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Abstract

This thesis focuses on preliminary investigating the hydrodynamic performance of a
fixed Multi-Chamber OWC (MC-OWC) wave energy converter, which consists of a
linear array of four OWC chambers aligned in the same direction of the incident wave
propagation. These investigations address the gaps found in previous works by putting
forward detailed explanations of the effect of wave height, wave period, device draught
and power take—off (PTO) damping on MC-OWC device performance using a

combined numerical and experimental approach.

The research methodology was based on two series of experimental sessions and two
numerical models. The first experimental campaign was conducted in a small wave
flume in the University of Technology Sydney (UTS) for a MC-OWC device at a
model-scale of 1:25. This experiment was performed mainly to validate the numerical
models and initially observe device response when subjected to limited regular wave
conditions. The second experimental session was carried out in the wave flume at the
Manly Hydraulic Laboratory (MHL) in New South Wales, Australia for a MC-OWC
devices at a model-scale of 1:16. This experiment was designed to 1) assess the device
performance over a wide range of regular and irregular wave conditions, 2) study the
impact of wave height, wave period and device draught on the performance of a MC—
OWC device, and 3) investigate the effect of the pneumatic damping induced by the

power take—off (PTO) system on device performance.

The first validated numerical model was a MATLAB time—domain model that was
based on a coupling between the rigid piston model and the thermodynamic forces on a
MC-OWC device to get a preliminary understanding of device performance. The

second numerical model was a fully nonlinear 3D Computational Fluid Dynamics

il



(CFD) model that was constructed using the commercial code STAR-CCM+. After
being validated in good agreement against the physical scale model tests, the CFD
model was utilised to study the influence of the power take—off (PTO) damping on the
water surface elevation inside the chamber, the differential air pressure, the airflow rate

and the device capture width ratio under different incident regular wave conditions.

The extensive analysis of 198 physical tests and 84 CFD simulations revealed that the
water surface elevation, differential air pressure, and airflow rate had a similar response
in all chambers to the wave conditions, device draught and PTO damping. However, the
first chamber always played the primary role in wave energy extraction, and the
performance gradually decreased down to the fourth chamber where the lowest
performance was found. The maximum capture width ratio of the whole MC-OWC
device was found to be 2.1 under regular wave conditions and 0.95 under irregular wave
conditions. These ratios were the highest among all similar concepts that have been

reported in previous research.

v



Table of Contents

CertifiCAte ceverereessecsarcsessancsanssnssuncsnsssnsssncsessesssnssssssnessessssssesssssssssssesseans i
ACKNOWICAZEIMENLS teerrrressaresssaresssanessanessasssssanssssasssssssesssasssssasssssassssssssssnsssssssssssssssssasssssas ii
ADSEITACE wevreereesuecsensnsssncsansnsssncssessnssssssssssessssssssssesssssssssssssssssssssesssssssssssssssssssssessasssassas iii
Table Of CONLENLS cueeersreessaresssaresssanesssasesssasesssasessssssssssssssssssssssssssssssssssssssssssssasssssasssssasssssns v
LISt Of FIZUIES vererrurrcssarecssanesssaresssanesssnnessassssssnsssssnsssssssssssssssnsssssssssssssssssssssssnsssssasssssasssssas X
LSt Of TaDIES teeeecssercssaneessansossaneossanesssasessasesssssesssssessssssssssssssssssssnsssssssssssasssssasssssssssssnsssss XV
Acronyms and ADDIEVIAtIONS.eeeeessressssresssssssssssssssssssasssssasssssasssssassssssssssssssssssssssssssssnssss Xvi
Chapter 1 INTRODUCTION .....cuiivininsuissensessanssesssessssssssssssssssssssssssssssssssssssssssssssssass 1
1.1 Background and ProSPeCts ........ccccueeriiiieiiiiieciieeeiee ettt 1
1.2 ReSEArCh ODJECHIVE .. .eeiuiieiiieiieiie ettt ettt ettt ettt ettt site b e eaae s 4
1.3 Original ContribULIONS. ........cccviiriieeiiieiieeieerie et eeee e see e e seveereessaeebeessneensees 6
1.4  Publications from this Thesis Work ..........cccceeviriiniininiiiieeeceee 7
1.5 TheESIS LaAYOUL ...eiiiiiieiiieeiiie ettt eeave e e sae e eeaeesnaeeennnees 8
Chapter 2 LITERATURE REVIEW OF MC—OWC DEVICE.....cccccesveissnresnrcsanesanenns 11
2.1 BaCKEIOUNA ...oeiiiiiiii e 11
2.2 Wave Energy CONVETTETS. ....ccccuiiiriieeiiieeiieeeiieesieeesiteeireeeireeeireesneeesnneeesens 11
2.3 Developing Challenges..........cveevieuierieeiiienieeieeree et ereesieesveeseeeaeesee e 13
2.4 Working PrinCIPles.....c.ceeeuiiiriieiiiie ettt e e 17
2.5  Multi-Chamber OWC Device Development ...........cccccecuevveriineininiicneenennn. 18
2.5.1  Initial Concept Validation...........ccceecuievieriieniieniieieeeeeeieeee e 19
252 Proof Of CONCEPL...cuviiiiiieiiiieeiieeeee et e s 22
2.53  DeSiN MOl ......oiiiiiiiieceecee e 24



2.6 Theory of OPeration .........coceeveeiiriiiiieiineeieetestete ettt 26

2.6.1  Surface Elevation .........c.cocevieiiiieniiiiiiesceeeseee et 27
2.6.2  Airflow Velocity and Pressure Change...........ccocceevveviieviienieenienieeneene, 29
2.6.3  Power Available at the Turbine..........c.cccoeoueiiiiniiiiiiiieee 30
2.7 Turbine Design and TeStING .......c.eecieriieiieiiiiiiee e 31
2.7.1  WElIS TUIDINE....couiiiieiiiierieieeteeee ettt 32
2.7.2  Savonius TUIbDINe ......cccoeviiiiiiiiiiieiee e 34
2.7.3  Alternative PTO Systems........ccceeviiiieiiiieiiieecieeeciee et 36
2.8 SUMIMATY oottt ettt ettt e sen e et s e e 37
Chapter 3 BACKGROUND THEORY .....uucinuiniininsnissensnissssssessassssssnsssssssssssssassssssns 38
3.1 GONETAL ..t 38
.11 OCEAN WAVE ...ttt 38
3.2 Linear Wave Theory (LWT) ...cccioiiiiiiiieeeeeeeee et 39
3.2.1 Limitations of the Linear Theory .........cccceeviieeiiieeiiie e 39
322  Governing EQUationS.........c.coeevieriinieiienienieiieseeieetesie et 40
3.3 Wave MOdIIING ......cooiuiieiieiieeieee ettt 44
33,1 ReGUIAT WAVE....oiiiiiiiciieceecteee ettt ettt et 45
3.3.2  TIre@UIAr WAVE ..oooeiiieiieee ettt e et 45
3.4  Numerical Model Development ...........cccceeiiiiiiiiiieniiiiecieecee e 48
3.4.1 Time—domain MOdel .......ccccooveiiiiiiiniiniiiirieeseeee e 49
3.4.1.1 Rigid Piston Model ........coociiiiiiiiiiiiiiciiciiece e 50
3.4.1.2 Thermodynamics MOdel .........ccceoviiiiiiiieiiieeieeeee e 51
3.4.2  Computational Fluid Dynamics Modelling.............cccccovveniniiiniincnncnnne 52
343  Modelling the Power Take—off (PTO) System ........cccceeeveevieriieneeniennen. 54
3.5 Modelling of the Device Performance ...........cccoeeveeieeiieniienienieceeeie e 58
3.0 RESONANCE....cuiiiiiiiiiiie ettt sttt 60



Chapter 4 PHYSICAL MODEL EXPERIMENTS ......ccoveniesennsicsenssensanssasssnssasssasans 62
4.1 INErOAUCHION ..ttt e e e e e aae e e aaeesaaeeeaneeeenns 62
4.2 Experimental TeStING.......ccceeiuiiriiiiiieiie ettt 63
4.3  First Experimental Test (UTS Wave Flume) .........ccccceeviiiinieniiiiiieeceee 63

43.1 \Y (a6 (5] W € 1570111015 s 2 USSR 63
4.3.2  Overview of UTS Wave FIume..........ccccoeoiiiiiiiiiiniiieeeeee 64
4.3.3  Test CONAITIONS ...uverureriiiiiriieniieieeieste ettt ettt sttt st see e eaeens 66
4.4  Instrumentation and MEasuUr€MEeNt ...........cecueriereeriieienienienienieeie e eieans 67
4.4.1  Wave Height Measurement............cceeevuieeeiiiieeiiieeniie e e eeeeeevee e 67
4,42 Pressure MeEasurement .........c.ueeeeeeviieeeeiiiieeeniieeeeesieeeeesiveeeeesnneeeessanneeens 67
443  Airflow MEasurement ..........coeeuerieniienienieniieieetenieeiesite s e sieeeesieens 68
4.4.4  Calibration of the Orifice Plates..........cccoevuerieiiniienieicesceceeeeeee 69
4.5  Data Analysis of the UTS Wave Flume ...........cccccveeviiiniiiiiieeeeceeeeeee 70
4.6  Second Experimental Testing (MHL) ........ccccooiiiiiiniiniiccecce 73
4.6.1  Overview of Manly Hydraulics Laboratory Wave Flume ........................ 73
4.6.2  MC—OWC Model GEOMELIY......ccueevurieiieiieeieeniie e ereeiee e eiee e eree e 74
4.6.3  Experimental SEtUP ......cceeeiiiiiiiieeiieeie e 76
4.6.4  Regular Wave TeSES .....cccueiuiiiieiiieiieeieeee ettt 77
4.6.5  Trregular Wave TeStS ....ccceeiieriieiieiie ettt ettt 92
4.7  Uncertainty Analysis and Repeatability ..........ccccoceeviiiiieiiiiniiiniicieeieeee 95
N1 111100 F: 1 ) PR URTR 101

Chapter S TIME-DOMAIN MODEL ......ccccevvinrinrensinsurssensanssassessanssssssessssssssssssans 102
5.1 INITOAUCTION ..ttt 102
5.2 Mathematical Model...........ccouiieiiiiiiiieeieeceecee e 102

vii



5.2.1 Theoretical CONSIAETALIONS .......eeeeeeeeeeeee e e e e e e e e e eeeeeeeeeeeeeeeeeeenans 103

522 Rigid Piston Model ........ccceeiiiiiiiiiiiiiieceeeeee e 103
5.2.3  Thermodynamics Model ...........ccoeiiiiiiiiiienieeiieieeceeeee e 108
5.3  MATLAB/Simulink Model Structure ..............ccoceiiieniiiiiiniieeeee 112
5.4  Validation of the Numerical Model............cccoeviiieiiiiiiiiieeeceeee e, 117
5.5 SUIMMATY ..eiiiiiiiiiie ettt ettt e ettt e et e e st e e sbeeesabeeenanes 120
Chapter 6 CFD MODELLING......cccnniiinniinnssnissssrcsssiossssncsssssssssssssssssssssssssssssssssass 121
6.1 INrOAUCHION ..eoutiiiiiieieeie ettt 121
6.2 Numerical MOdel.......c.ccoiiiiiiiiiiiiiiieeee e 121
6.2.1  Numerical SEttNES ......c.eeeriieeiiieeiiee ettt ereeeraeeeaee s 123
6.3  MC-OWC Device Performance...........cccceeeueeriieniienieniieiienieeieesee e 126
6.4  Validation of the CFD model .........ccccoceriiiiiiiniiniieieeceeeeeeee 126
6.5  Results and DiSCUSSION ........ccueeriirieriirieiieieeie e 128
6.5.1 TSt CONAILIONS ..cvveiiiiiiiiieiieeie ettt 128
6.5.2  Estimating Device ReSOnance..........ccocoecueeiieniiieniiniieieceeeeeeeeee 128
6.5.3  Effect of PTO Damping on Device Performance ............ccccoevveeirennennne. 129
6.5.4  Effect of Wave Height on Device Performance............ccoccveeeviervrennennne. 131
0.6 SUIMIMATY .eoiiiiiiieieiiiieeecee e ee e et e e et e e e etaeeeesntaeeessnsaeeesensaeeeennns 135

WORK c.cviiriiinnninsnissnssisssnsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssssns 137

7.1 Overall ConClUSION........coiiiiiiiiiieiieeie ettt 137
7.2 Recommendations for Future Worki.........cccccoceriininiinenieiieceeeeee, 140
Appendix A Experiments Photos........ccouiiinviicivnccssnnicssnncsssnnsssnencssssssssssssssssssssanes 142
Appendix B Irregular Wave Test .......ciciiciviicssnnccisnninssnncnsnncssencssssncssssscssssecsssnes 145

viii



Appendix C Experimental Uncertainty Analysis

Appendix D MATLAB/Simulink Model Diagrams .........coeeeneenneenseecsenssnccssecssnes

RETEIEIICES ceeeeeeeereereereeneeeeeerserereeessesssssscssssssssssssssones

X



List of Figures

Figure 1.1. Methodology adopted in this WOrK ...........ccccviieiiieeriiiieiieeieeeeeee e, 10

Figure 2.1. Summary of standard classification for wave energy converters, adapted
TTOIN [56]. oottt e e ettt e et e e e eab e e e taeeeaaeeetaeeeraeeereeens 13

Figure 2.2. Schematic of multi-chamber OWC,(a) Two chambers [42], (b) Three
ChaMDBETS [61, 02]..cceiiieiiieeeeee ettt et e et e et e e etaeeesaeeeaaaeesraeesseeenns 18

Figure 2.3. Chamber cross section: (a) Parallel configuration; (b) Orthogonal
CONTIGUIATION [02]...eieuviieiiieiieeie ettt ettt ettt et ste e et e et e ssbeesseeesbeeseesnseensaesaseenseennns 18

Figure 2.4. Power against turbine speed: (a) Face positioning; (b) Orthogonal
POSTHONING [O2]. ..ottt ettt et e sttt e st e et e st e ebeesabeenbeesabeeseesaeeens 22

Figure 2.5. Segmented OWC devices arrangement, (a): Schematic showing the
arrangement of MC-OWC with Savonius rotor; (b): A photo of the physical scale
model three-segment OWC with Savonius rotor; (c): Schematic showing the
arrangement of MC—OWC with Wells turbine; (d): A photo of the physical scale model

arrangement with Wells turbine [80, 81]. ...cccviiiiiiiiii e 23
Figure 2.6. Schematic of two—segmented OWC [42]. ....cccvevviiiiiiniiiiieeieeieeieeeieeeene 24
Figure 2.7. Device variables definitions [42].........ccceeiieiieiiiieiieniieeeeeeeee e 27

Figure 2.8. Wells turbine rotor: (a) : Monoplane (single stage); (b): Biplane (double
] Tl TN 1 O RSP PSRRS 33

Figure 2.9. Savonius turbine, (a): Savonius rotor dimensions; (b): CFX model for
Savonius tUIrDINE [62]. ....coouiiiiieiiieiieee ettt et e 35

Figure 2.10. Alternative PTO systems, (a): Multiple chambers with linked turbines and
one generator; (b): Cascaded chambers with linked chambers and turbines and one
generator; (c): a Single unidirectional turbine with high and low—pressure ducts [97]..36

Figure 3.1. Definition of progressive surface wave parameters............cceceevvereereereennnene 42
Figure 3.2. Wave model suitability, adapted from Ref. [108]. .......ccoeveiiiviiienciienenns 45

Figure 3.3. PTO mechanisms utilised for the wave energy conversion, adapted from
L83 ettt bt e h e bt ettt h bt et nh ettt eae e neenees 55

Figure 4.1. A photo of the MC—OWC model tested in the UTS wave flume................. 64



Figure 4.2. MC-OWC model geometry tested in UTS wave flume............ccceeveennenn. 64

Figure 4.3. A photo of UTS wave fIume...........ccceriiiiiniiiiicieeeeeeeeee e 65
Figure 4.4. The layout of the experiment conducted in UTS wave flume...................... 66
Figure 4.5. Pressure transmitters (model: 616-20B, £0.25% F.S) ....cccovvivievviiinieenne 68
Figure 4.6. Orifice calibration teSt IiZ........cccveruieiiriineriineeeetereee sttt 70
Figure 4.7. Experimental data collection and processing flow chart............c.cccoceeennenn. 71

Figure 4.8. Sample time—series data of (a): free surface elevation (), (b): the airflow
rate (Q), (c): differential air pressure (Ap) in each chamber for a wave condition of H =
0.087 M ANA 777 1.0 Suriiiiiiieiiie ettt ettt et e e e e av e e eaae e e aaeeesraeesneeenns 72

Figure 4.9. A photo of MHL wave flume ..........ccccocovieiiniiniienecceceeeeseee e 74

Figure 4.10. Geometry and dimensions of the MC-OWC model tested in MHL wave

TIUITIC .ttt ettt ettt e st e et e e st e e bt e sabeebeesateenbeeenee 75
Figure 4.11. Photo of MC—OWC model tested in MHL wave flume.............cceeuvennennne 76
Figure 4.12. Experimental setup of the MC-OWC model in MHL wave flume............ 77

Figure 4.13. Sample of time—series data of (a): water surface elevation 7, (b): airflow
rate through the orifice Q, (c): differential air pressure Ap, (d): pneumatic power P» in
each chamber for a wave condition of H =100 mm, 7'=1.5 s, a draught d = 250 mm and
an orifice 0f D = 60 MIM.......cciiiiiiiiiiiiiii et 79

Figure 4.14. Effect of wave height on water surface elevation 7 (1% row), airflow rate Q
(2" row), differential air pressure Ap (3" row), and pneumatic power P, (4™ row) for
different wave periods under a constant orifice opening ratio R2 = 1.35 % and a draught
A= 250 TN Lttt ettt ettt et et e et e s abeeb e e nbe e teenareens 81

Figure 4.15. Sample time—series data of (a): the water surface elevation 7, (b): airflow
rate O, (c): the differential air pressure Ap, (d): and the pneumatic power P» in the first
chamber over four different wave periods at constant wave height A= 50 mm and
0pening 1atio R2 = 1.35 0 cueiiiiiie e e 81

Figure 4.16. Capture width ratio (ec) for each chamber of the MC-OWC device at a
constant wave height H = 50 mm, a device draught d = 250 mm and an orifice opening
TATI0 R2 = 1.35 0 et 83

xi



Figure 4.17. Effect of wave height on the total capture width ratio (¢) of the MC-OWC
device for different wave periods at a constant device draught d = 250 mm and an
OPeNINg 1ati0 R2 = 1.35 0 curiiiieiieie ettt 85

Figure 4.18. Effect of the draught on the water surface elevation 7 (1% row), airflow rate
O (2™ row), the differential air pressure Ap (3™ row), and the pneumatic power P, (4™
row) at constant wave height (H =50 mm) and an orifice opening ratio R2 = 1.35 %....86

Figure 4.19. Effect of the draught change on the total capture width ratio (¢) at constant
wave height H =50 mm and an orifice opening ratio R2 = 1.35 % ....cccceceevieniirnennncnne 88

Figure 4.20. Impact of PTO damping on the water surface elevation 7 (1% row), airflow
rate O (2" row), the differential air pressure Ap (3™ row), and the pneumatic power Py
(4™ row) at constant wave height (4 =50 mm) and device draught (d = 250 mm) over
the wave period listed Table 4.1. ....ccc.ooiiiiii e 90

Figure 4.21. The impact of three orifice opening ratios (PTO damping ) and two wave
heights on the total capture width ratio (¢) under constant draught d = 250 mm............ 91

Figure 4.22. JONSWAP energy spectrum, S (®), of the two irregular wave tests
described in Table 4.6. (a): Test—1, (b): TeSt—2 .....cccovieeirieeiiieeeieeeeiee e 93

Figure 4.23. Effect PTO damping Variation on the pneumatic power (Pn) of the MC—
OWC under the irregular wave conditions listed in Table 4.6...........cccccveeveieercieennnnn, 94

Figure 4.24. Effect of PTO damping on the total capture width ratio (eirg) of the MC—
OWC under the irregular wave conditions listed in Table 4.6..........cccccceeveveenieniiennnnne. 95

Figure 4.25. Sample time-series data of the experiment repeatability for a wave
condition of H= 50 mm, 7= 1.6 s and a constant opening ratio of Ri= 1.34%.............. 100

Figure 4.26. Sample time—series data of the experiment repeatability for a wave

condition of H= 100 mm, 7= 1.6 s and a constant opening ratio of Ri= 1.34%............ 100
Figure 5.1. Schematic representation of the numerical model OWC ........................... 105
Figure 5.2. OWC chamber free body diagram..........cccceeeeevieeiiieniiniiienieeieeeeeieenee. 106
Figure 5.3. The complete single chamber OWC model in MATLAB/Simulink.......... 112

Figure 5.4 Sample of the temporal data of MATLAB/ Simulink for single chamber
OWC device at H= 87 mm and 7=1s for (a): water surface elevation inside chamber 7,
(b): airflow rate Q, (c): the differential pressure Ap, (d): pneumatic power Pn. ........... 114

xii



Figure 5.5. Sample of the temporal data of MATLAB/ Simulink for four chambers
OWC device at H= 87 mm and 7=1s for (a): water surface elevation inside chamber 7,
(b): airflow rate Q, (c): the differential pressure Ap, (d): pneumatic power Pn. ........... 116

Figure 5.6. Comparisons between simulation and experimental values of the water
SUTTACE C1EVALION (77) 1-veeutientieeiiieiie ettt ettt ettt ettt et esiaeebeesaeeens 118

Figure 5.7. Comparisons between simulation and experimental values of the airflow rate
through the orifice () ..ecovievviieiieiecee e e 119

Figure 5.8. Comparisons between simulation and experimental values of the pressure
QITRIENICE (AD) c-veeeneieiie ettt ettt ettt et et e et e sabe e b e snseeneeas 119

Figure 6.1. Computational fluid domains. .........c..ccccevieririiinieniiieneeee e 125

Figure 6.2. Comparison experimental and CFD results for device performance
parameters under a regular wave of height H = 87 mm, period 7 = 1.0 s and orifice
diameter D> = 36 mm. (a): water surface elevation (), (b): airflow rate (Q) and (c):
differential air PreSSUIE (AP) .ocveeeiieiiieeieeiieeie ettt ettt re e eaae b e seaeeneees 127

Figure 6.3. The relation between the air volume velocity (Q) and the instantaneous
differential air pressure (Ap) for different PTO damping conditions simulated via
various orifice opening ratios R; (listed in Table 6.3) ......ccccoeeeviiiiniininiiniiieicene 129

Figure 6.4. Impact of PTO damping coefficient (r) on the values of (a): the
instantaneous water surface elevation inside chamber (7), (b): the airflow rate (Q), (c):
differential air pressure (Ap) and (d): the pneumatic power (Pn).....cccceevveeeerreerereeennnnn. 130

Figure 6.5. Effect of PTO damping on the capture width ratio (¢) of each chamber for
different wave periods and a constant wave height (H2 = 87 mm) ..........cccoevvveennnnnen. 131

Figure 6.6. Effect of wave height on the water surface elevation # (1st row), airflow rate
O (2nd row), differential air pressure Ap (3rd row) and the pneumatic power P (4th
row) for different wave periods and a constant orifice opening ratio Rs (2.5%) .......... 132

Figure 6.7. Variation of the capture width ratio (&) of each chamber under different
wave heights (H1, H2), wave periods (TO, T1, T2, TS5, T7) and a constant orifice
OPENING TAtIO (R5 = 2.5 Y0) tvreeiieeieeitieete ettt ettt ettt e ettt e et e s b e ebeesabeesbeessseenseas 134

Figure 6.8. Effect of wave height on the total capture width ratio (¢) for (a): different
wave periods at constant opening ratio Rs, (b): different orifice opening ratios (R;) under
resonant Period T ....oo.ooiiiiie e 135

Figure A.1. Front view of MC-OWC device in UTS wave flume.............ccceuveeunnnnen. 142

xiii



Figure A.2. Front view of the UTS wave flume .........cccoocueevieeiiiniiiieiecieeeeeeee, 142

Figure A.3. Data acquisition in the UTS wave flume during the experiment............... 143
Figure A.4. Wave moving towards the test area in MHL wave flume ........................ 143
Figure A.5. MHL WavemaKer SYSIEM.......c..ccouieriieiiieriieeieeniieeieenieeereeseesseeseessseennees 144
Figure A.6. Wave generation and data acquisition SyStem ............cceeceeeveeriienieenneennen. 144
Figure A.7. The MC—OWC model during installation stage. ............ccceecveeevrereenrennnen. 144

Figure B.8. Sample time—series data of the internal water surface elevation # and
incident wave 7in in each chamber for a wave condition of Test—1 and constant opening
TALI0 OF R2 = 13500 et ettt ettt e 145

Figure B.9. Sample time—series data of the internal water surface elevation # and
differential air pressure Ap in each chamber for a wave condition of Test—1 and constant
opening 1atio Of R2 =1.35%0. .ccouiiiiiie e 145

Figure B.10. Sample time—series data of the differential air pressure Ap and pneumatic
power Pn in each chamber for a wave condition of Test—1 and constant opening ratio of
R2 Z1.35%0. i e e 146

Figure B.11. Sample time-series data of the effect of PTO damping on the internal
water surface elevation # in each chamber for a wave condition of Test—1 and three
Values Of OPENING TALIO. ....eeeuiieiiieeiieiieeieeite ettt te et et e et e sabe e b e saseeneeas 146

Figure B.12. Sample time—series data of the effect of PTO damping on the differential
air pressure Ap in each chamber for a wave condition of Test—1 and three values of
18] 0153 111 T 15 1o J RSP S PSR 147

Figure B.13. Sample time—series data of the effect of PTO damping on the pneumatic
power Pn in each chamber for a wave condition of Test—1 and three values of opening

TATI0. ettt ettt ettt ettt ettt e e b bbbt ettt a e a e h e ae bt e b et et et e aenae s 147
Figure C.14. Experiment repeatability at /= 100 mm, 7= 1.2 s and Ri= 1.34%.......... 150
Figure D.15. Single chamber simulation model diagram. ............ccocevervenienenienenne. 151

Figure D.16. The pressure drop inside the chamber Ap (Eq.(5.24)) model diagram....152
Figure D.17. Newton’s second law model diagram Eq.(5.10)........ccccceeviiiiiinieninnnen. 153

Figure D.18. four chambers MATLAB/Simulink model diagram..............cccccccvvennen. 154

Xiv



List of Tables

Table 2.1 The main stages and study history of the OWC device considered in this

0] E21 01 1<) oSSR 19
Table 3.1. Wave classifiCation ...........cocueviriiiriiniiieiieceeete e 41
Table 4.1. Experimental test conditions and parameters............cceeeveeeeveeerveeseeeereneeenns 78
Table 4.2. Orifice diameter and its OPENING rati0.........ceeerreeierierieriirieneeieeeesieeie e 79

Table 4.3. The absolute average of the changes in the significant parameters as a result

of wave height change from 50 mm to 100 MM ........coeeviieiiieeiiieeieeee e, 82
Table 4.4. OWC chamber approximated resonant period...........cccceceereereevienienenniennen. 87
Table 4.5. PTO damping coeffiCient () .......ccceeriieiiieriieiieieeieecieeeie e 89
Table 4.6. Irregular wave test conditions and parameters.............cceecueereerieeneeseeenneenne 92

Table 4.7. The capture width ratio (&irg) under irregular wave conditions for different

PTO dampPing ...cceeoeeieeiieeeieeeie ettt et ettt e e e et e e et e e saee e enbaeesaneeeennes 95
Table 4.8. Repeatability test CONAIIONS ......cocueeriieiiiiiiieiieiie e 97
Table 4.9. EXperiment UNCEItaAINtY .......c.ceecveevuierieeiiieniieeieeeeeereenieesveesaeesseeseesnseesseeenns 99

Table 5.1. Geometrical parameters of the MC-OWC device illustrated in Figure 4.2.113
Table 5.2 NRMSE of the MATLAB/Simulink. .......c..ccccocevinininninieiiiicncncncnenne 118

Table 6.1. The correlation coefficient R and NRMSE between the CFD and the
experimental results for water surface elevation (), airflow rate (Q) and

differential air PreSSUTE (AP) .ooueeeuieiiieieeit ettt et 127
Table 6.2. Orifice diameter and its OPENING TAti0.......ccueervrerrrerieeriieeieeieeereeriee e enee 128
Table 6.3. The wave period values used in CFD ........ccccociniiiiniiniiniiiinceceee, 128
Table C.1. Standard uncertainty Type A calculation. ..........ccceccveevverciienienciiereeeieenen. 148
Table C.2. Standard uncertainty Type B calculation. .........c.cceceveiiiiiniininncnicnennne. 149

XV



Acronyms and Abbreviations

Notations
Ai

A

a

B

Gin
Gout

S

> S

Chamber area

Orifice opining area

Wave amplitude

Hydrodynamic damping coefficient
Coefficient of discharge

Group velocity

Wave velocity

Speed of sound

Orifice diameter

Internal diameter of the pipe
Draught of the water column

The added draught due to added mass
Total energy

Kinetic energy

Potential energy

Force

Added mass force

Force due to the varying air pressure
Froude—Krylov force

Damping force

Exciting force (heave mode)
Frequency

Peak frequency

Natural frequency

Frequency bands width

The wave sensors

The incident wave height sensor ( in the front of the device)

The wave height sensor in the device rear

Acceleration due to gravity
Wave height
Significant wave height

Water depth

(ms™)

(m)
(m)
(m)
)
)
)
N)
N)
N)
N)
N)
N)
(Hz)
(Hz)
(Hz)
(Hz)
-
-
)
(ms™)
(m)
(m)
(m)

The height of the top cover of the chamber relative to the (m)

water surface level inside the chamber
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Patm

Ap
p wave

At

The height of the top cover of the chamber relative to the (m)

SWL

Hydrostatic restoring coefficient
Wavenumber

The coverage factor

Wave length

Chamber length

Length scale

Mass of the column of water
Added mass (heave mode)

Air mass

Mass flow rate

Number of calibration sample
Number of repeated observations
Pneumatic power

Time—averaged pneumatic power

Mean incident power per meter of the wave crest

Input power in the OWC

The power due to pressure

The power is due to airflow velocity

Pressure inside a chamber

Atmospheric air pressure at standard temperature and

pressure
Differential air pressure (p — patm)
Dynamic pressure field

Airflow rate

Volumetric airflow

The ideal gas constant which is equal to 287.1 for dry air

Opening ratio
Correlation coefficient
Ideal gas constant
Spectral variance density
Standard deviation
Wave steepness

Time

Time step

(Nm™)
(m™)
-)

(m)
(m)

-)
(kg)
(kg)
(kg)
(kgs™)
-)

-)

(W)
W)
(Wmh)
(W)
(W)
(W)
(Pa)
(Pa)

(Pa)

(Pa)
(m’s™)
(m’ s
(Jkg' K™
)

)

(Jkg' K
)

)

)

(s)

(s)
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Wave period
Resonant period

Peak period

The ambient temperature is in Kelvin

The chamber temperature is in Kelvin

Standard uncertainty

Standard uncertainty Type A
Standard uncertainty Type B
Air volume

Air flow velocity

The calibrated data

The fitted value

The vertical co—ordinate

Fluid velocity in the x—direction
Fluid velocity in the y—direction
Fluid velocity in the z—direction
Water surface elevation
Capture width ratio

Chamber capture width ratio
Velocity potential

Damping coefficient

The heat capacity ratio
Calibration factor

Water density (= 998.2 at 293 K )

Air density (=1.2 for dry air at 293 K)

Angular length of the chamber
Angular frequency
Natural frequency

Viscous stress tensor

Constant that relates to the wind speed and fetches length

Pipe diameter ratio

Peak enhancement

Spectral shape factor

The standard error of the estimate
Dynamic viscosity

Scale ratio

(m)
(ms™)
(ms™)
(ms™)
(m)
)
-)
(m* s
(k' m™?)
-)

)
(kgm™)
(kgm?)
(rad)

(s
(rads™)

)

)

)

)

)

)

(m’s™)

-)

-1
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Abbreviations Used in Thesis

BEM
CFD
Ch-1
Ch-2
Ch-3
Ch-4
FVM
HRIC
LWT
MC-OWC
MHL
NWT
NRMSE
oOwWC
PTO
RANS
SST
SWL
UTS
VOF
WEC

Boundary element method
Computational Fluid Dynamics

The first chamber (face the incoming wave)
The second chamber

The third chamber

The fourth chamber

Finite Volume Method

High—Resolution Interface Capturing
Linear wave theory

Multi—chamber oscillating water column
Manly Hydraulic Laboratories
Numerical wave tank

Normalized Root Mean Square Error
Oscillating water column

Power take—off

Reynolds—Averaged Navier—Stokes
Shear stress transport

Still water level

University of Technology Sydeny
Volume of Fluid

Wave energy converter
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