
strategy when] ] where,] is the natural resonant frequency of

the device, and] is the incident wave frequency. Interestingly, a hard
switching function for PTO damping was preferred in both cases. In
most of the above investigations, linearised models with idealised
hydraulic circuits were used. Cargo et al.,, (2016) conducted an
extensive study on the modelling of a PTO system considering real
hydraulic circuits and components. He demonstrated that over-
simplification of the PTO during the simulation phase of WEC
development could lead to incorrect design decisions and subsequent
additional delays and costs. Bachynski et al., (2012) investigated the
effects of geometry, mooring system and mass distribution on a
tethered WEC in irregular waves through linear frequency domain
analysis of coupled pitch and sway motions. Their results highlighted
the importance of tuning the system for a specific wave climate in order
to maximise the total energy capture and avoid potential WEC failure.
The effect of WEC geometry was also investigated by Sjokvist et al.,
(2014). In this study, a velocity ratio (B) was used to study how the
buoy draft and radius, assuming constant PTO generator damping
coefficient, affected the motion and the energy absorption of a WEC. It

was concluded that an optimal buoy geometry can be identified for a
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given generator damping. When B was used to analyse experimental
results from two WECs with identical generators but different buoys, it
was found that the difference in output power derived partly from the
buoy draft, but was independent of the buoy radius. It was concluded
that the B is more informative than the capture width ratio (CWR) when
designing and analysing data for point absorber WECs. CWR is defined

as the ratio between the power @Gbsor be

the total in time average incident wave power that is travelling through
the buoy. It was also concluded that optimal buoy radius can be
identified for a specific PTO generator damping. For example, the
optimum buoy radius for 7.4 kNs/m, 20 kNs/m and 30 kNs/m of
damping are around 1.75 m, 2.5 m and 3 m, respectively. For damping
of 20 kNs/m and 30 kNs/m, however, there was no difference in the
results for buoy radius values of 2.5 m, 3 m or 3.5 m. Smaller buoys
were found to be more favourable with lower damping, while larger
buoys were more favourable as the damping increased. Considering
the cost of manufacturing, a buoy with a lower radius would be

preferred.

Using phase control to shift a point

to the resonance condition by adding a supplementary mass (Vantorre
et al., 2004; De Backer, 2008) or a negative mechanical spring (Falcao,
2010) has also been studied. Phase control by adding a fully
submerged body to suitably tune

on PTO damping has been investigated by several authors (De Backer,
2008; Engstrom et al., 2011; Waters et al., 2011). Passive control was
also studied by Piscopo et al. (2016) combined with the development of
a new optimisation procedure for heaving point absorber hydrodynamic
performance with the aim of maximising yearly energy production. Their
optimisation procedure allows for varying the fully submerged added
mass and the PTO damping until the optimum configuration is detected.
It was concluded that the deployment site plays a fundamental role in

the assessment of WEC optimum configuration.
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3.2. Background Theory
3.2.1. Ocean Wave Characteristics

The simplest ocean wave form is a regular sine wave. The main
parameters which are used to describe such a wave are the period, Y
height, 'O and water depth FQhover which it is propagating. The
propagation environment depends mainly on the depth (shallow,
transitional or deep). All other parameters, such as water velocities,
accelerations, and kinematics (motions) can be determined theoretically
from these quantities. The principal types of sea waves are deep water
waves and inshore waves, and these are either destructive,
constructive or refracted. In addition, there are two main groupings of
waves: regular (sinusoidal) and irregular. Although ocean waves are
never actually sinusoidal, low amplitude swells may come close to

being sinusoidal as shown in Figure 3.2.

A 1(x.1)

free surface X

seabed

Fig. 3.2: Ocean wave characteristics (Anon, 1984)
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Fig. 3.3: Wave depth propagation (www.slideplayer.com)

Classification of the propagation environment is illustrated in Figure 3.3
and summarised in Table 3.1. There are three categories of wave: deep
water, transitional and shallow water. This classification is based on the

ratio between the depth,’Q, and length,0, of the wave and the

regulating limiting values given by tanh (kd)

Table 3.1: Classification of propagation environment (Anon, 1984)

Classification d/L kd tanh(kd)
Deep water >1/2 >p al
Transitional 1/25 to 1/2 Yato p tanh(kd)

Shallow water <1/25 <l/4 akd

Gravity waves, also called surface waves, are regular waves which are
small in amplitude, sinusoidal, and progressively definable by their
wave height and period in a given water depth. There are two theories
which model gravity waves, namely the linear Airy wave theory that
applies to waves of small amplitude and length and the nonlinear
Stokes 2" order theory which applies to waves of large amplitude and

length. The linear theory developed by Airy (1841) gives a reasonable
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linearised approximation of the propagation of gravity waves with small
ratios of wave height to water depth (shallow water) and wave height to
wavelength (deep water). On the other hand, Stokes (1847) was the
first to develop a finite amplitude wave theory to take into account the
nonlinear terms. The theory considered waves of small, but finite,
height propagating over water of finite depth. All linear terms in the
ideal fluid equations of motion have been retained up to second order
enabling the determination of hydrodynamic characteristics for waves of
greater steepness (H/L). When the wave steepness is assumed to be
small then linear Airy waves theory applies. However, when wave
steepness value is high or finite (but always < 1) then we are talking
about finite amplitudes and the theory of linear wave becomes no
longer valid. For this reason, and to take into account the nonlinear
aspect of the wave, it becomes necessary to use higher-order
approximation such as the Stokes 2" order theory. A very thorough
account of the historical development of water wave theory was
presented by Craik (2004). The properties of a simple sinusoidal wave
can be understood using linear wave theory which is described in

section 3.2.2.
3.2.2. Linear Wave Theory

In order to understand the behaviour of waves and their characteristics,
an explanation of linear wave theory is given here. The linear wave
theory developed by Airy (1841) is considered to be the first attempt at
a complete theoretical description of wave behaviour. In this theory,
water waves are considered as being oscillatory, and water particle
motion is described by orbits which are closed or nearly closed for each
wave period. Linear wave theory is based on two equations: a mass
balance equation and a momentum balance equation. These two
equations describe the kinematic and dynamic aspects of waves.
Waves can be described by linear wave theory by assuming non-linear
effects are negligible and water is an ideal fluid. This implies that water:
is incompressible, has constant density, has no viscosity and there is

74



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

no rotation of the water particles around their own axes. In addition, the

following assumptions are made:

(a) Surface tension can be neglected.

(b) Coriolis effects can be neglected.

(c) Pressure at the free surface is uniform and constant.

(d) The sea bed is horizontal, fixed, and impermeable (which
implies that the vertical velocity at the sea bed is zero).

(e) Wave amplitudes are small and the wave form is invariant in
time and space.

() Waves are plane or long crested (two-dimensional).
3.2.3. Dynamics of a Floating Body in Regular Waves

A structure that is freely floating in ocean waves has six degrees of
freedom: three translational (surge, sway and heave) and three
rotational (roll, pitch and yaw) as shown in Figure 3.4. The analysis
described in this section will consider all six modes of motion in regular

waves only.

X Surge

Fig. 3.4: Definition of the 6 degrees of freedom (Journee and Massie, 2001)
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The equation describing the motion of
from Newtonds s ec onlaw,tiwavector eGuatorsdanon t hi
be derived, one for describing translations (Equation 3.1) and one for

describing rotations (Equation 3.2).

~

® —a'yp (3.1)
op — @ (3.2)

where "@is the resultant external force acting on the centre of gravity,
A is the mass of the rigid body, "Wis the instantaneous velocity of the
centre of gravity, U Bs the resultant external moment acting about the

centre of gravity, @ is the instantaneous angular moment about the

centre of gravity, and O is time.

The motion of a poating body has a |
when the amplitude of the excitation force is doubled, the amplitude of
the response will be doubled as well, while the phase shift between the
response and excitation remains unchanged. Due to this linear
behaviour, the oscillation of a body in still water, and the forces acting
on a restrained body in waves can be used to derive the resulting
motion (illustrated in Figure 3.5). The following two assumptions are

made:

1 The linear hydrodynamic reaction forces and moments, e.g.
damping and spring forces, are induced by the harmonic
oscillations of the rigid body.

1 The wave excitation forces and moments are produced by waves

acting on the restrained body.
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1 y () Z y () =

S = R e
‘Motion Oscillation Restrained
In waves in still water in waves

Fig. 3.5: Superposition of hydromechanical and wave loads

(Journee and Massie, 2001)

The resultant forceh' Qe qual s mass | accel erat.i

law), in which the acceleration is defined as the second derivative &) of

location as a function of timeh® O. From this equation, the six
equations of motion can be derived and the coupled equations of

motion in six degrees of freedom in waves can be written as:
B & w for'@ 1,é, 6 (3.3)

where O ods the solid mass and inertia of the structure (6 x 6
matrix), 00 is the acceleration of the structure in direction 7Q(G x 1
vector), and "O sum of the forces or moments acting in direction "6 x

1 vector). The resultant force, "Q consists of the following components:

f Harmonic (regular) wave exciting forces and momentsh'®
1 Linear hydrodynamic damping force cdhand

1 Linear hydrostatic spring force "

Substituting these variables for the components in Equation (3.3) gives
an equation for a damped mass-spring system. The additional fluid
inertia resulting from the fluid acting on the buoy must be considered
when formulating the system equation of motion. This added effect is
the added mass. The equation of motion is a coupled 2" order

differential equation which governs the six degrees of freedom:
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0 0 ® 60® VLo O (3.4)
where

0 =6 x 6 matrix of solid mass and inertia of the structure

0 =6 x 6 matrix of the added mass
®= acceleration of the structure (6 x 1 vector)

u®= velocity of the structure (6 x 1 vector)

ub= location of the structure with respect to reference frame (6 x 1

vector)

W =6 x 6 matrix of hydrodynamic damping coefficient

0 =6 x 6 matrix of hydrodynamic spring constant

"®= excitation force acting on the structure (6 x 1 vector)

3.2.4. Mass-Spring-Damper System

The model that is most widely used for describing the motion of floating
bodies is the mass-spring-damper system. The derivation of the model
comes from the analysis of the forces or moments acting on a floating
object and is based on a number of assumptions. The wave and

damping forces acting on a buoy are described as follows:

1 Radiation Force (Frad): is the force exerted on a buoy as a
result of its oscillatory motion
motion results in the creation of waves radiating away from the
buoy. The amount of energy of the radiated waves equals the
amount of the energy loss (damping) of the buoy.

1 Restoring Force (Fres): according to Archimedesélaw, as a buoy

t

moves through the waterés surface,

force proportional to the volume of water displaced by the buoy.
This force tends to restore the buoy to its equilibrium position
where the buoyancy force equals the gravitational force.

1 Wave Excitation Force (Fexc): as waves approach a buoy, they

create a disturbance in the pressure field around the solid
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surface and pressure deviates from its hydrostatic state. In linear
wave theory and for undisturbed waves, this disturbance is
represented by a non-hydrostatic part. The hydrostatic part is
accounted for in the restoring force.

1 PTO Damping Force (Fpro): a buoy is connected to a PTO
damper to capture the wave induced motion and turn it into
electrical power. This damper exerts a force on the buoy which
acts in the opposite directionto b u o yadosity.

f Mechanical Spring Force (Fspring): @ mechanical spring is also
connected to the buoy parallel to the PTO device to keep the
whole system in line. This mechanical spring exerts a force
similar to the restoring force called the spring force.

3.2.5. Point Absorber System Features

The basic design and functional principles of a point absorber system
are illustrated in Figure 3.6, which shows a rigid floating body (buoy)
attached to the sea bed. The purpose of the floating buoy is to act as
the energy absorbing body of the system; it also acts to hold the system
upright. These two functions result from the buoyancy of the buoy and
the induced pressure forces due to water particle movement in the
wave front. The generator consists of a spring-damper system where
the damping is provided by the PTO. T
is to take the energy captured from the wave induced motion of the float
by the PTO and convert it into electricity. The PTO device is placed
somewhere between the sea bed and the buoy so that it can determine
the direction of the buoy's motion which is crucial for power production.
The generator also contains a spring which acts as a pre-tensioner to
keep the line straight. The point absorber buoy system can be treated
as a mass-spring-damper system which in classical mechanics has a
mass, a damping coefficient and a stiffness coefficient.

The buoy system is modelled as rigidly attached to the generator such
that the entire system moves in phase. This is one of the main

assumptions used in the analysis presented in this chapter.
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Buoy

Y

: : o Heave

Incident Wave

777777777777

Fig. 3.6: Basic design of a point absorber system

When the point absorber buoy system is displaced from its equilibrium
position, it experiences a restoring force proportional to its
displacement. If the restoring force is the only force acting on the
system, the system is called a simple harmonic oscillator. This means
that it undergoes simple harmonic motion with a constant amplitude and
frequency. If a damping force proportional to the velocity is also
present, the harmonic oscillator is described as a damped oscillator.
Depending on the damping coefficient, the system can:

1 Oscillate with a frequency lower than in the non-damped case
and the amplitude of the displacement decreases with time
(underdamped system).

9 Decay to the equilibrium position without any oscillation

(overdamped system).

The boundary between underdamped and overdamped behaviour
occurs at a particular value of damping coefficient where the system is

called "critically dampedo. The

the critical damping coefficient, &) (Ns/m), is given by:

w0 U@ (3.5)
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The ratio of the actual damping coefficient, &) , to the critical damping

coefficient is called the damping ratio, , , and is given by:
— (3.6)

The different responses of an overdamped, underdamped and critically

damped system are shown in Figure 3.7.

Underdamped system
= = =Critically damped system
+==:Qverdamped system

Position

Time

Fig. 3.7: Motion curves of an underdamped, overdamped and critically damped
system (De Backer, 2008)

3.3. Generalised Heaving Point Absorber (Buoy) Model
3.3.1. Mass-Spring-Damper Representation

In this model, the simple motion of a point absorber is compared to that
of a mechanical oscillator consisting of a mass-spring-damper system
with a single degree of freedom of motion subjected to an external force
in the direction of the degree of freedom. A schematic representation of

the system is shown in Figure 3.8.
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AR /i

Point Absorber Mass-Spring-Damper System

Fig. 3.8: Schematic representation of mass-spring-damper system (modified
from Price, 2009)

The system is linearly damped with damping coefficient, &)(Ns/m). An
external harmonic force is applied to the system, with amplitude 0 (m)

and angular frequency,] (rad/s). The spring constant, 7Q(N/m), acts as

a restoring mechanical force whi

vertical displacement, Gy from its original position.

3.3.2. Newton's Second and Third Laws

The equation of motion is expressed from Newton's second law such
that the sum of all the forces acting on a body is equal to the mass of
the body times its acceleration. For a point absorber, the forces include
the restoring force, the damping forces and the external excitation
force. All the forces, apart from the excitation, are linear functions of the

displacement and can be linked to the acceleration by:
O aw O O O O O (3.7)

Equation (3.7) can be linearised by writing all the forces, apart from the
excitation, as linear functions of the displacement. It can then be

rearranged into the conventional form of an equation of motion:
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O 4o 0O O O O 0 ™ (3.8)

where "O is the sum of all the forces acting on the buoy (N), & is the

mass of the buoy (kg), and Wis the net vertical acceleration of the buoy

(m/s?).

Equation (3.8) can be used to calculate the motion of a point absorber;
it applies to a system with a constant mass. The forces acting on a
buoy are illustrated in Figure 3.9. According to Newton's second law,
the sum of the forces on the heaving buoy equals mass x acceleration
(shown on the left). Newton's third law states that every force has a

reaction force equal in magnitude and opposite in direction.

ma

i
:\: i ifu?
foop gt

f

Se S S-S Tpo

point of
reaction

Newton's IT law Newton's ITT law: Newton's ITT law:

forces between body & fluid forces between body &
peint of reaction

Fig. 3.9: Newton's second and third laws applied to a buoy moving in heave
motion (Price, 2009)

In Figure 3.9, forces are shown between the buoy and the fluid in the
centre and between the buoy and the point of reaction on the right. All
the forces experienced by the buoy are associated with reaction forces;
only those forces acting on the buoy that are of interest will be included

when modelling its motion.
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3.4. Time Domain Model

In this section the governing equation of motion for a single degree of
freedom (heave) buoy is presented and the governing equations and
assumptions used in the time domain simulation are introduced. The
steps involved in the development of the model were:

(a) Writing the differential equation of motion for a buoy

(b) Linearising the equation of motion

(c) Solving the differential equations for the relative velocity of the buoy
(using the 4™ order Runge-Kutta method in MATLAB)

(d) Computing the rate of energy dissipation

3.4.1. Equation of Motion of a Heaving Point Absorber

For a buoy in heave motion, the vertical displacement Xt) is defined as
the vertical displacement of the buoy with respect to the effective centre

of the wave displacement @0 O W&l O where O is the wave

amplitude and] (rad/s) is the angular frequency. It is assumed that

one end of the system is fixed to an inertial frame. Inreal i t y t hi

would be provided by a large heave-plate located well below the level
of the waves. The linear damping in the system is partially due to

radiated waves and partially due to friction. In the diagram, the PTO
damper @ is the main power extraction unit; the PTO system is
assumed to be linear for simplicity. The radiation force can be

decomposed into a linear radiation damping term ®. The radiation

damper, JJ, acts to prevent the mass, O , from moving relative to the

wave. No mass is added to the buoy's absolute mass in the model. A
schematic view of the simulated point absorber system is given in
Figure 3.10.
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Fig. 3.10: Schematic representation of the simulated heaving point absorber in

the time domain model (Modified from Price, 2009)

The mechanical spring force acting on the buoy (similar to the restoring

force) is assumed to be linearly proportional to displacement and the

damping forces are assumed to be linearly proportional to velocity. In

the model, the buoy is allowed to respond to the harmonic excitation

forces caused by the wave. The differential equation of motion for the

heaving buoy can be obtained from the following forces:
The mechanical spring force (Fspring) = Q0

The PTO damping force (Fpro) = GG

The radiation force (Frad) = 0 ()

The excitation force (Fexc) =

Qo O QOOED 01 1Qd

The equation of motion of
second law:
G O 0w Qn 0 Qugio w | N
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(3.11)

(3.12)
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(3.13)
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where @ is the mass and W is the acceleration of the buoy. The

buoyancy-stiffness Qis expressed as Q "Q0, where O is the

wetted plane cross sectional area occupied by the buoy (assumed

sphere) in the sea water. The buoyancy-stiffness for an occupied area
in seawater of 1 m? is ‘Q= 10006 N/m (at ” = 1020 kg/m3, "Q=
9.81 m/s? and O 1 m?. The PTO and radiation damping

coefficients are @ (Ns/m) and & (Ns/m), respectively.

A reference value for (:) is used and is taken as half of the critical
damping which equals to T at optimum mass. While the buoyancy-

stiffness is kept constant at 10006 N/m, the parameters O Ao and @
are easily varied and can thus be optimised in order to maximise buoy
power absorption or extraction rate. Equation (3.13) can be solved for

the vertical displacement of the buoy, @ O , in the time domain given

the values of the coefficients (I) and (I) and the wave excitation forces.

3.4.2. Power and Energy

The term fApower absorptionodo is gener al
power absorption which is normally expressed as the power absorbed
by the PTO system. When there is no damping (i.e. no losses or PTO),
all the power in the incident wave remains in the sea in the form of
radiated, diffracted and transmitted waves. On the other hand, with
PTO damping, as shown in Figure 3.11, some of the intercepted power

is captured and some returns to the sea as radiated power.

86



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

Intercepted — (Captured

TN\ Radiated

N\ Diffracted
N> Transmitted

Fig. 3.11: Power capture by a point absorber (Price, 2009)

A harmonically oscillating buoy is assumed to have a velocity0 @
which generates a force in the damper (:b In a heaving system, the

power 0 absorbed by the buoy and converted through the PTO

damper, (I), is calculated from the force and velocity as given by:

~

0 QW (3.14)
The energy collected in the damper over a period of time O is:

006 _ 0Q0. OwQo (3.15)

The objective of this study is to maximise the energy developed in
damper @ . In theory, this energy is maximised when Equation (3.15) is

maximised over one period of the excitation wave force. This results in

the condition:

T 0 — (3.16)

where is the resonance frequency of the device and| is the
incident wave frequency. When this condition is met, the velocity profile
of the device is in phase with the excitation wave force which is
consistent with condition one for maximising the power absorption

discussed in section 3.1.
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3.5. Steady-State Harmonic Model

In this section the governing equation of motion for a single degree of
freedom (heave) buoy is presented and the equation and assumptions
used in the steady-state harmonic model are introduced. The following

steps were required for analysing the buoy motion:

(a) Differentiating the equation for power using (:g optimum @ and

reference  value, and

(b) Calculating the optimum power extraction rate of the buoy.
3.5.1. Equation of Motion

In this section the analytical model is presented and the response of a
point absorber oscillating in a harmonic wave with respect to a fixed
reference is discussed. The buoy is restricted to heave motion only. It is
assumed that one end of the system is fixed to an inertial frame similar
to the time domain model discussed in the previous section. A
schematic of a point absorber system under vertical wave velocity 0 O

is shown in Figure 3.12.

Fig. 3.12: Schematic representation of a heaving point absorber in the steady-

state harmonic model (Modified from Price, 2009)
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In the diagram in Figure 3.12, the PTO damper @ is the main power
extraction unit and is assumed to be linear for simplicity. The
term @ represents the radiation damping. No mass is added to the

buoy's absolute mass in the model.

Due to the vertical wave velocity O O, the buoy is displaced from its

equilibrium position to an actual position of W O . The differential

equation of motion of the point absorber can be found f r om Ne wt on 6 ¢

second law:
A OO Q0 @ ® o0 (3.17)

The spring force in expressed in Equation (3.17) as N6 w. The
damping force exerted by the PTO system is expressed in Equation
(3.17) as W@ The damper  is the main power extraction unit and the
PTO system is assumed to be linear for simplicity. The radiation force is
expressed in Equation (3.17) as @ O . The equation of motion

for a heaving point absorber (Equation 3.17) can thus be rewritten as:

~

G O OO Qo Q6 0o (3.18)

It is assumed throughout this study that all time dependence is

harmonic with an angular frequency of] (rad/s). The time dependence

of the quantiiesO O and WO can then be removed by the

introduction of the complex variables "Yand Y where:
6 YQYY 0Q (3.19)
W YQ» Q (3.20)

Equation (3.18) thus becomes:

A ® O Q9 Qo 0 9o Y (3.21)

Equation (3.21) can be rearranged to give:
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) (3.22)

3.5.2. Power Absorption
The velocity, Ohin the power extraction damper o is expressed as:
DO wo YQAQw 0 (3.23)

The time dependence of quantity 0 O can be removed by the

introduction of the complex variable, &, where:

W Q0 (3.24)
The mean power extracted by damper o is given by:

0 -0fa ® - o (3.25)

Substituting Equation (3.22) into Equation (3.25) gives:

~ ~

0 -1 o % (3.26)

It can be seen that although the wave magnitudeﬁ'Y does not affect the
optimal values of & F) &) & @Qhit can affect the value of the extracted

power.

3.5.3. Power Absorption Optimisation

In order to optimise the buoy power extraction rate, the term "Odefined
below, needs to be differentiated with respect to & hd and @ 8The

partial derivatives —, — and — are then set equal to zero and their

stationary values obtained.

O (3.27)

The derivatives can be written in their simplified forms as:
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— (3.28)

— (3.29)

— (3.30)

Setting the numerator in Equation (3.28) equal to zero gives the

stationary values for & as follows:
a — (3.31)

Setting the numerator in Equation (3.29) equal to zero, substituting for

& "G andrearranging gives:
o ® (3.32)

Setting the numerator in Equation (3.30) equal to zero and rearranging

gives:
o P— (3.33)

From Equations (3.32) and (3.33) the optimum damping coefficient
becomes () —8By substituting for & from Equation (3.31) and &

from Equation (3.33) into Equation (3.26), the expression for the

optimum power extraction rate was obtained as follows:

~
v

o - —— 7 (3.34)

The system has 5 dimensions: Mo hoo hoo and | . In order to reduce
the number of dimensions when calculating the buoy optimum power

response, O was fixed at its optimum value and @ was fixed at its
reference value. The unknown parameter (0 was varied for a wave

magnitude Y 1 m. The buoyancy-stiffness and wave natural
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frequency were also kept constant at "Q 10006 N/m and ] C

rad/s. The natural frequency of the buoy was assumed to be equal to
the peak frequency of the sea state, i.e. it was assumed to be in
resonance. Optimisation of the buoy power response was carried out in
MATLAB using the following:

~

1 PTO external damping coefficient & Ql (Ns/m).

f Buoy mass O % (kg).

1 Radiation damping coefficient @ G p T O § TT (Ns/m).

The @ value was varied using 500 time steps.
3.5.4. Results and Findings

The first set of simulations were performed by fixing & and o at their

optimum values and varying @ in order to determine the optimum

power extraction rate over the range of regular wave conditions. The
mean power extracted was determined using Equation (3.26) and the
results are plotted in Figure 3.17. The results indicate that there are two

power extraction rate regions: the left region is driven by the low value

of @ and right region is driven by the high value of o as seen in Figure

~

3.13. With this model, the optimum mass « % c and value of @

were found to be 253 kg and 1592.50 Ns/m, respectively.

It was clear from the simulations that using the optimum mass gave the

highest power extraction rates in the right and left regions of the graph

(Figure 3.13b). The power extraction rate was constant for @ 102and
® 10 (Ns/m) and the lowest power extraction rates occurred for

o values between 102 and 10% (Ns/m). These results are similar to the

results from the time domain model.

Further analyses were conducted with mass values above and below
the optimum mass. Mass values of 100 kg (Figure 3.13a) and 500 kg
(Figure 3.13c) resulted in lower power capture in the left region only.
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This showed that there is no visible effect of increasing the mass to 500

kg when the o value is high. Mass was only found to play a significant
role for low values of . The maximum power extraction rate of a buoy

with optimum mass & and @ was 1585 W/s.
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(c) Buoy mass =500 kg
Fig. 3.13: Power capture at4= 1592.50 Ns/m and O (&) 100 kg (b) 253.4549
kg and (c) 500 kg
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3.6. Validation of Steady-State Harmonic Model

In order to achieve the modelling objectives of this chapter it was
important to verify the steady-state harmonic model by comparison with
the time domain model. For this purpose, the time taken for the time
domain and steady-state harmonic models to settle down from transient
to steady-state was compared along with the predictions from both

models for steady-state behaviour.
3.6.1. Power Absorption Optimisation

Before verifying the steady-state model, an initial assessment of the
agreement in the predictions of power absorption from the time domain

model implemented in section 3.4 and the steady-state harmonic model
implemented in section 3.5 was made in terms of o values at optimum
& and reference O value. The comparison showed that the values for
& at which the least power is produced are in the region 4.00 Ns/m to
6.54 3 10° Ns/m for both models as seen in Figure 3.14. The optimum
& and reference @ values were found to be equal to 253.4549 kg and

1592.50 Ns/m, respectively, for both solutions which produced power of
3.143 10*W.
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Fig. 3.14: Power capture at 0  253.4549 kg and 4= 1592.50 Ns/m

Any system response is known to have two components: transient
response and steady-state response. The transient response is
presented by the short period of time immediately after the system
starts. If the system is asymptotically stable, the transient response
disappears. However, if the system is unstable the transient response
will increase very quickly in time. Even if the system is stable, some
phenomena like high frequency oscillations may occur. Assuming the
system is asymptotically stable; the system response in the long run is
determined by its steady-state component only. Therefore, for transient
and steady-state responses systems it is important that the steady-state
response values are as close as possible to desired values. This allows
the corresponding errors of the difference between the actual and
desired system reponses at steady-state to be determined for the time
domain and harmonic both models. Therefore, the time taken for both

models to settle down from transient to steady-state was calculated.

95



Chapter 3: Steady-State Harmonic and Time Domain Point Absorber Modelling

This was done by finding the time constant required for the system
response of each model to decay to zero as follows:

LetUO nA@BD (3.35)
where ' is Amplitude and } is frequency.

Substituting @ O into Equation (3.17) and rearranging the equation
gives:

~
v

G_ 0 0l Qmn (3.36)

Equation (3.36) expressed in terms of o is:

] (3.37)
The real part of Equation (3.37) is given by:
Real part =——— (3.38)

The inverse of the real part is the time constant T which is in seconds.

This term was used to make the comparison of when the models settled

down from transient to steady-state behaviour.

For the time domain model, Equation (3.14) was used to calculate the
buoy response and for the steady-state harmonic model, Equation

(3.34) was used. The following conditions were applied in MATLAB:

1 PTO damping coefficient ® = constant x % (Ns/m) where the
value of the constant ranged from 0.1 to 2 using 5 time steps.

1 Radiation damping coefficient W &) [0.5 to 2] (Ns/m). The
value of @ was varied using 3 time steps.

f Buoy mass O varied from 4000 kg to 10 kg using 10 time steps.
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3.6.2. Results and Findings

The maximum power absorptions predicted using the time domain and
steady-state harmonic solutions are given in Figures 3.15a and 3.15b,
respectively. The time taken for both models to reach steady state was
60 s and the maximum power absorption achieved for both models was

36.53 kW. The results from both analyses were almost identical, with a

Time Domain
Mass, m = 1783.33 (kg) x10%

35

w

No

0.5 1
PTO Damping Coefficient, ¢, (Ns/m) 0 05 Radiation Damping Coefficient, ¢, (Ns/m)

(a) Time domain

Steady-State Harmonic

Mass, m = 1783.33 (kg) x10%

3.5

0.5 1
PTO Damping Coefficient, c, (Ns/m) ° 05 Radiation Damping Coefficient, ¢, (Ns/m)

(b) Steady-state harmonic

Fig. 3.15: Maximum power absorption vs %} and J“': atd0 1783.33 kg
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Difference between Steady-Satate Harmonic and Time Domain
Mass, m = 1783.33 (kg) x104

x10° 12

15+

Difference (%)
I
o
i

15 /\2 3
1 15

0.5 1
PTO Damping Coefficient, ¢, (Ns/m) 0 05 Radiation Damping Coefficient, <, (Ns/m)

Fig. 3.16: Maximum power capture model difference (%) at 0  1783.33 kg

Deviation of only 0.0012% in the maximum power absorption as seen in
Figure 3.16. This indicated that the steady-state harmonic model
developed for analysing the steady-state conditions of the WEC system
gave good predictions for buoy behaviour. The steady-state harmonic
model efficiently predicts the system behaviour and reduces the
required computational effort. Therefore, it was utilised for further

optimisation of the system as illustrated in the following sections.
3.7. Steady-State Harmonic Model Optimisation

The objective of this section is to determine the optimal damping profile
for a point absorber (buoy) using the values for @ and G which gave

the greatest power absorption. The shape of the optimal damping
profile is assumed to be independent of the specific device parameters.

From Equation (3.32) the optimum performance is achieved when &)

o 8The power response was thus maximised by using the best value

for ¢ from the region driven by high & for determining the best value of

o for a mass equal to the optimum mass.

3.7.1. Results and Findings
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For the resonance condition, the best value of PTO damping
coefficient & for the optimal radiation damping coefficient @ = 6.54 3
10% Ns/m is illustrated in Figure 3.17. The results of the simulation in

Figure 3.18 show a linear behaviour between & and @ and confirm the

validity of the linear relationship W= derived in Equation (3.32).
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Fig. 3.17: Power capture at4= 6.543 10°Ns/m and 4=  6.54 3 10° Ns/m
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Fig. 3.18: Contour plot for the relationship between 1= and 4 at O
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The region driven by the high radiation damping () maximises the
power response and determines the best value of o for a mass equal
to the optimum mass. Figure 3.17 shows the @ value at which
maximum power is achieved for a given o value. The lower graph also
shows that the maximum power is achieved in the regions
corresponding to infinite and negligible values of&), and the worst
power absorption occurs for values of &) ranging from 4.00 Ns/m to
6.54 3 10° Ns/m. Operation with @  6.54 % 105 Ns/m is therefore
recommended. On the other hand, from Figure 3.17, the highest power
is produced when @ is close to 6.54 3 105 Ns/m. This demonstrates

that the best value for @ is = @ as derived in Equation (3.32).

Further investigations were conducted to examine the &) &)
relationship at resonance. From Figure 3.19 it can be seen that the

highest power occurs at & @ with the optimum mass of 253.4549
kg. The value of & is defined by the structure of the buoy and cannot

be changed once the buoy has been constructed. The term o is used

to model the PTO damping mechanism which is a variable parameter
that can be tuned to match the sea state. It is therefore recommended

that buoys are constructed with large & values such that the optimum
o value will equal ® and will not change when the system is not at

resonance.

log Power, P (W)
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|
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X i —_— s 102
T — = 10
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Fig. 3.19: Log power vs czand czat0  253.4549 Kg
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At optimum mass the system is in resonance, and in order to maximise
the power absorbed, the condition of &) @ must be met. Further

analyses were conducted with mass values of 99.99% and 100.01% of
G 8The tests revealed that for a system that is not in resonance, the
linear relationship between ® and @ no longer holds true. This was
true even when mass deviated by only 0.01% from its optimum value as
seen in Figures 3.20a and 3.20c. It was concluded that the relationship

) Q is only valid if the point absorber is at its optimum mass

(Figure 3.20b) and is at resonance with the peak frequency of the sea
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3.8. Buoy Shape Optimisation

In the previous sections, the highest power absorption for the sea
states with the highest energy contribution was calculated by optimising
the damping coefficients and mass for the cases of non-resonance and
resonance. Validating the steady-state harmonic model against
experimental data is, however, still required. Therefore, the objective of
this section is to use the steady-state harmonic model to determine the
optimal damping profiles for different point absorber (buoy) shapes. As
already shown, wave energy extraction is a complicated procedure and
every change in the geometrical or control parameters has a major
impact on the system's power extraction. It was therefore decided to
carry out the optimisation process by keeping the diameter of the buoys

fixed and comparing the buoys purely based on their shape and draft.

Four di fferent buoy Sshapes wer e s hoc
reviewed, namely egg (Blommaert, 2010), cylinder-cone (De Backer et
al., 2007; De Backer, 2008; Blommaert, 2010; Nazari et al., 2013;
Pastor and Liu, 2014; Khojasteh and Kamali, 2016), cylinder
hemisphere (De Backer et al., 2007; De Backer, 2008; Pastor and Liu,
2014; Goggins and Finnegan, 2014; Sjokvist et al., 2014; Khojasteh
and Kamali, 2016) and cylinder bi-cone (60°120°) (Vantorre et al.,
2002; Sjokvist et al., 2014). It was found by De Backer et al. (2008),
that a conical buoy absorbs 4% to 8% more energy than a
hemispherical buoy. A buoy with a combination of two conical surfaces
with top angles of 60° and 120° (bi-cone) was felt to be the best for this
study as it has the advantage of having the most wetted area located
near the free surface making it more receptive to wave excitation. The
lower part reduces draft and hence the probability of slamming.
Furthermore, in order to reduce the effects of reflection and refraction
and to increase the uniformity of the waves reaching the buoy, a
cylindrical body was selected. In addition to the bi-cone (60°/120° two

intermediate shapes were also chosen for the testing pruposes of this
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chapter, namely (a) bullet, and (b) spike. Details of the buoy selection
criteria can be found in Table 3.2 next.

The dimensions of the buoy prototypes are illustrated in Figure 3.21. All
the shapes have the same cross-sectional area (diameter = 0.3125 m)
but have different mass and draft values as shown in Table 3.1 in the
next section. The bullet and spike buoys had relatively longer drafts
(0.755 m) than the bi-cone buoy (0.22 m).

03125 m ) 031256 m ..
i -
0.625 m /

0.625m : 0.3125 m

| 1 0.531.m
0.625 m 0.625% m |

0.09 m
(a) Bullet (b) Spike (c) Bi-cone

Fig. 3.21: Shapes and dimensions of prototype buoys

The damping characteristics of the three different point absorber (buoy)
shapes were determined experimentally (see chapter 4 for further
details) and the results were compared against the steady-state
harmonic model to determine the optimum operating region for each
buoy shape.
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Table 3.2: Buoy Shape Selection Criteria

Buoy Shape

Bottom and
breaking Wave
Slamming

Absorber Power

Waterline Diameter (D)
and draft (d)

Performance

Conclusions

Severe bottom
slamming loads

(Blommaert, 2010).

Eliminated immediately
(Blommaert, 2010).

Cylinder-Cone

Cone with apex angle
90°/dead-rise angle
45° reduces bottom
slamming (Blommaert,
2010).

If buoy draft is
sufficient compared to
the relative motion of
the buoy to the waves
then slamming
problems will rarely
occur (De Backer,
2008).

The slamming
restriction only
influences the power
absorption in higher
wave classes,
especially for buoys
with smaller drafts.
(De Backer et al.,
2007).

Absorbs 4% to 8% more
energy than the
hemispherical shape (De
Backer, 2008).

The supplemental mass
and external damping
forces have to be adjusted
to maintain the efficiency
when the sea state
increases (Pastor and Liu,
2014).

To maximise the power
absorption, the tuning and
external damping forces
must be tuned for the
average sea state (Pastor
and Liu, 2014).

Power absorption
efficiency is affected by the
peak wave period at a
certain sea state (Pastor
and Liu, 2014).

Diameter significantly
influences the power
absorption, whereas the
impact of draft is limited (De
Backer, 2008).

Largest diameter allowed
under economic constraints
which can still be used on
the offshore platform should
be selected for building the
buoy (Pastor and Liu, 2014).

Smaller draft performs
slightly better than larger

drafts (Pastor and Liu, 2014).

A smaller draft is associated
with a larger added mass,
damping coefficient and
amplitude of the heave
exciting force (Pastor and
Liu, 2014).

Compared to flat cylinder the drag
coefficient is decreased by 50%, and
the average amplitude of heave
motion is increased by 20% (Nazari
et. al., 2013).

The maximum impact pressures are
significantly lower near the bottom of
the cones with dead-rise angles of
20° and 45° compared to the
pressures on a hemisphere (De
Backer, 2008).

A buoy that is smaller will be more
favourable for lower damping, while
a larger buoy will be more
favourable if the damping is
increased (Sjokvist et al., 2014;
Khojasteh and Kamali, 2016).

Larger diameter and
smaller drafts. (De
Backer, 2008)

Performs better than
cylinder-hemisphere (De
Backer, 2008; Pastor and
Liu, 2014; De Backer et
al., 2007), egg
(Blommaert, 2010) and
flat cylinder (Nazari et.
al., 2013)

The conical buoy slightly
outperforms the
hemispherical buoy when
comparing the
hydrodynamic diffraction
results produced by
AQWA (Pastor and Liu,
2014).
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Bottom and : :
Buoy Shape breaking Wave Absorber Power BiEHEING DIEERST {£) Performance Conclusions
. and draft (d)
Slamming
Cylinder- If a sufficient buoy Absorbs 4% to 8% less Same as above Impact pressures measured near the | A truncated vertical
Hemisphere draft can be provided energy than the cone bottom of the hemisphere are cylinder with a
compared to the shapes (De Backer, 2008). significantly larger than those hemisphere attached to
relative motion of the registered on a cone with an apex the base is the optimum
buoy to the waves, angle of 90° (De Backer, 2008). geometry for a radius of
slamming problems less than 10 m (Goggins
\évglc@fflggggfr (De A buoy that is smaller will be more an.d .Flnnega.n, 2014).
' favourable for lower damping, while | Eliminated since cone
a larger buoy will be more cylinder performance
The slamming favourable if the damping is better than hemisphere in
restriction only increased (Sjokvist et al. 2014; terms of power
influences the power Khojasteh and Kamali, 2016). absorption, impact
absorption in higher pressures near the
wave classes, bottom and o _
especially for buoys hydrodynamic diffraction
with smaller drafts (De results (De B'acker, 2008;
Backer et al., 2007). Pastor and Liu, 2014; De
Backer et al., 2007).
Cylinder-Bi-

Cone (60°/120°)

The lower part
increases the draft
and hence reduces
the probability of
slamming (Vantorre et
al., 2002).

A buoy with radius = 2.5 m
absorbs 5% more energy
than cone/90 and 9%
higher than cone/60 °.
(Vantorre et al., 2002) Bi-
cone (60°/120°) with radius
= 2.5 m absorb 62% of the
energy available in a wave

Two conical surfaces with top angles
of 60° and 120° (bi-cone) gives the
advantage of having the most wetted
area located near the free surface
making the buoy more receptive to
wave excitation (Vantorre et al.,
2002).

An average power of 21.5 kW may

Higher energy

absorption compared to
cone-60°/90°/120° and
hemisphere. (Vantorre et
al., 2002)

Very good performance.
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Etienn £ Waterline Diameter (D)
Buoy Shape breaking Wave Absorber Power Performance Conclusions
. and draft (d)
Slamming
Cylinder-Bi- crest width equal to the be captured by a point absorber unit,

Cone (60°/120°)

The lower part
increases the draft
and hence reduces
the probability of
slamming (Vantorre et
al., 2002).

buoy diameter averaged
over all Hs classes
(Vantorre et al., 2002).

if both supplementary mass and
external damping are controlled
operationally (Vantorre et al., 2002).

A buoy that is smaller will be more
favourable for lower damping, while
a larger buoy will be more
favourable if the damping is
increased (Sjokvist et al., 2014).

Cone-Cylinder-
Cone

The shorter cylinder
allows it to withstand
severe bottom and
breaking wave
slamming loads
(Blommaert, 2010).

A buoy that is smaller will be more
favourable for lower damping, while
a larger buoy will be more
favourable if the damping is
increased (Sjokvist et al., 2014).

Good performance if
slamming is a major
issue.
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Decay tests were performed at the Kuwait Institute for Scientific
Research (KI SR) utilising the Coast al
flume tank facility. The approach for this work consisted of two parts: (a)
conducting decay tests to determine the radiation damping
coefficient P hfor each buoy shape; and (b) examining the behaviour
of each buoy under different damping conditions. Only the bullet and
spike buoys were used for part (b). The different damping conditions
were achieved by arbitrarily adding one (damped) or two (extra
damped) round discs to the lower section of the buoys. This damping
approach was the best available option to provide the different damping
conditions as to the discs availability at the testing facility. When two
discs were used, they were attached 2 inch and 3 inch apart for the
bullet and spike buoys, respectively. After testing, the values of W
obtained from the decay tests were verified by checking whether they

were close to the worst () value obtained from the optimised steady-

state harmonic model or approached the best o values.

In the decay tests, the buoys were released separately from a position
different from their equilibrium position in still water. After approximately
10 seconds, the influence of the radiated waves reflected on the side

walls of the flume became clearly visible and the natural angular

frequency,] , and damping ratio, , , were found. Details of the decay

tests and how | and , were calculated are given in chapter 4 and

APPENDIX 4. No tests were conducted for the damped and extra
damped bi-cone shape due to the limited time available at the testing

facility.
3.8.1. Statistical Analysis

Each decay test was conducted five times and the mean value for the
radiation damping coefficient was used for comparison with the model
predictions. In order to determine the data distribution about the mean

(i.e. to determine the error in the () measurements) statistical sample
variance was used as follows:
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Suppose @ hd I8 8 &Y are observations of a random sample of

size € with a normal distribution.

The mean of the N observations is:

®w -B ® (3.39)
The sample variance is given by:

i —B ® ® (3.40)

The standard deviation on individual measurements is given by:

i m (3.41)
The effect of adding extra damping on the value of (:g for each buoy
shape was examined using a t-test. The t-test allows testing of the
hypothesis that adding round discs to the lower section of the buoys
can increase the radiation damping value o associated with the buoy.
This was used to confirm whether the (Ig data in any set (i.e. zero
damped- damped, zero damped- extra damped, damped- extra
damped) was significantly higher than the others. The t-test is a
statistical hypothesis test in which the test statistic follows a Student's t-

distribution under the null hypothesis. The t-test equation is given as:

0 —— (3.42)

where Qis the sample mean, i is the sample variance, € is

sample size (¢ = 5), and S is the standard deviation. Statistical
significance was determined by looking at the p-value which gives the
probability of observing the test results under the null hypothesis

ensuring approximately 95% confidence in the results.

The decay test and statistical results are summarised in Table 3.3 and

the t-tests results are given in Table 3.4. Sand was added from the top
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to stabilise each buoy and to adjust its draft on the cylindrical part to
0.13 m. The amount of sand added differed which resulted in a
variation in the weight of the buoys of different shapes. The radiation
damping profiles for the zero damped, damped and extra damped

buoys are shown in Figures 3.22, 3.23 and 3.24, respectively.

Table 3.3: Bullet, spike and bi-cone decay tests and statistical results

M Mean Sample
Mean 5 eand Radiation Variance
Draft = ampe Damping “
(m) re((q#ze)ncy Coefficient,  (Ns/m)?2
0 (Ns/m)
Bi-cone 0.094 11.63 | 0.220 1.164 16.0 7.8795
Spike 0.128 27.72 | 0.755 0.729 32.51 3.6074
Bullet 0.124 | 33.44 | 0.755 0.667 34.84 9.2916
Damped 0.114 27.30 | 0.755 0.727 28.51 0.8511
Spike
gjﬂ;ﬁ’ed 0111 | 31.24 | 0.755 0.685 29.54 10.5423
Extra
Damped 0.099 27.58 | 0.755 0.715 24.55 5.3399
Spike
Extra
Damped 0.095 | 31.01 | 0.755 0.693 25.55 2.37
Bullet

Table 3.4: Probability of damping reduction (%) for different buoy shapes

Probability of damping

Buoy Shapes .
reduction (%)

Bi-cone =) Spike 100
Spike ====) Bullet 99.5
Bi-cone ) Bullet 100
Spike ) Damped spike 99.8
Damped spike sy Extra damped spike 99.6
Bullet m) Damped bullet 98.6
Damped bullet =) Extra damped bullet 98.1
Spike ) CXtra damped spike 99.9
Bullet ===m==) Extra damped bullet 99.9
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Fig. 3.22: Profiles of J,'f for the bullet buoy
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Fig. 3.24: Profiles of Jﬂf for the bi-cone buoy

3.8.2. Buoy Power Optimisation

In order to optimise the power absorbed by each buoy at resonance

and under zero damped, damped and extra damped conditions, the
steady-state harmonic model was used to determine the optimal W
damping profiles for each shape. The values of @ obtained during

decay testing were verified to ensure they were not near the worst &

value obtained from the model. All the damping coefficient values were

scaled down to match the physical models as the diameter used for the

steady-state harmonic analyses was Q= 1 m and the physical models

had Q= 0.3125 m.

The performance of the bullet, spike and bi-cone buoys was optimised

using the following hydrodynamic parameters in MATLAB:

1 Buoyancy-stiffness corresponding to a wetted plane cross
sectional buoy area of 0.08 m? in sea water, Q= (* Q 74) 3 9.81
3 1000 N/m.

1 Wave frequency,] ¢* =6.28rad/s.

T Resonance frequencyh] z=¢" 70.9 rad/s. This was calculated
based on the experimental results which gave resonance at ¥
0.9 s (see Chapter 4).

1 Mass = mass of buoys used in the decay tests (see Table 3.1).
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T Radiation damping coefficient = damping ratio @ (Ns/m).
Damping ratio of each buoy shape was taken from the decay
tests (see Table 3.1) and used to determine ¢ value associated
with it.

f Radiation damping coefficient @ @ p 1 0 ép m (Ns/m).

The @ value in the model was varied using 500 time steps.

3.8.3. Results and Findings

During the experimental testing, the opportunity to vary the
performance of the buoys at very little cost was utilised. Based on the
steady-state harmonic model predictions, it was concluded that
operating in the high damping region is recommended to maximise the
power extraction rate which suggests that it is beneficial to add some
form of damping. This was tested during the experimental investigation
and extra damping was provided in the form of round discs mounted on

the lower parts of the bullet and spike buoys. A comparison between
the mean @ values for all the shapes was conducted and the results
are illustrated in Figure 3.25. The desired effects of increasing
o values using the round discs were not found as the extra damped

bullet and spike buoys had the lowest radiation damping values
compared to the zero-damped and damped buoys. This behaviour was
confirmed by the statistical t-test, where probabilities above 95%
provided very high confidence in the results, see Table 3.2. Increasing
damping by adding two round discs appeared to be a reasonable idea

but the results were unexpected and require further investigation.
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Fig. 3.25: Mean J,'f for the bullet, spike and bi-cone buoys

The variation in the power absorbed by the zero damped buoys as a

function of the radiation damping values is illustrated in Figures 3.26a,
3.26b and 3.26c¢. In these figures, the & values derived from the decay
tests for each shape are marked in blue, and the worst & values from

the model are marked in red.

Figures 3.26a and 3.26b, for the bullet and spike buoys, respectively,
show lower power capture in the left low & region only. This means that

their mass is far from optimum, as indicated in Figure 3.13 previously,
which shows results for masses above and below optimum. The &
values for the bullet and spike buoy shapes are close to the worst value
for @ predicted by the model. In Figure 3.26a for the bullet buoy, the
power recorded in the highest and lowest &) regions was 107.78 W
and 45.67 W, respectively. The worst power region for the bullet buoy
occurred for G between 2.41 and 1.51 3 10* Ns/m. In order for this
buoy to achieve a power absorption of 107.78 W its & value should be

higher than 1.51 3 104 Ns/m.
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Fig. 3.26: Maximum power capture at 1= for zero damped buoys

In Figure 3.26b for the spike buoy, the power recorded in the highest

and lowest & regions was 107.78 W and 65.0 W, respectively. The

power output is measured by the buoy height variation with time. The

worst power region for the spike buoy occurred for ® between 2.84
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and 3.12 3 10* Ns/m. The highest absorbed power for this buoy could

be achieved if its & value higher than 3.12 3 104 Ns/m.

In contrast, the bi-cone response (Figure 3.26c¢) was similar to the
model response at optimum mass (see Figure 3.13b) which indicates
that its mass (11.63 kg) was close to optimum. It was also seen that

the @ damping associated with the bi-cone shape was reasonably far

from the worst G value predicted by the model. In Figure 3.26¢, it is
clear that the power for the bi-cone buoy is approximately equal in the

highest and lowest &) regions, 107.78 W and 101.60 W, respectively.
The worst power region for the bullet buoy occurred for a value of o in

the range 2.87 to 1.89 3 10* Ns/m.
3.9. Conclusions

In this chapter, a point absorber was considered as a mechanical
system with two sets of parameters, namely geometrical parameters

and control parameters. The geometrical parameters include a linear

radiation damping term & which defines the geometry of the buoy. The

control parameters relate to the PTO damping mechanism 0. These

are usually variable parameters that can be tuned to match a given sea
state. In this respect, to increase wave device efficiency and
consequently minimise energy production costs, a new approach to
optimising the geometry and performance of heaving point absorbers
was outlined including the development of a steady-state harmonic
model. In the model the power output of a harmonically oscillating buoy

was measur ed by varying t hTde poweoy 6 s

response was maximised by using the best value for & from the region

driven by high o for determining the best value of o for a mass equal

to the optimum mass.

The steady-state harmonic model developed in this chapter revealed
that at resonance, a buoy of any shape will have two types of

behaviour: one driven by low radiation damping and the other by high
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radiation damping. Successful operation in the low radiation damping
region is difficult to achieve and hence operation in the high damping
region is recommended for maximising power capture. This suggests

that it is beneficial to add some form of external damping. The model
also revealed that the optimum value for W is W 7(7{ when
the buoy with optimum mass is at resonance with the peak frequency of
the sea state at] ¢ QY4 . Further examination with mass values of

99.99% and 100.01% of O revealed that for a system that is not in

resonance, the linear relationship between @ and @ no longer holds
true, even when mass deviated by only 0.01% from its optimum value.

In other words, at optimum massh & hwhen the system is in resonance,

in order to maximise the power, the & ¢ condition must be met.
The use of the model to optimise the geometrical and damping
parameters of a device could lead to major economic design benefits
for any point absorber buoy of any shape.

Increasing damping & by adding two round discs to the lower part of
the buoy was tested experimentally and the reliability of the results was
confirmed statistically. 1t was found that the round disc technique did
not give the desired outcome as the extra damped buoys with two discs
had lower @ values than the zero damped buoys with one disc.
Although the technique appeared reasonable, the low damping
outcomes were unexpected and are worthy of further investigation.
Other ideas on how to alter the @ values emerged such as adding
roughness to the buoys but could not be achieved within the scope of

this work and are still worth investigating.

The mass of the bullet, spike and bi-cone buoys was 33.44 kg, 27.72
kg, and 11.63 kg, respectively. Of all the tested buoy shapes (bullet,
spike and bi-cone), the bi-cone (60°/120°) response was most similar to
the optimum mass response of the model which indicated that its mass

of 11.63 kg was close to optimum.
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It was also noted that the G damping value for the bi-cone shape

differed from the worst @ value predicted by the model. In conclusion,

the results revealed that the buoy with the bi-cone buoy had the best
performance and its potential integration with a parabolic concentrator
will be assessed experimentally in chapter 4. In addition, the results
encourage the conduction of further investigation to tune the
geometrical and control parameters of different buoy shapes by

optimising their wand @ values to match a given sea state.

The PTO system has been modelled with a constant damping
coefficient for regular waves. This might be considered as the model&
main limitation because approaches which consider irregular waves
tend to be more accurate as they better replicate real sea conditions. In
reality, the constant damping coefficient approach is not valid and
power losses due to the PTO will be present. The PTO system thus
needs to be modelled more accurately. Cargo et al. (2012) conducted
an extensive study on the modelling of a PTO system and his results
could be used to further improve the steady-state harmonic model
presented here. He demonstrated that simplification of the PTO system
during the simulation phase of device development could lead to
incorrect design decisions and subsequently to additional delay and

cost.
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Chapter 4. Experimental Wave Flume Tank

Testing

In the comprehensive literature review presented in chapter 2 a viable
solution to protect Qaru Island from wave attacks and erosion was
identified. The conducted literature revealed that the wave climate
around Qaru Island was suitable for the installation of a WEC device
and a floating breakwater was identified as the most appropriate type to
be combined with the WEC device. In addition, with the low wave power
density and limited resources of good quality stone in the area of
interest, chapter 2 provided the first evaluation of the potential of a
parabolic concentrator to enhance wave energy conversion around the
island. A parabolic concentrator was found to be the best solution as it
can function as a breakwater, a WEC device and a mooring facility. The
combination of a parabolic concentrator with a point absorber was
assessed further in chapter 2. In chapter 3, the bi-cone (60°/120°) buoy
configuration was found to have the best performance and its potential
integration with a parabolic concentrator will be assessed
experimentally in chapter 4.

The aim of this chapter is to describe the wave flume tank testing
carried out as part of this research. The experimental work was
designed to investigate the response of two parabolic structures to an
ocean wave spectrum representative of the operational wave
environment in Kuwait. In addition, the status of the parabolic
concentrator-point absorber technology and its use as a WEC and
breakwater device was evaluated. In particular, the aim was to identify
the locations of the amplification zones created by the two different

parabolic structures where the wave energy density is the highest, and

to compare these to the | ocations
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was done to determine the suitability of such devices for use in the
Kuwaiti mild wave environment. It was fortunate for the progress of this
research that it was possible to conduct testing at the Kuwait Institute
for Scientific Research (KISR) using the Coastal Management

Programdés wave flume tank facility.

A theoretical background to aspects related to the hydrodynamics of
wave energy and power is given in section 4.1 of this chapter, along
with analysis of wave tank behaviour using Fourier series. In addition,
aspects related to the Froude number and its use for the scaling of
wave tank physical models are discussed. The following section,
section 4.2, contains an outline of the testing conducted. A detailed
description of the experimental setup and testing procedures of all the
wave flume tank tests is presented in section 4.3. The data collected
and other observations are reported in section 4.4. These are used to
provide a basis for a series of recommendations for further testing to
improve the design of the parabolic concentrator-point absorber WEC

system and for partial validation of the numerical simulation studies.

4.1. Theoretical Background

In this section the purpose of using the Fourier series to break up the
periodic signals of the power absorption function is presented. The
basic idea of this representation is to break down the periodic signals
into a set of simple terms that can be solved individually and then
recombined to obtain the power absorbed by a heaving buoy.

4.1.1. Power Absorption

The energy in an ocean wave can be divided into two parts: kinetic and
potential. The kinetic energy is due to the water fluid motion, and the
potential energy is due to the wave elevation. The total energy of a

plane harmonic wave on deep water is half kinetic and half potential.

The total energy stored in waves per unit area of sea surface, E, is

given as:
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_ rgH’®
E=—T [1+tanhk d)] (4.1)

For deep water conditions where tanhk,d) © 1, the total energy stored

in waves per unit area of sea surface is simplified further to give:
rgH? (4.2)

where /' is the density of the water, H is the wave height, d is the
water depth, k, is the wave number, and § is the acceleration due to
gravity.

The power per unit length of waves is found by multiplying the energy

intensity in the wave with the group velocity of the wave (V).

Therefore, the power in the wave front or average incident wave power

per unit crest width (P ) is defined as:

P=vE (4.3)

9

The power absorbed by a heaving buoy (Pa) with velocity, U, across its

damper, subjected to a forcelfChis given as:

1 N
P=—aFkvD (4.4)
NDt

i=1
where Fi is the force in the heaving direction, V; is the buoy velocity in

the heaving direction %FM& Y; is vertical displacement at time

¢ Dt =+

Dt and Y., is vertical displacement at time (i - 1).Dt.

The absorption width is defined as the length of wave front transporting
the same amount of power as the device would absorb under the same

wave conditions. The absorption width is found by dividing the power
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absorbed by the heaving buoy ( Pa) by the power in the wave front (P ).

Absorption width is given as:

. . P.
AbsorptionVidth= Fa (4.5)
The absorption efficiency, al so refer
wi dt ho, i s t he rati o ¢thé availdble poawdrs or bed

transported by the wave front over the width of either the buoy or the

flume tank. Absorption efficiency is given as:

Absorptioicfficiency?) = P

3100 (%) (4.6)

*=Tank

where L., is the width of the flume tank or can be taken as the buoy
diameter, D, as required.
4.1.2. Fourier Series for Analysing Wave Tank Behaviour

A Fourier series takes a periodic signal and decomposes it into a sum

of a number of sine and cosine expressions with different frequencies.
Assume that we have a periodic signal that lasts for 0 < ts < Tp. The

approximation made by breaking the signal is represented by the

following infinite series:

! . 0
(1) =2 + & B, cosC) +b, sin()0 @.7)
n=1¢ Tp Tp -

where "Q0 is the signal in the time domain, &, and b, are coefficients

of the series, N is an integer equal to 5, I is the signal time, and T, is

the periodic time of the wave.

The coefficients @, and bn are related by the following equation:

c=4a,’+b} (4.8)
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. . h . .
The signal magnitude at the general n' integer can be determined as:

f(t,) = (cos0® t,20/T,))l.

3ll—h

(4.9)

+a %cos@,mt IT )) 3 cos(z—)+ sm(2,mt IT )) i 3 sm(z’_?nt

—1@ p

)

|-O:00

where i is the vector of force value, I is the vector of time value and

M is the series number. The continuous periodic force exerted by the
wave on the buoy and the buoyd wselocity across its damper can be
represented by a summation of the first, second, third, fourth and fifth

harmonics. This summation is used to calculate the power absorbed by

the heaving buoy (P,) using Equation (4.4).

4.1.3. Froude Scale Ratio

For a physical scale model to be completely similar to its prototype, it

needs to satisfy a set of mechanical similarity criteria as follows:
(i) Geometrical similarity: similarity in shape.

(i) Kinematic similarity: requires geometrical similarity and similarity

of motion between model and prototype particles.

(i) Dynamic similarity: requires geometrical and kinematic similarity in

addition to similarity of all the force ratios in the two models.

To create the most representative physical model of a full-scale device,
with minimal modelling errors due to hydrodynamic and other nonlinear
phenomena, the largest scale factor for the prototype has to be
selected. In this study, the model size was limited by what would
reasonably fit in the testing facility at KISR. Ideally, when scaling a
model, two non-dimensional quantities, namely the Froude number and
the Reynolds number, would be held constant. However, for wave tank
testing where gravity and inertial forces are dominant, and the effect of
the remaining forces such as viscous forces are assumed negligible,

Froude scaling on its own is considered valid. Most water phenomena
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are modelled based on the Froude method, such as free surface flows
in hydraulic structures, waves and WECSs. Different scale ratio formulas
are used to scale Froude model parameters (Froude scale = Parameter
prototype/Parameter model). The typical scale ratios for Froude models are
given in Table 4.1.

Table 4.1: Scale ratio for Froude models (Heller, 2011)

Parameter Dimension Froude Scale

Geometric Similarity

Length [L] /
Area [L3] /2
Volume [L3] /3
Rotation [ 1
Velocity [LTY] /1/ 2
Acceleration [LTZ] 1
Discharge [L3TY] 5/2
Mass [M] /3
Force [ MLT-?] / 3
Pressure and stress [MLT-2) /
Energy and work [ML2L-?] /4
Power [ ML2T-3] /7/ 2

4.2. Outline of Experimental Work

A series of experimental wave tank tests were performed to understand
the hydrodynamic and power performance of the parabolic
concentrator-point absorber WEC system. Within the WEC, the PTO
system is responsible for converting the force created by the motion of
the heaving point absorber to useful power. The specifications for the
flume tank tests are described briefly in Table 4.2.

Stage-1 of the testing examined two different parabola model
configurations with a width of 2.5 m (the full width of the flume). The
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configurations chosen were at either end of the potentially useful range
of geometries. During this stage, the wave tank tests were carried out to
examine the behaviour of regular, unidirectional, two dimensional, long
crested waves. For the present analysis, in order to investigate the
focusing effects at the amplification zone, a range of very low discrete
wave states representing Kuwaiti sea conditions were considered.
Video image analysis of the water surface was used to visualise the
effect of the two model configurations on wave behaviour in addition to
finding the location of the amplification zone and the level of
amplification at the zone.

In stage-2, tests were conducted in two phases. In phase I, a zero
damped point absorber (heave motion only) was tested to analyse its
dynamic response and to record displacements. Phase Il involved
testing a damped point absorber (fully damped and half damped) so
that deflections, forces and maximum power outputs could be

measured.

The stage-1 and stage-2 wave tank tests were aimed at evaluating the
hydrodynamics and power output of the system in an operational wave
environment similar to that in Kuwait. The results and findings from
these tests were used to form recommendations for the final (stage-3)
testing in which the performance of an optimum configuration for the
following systems was evaluated: (i) parabolic concentrator-heave only
zero damped point absorber, and (ii) parabolic concentrator-heave only
damped point absorber to evaluate the hydrodynamics and power

output of this novel technology.
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Table 4.2: Experimental wave tank tests outline. All experiments were carried

out at the Kuwait Institute for Scientific Research

Model
Type Date \[o]{]
Scale
Test 2 different concentrator
= ] June- shapes. Analyse their wave
o Parabolic 116 August | focusing effects using video
|<£ Concentrator image analysis. Find the
0 2015 level of amplification at the
amplification zone.
Heave-only Test zero damped point
Zero Damped May absorber in heave motion
1/16 ly. Anal h [
Point Absorber 2016 only. Analyse the dynamic
o response of the system and
|E|D'J measure PA displacement.
<
|_
@ Heave-only M Test damped point absorber
a . .
Damped Point 1/16 y in heave motlpn only.
2016 Measure deflection, forces
Absorber and maximum power output.
Test optimum configuration:
(i) Free PA and
paraboli concentrator.
N arabolic July (i) Damped PA and
(<_Er) Concentrator- 1/16 2016 concentrator.
(I7) Point Absorber Measure upward forces and
find the best configuration to
give maximum power
absorption.

The flume tank, instrumentation, and buoy and parabola geometries
and dimensions, from the initial conceptual design stage through
assembly, installation, data acquisition, measurement, and data

interpretation are detailed in the following sections.
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4.3. Experimental Setup and Measurement
4.3.1. Wave Flume Tank

The concrete flume tank at KISR is of the following dimensions: length
40 m, width 2.5 m and depth 2.5 m. Within the mechanical, geometric
and hydraulic limitations of the system, the installed active absorption
type (Danish Hydraulic Institute (DHI)) wave maker is capable of
generating waves of heights up to 4 0cm with wave periods in the range
1.0 to 5.0 s and lower. The wave maker setting includes damping to
stop reflected waves at the wave maker end of the flume. The system
can be used to generate different kinds of two dimensional regular and
random wave sequences or sea states. It has wave synthesiser
software to control wave generation, data acquisition and analysis. The
maximum water depth in the flume is 2.5 m. The water depth near the
wave maker is 1.5 m, and a constant water depth of 1.5 m was chosen
for all the tests to represent a deep water situation. The slope of the
beach begins at a distance of 30.5 to 38.8 m from the wave generator.
The flume tank tests were carried out with regular, unidirectional, two
dimensional, long crested waves. A range of very low discrete wave
states which represent Kuwaiti sea conditions were considered. The
range of wave states chosen also took into account the minimum
operating range of the wave maker. A spectrum of wave components
was generated at the same time so testing times could be reduced. The
propagation and reflection of the waves as well as the wave focusing

effects of the concentrators were analysed.

The parabolic concentrators and the point absorber (buoy) were
designed according to Froude number and fabricated at the Coastal
Management Program at KISR. A detailed description of the model
scaling is given in section 4.3.2. A schematic top view of the

experimental setup is shown in Figure 4.1.
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Fig. 4.1: Schematic of wave flume tank and position of parabola

The various stages of the flume tank testing are illustrated next in
Figure 4.2. During stage-1 wave tank tests two different parabola model
configurations with a width of 2.5 m (the full width of the flume) were
tested to identify the amplification zones created by each parabola
where wave energy density was the highest. In addition, the level of
amplification in the amplification zone arising from various wave heights
will also be studied. The parabola configurations will be used to provide
a basis for the buoy design and final shape selection. In addition, the
design will be optimised for the wave conditions at which the highest
amplification factors are recorded with parabola-1 and parabola-2
during stage-1 testing. Based on the outcomes of stage-1, stage-2 tests
of heaving point absorber will be conducted in two phases. The results
and findings from these test will determine the optimum parabolic
concentratori point absorber configuration which will be tested during
stage-3. The experimental testing facility and data acquisition setup at

KISR are illustrated in Figure 4.3.
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Fig. 4.2: Stages of wave flume tank testing

129



Chapter 4: Experimental Wave Flume Tank Testing

Data
acquisition
system

wave maker
control PC

Fig. 4.3: Wave flume tank facility and data acquisition setup at KISR

4.3.2. Wave Conditions Generated

Although the area of the Kuwaiti territorial water is only about 7611 km?,

the wave climate varies significantly from one location to another. Wave

energy potential and wave spectrum were predicted for 19 different

|l ocations based on 12 and 15 yearsod wo
was hindcasted using the wave prediction model (WAM) for the total

period. The WAM model results were in the form of the significant wave

height and mean wave period for every one hour. The data was

hindcasted for all the Kuwaiti territorial waters based on a grid size of

0.1°3 0.1° (Neelamani et al., 2007).

From the joint distribution of significant wave height and mean wave
period presented in Table 4.3 for location 1 around Qaru Island in the
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Kuwaiti territorial waters (number of occurrences over 12 years), the
device operating conditions were found to be: incident wave period,
Ti=2.6 717 4.5s and significant wave height, Hg = 0.25 i 1.5 m). These
conditions were chosen to ensure the safe and economic design of the
structure (Neelamani et al., 2007). In order to achieve the experimental
objectives and investigate the focusing effects at the amplification
zone(s), a range of very low discrete regular wave states (wave
periods, T = 3.2, 3.4, 3.6, 4.0 and 4.8 s and wave amplitudes, H = 0.48,

0.96 and 1.44 m) representing Kuwait sea conditions were considered.

Table 4.3: Joint distribution of significant wave height and mean wave period
for location 1 in Kuwaiti territorial waters (humber of occurrences over 12 years)
(Neelamani et al., 2007)

H, (m) Mean wave period, T,..n (5)

(-10 1L01-20 2.01-30 3.01-40 401-50 501-60 6.01-70 7.01-80 8.01-90 Total no. of occurrences  Mean value (S)

0-0.25 0 2893 24,148 6839 542 4 2 0 0 M8 2648
0.251-05 0 139 11392 25089 1547 146 0 0 0 R407 324
0.51-0.75 0 0 32016347 1138 354 0 0 0 17.991 3.603
0.751-10 0 0 0 3647 961 146 ! 0 0 4762 3768
101-1.25 0 0 0 1914 1707 120 20 0 0 3761 4034
125115 0 0 0 35 M2 194 37 0 0 3991 4477
L31-1.75 0 0 0 51083 118 28 2 0 1238 4.641
1.751-20 0 0 0 0 2 113 16 0 0 351 4913
201-225 0 0 0 0 3 94 14 0 0 141 5.365
225125 0 0 0 0 1 47 4 0 0 52 5558
251-075 0 0 0 0 0 14 14 0 0 28 6.0
275130 0 0 0 0 0 1 18 0 0 19 6447
301-325 0 0 0 0 0 0 3 I 0 3 6.5
3251-35 0 0 0 0 0 0 ] 0 0 0

A Froude scaling of 1:16 was used to obtain the values of the scale

model parameters. From Table 4.1 the scale factor for the wave height

is / and for the wave period iS\/7. The wave height and wave period

scale ratio formulas used for the model and prototype scaling were:

/ — H prototype 410
Hmodel ( . )
T rototype

VI = - proene (4.11)
Tmodel
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The regular wave testing conditions at the prototype and model scales
are summarised in Table 4.4.

Table 4.4: Regular wave testing conditions at prototype and model scales

Prototype Scale Model Scale
H (m) T (s) H (cm)
3.2 3,6,9 0.80
Stage-1 0.48,0.96, 1.44 4.0 3,6,9 1.0
4.8 3,6,9 1.2
3.2 3,6,9 0.80
3.4 3,6,9 0.85
Stage-2 0.48, 0.96, 1.44 3.6 3,6,9 0.90
3.8 3,6,9 0.95
4.0 3,6,9 1.0
3.2 3,6,9 0.80
34 3,6,9 0.85
Stage-3 0.48, 0.96, 1.44 3.6 3,6,9 0.90
3.8 3,6,9 0.95
4.0 3,6,9 1.0
4.8 3,6,9 1.2

The accuracy of the wave profiles generated by the wave maker was
evaluated for the majority of the point absorber test conditions
conducted in the flume with and without the parabola. The damping
associated with the wave maker was included to stop reflected waves
at the wave maker end of the flume tank. The generated surface
elevations measured by the wave probes at specific locations were
compared to the target conditions. As the incident wave power is highly
dependent on wave height, it is important to ensure that the generated
wave heights are acceptably close to the required values and the wave
period is correct. Representative wave heights and periods were
extracted from the measured data for the fully developed, regular,
unidirectional, two dimensional, long crested waves. It was found that
the generated wave heights were mostly within 10% of the input wave
heights. The results also showed that the higher wave heights diverged

further from the input values due to the increased non-linearity

132




Chapter 4: Experimental Wave Flume Tank Testing

associated with these conditions. All wave periods generated in the
flume compared reasonably well with the input wave periods

(approximately in the range -3% to +4%).

4.3.3. Measurement Instrumentation

The experimental setup is equipped with a large number of sensors,
supplied by KISR, which are able to continuously monitor the
performance of the parabolic concentrator-point absorber device. In this

research, only the data from the wave probes were utilised:

Conductive Type Wave Probe, WP (s): The wave probes used
consisted of two thin parallel stainless steel electrodes. The resistance
between the plates is measured when the probe is immersed. The
conductivity is proportional to the variation in the water surface
elevation. A set of compensation electrodes is mounted at the bottom
end of the wave gauge to balance the effects of changes in temperature
and salinity. Six conductive type wave probes (supplied by DHI,
Denmark) were calibrated and arranged at two locations within the

flume tank.

In order to establish wave reflection within the tank and ensure steady
state conditions, the distance between the wave maker and probe WP1
was chosen to be 11 m. To complete the cluster, probes WP2 and WP3
were placed at distances of 11.5 and 11.75 m from the wave maker,
respectively. WP1, WP2 and WP3 were used to measure the incident
waves. In general, two stationary wave probes are needed for
extracting wave reflection information. However, in this study, three
probes were used since in some cases when there are only two probes,
they may measure the same wave height, which makes it impossible to
extract reflected wave information. Probes WP4, WP5 and WP6 were
used for measuring the wave focusing effects created by each
parabola. These were placed within close proximity to the parabola
plate so that wave heights in the amplification zone could be monitored
closely. Probes WP1, WP2 and WP3 are shown in situ in the
photograph in Figure 4.4. The probes were hung from a bar that was
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mounted on top of the tank; the same mounting arrangement was used
for WP4, WP5 and WP6.

Fig. 4.4: Wave probes in the concrete flume tank measuring regular waves for

wave characterization

Potentiometer: The relative heave motion of the point absorber was
registered by a linear potentiometer. The potentiometer was mounted
on a frame and attached to the side of the buoy (Figure 4.5). In order to
ensure the accuracy of the potentiometer measurements, a camera
tracking system was also used. In the potentiometer, an electrically
conductive wiper slides across a fixed resistive element and a voltage is
applied across the element forming a voltage divider circuit. The output
voltage (Vouy) is measured and is proportional to the distance moved by

the buoy.
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Fig. 4.5: Potentiometer mounted on the frame at the concrete flume tank

Load Cell(s) (Force Transducer): Force measurements were needed
to evaluate the power generation performance of the buoy shown in
Figure 4.6a. These were obtained by using two calibrated load cells. In
order to measure the tension in the cable and the net upward forces
acting on the buoy, one load cell was attached to the top between the
buoy and the cable (Figure 4.6b) and the other was attached below the
buoy using the configuration shown in Figure 4.6c. The tension in the
cable was calculated by adding the two measured load cell signals and
the net upward force acting on the buoy was calculated from the

difference between the signals.
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Fig. 4.6: Load cells to measure forces acting on the buoy

PTO Motor: A motor was connected to the buoy to provide damping to
represent a power take-off (PTO) mechanism. The motor was
connected tei ranuiffopehni . e. not hi ng wa
terminal s) or t o-ciomeuiofs ot wa . Bs h oornte
terminals were connected together and the other where only two
terminals were connected together). The difference between these tests

provided information about how much of the total torque resistance was

caused by the electric current. The airgap torque of the short circuit

caused the motor to behave like a pure damper. During motor
calibration with the complete short-circuit, the translational and optimal

damping values were calculated by dividing the force by the velocity.

The optimum translational damping for power capture was calculated to
correspond to a maximum wave amplitude of 0.09 m (peak-to-peak) for

the buoy with diameter 0.312 m. Using the buoyancy force and velocity

values, this optimal damping value was found to be approximately 60

Ns/m. A translational damping of 4172 Ns/m was calculated for the

case of a force being exerted on the motor by allowing a weight of
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0.751 kg attached to the motor to drop freely at a speed of 0.0018 m/s.
(Details of these calculations can be found in Appendix 4.) Based on
these damping values, the radius of the pulley used in the experimental
setup was approximately 8.33 [i.e. Q4172/60)] times larger than the
radius of the motor shaft]. A translational damping of 15 Ns/m was
calculated provided that the resistance across the motor terminals
remained unchanged. To reduce the translational damping from 15
Ns/m, either the cable was wrapped around a pulley with a diameter
larger than the motor shaft or the resistance across the terminals was

increased. Figure 4.7 shows photographs of the PTO mechanism.

PTO motor

Pulley with a diameter
larger than the motor

Fig. 4.7: PTO motor system
9 y shaft

Camera Tracking System: Video image analysis of the water surface
was used to visualise the focusing and amplification effects at the
maximum amplification zone(s). Cameras were used to capture and
visualise buoy response and wave behaviour both around the device
and in the vicinity of the parabola models for various wave states. The
system consisted of two cameras, one mounted on top of the tank
around the amplification zone(s) to measure horizontal movements at

the top, and a second mounted on the side of the flume tank.
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Polystyrene Beads: Water surface movement and wave elevations
were detected using orange polystyrene beads scattered around the
area of interest and at various locations within the tank (Figure 4.8).
The motion of the beads was tracked with carefully positioned cameras
which allowed the motion of the marked beads to be mapped and
translated into x-y-z coordinates for motion analysis. Time and
movement histories for the waves were recorded and analysed. It would
have been possible to analyse the motion of the beads in more detalil,
but for the purposes of the research presented in this chapter,
visualisation of the beads motion was a sufficient technique to track the

wave motion.

Fig. 4.8: Polystyrene beads scattered around the area of interest
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4.3.4. Calibration

The six conductive type wave probes were calibrated as recommended
in the user manual. Incident wave heights of up to 9 cm were generated
for the experimental testing. Since with partial reflection and focusing
effects wave heights of up to 40 cm could be expected at the
amplification zone(s), the gain was selected such that for a 20 cm wave
amplitude, the signal output was 10 V (maximum possible outputs were
+/- 10V). The wave flume was initially filled with up to 70 cm of fresh
water. Each wave probe wire was 60 cm long. The six probes were
immersed such that 30 cm of the wire was under the water and 30 cm
was above and the offset in the wave amplifier was adjusted to zero.
The wave probe wire was then immersed in the water to a depth of
10 cm and the gain setting adjusted such that the output was 5 V. The
wave probe was immersed by an additional 10 cm and it was verified
that the output was 10 V. Similarly, the wave probes were raised by
5cm and 10 cm and the corresponding changes in voltage were
recorded. The data collected was plotted and the slope of the graph
was obtained from which the calibration constant was calculated.

The wave probe calibration constant has units of cm/V and with the
arrangement used, its value was approximately 2 cm/V. However, a
more accurate value of the calibration constant for each wave probe
was obtained by using the method of least squares to fit a straight line
to the data for the wave probes individually. The calibration data and
graphs can be found in Appendix 4, and the calibration constants are

summarized in Table 4.5.

Table 4.5: Wave probe calibration constants
1.98
1.97
1.89
1.96
2.02
2.00

o O M| W[ N|
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4.3.5. Data Acquisition and Collection

Regular wave tests were conducted for a range of very low discrete
wave states (wave periods T = 0.8, 0.85, 0.9, 0.95, 1.0 and 1.2 s and
wave heights H = 3, 6 and 9 cm). Data for each regular wave test was
collected for a total duration of 90 s at a sampling frequency of 40
samples per second (& = 1/40 s). Waves were generated for a total
duration of 90 s. Data collection was initiated at O s in order to record
the wave buildup at the location of each wave probe. The wave height
in the maximum amplification zone(s), incident wave height, and wave
reflection coefficient were measured. Detailed analysis of the data
collected by the wave probes was essential to obtain these
measurements. The data analysis was carried out using the wave
analysis tools within the MIKEO21 software package developed and
maintained by DHI. Wave Synthesiser (WS) Reflection Analysis and
WS Crossing Analysis were both utilised for calculating the desired data

as detailed below.

Data window Selection: The waves were generated for 90 s and data
was captured over the full 90 s. It was necessary to select an
appropriate window in the data for the different types of analyses and
the time series window was used for cases without any reflection from
the parabola and for waves with the same repetition of heights. The
wave propagation speed (celerity) and the distance to the measuring
point can be used to calculate the time the wave will take to reach the

measurement point. For example, if C is the wave speed (C=L/T,

where L is the wave length and T is the wave period) and | is the
distance from the wave maker to WP1, then theoretically, the time
required for the wave to reach WP1 is 1/C. The wave energy
propagates at group speed which is the speed at which the overall
shape of wavesd amplitudes propagates
slower than the phase speed of a wave which is the rate at which the
phase of the wave propagates in space. Hence in reality, the waves

take longer to reach the probe.
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A theoretical estimate of the time required for the wave to reach the test

section, reflect from the parabola and return to the wave maker is

crucial for the selection of a suitable window for the wave analysis. The

time series shown in Figure 4.9 is typical of the data obtained. It can be

divided into the following sections:

1.

Initially, there are no waves in the wave probe location but the

wave maker is generating waves (time from 0 to 15 s).

The wave reaches the wave probe and continues to grow (time
from 15 to 25 s).

The wave reaches a steady state and continues with the same
height (time from 25 to 57 s). During this time, the wave moves
towards the parabola and reflects back to the wave probe.
Hence, the window from 25 to 57 s is purely associated with the
incident wave and is suitable for extracting incident wave and

incident wave energy data.

At 57 s, the probe begins to be affected by wave reflection and
hence there is a change in wave height. From 57 to 70 s, the
wave probe is affected by both incident and reflected waves. A
suitable section within this window needs to be selected for the

reflection analysis.

The parabola creates two types of wave reflection: longitudinal
and cross waves, as illustrated in Figure 4.10. The longitudinal
reflection reaches the wave probe location faster (straight route)
than the cross waves reflection (long route). The wave history
after 70 s reflects the combined effect of the longitudinal and
cross waves reflections and this data is not needed for any

analysis.

The time series data without any reflection effects (time from 25 to 57 s

in the example plot shown) are appropriate for analysing incident wave

conditions whereas the data for the period with longitudinal but not

cross waves wave reflections (time from 57 to 70 s in the example plot).
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are required to assess reflection wave effects. This principle was

followed for all the wave data collected.

T MECE Zero - [TOOO!
L B rie faw View Setungs Tools Window Melp
D XM & v N =V

Focal Point Parabolic Concentrator Alone H= 3 cm T

Fig. 4.9: Reflection analysis: data acquisition time selection of a suitable

window for the wave analysis

Incident wave

Vv

Reflected wave (Longitudinal)

N
S
>

Reflected wave (cross waves)

Fig. 4.10: Types of wave reflection: longitudinal and cross waves

Reflection Coefficient, R The WS Reflection Analysis employed is
based on the 3-point method developed by Mansard and Funke (1980).
This method separates the incident and reflected spectra from the
measured co-existing spectra by using a least squares analysis. It
requires simultaneous measurements of the wave height at three

positions inside the flume tank which are on a line parallel to the wave
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propagation direction and are also in reasonable proximity to each
other. The wave time series from the first three wave probes (WP1,
WP2 and WP3) were used for the reflection analysis. The distances of
both WP2 and WP3 from WP1 were defined in addition to the water
depth used in the tests. The analysis software then separates the
incident and reflected wave components from the recorded responses
of these three probes and gives the average reflection coefficient, R,
defined as the ratio of the reflected wave height H; to the incident wave
height Hi (i.e. Rc = H/ H).

Prior to the analysis, the times series file (Figure 4.9) was checked to
identify the data to be used. After 55 s, the wave probes started reading
the reflected waves indicating the starting point for data acquisition. The
effect of the re-reflected waves was taken into consideration from the
point at which the wave amplitude increased towards the end of data
acquisition. No data was used from after this point. The time to reach
this point differed slightly from one probe to another. The starting and
ending times for the data acquisition for the reflection analysis of the
test with H=3 cm and T = 0.8 s were 64 s and 71 s, respectively, as
illustrated in Figure 4.9. If the reflection coefficient was found to be
larger than 1, the analysis was repeated.

Crossing Analysis: The WS Crossing Analysis method is based on
the zero-crossing analysis method where the input time series is
divided into events. Each event is defined by when the time series
value crosses the zero level either in the upwards (called zero-up-
crossing) or downwards direction (called zero-down-crossing). For the
regular wave data, WS Crossing Analysis was used to extract the peak-
to-peak values for the generated incident wave height (Hi) from the time
series data collected by the wave probes. In this research, the incident
wave height for each test was estimated by the average incident wave
height from probes WP1, WP2, and WP3 from the peak-to-peak value
output. The heights in the amplification zone(s) were estimated from the

data from WP4, WP5, and WP6. The results were used interchangeably
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depending on the location of the area of interest and the parabola

configuration.

Incident Wave Height, Hi: Before the start of the incident wave height
analysis, the time series file was checked for wave probes WP1, WP2
and WP3. The steady state for the generated waves (constant window
of waves) is shown in Figure 4.11 for the test with H=3 cm and T =
0.8 s. This may have differed slightly from one probe to another. The
starting and ending times for the data acquisition for the incident wave
analysis could have been selected as 26 and 55 s. However, the
window from 33 to 48 s was deemed sufficient. Theoretically speaking,
for regular waves, a single wave is enough. However, it is usual
practice to select 10 to 15 or more waves to obtain an average wave
height. Hence, the average wave height of all the waves from 33 to 48 s

was calculated.
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Fig. 4.11: Incident wave height: data acquisition time selection of a suitable

window for the wave analysis with wave probes WP1, WP2 & WP3

Wave height at amplification zone(s), Hs: Before the start of the
analysis, the times series file was checked for wave probes WP4, WP5
and WP6. After seeing the amplification effects at the amplication zone,

the three wave probes were placed at the zone and the wave heights
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were recorded. The data from the wave probe with the highest water
surface elevation was chosen for the analysis. Probe WP5 had the
highest wave elevation and hence was used throughout. The starting
and ending time for the data acquisition for the reflection analysis for
the case of H=3 cm and T = 0.8 s were 56 s and 70 s, respectively, (as
shown in Figure 4.12), since the waves in this region had repeatedly

similar heights.

W File Edit View Settings Tools Window Help
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Fig. 4.12: Incident wave height: data acquisition time selection of a suitable

window for the wave analysis with wave probes WP4, WP5 & WP6

4.4. Stage-1: Experimental Wave Tank Tests
4.4.1. Parabolic Concentrator

The first set of tests was used to examine two different parabola model
configurations designed as part of this research and fabricated at the
Coastal Management Program at KISR. The parabola configuration
relies on constructive interference that occurs within the parabola
structure where interfering waves have a displacement in the same
direction equal to the sum of the amplitudes of the individual waves
which gives the desired amplification effects. In addition, both
parabolae create both longitudinal and cross waves reflections, hence it

was necessary to keep the effect of the cross waves oscillations in mind
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throughout the experimental investigations. The objective of the stage-1
testing was to identify the amplification zones created by each parabola
where wave energy density was the highest. In addition, the location of
the amplification zone was compared to the focal points of the parabola
for the very low discrete wave states representing the Kuwaiti sea
conditions. The level of amplification in the amplification zone arising

from various wave heights was also studied.

4.4.2. Stage-1 Test Setup

In order to attenuate the waves, the parabolic concentrator must have a
dimension extending in the direction of waves, typically on an order of
the wave length. The parabola structure must have a reasonably deep
draft to extend to depths equal if not greater than the amplitude of the
waves. From Table 4.3 for location 1-3 around Qaru Island, the device
operating conditions were found to be: incident wave period, Ti =2.6 1
4.5 s and significant wave height, Hg = 0.25 i 1.5 m). The mean wave
period design condition for the prototype of a parabolic concentrator
suitable for locations 1i 3 around Qaru Island was chosen to be T= 6.5
s (highest mean wave period for locations 1i 3) with a wavelength = 66
m. The parabolae focal lengths were chosen such that the focal length
of parabola-1 was double that of parabola-2. The shape of a parabola in
the xy-plane is described by y? = - 2 px and the focal point is at x = - p/2
and y = 0. Therefore, the focal lengths of the parabola-1 and parabola-2
prototypes were chosen to be 5 m and 10 m based on 7.5% and 15% of
the design wavelength, respectively. Tests were carried out on two

parabola model configurations at a Froude scale of 1:16:

1 Model 1. Focal point was exactly in line with the edges of the
parabola and the focal length was 0.625 m.

1 Model 2: Focal point was further away from the parabola edges and
the focal length was 0.3125 m.

The parabola-1 and parabola-2 model configurations were fabricated
with a width of 2.5 m to match the width of the flume tank. In addition,
both parabolae were designed to bound the potentially useful range of
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geometries in that the one shown in Figure 4.13 is shallow and the focal
point is in line with the edges of the parabola whereas the one in Figure
4.14 is deep and the focal point is far inside the zone bounded by the

parabola.

—1Edge
Pl 31

Y 0625

¢ X.09722
B ;0381
K . 08844
e L
1 05 Center xom v 1

Mater Y: 0007716

Fig. 4.13: Proposed design for shallow parabolic concentrator (Model 1)
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Fig. 4.14: Proposed design for deep parabolic concentrator (Model 2)

In addition, in reality it is not necessary to construct the concentrator to
extend up from the sea floor, as wave action is typically confined to the
upper strata of the water. Accordingly, it has been found that the
proposed floating concentrator can also provide the desired attenuation
of wave action, when provided with the proper characteristic and
anchored in appropriate locations using heave plates. The heave plates
installed at the bottom of the parabola can enhance stability of the

structure.

During stage-1 experiments, the parabola plates were fabricated from
stainless steel beams and sheets to extend up from the flume wave

tank floor. In total, six horizontal beams were bent using a wooden
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design template and three vertical beams were added for support.
Sheets were then placed on the beams facing the incoming wave
direction as shown in Figure 4.15. During testing, each parabola was

placed at a distance of approximately 22 m from the wave maker.

Fig. 4.15: Fabrication and installation stages of parabola models at KISR: a)
fabrication of stainless steel beams structure b) Fabrication of parabola

stainless steel sheet c-d) Installation of parabola structure

4.4.3. Stage-1 Results

Results for the incident wave height, Hi, maximum amplification zone
wave height, Hy, maximum amplification zone diameter, Dj, maximum
amplification zone length, L, amplification factor AF = H¢/H; and water
depth to wave length ratio, d/L, were collected. The wavelength is
related to the wave period by Equation (4.16) and the results in this
chapter are presented graphically against wavelength. A ratio of d/L
greater than 0.5 was obtained for all tests which indicates the tests
reflected the deep water conditions found around Qaru Island, Kuwait.
A summary of the data collected for parabola-1 and parabola-2 can be
found in Table 4.6.

148



Chapter 4: Experimental Wave Flume Tank Testing

Table 4.6: Experimental data from parabola-1 and parabola-2 tests

Flume Tank Wave

Spectrum Parabola-1 Parabola-2

T* (s) (kn) (t'n ) (|:Im) ?n’]) diL* diL*

0.8 1.0 003 | 228 |0.072 | 150 3.16 059 | 0.721 | 0.021 0.065 1.50 3.10 0.54 | 0.800
0.8 1.00 | 0.06 | 4.77 | 0.142 | 1.50 2.97 0.59 | 0.668 | 0.044 0.185 1.50 4.20 055 | 0.705
0.8 1.00 | 0.09 | 6.73 | 0.230 | 1.50 3.42 059 | 0.703 | 0.065 0.258 1.50 3.95 055 | 0.632
1.0 |.156 | 0.03 | 2.38 | 0.049 | 0.96 2.06 091 | 0919 | 0,022 0.036 0.96 1.63 1.51 | 0.996
1.0 |156| 006 | 494 | 0.126 | 0.96 2.54 091 | 1098 | 0.046 0.077 0.96 1.66 151 | 0.953
1.0 |156|009 | 716 | 0.179 | 0.96 2.51 091 | 0985 | 0,070 0.161 0.96 2.3 1.51 | 0.843
1.2 225|003 | 252 | 0.064 | 0.67 2.54 1.23 - 0.027 0.047 0.67 1.77 2.09 | 1.510
1.2 225|006 | 512 | 0.123 | 0.67 2.40 1.23 - 0.046 0.099 0.67 2.15 2.09 | 1.493
1.2 225|009 | 7.44 | 0175 | 0.67 2.36 1.23 - 0.073 0.169 0.67 2.33 209 | 1.469

*The nomenclature of the parameters and the equation used to calculate the tabulated data are given next.
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NOMENCLATURE

T = Wave period (S)

H = Wave height selected for wave generation (m)

Hi = Incident wave height (m)

H: = Wave height at maximum amplification point (m)

C+ = Coefficient of reflection

Hr = Reflected wave height (m)

Dij = Diameter of maximum amplification zone (m)

Lt = Length from edge of parabola to centre of maximum amplification zone (m)

L« = Length from center of parabola to centre of maximum amplification zone (m)

d = Water depth (m)

L = Wave length (m)

Lo = Deep water wave length (m)

TZ
wave length, L=213 tanh@) (4.12)
20 L
H
Amplification factor, AF = H—f (4.13)
Reflected wave height, H, =R .H; (4.14)
: . aL,. +6259
Length from centre parabola to centre maximum amplification zone, L, = 100 8 (4.15)
T2 _9813(T)
Deep water wave length, L, = 9' - (T) (4.16)

20 2°p

150



Chapter 4: Experimental Wave Flume Tank Testing

The amplification factors and wave motion

parabolae are shown in Figure 4.16.
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Fig. 4.16: (a) Parabola-1 response and (b) Parabola-2 response

Images of the maximum amplification zone dimensions and diameters

are shown in Figure 4.17.
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(a) Parabola-1atT,H (0.8 s, 0.09 m)

(b) Parabola-2 at T, H (0.8 s, 0.06 m)

Fig. 4.17: Photographs of the maximum wave amplification zones for parabola
models 1&2

4.4.4. Stage-1 Discussion

Parabola-1

The test results revealed that lower wave periods (T = 0.8 s) and
wavelengths (L = 1 m) resulted in higher amplification factors compared
to those achieved with higher wave periods as shown in Figure 4.16.
Amplification factors ranged between 2.06 and 3.42. The highest factor
recorded for parabola-1 was 3.42 corresponding to a wave period of
0.8 s and wave height of 9 cm.
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It is possible that even higher amplification could have occurred with
higher frequency waves. However due to the capability of the wave
maker, a wave period lower than 0.8 s was not possible for the
experimental work. The amplification zone for parabola 1 was always
present and was seen to move further away from the structure as the
wave period increased. In general, for parabola-1, the area of interest
was easy to detect; a typical image is shown in Figure 4.17a where the

zone of maximum amplification is clearly visible.
Parabola-2

Similar results for the amplification factor for parabola-2 were observed
(Figure 4.16b). The amplification factors ranged between 1.63 and
4.20. The highest factor recorded for parabola-2 was 4.20
corresponding to a wave period and wave height of 0.8 s and 6 cm,
respectively. Unlike with parabola-1, wave build up was detected at
several points around the point of maximum amplification. It was also
noticed that the diameter of the amplification zone becomes larger at
higher wave periods, and difficult to detect due to the reflection of the
waves from the side walls. This type of multiple reflection and hence
multiple amplification zone behaviour would not occur in field
conditions. The first amplification zone, closest to parabola-2, was
therefore considered to be the most important.

Parabola-1 and Parabola-2

From Table 4.6 it can be seen that the diameter of the amplification
zone Dj increases as the wave period increases for both parabolae.
Similarly, as the wave length L increased, the length from the centre of
the parabola to the centre of the maximum Lac also increased (Figures
4.18a & 4.18b). As expected, the wave height recorded at the
maximum amplification point was found to increase as the generated

wave height increased for both parabolae (Figures 4.18c & 4.18d).
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The characteristics of the area of interest were found to be greatly
influenced by the wave length; i.e. they were greatly affected by wave

period but not wave height.

It is clear that both parabolae work very well within a small range of
wave periods and each one had a threshold wave period beyond which
no focusing was apparent. The threshold wave periods for parabola-1
and parabola-2 were found to be 1.5 s and 1.2 s, respectively. In
addition, the reflected waves tended to involve a combination of both
longitudinal and cross waves motions which can affect the distance
from the parabola to the centre of its amplification zone. The reflection
from the parabolic focusing wall has two components: longitudinal and
cross waves. With the longitudinal component, the wave travels up to

the wave maker and is almost absorbed by the wave maker since the

wave maker funcitvieonasbsionr pan odadctmode.

wave, the wave travels perpendicular to the flume direction, and the
side walls of the wave flume, which are 2.5 m apart, act as reflecting
surfaces. The pure reflection from the side wall results in node and
antinode behaviour. Wave magnification is the highest at the antinode
point. Since a reflected longitudinal wave is also present, it results in a
node and an antinode along the length of the flume. The antinode
closest to the parabola is the first one developed. Therefore, reflections
of cross waves create a focusing effect that is closer to the parabola
structure than that created by the longitudinal wave reflections.

Based on the predominant wave period conditions for a particular site,
the most appropriate type of parabola needs to be selected. The results
for both parabolae showed their suitability when regular narrow banded
waves are dominant in mild wave climates similar to that found in
Kuwait. For a broadband spectrum with a wide range of frequencies,
the area of maximum amplification will move back and forth and no
amplification will be detected. In addition, no correlation was identified
between this area and the focal point of a geometric parabolic curve.
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4.4.5. Stage-1 Findings

Both parabolae are found to be good wave focusing devices. The
amplification and focusing of waves was seen to increase not only
around the geometrical focal point but also at a series of locations
around the ©parabol aeds amplification
parabolae tested can amplify incident waves by up to 3.0 to 4.0 times.
This indicates that using a parabolic element as part of a WEC could

amplify and focus wave energy and thus significantly increase yield.

Both parabolae work efficiently within a small range of wave periods.
With very small wave periods, the amplification centre tends to be
located closer to the parabola. With increasing wave period, the
amplification centre moves away from the parabola. The diameter of the
amplification zone is smaller with low wave periods and wave lengths
and increases with increased wave periods. For wave periods greater
than 1.2 s, the amplification effect is difficult to detect. The focusing
length is found to be independent of the incident wave height. To
benefit from this concept, wavelengths must be short relative to the
physical dimensions of the device. However, a wave energy device
such as a point absorber (buoy) can produce more power if waves are
amplified since power is proportional to the square of the wave
amplitude according to linear wave theory. These experimental results
were validated against the findings of the 3D numerical modelling
conducted by Yang and Ertekin (1991). Similar to the results of the
stage-1 testing, the 3D model also revealed that the energy density of
waves increases not only at the amplification zone but also at a series
of locations within the parabolic step. The modelling also showed that
the magnitude of wave amplification was dependent on the focal length,
the location of the side walls, and the incoming wave length which

agreed with the experimental results for parabola-2.

The potential increase in energy capture was tested during stage-2
experiments where the best location for the buoy with respect to the
parabolic concentrator was examined. Both parabolae worked very well
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within a small range of wave periods and showed their suitability when
regular narrow banded waves were dominant. Therefore, the potential
of both parabolae to be used in conjunction with a WEC was tested.
However, for the selected wave spectrum, the amplification zone for
parabola-1 was easier to detect, and hence testing with this model
formed the basis for the stage-2 experimental data analysis. Moreover,
the threshold wave periods for parabola-1 and parabola-2 (1.5 s and
1.2 s, respectively) needed to be taken into account during stage-2
testing because beyond these limits, the parabolae act as vertical walls

and no amplification occurs.

4.5. Stage-2: Point Absorber (Buoy)

The test setup for the point absorber testing consisted of three main
components: the floating point absorber (buoy), the cable/pulley
arrangement to restrict the buoy motion to heave only, and the power
take-off system modelled by a motor where the torque due to the
electrical current behaves like a pure damper. During the phase |
testing of a heaving buoy, the dynamic response of the system and its
displacements were recorded. During phase Il experiments a damped
buoy was tested to measure deflections, forces and maximum power

outputs.

4.5.1. Stage-2 Buoy Geometry

The selection of buoy design was made on the basis of the literature
review presented in Chapter 2 and published work regarding shape,
dimensions (waterline diameter, D, and buoy draft, Bg), absorbed
power, performance and response to slamming loads. A successful
point absorber device for the sea conditions around Kuwait should fulfil

the following conditions:

1 Wave energy should be extracted efficiently over an appropriately
selected frequency and amplitude range to match the Kuwaiti sea

conditions.

157



Chapter 4: Experimental Wave Flume Tank Testing

1 The natural frequency of the buoy in heave should be within the
peak range of the incident wave spectrum.

1 The buoy should perform efficiently regardless of wave direction.

1 The waterline diameter, D, and draft,B4q, of the buoy should be
designed with consideration given to the dimensions of the
amplification zone.

1 The probability of wave slamming should be limited as much as

possible.

A buoy with a combination of two conical surfaces with top angles of
60° and 120° (bi-cone) was felt to be the best for this study as it has the
advantage of having the most wetted area located near the free surface
making it more receptive to wave excitation (Vantorre et al., 2002;
Sjokvist et al., 2014). The lower part reduces draft and hence the
probability of slamming. Furthermore, in order to reduce the effects of
reflection and refraction and to increase the uniformity of the waves
reaching the buoy, a cylindrical body was selected. Detailed buoy

selection criteria can be found in chapter 3.

The wave parameters of the Kuwaiti sea and the parabola
configurations were used to provide a basis for the buoy design. In
addition, the design was optimised for the wave conditions at which the
highest amplification factors were recorded with parabola-1 and
parabola-2 during stage-1 testing. Therefore, the design wave period
was chosen to be 0.8 s for which the wavelength is 1 m and the
amplification zone diameter is approximately 0.7 m. Before selecting
the buoy diameter, it was important to note that a buoy with a large
diameter is not capable of absorbing the maximum energy with short
wavelengths and correspondingly, a buoy with a small diameter will
absorb less energy with long wavelengths (Bozzi, 2013). Therefore, the
design diameter, D, was chosen to be approximately one third of the
wavelength (or D = 0.3125 m corresponding to D = 5 m for a prototype
based on a scale of 1:16). The choice of diameter selected was
supported by the results of a study on wave energy absorption of a
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heaving buoy in the Iranian seas (Khojasteh and Kamali, 2016). It that
study, the effects of buoy draft and diameter on the maximum power
absorption of cone-cylinder and hemisphere cylinder buoys were
studied using the boundary element solver package ANSYS AQWA.
Buoys with diameters of 5 m were found to be the most appropriately
sized point absorbers for Iranian coastlines which are close to Kuwait.
The same prototype diameter (D = 5 m) was tested by De Backer,
(2008) for conical and hemispherical buoys using three different buoy
drafts Bs =0.189 m, 0.221 m and 0.284 m corresponding to drafts of 3
m, 3.5 m and 4.5 m in a prototype, respectively. It was found that a
smaller draft resulted in an increased power absorption value. However,
the draft of the buoy needs to be sufficiently large to avoid the issue of

bottom slamming.

In order to select the final buoy shape and draft value, it was decided to
test and optimise the bi-cone (60°120°), along with two intermediate
shapes with longer drafts, using the steady-state harmonic model
developed in chapter 3. Three buoy shapes were selected: (a) bullet,
(b) spike and (c) bi-cone (60°/120°). The buoysb s hapes

criteria is given in chapter 3. Their prototype dimensions are illustrated
in chapter 3 in section 3.8. All the shapes had the same cross-sectional
area (D = 0.3125 m) but had different masses and drafts. The bullet
and spike buoys had relatively longer drafts (0.755 m) than the bi-cone
buoy (0.22 m). The steady-state harmonic model detailed in chapter 3
was used to estimate the optimum power absorption for the best buoy
shape. As described in chapter 3, for the modelling purpose different
damping conditions were tested experimentally. The different damping
conditions were achieved by arbitrarily one round disc (damped) and
two round discs (extra damped) to the lower sections of the bullet and
spike buoys only. This damping approach was the best available option
to provide the different damping conditions as to the discs availablity at
the testing facility. When two round discs were used, they were fixed at

a distance of 2 inch and 3 inch apart for the bullet and spike buoys,

respectively. Finally, the values for the damping coefficient, @,
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obtained during decay tests were verified by checking if they landed

near the worst @ value obtained from the steady-state harmonic model

or towards the best regions.

The bi-cone (60°/120°) buoy model dimensions corresponding to a
scale of 1:16 (D = 0.3125 m and By = 0.22 m) are illustrated in Figure
4.19. The buoy was fabricated at the Coastal Management Program in
KISR. The maximum allowable design weight was 10 kg, and the actual
weight measured after fabrication was 9 kg. The low weight was
achieved by fabricating the buoy from 1.5 mm stainless steel sheet.
Sand was added to the buoy from the top for stabilisation and to adjust
its draft giving a final total mass of approximately 11.63 kg. The bi-cone
(60°/120°) buoy dimensions for the prototype and model are
summarised in Table 4.7. The bullet and spike buoys are illustrated in

Figures 4.20 and 4.21, respectively.

Table 4.7 Bi-cone (60°/120°) buoy dimensions (prototype and model)

. . Model Model
Dimension Prototype m

(scale 1:16) mm (scale 1:16) m

Buoy diameter, D 5.0 321.50 0.3215
Buoy radius, r 25 156.25 0.1560
Total cylinder height, Hr 4.0 260.00 0.2600
Cylinder wetted height, H 2.0 130.00 0.1300
Cone wetted height, h 1.4 90.20 0.0902
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Fig. 4.19: Bi-cone (60°/120°) buoy shape (model scale in mm)
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(a) Zero damped

(b) Damped

(c) Extra damped

Fig. 4.20: Zero damped, damped and extra damped bullet buoy
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(@) Zero damped

(b) Damped

(c) Extra damped

Fig. 4.21: Zero damped, damped and extra damped spike buoy

It was concluded in Chapter 3 that out of all the buoy shapes (bullet,
spike and bi-cone), the bi-cone (60°/120°) buoyds response W

similar to the optimum mass response predicted by the steady-state
harmonic model. It was also found that the @ damping associated with
the bi-cone shape was reasonably far from the worst ® value
predicted by the model. Moreover, the results revealed that the bi-cone
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buoy gave the best performance, and therefore its potential integration
with a parabolic concentrator will be assessed in the upcoming

sections.

Only the decay tests conducted for the bi-cone buoy are detailed in
section 4.5.3; the bullet and spike buoy decay tests are discussed in
chapter 3 and further details on frequency profiles and damping ratios
for each shape can be found in chapter 3.

4.5.2. Stage-2 Test Setup

The test setup for all the buoy shapes consisted of a buoy, a
cable/pulley arrangement and a PTO at a fixed distance from the wave
maker and connected to the flume tank by an arrangement of four
stainless steel wire cables and one elastic wire cable as shown in
Figure 4.22. The use of wire cables enabled the construction of a
system with a high mechanical strength which allowed for a high degree
of movement. This resulted in a significant improvement in the

survivability of the buoy in larger waves.

Fig. 4.22: Test Setup for point absorber (buoy) and the heaving mechanism
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Two important design parameters for the system are the buoyancy and
the weight of the buoy, because these factors determine the maximum
damping force achievable. For improved efficiency, the damping force
needs to be carefully chosen to match the buoyancy and weight of the
buoy as well as the wave environment. The buoyancy force for the buoy
was calculated to be 67 N and the optimum translational damping for
power capture was approximately 60 Ns/m as explained in section 4.3.3
(see Appendix 4 for calculation details). The stainless steel wire rope
attached to the bottom of the buoy passed around two pulleys with
bearings (pulley diameter = 84.87 mm) fixed to the flume tank floor to
reduce cable friction. The top of the buoy was connected to the
mounting frame by means of three pulleys of the same diameter. Out of
these three pulleys, the middle pulley is used as a pre-tensioner
(adjusted using a screw) and a second pulley is attached to the motor
only during damped buoy tests. This latter pulley had no bearing and
the cable was wrapped around the pulley twice to prevent it from
slipping. The pulley with bearing was used for the zero damped system.
A schematic of the cable and pulley arrangement can be seen in Figure

4.23 and the experimental setup is shown in Figure 4.24.

The frequency of the damped motion induced in the buoy could easily
be changed by changingt he resi stance across the
The buoy was intended to follow the wave motion, whereas the cable
and pulley arrangements were not intended to be as sensitive to this

motion.
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Fig. 4.23: Schematic of test setup for the cable and pulley arrangement

Fig. 4.24: Experimental setup of cable and pulley arrangement

4.5.3. Stage-2 Decay Test

The aim of the decay tests was to observe the transient decay of the

buoy and derive its hydrodynamic damping coefficient. In the decay
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tests, the bi-cone (60°/120°) buoy was released from an initial position
different from its equilibrium position in still water. After approximately
10s, the influence of the radiated waves reflected on the side walls of

the flume became clearly visible and the buoy underwent damped free

oscillation. The natural angular frequency, ,, and the damping ratio,

Z , can be derived from the results of the decay tests. Decay tests were

performed for the zero damped buoy, half damped buoy and fully
damped buoy. The buoy motion corresponds to a damped oscillation,

which can be mathematically expressed as:
z(t) = aexp(- z yr)sin(w,t +F) (4.17)

Equation (4.17) was fitted (red line) to the measured position of the bi-
cone buoy, as shown in Figures 4.25b, 4.26b and 4.27b. The initial part
of the curve was omitted to avoid the influence of static friction and the

last part was excluded to avoid the influence of reflected waves.
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(a) Decay test results (b) Curve fit

Fig. 4.25: Measured zero damped buoy position during decay test and curve fit

167



Chapter 4: Experimental Wave Flume Tank Testing

T T T T T 25 T T T
| % | o BouaatiDal
25+ LER 1 Experimental Datd

)
o

Displacment (mm)

°
° ° %g0

. . . . 5 . i i
1298 30 1302 1304 1306 108 31 1312 ) o1 02 92 04 06 07 08 09 1

Time (5) Time &

(a) Decay test results (b) Curve fit

Fig. 4.26: Measured half damped buoy position during decay test and curve fit
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Fig. 4.27: Measured fully damped buoy position during decay test and curve fit

From the decay tests of the bi-cone (60°/120°) buoy, the natural angular

frequency, W, , and the damping factor,Z , were derived for the different

buoy configurations. The derived values are:

1 Zero damped buoy: natural frequency: 1.16 Hz and damping
factor: 0.11.

1 Half damped buoy: natural frequency: 1.09 Hz and damping
factor: 0.18.

1 Fully damped buoy: natural frequency: 0.16 Hz and damping
factor: 0.12.
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4.5.4. Stage-2 Results

The behaviours of the zero damped buoy (very low damping), half
damped buoy and fully damped buoy were tested in regular waves of
different heights and periods. More specifically, wave periods of 0.8,
0.85, 0.9, 0.95 and 1.0 s and wave heights of 0.03 m, 0.06 m and
0.09 m were used. The overall power absorption efficiencies () were

calculated using Equation (4.6) from section 4.1.1. Power absorption
efficiency is defined as the ratio between the power absorbed by the
buoy and the available power transported by the wave front over the
width of the buoy. This reflects the fact that the buoy is permitted to
absorb power from the total wave front incident on the buoy, not just the
portion of the wave front with the same width as the buoy. The power
absorption efficiency () is a commonly used performance index for

wave conversion technologies.

The efficiency of power absorption for all the buoy configurations is
plotted as a function of wave period for significant wave heights of H =
0.03, 0.06, 0.09 m in Figures 4.28a, 4.28b and 4.28c, respectively. The
power absorption is plotted similarly in Figures 4.29a, 4.29b, and 4.29c.
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