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Problem Description

Several approaches are under consideration for extracting energy from sea waves; largely by
means of the motion of floating bodies, but also by means of stationary onshore constructions for
upwelling of waves to higher elevations that allows for conventional hydropower production. A
particular member of this last group is the concept of rip current, which employs small transversal
barriers on an incline in the surf zone in order to promote breaking and elevation of incoming
waves. The basic theory for such devices dates back to Longuet-Higgins (1962), and several
simplified empirical approaches have been following along with experiments of sediment
transport and breakwater devices. The objective of the present thesis is to build and test a model
for rip current flow, and if possible, compare the performance with available theoretical or semi
empirical predictions.
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Preface

This report marks the end of a 5 months master thesis within the Norwegian University of Science
and Technology (NTNU). At the same time it acts as the final internship of French Grandes Ecoles,
within a double master degree program between the Energy & Processes department at NTNU and
the National Polytechnic Institute of Grenoble (G-INP).

| had the chance to choose as topic my own concept of wave energy conversion, which | invented
within a previous project on renewable energies at NTNU the year before. Extracting energy from
breaking waves being a totally innovative concept, almost no technical supervising has been
furnished since this field is not studied neither in the department of Energy & Processes neither in
other departments of NTNU. The work has been done entirely in autonomy, from the literature
survey to the model construction, from the analytical study to the experiments.

As a consequence communication had a significant role in the project, overall to realize experiments.
That’s why | would like to thank my supervisor Tor Ytrehus. Without his official support, my project
would have never been possible. | am also grateful to those who have contributed to carry it
through: Arnt Egil Kolstad, Sverre Steen, Torgeir Wahl, Dag Myrhaug and Geir Tesaker.

It is desirable to have some basics on linear wave theory and coastal engineering to read and
completely understand the work presented hereby.

Valentin Chabaud

Trondheim 16.02.2011
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Abstract

Existing wave energy converters are only based on a few ways to produce electricity from ocean
waves. All of them suffer from low cost-efficiency so the proposal of new technologies is still up to
date. This is a preliminary study to an innovative concept, based on wave-induced currents. As waves
propagate into shallow water and break over a barrier, they dissipate their energy. The latter can be
partly transformed in a hydraulic potential through the wave set-up behind the barrier and the cross-
shore mass transport from waves. Electricity can then be produced by the mean of a water turbine.

This study estimates qualitatively this energy potential. The 2D set-up is analyzed by the model of
Calabrese et al. (2008) and is adapted to 3D for a regulated net cross-shore discharge. The 3D model
of Bellotti (2004) is also used. Experiments have been carried out on a simplified lab-scale model to
check qualitatively the applicability of the models, determine experimentally their calibration
parameters and find the optimal combination flow rate/pressure head which gives the highest
hydraulic potential. Two different barrier profiles are tested: a breakwater-like barrier with a steep
seaward slope and a sandbar-like barrier with a mild slope. Despite a significant uncertainty,
experimental and analytical results correlate well.

The conclusions on the future of this technology are not thorough. Experimental conditions applied
to full scale show a quite low efficiency compared to the main competitors, but much more
perspectives of optimization are conceivable. Some of them have been studied from an analytical
point of view.
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Sammendrag

De eksisterende bglgekraftinnretningene er basert pa et fatall metoder for & produsere elektrisk
energi fra havbglger. Felles for alle av dem er lav kostnadseffektivitet, derfor utvikling av nye
teknologier er forstsatt aktuelt. Dette studiet er et forslag til et innovativt konsept, basert pa
bglgeinduserte strgmninger. Mens bglger forplanter seg inn mot grunt vann og bryter over et rev,
sprer energien deres i varme og turbulens. Men en del energi kan transformeres i hydraulisk
potensial giennom bglgeoppsettet (vannlgftet) bak revet og massetransport parallelt med stranden.
Elektrisk energi kan hgstes ved bruk av en vannturbin.

Dette studiet anslar kvalitativt dette energipotensialet. Det 2D oppsettet er analysert med modellen
fra Calabrese et al. (2008) og er adaptert til 3D for en regulert utstremning i turbinen. 3D modellen
fra Bellotti (2004) er ogsa brukt. Eksperimenter har blitt utfgrt pa en forenklet smaskala modell for a
kvalitativt undersgke anvendbarhet av de analytiske modellene, bestemme eksperimentelt deres
kalibreringsparametre samt finne det optimale forholdet mellom utstrgmning og vannhgyden som
gir det hgyeste hydrauliske potensialet. To forskjellige revprofiler er undersgkt: et “breakwater-like”
rev med hgy innfallende skraning og et "sandbar-like” rev med lav skraning. Til tross for nevneverdig
usikkerhet, korrelerer de eksperimentelle og analytiske resultatene bra.

For & trekke konklusjoner rundt denne teknologiens fremtid, behgves grundigere forskning.
Overfgres resultatene fra dette studiet til en storskala modell, oppnas ikke hgy virkningsgrad
sammenlignet med andre bglgekraftinnretninger. Imidlertid har dette konseptet stort
forbedringspotensial, og noen forbedringsomrader er presentert hermed.

The potential of extracting wave energy from rip currents 3



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . En553 ﬁpl I

Table of Contents

(0= 1ol T U PP P U PUTOPORORRTOP 1
FY o1 - [ot AT USSP RO PPTOPPT 2
Y- 100100 (=10 T 1 - PP URR 3
I o 7=V =T R 9
I o) B3 o oo -3 RSP 11
(TR [ ) { oo [¥ Tt d o] o ST TP P PO PRRTPPUSPUPRPON 13
[l NEAIrSHOIE PrOCESSES coiiuviiii ittt escitte st ee e et e e et e e e st e e e esb e e e esbbeeeeassteeeessbaeesssseeesessbeeesenssens 14
M. An innovating concept of wave energy CONVEISION ......cuviviiciieeiiiiieeeccreee et e e eeee e e ereeeeeenes 16
V. Review on wave breaking and Nearshore ProCeSsSES.......ccvuiiviiieeeeciieeeeceee e e e e sraee e 17
AV Vo ¥ 1V 4 or=1 W s [o Lo 1] R 19
A, Variables and NOTAtIONS. ....cc.eiiie ittt et et sae e st 19
B, 2D MOEI e ettt e e e e s be e e ht e e s abeesbeeesabeenane 19

1. Momentum flux CONtRBULION....ccuiiiiiiiiie e e 19

2. Continuity CONLIIDULION ..ooeviiie e sbre e e e e e e e e s beaeeesanes 21

T O Yo Tt Vo] ¢ oo 1ol o =Y -{ < USRI 21

N N S Tei 4[] o I - o1 { o] O TP SRR PP UPURPION 21

C. Simple analytical 3D model for engineering applications .........cccceeeeeiiiieeeeciiee e e, 22
D.  Transmission COEFFICIENT......c.eiiiiiiiiiiiiie ettt e 23

E. 3D model derived from 2D MOdel......c.ccoouiriiiiiieieieecee e 24

1.  Dynamics of the continUIity SELUP......uiii it e 25

N |V o Yo L= 110V oo T USRS RRN 25

 J V. oo 1= [T = G 7 SO RPRSPRRR 25

O Ve VA oY) =T | A - | IO PR 25

5. Maximization of the potential........ceeoeiiiiiiii 26

VI. EXPEIrIMENTAI SEBE-UP wuviiiiiiiiie et e e e e et e e e s abae e e esntaeeeesnbreeeeannaeeeeas 27
A WAVE TANK ettt sttt e b e e et re e reesnee e 27

2 |V o Yo [ A PO T S PUOPR T PRTOURUPRN 28

O CT= T =T 1 [ o 1= TSRS PR O PRROUPPPRRN 28

B C1=To] 1= d o VAR PPPPPPPPPPPPPRE 28

3.  Main features and global explanations.........cccccueeiiiiiiii e 28

OR V= T R UL 1o Y= =To [V 1] 10 4 1] o L P PPPPPPPPPPPPPPRE 30

L W AVES et e e s e e e s b e e s r e e e ree e e e anre e e e e nrenes 30

The potential of extracting wave energy from rip currents 4



B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j; ' I

VII.

2.

=

N o v o~ W N

RV 2= Lo Yol 1 Y USSR 30
LI A o] = o USRSt 30
2D LTS et e e e s e e e s eanes 30
B BT S ittt e e s sra e e e s aanes 30
AAItIoNAl TESTS...eeiiiieetie ettt st s e st e e s bt e ar e e sreeeenaeesreeeane 31
NOLE ON UNCEITAINTIES. ..c it e s e e s e e s e e sanneee e 32
GENEIANITIES ..ottt sttt b e b s bt st e et e e bt e s bt e sae e st e e r e e b enns 32
Material restrictions limiting @CCUIaCY .......uiiiiuiiii i e s eaaee e 32
Example of uncertainty CalCulation .........c.eei e 32
SOUICES Of UNCEITAINTY...eiiiiiiiiii ittt e e e st e e s s sbee e e ssnbee e s s sabeeesenareeas 33
2D FESUIES ..ttt ettt ettt ettt st e ettt s bt e e bt e st e e bt e e s b e e e b be e st e e e bee e s bee e bteesateesbaeesbaennns 34
Set-up as a function of barrier width and transmission coefficient..........cccccovvveeeeeiiniicinnnnnn.n. 34
Set-up as a function of relative crest depth for mild seaward slope .......cccoveeeecieeeeciiee e, 35
Set-up as a function of relative crest depth for steep seaward sIOP€ .......cccueeeeeciveieeiriee e, 35
Wave breaking CriteriON ... e e et e e e et e e e e e eabaee e enneeas 38
Friction COBTFICIENT. .. .ii ittt esab e e sbeeesares 38
Set-up as a function of Wave StEEPNESS .......uvii i s 38
Influence of the trough dePh ... e 39
Conclusions Of 2D EXPEIMENTS .....ciiiciiieeecieee et e e e et e e e et e e e s e abe e e e eabeeeeennreeeeennreeas 39
3D RESUIES ettt ettt ettt e b e ae e st st e bt e b e e b e e she e e a b e et e e be e nhe e eae e satesabeebeennes 41
Y 0 o ok (ol U] =Y 4T o FR SRR 41
EXPErIMENTAl FESUILS...eiiiiiie ettt et e e st e e s bee e e e sebae e e e sabaeeeenreeas 41
Comparison With thEOrY........oo i e e e sara e e e 42
VOIUME FOFCES....c.ueiiieetieie ettt ettt sttt e r e s bt e s e e s n e e teesreesrnesane e 42
Head [0SSeS dUE t0 fIICTION .....eiieiiieiieee et s 43
Conclusions on analytical and experimental results for the momentum flux set-up........... 44
Experimental determination of I'c and [ .......coceeiiiiiiiiini e 44
Applicability of the model of Bellotti for 3D SEt-UpP ...cccccveeeiiciieeeeiiiee e 44
FIOW rate CalCUIAtioN ..c..eeiueiiiiiieeeecee ettt 45
VEIOCIY PrOFIl@ ot e et e e e e e e e ba e e e e abee e e e anaeas 45
NN TS A 1] ] = o SRR 46
Flow mapping for a fully opened gate..........couuiiieiiie i 47
Calculation Of the fIOW rate .....c.eeeiieieeee e 47
Transversal velocity profile for a partially closed gate........ccccveeeeiiieiicciee e, 48

The potential of extracting wave energy from rip currents 5



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

6. Measuring velocities for all values of d...........cccueeiieiiiii i 48

/I /=1 Lo Yol YA 1 4 Lo 1RSSR 49
8. Q asafunction of d for a SteEP SIOPE ....cc.vveeviieeiieeee et e 49

9. Qasafunction of d for a mild SIOPE......cccueeeiiiiciiieiiee e 50
10. Cross-shore discharge and wave shape factor.......ccovceiiieiiii i, 50
11. D11 ol s oL - Yoru o PP SRSP 50
C.  Undertow and CONtINUILY SET-UP ..uiiiiiiieieiiiiee e et ectee et e e s ttee e e e ire e e e e abae e e snraeesentaeeeennrneas 51
1. Mild slope case (TaN B=1/8) ....ueieiiieeiie ettt ettt ettt tee e e be e eetee e e abe e eetaeeeabee e 51

2. Steep SIope CASE (TAN P=1/2) ittt ettt et et e e st et e e te e e be e eetae e e beeenes 52
D. Potential CalCulation ..........ooiie it e 53
1. Head losses and way of evacuating the water carried inshore.........ccccoecvevievceeeicciee e, 53

2. Procedure to Calculate P = f(@) . cuvirierenirienirieeesieetese sttt sttt 54
B XU 4 1 o 1o o PPNt 54

4. Calculation Of G f(@) .eeeiriiiiieiee ettt sttt s 55
5. CAlCUIATION OFf P oottt st st ettt e b e she e s bbb 55

E. Conclusions Of 3D @XPErimMENTS .......ueiiiiciiiiiiiiiee et ee ettt e e st e e e s sbae e e s sbee e e s sbeeeeesreeeaesanes 56
) G O] o) i1 4172 1 1 o] o F OO PP PPPPPPUPIOE 58
A. Optimization from an energy conservation point of VIEW ........ccccceviivciieeiiciee e, 58
I B 1ol Y- Y1 V=0 i SRRt 58

N B 1ol ¢ =T 1 o T g0 Dy SR 58

3. DECIEASING D fW ittt ettt ettt et et s be et este s ae et e s be et e bt ent e eesaeeneas 59

4, DeCreasiNg EUNAETEOW ........cccueeecueeieieeeiteeecteeeeiteeesteeeste e s steeesaeesstaesssaeesabaeetaeesasaesbaeesareenn 59
B. Optimization of the potential from analytical models..........ccoevivviiiiiiiiiiiice e 60
1. Full SCAle POLENLIAL.....ciii it e e e e sbre e s e ebee e e e s bee e e e araeas 60

B 01 (8| Y - | o TN 61

3. Comparison between steep and Mild SIOPES ........ceevuiiiiieciiii e 61

4. Parameters influencing the potential..........cc.oooeeiiiiiicciie e 62
5. Optimization of the continUity SEt-UP .....ccccueiiiiiiiiiicie e 62

6. Geometry Of the DArTiEr ......uei e e e 65

N O] o [ To [UT=Y AV T T o [T 0} a7 17 U SUSN 65
8. Optimization of the transmission coefficient and discharge fraction for two barriers......... 66

9. USE OF FeflECTOIS ..t ettt st st e 68
C.  REAISEA CONAITIONS..c.ueiiiiiiieieetterite ettt sttt e b e sbe e s sabe e b e neenes 68
R 0T - U1 - o o SRS 68

The potential of extracting wave energy from rip currents 6



B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j; ' I

2. IITEEUIAI WAVES .....eiiiiiieeee e ettt ee e e e ettt et e e e e e e sttt e e e e e e e e e e s btaaeeeeaesesasnsesasesaeeeeasnssrsaneaeeeaanns 68

3. DiIreCtioNal WAVES ...ttt st sttt e 69

B 0 1T o T or= o (U NSRS 69

D TUIDING ettt ettt b e s b s ae e st et e b e s he e s ae e st s b e b e nes 69
D. Competitiveness of wave energy conversion from wave-induced currents (WIC)................... 69
O 1 T g TN Y= o To 1V T SRR 70
BT (V=3 B L -1 -{o ] o B PPPTPPPPPRE 70

B 0o ] 0] o T- ] 4 1Yo ] o IR PPNt 70
XI. (00 o Tol [0 [T T=d8 Y0 0 F= T &SR 72
A. Estimation of the energy potential ........coooiiiiiiiii i 72
B.  GENEral CONCIUSIONS ....eiiiiiiiiiieeite ettt ettt ettt et e st e s bte e sabe e e bt e e sareesnbeesabaeenes 73
C. Recommendations for fUrther WOrk ..........oouee i 73
O 1 o] o = 1Y <SSR 73
Y- Yole Yo Vo I o] o - 1Y < TR 74
RETEIEINCES ...ttt et b e e b e e s b e s at e sat e st e et e e b e e bt e sbeeehe e e at e et e e beenbeesheesanena 75
XII. FAY ] 0 =Y g Vo Lol TR 79
A. Calibration of the Wave Probes ... 79
2 T 0 L= T o =T P PSP PTROPPRPROR 79
(ORV/=1 o Yol aVAe =1 = Y= Tolo [V 1LY L o] o IR PSR 81
D. Basics on Linear Wave Theory (LWT) ...ttt ettt ette et e e e tee e e e enta e e e entaeaeeanes 81
L. GENEIANTIES ..ottt sttt et b e bt s at e sttt et b e b e bt e saeeearean 81

B T (V< ot o 1T o -V S PPPPPPPPRPPPPPPPRE 82

3. Radiation STreSsS thEOIY ..o i e e e s e e e erre e e e enes 83

A, WAV Alfl et s ettt s st 83

E. Details on major sources of UNCErtaiNTy .......cueeeieciiiieieiiiee ettt e e et e e e 84
L. HEAVE MOTION it e s s e s s 84

2. WaVe reflECHION ..ot st bbb 85

F. Experimental procedure of 2D teStS ....ccuiiiiiciiiii it e 86
G.  LIST OF 2D £8STS cuveeiieiieiie ettt sttt e s st r e 87
H.  LIST OF 3D LOSES wueetietieiuieiie ettt ettt ettt ettt e a e st e st et e bt e s bt e sbeesbe e sateeabeebeesbeesaeesanenas 90
I.  Input, generated and incident wave heights........ccccoeiiiiiii e, 92
Lo DEFINITIONS ettt et e b e bt st sttt e b e be e aeesate et s 92

2. Onlinking the input and generated wave heights ........ccccccvveiiiiiiiiiccc e, 92

3. Onlinking the incident wave and generated wave heights ..........cccocoviiiiiiiei e, 92

The potential of extracting wave energy from rip currents 7



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . En553 ﬁpl I

J.

K.
L.

4.

1.
2.

M.

vk W e

Final INput Wave W Ight ... e e e e 93
AItIONAl TESES. .. ettt ettt e b e nre e e ea 94
2D LTS et e e e s e e e s eanes 94
B BT S ittt e e s sra e e e s aanes 94
SKetch of the MOMEl ... et sbe e 96
[ T AT =TT 98
Y Y =Y oI ol T o PPN 101
F N 1V ot | W g Voo L] PR 101
Data @XtraCtioN ...cciiciiiiiiiiii it 102
Ao ) - I [0 -1 V2] PP URPUP 102
3D data aNalySis: SEE-UP cioccuiiiiiiciiie ittt e e e et r e e e e nnraeeeean 103
3D data analysis: VEIOCILY c..uueieiiceiiieiiiiie ettt e s e e s e e e e ae e e s nraeeeeas 103

The potential of extracting wave energy from rip currents 8



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

List of figures

Figure 11-1: 2D beach Profile .....ueu e e s e e s e 14
FIGUIE 11-2: RIP SYSTEIM Lottt e e e e et r e e e e e e e s s bt beeeeeesssssnreaaeaeesesnnns 15
Figure [lI-1: Wave energy CONVErter, TOP VIEW ......uuuuuuuuuuuruiiiiiiiiiiiirieiiiiueneaeneaennneneneeenennneanaeaeanaeneanannnnne. 16
Figure 111-2: Wave energy CONVEITEr, SIdE VIEW ....ccuuiiiiiiiieiciiee ettt ssee e ee e e s sbee e e 17
Figure V-1: Variables and notations for analytical models .......cccocuieiiiiiiiiiiiiie e, 19
Figure V-2: Top view and control volumes used in Bellotti (2004) ........cceeeeeiiiieeciiiiee e eeeiiee e, 22
Figure V-3: Equivalent CircUit diagram .......coocuiiiiiiiiieiciiiee ettt e s e s s e e s 24
Figure V-4: Theoretical variation of the potential with the discharge fraction ........ccccoccveviriieninnneen. 27
Figure V-5 & Figure V-6: Variation of the potential with the discharge fraction from experimental
modeling of the hydraulic resistance over the Darrier.......cccoeev e 27
Figure VI-1: 3D Overview of the MOdel...........uiiiiiiiieee e e e 29
FIGUIE V-2 et s s s s esa s as s ssasssssssssssssas s sassasnsnnnnnnnn 29
FIGUIE V-3 ittt e e e e sttt e et e s s sttt e e e e e s s e s s aba bt e eeeessasanbebaaaeesssnssssenaaeaesssnnan 29
Figure VIII-1: Set-up against relative crest width. Colors represent the relative crest depth............... 34
Figure VIII-2: Transmission coefficient against relative crest depth. The color scale represents the
ATV o 1] e Yo PRSI 35
Figure VIII-3: Relative set-up against relative crest depth for mild slope. Colors represent the wave
=LY o] [T TP 36
Figure VIII-4: Relative set-up against relative crest depth for steep slope. Colors represent the wave
=LY o] [T 37
Figure VIII-5: Friction coefficient against relative crest depth. Colors represents relative crest width 38
Figure VIII-6: Relative set-up against wave steepness. Colors represent the relative crest depth....... 39
Figure VIII-7: Influence of relative trough depth. Colors are only meant to differentiate the results.. 39
Figure IX-1: Set-up against gate opening for steep slope and interpolation .........cccccceeeieeeeciieeeennen. 41
Figure IX-2: Set-up against gate opening for mild slope and interpolation .......ccccccceeevcieeiciiiee e, 41
Figure IX-3 & Figure IX-4: Incident wave height (left) and transmission coefficient (right) for the tests
presented Figure IX-1 and FIGUIE IX-2 ... ittt e e e e e et e e e e e e s sna e e e e e e e e e s bnaneeeeeas 42
Figure IX-5: 3D set-up from experiments and Bellotti’s model.........cccccovveiiviiieiiciiieeccee e, 45
Figure IX-6: Top view of the low upstream from the test section. Arrows represent velocity amplitude
F] (o] o=y (<=0 1 T =S PPRPRN 46
Figure IX-7: Measured values and interpolated velocity profiles in the transversal direction at

Lo [N T=T =T 0 A =T o] o JA USRS URPRRRt 47
Figure IX-8: 3D VElOCItY Profile ..ccicueiee et ree e e e e e e abee e e e eareeas 48
Figure IX-9: Velocity profile in the transversal direction for z *= 0.6 .........ccccceeeeviiieeeiiiiee e, 48
Figure I1X-10 & Figure 1X-11: velocity profiles in the z direction for y *= 0.36 (left) and y *= 0.95
(right) for @ range of ValUES OF @ * ....ccueiiiieieiiiccie ettt et et e e tae e st e e aae e abe e ebeeesabee s 49
Figure IX-12: Flow rate in the channel as a function of gate opening for a steep seaward slope of the

o T [ =Y PP 49
Figure IX-13: Flow rate in the channel as a function of gate opening for a mild seaward slope of the
LT 4 [T ST OO P T TP PP USTOTRTOPRRRRTP 50

Figure IX-14: relative set-up against discharge fraction for the two configurations from experimental
data. Details on head losses are found Part IX.D ......c.eeeiieiiiiiiciiee et 51

The potential of extracting wave energy from rip currents 9


file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409980
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409982
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409983
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409984
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409986
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409989
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409990
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286409991
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410003
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410003

Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

Figure I1X-15: dimensionless undertow against relative set-up from theoretical friction law. Quadratic
fitting FOr 0.12 < GHI < 0.2 1niiiieeceecee ettt ettt st e s te e e te e s te e st e e sstessteebeebeesaeesseesntesnseesseessnesseeans 52
Figure IX-16: Propagation of a bore generated by a dam-break. The dashed line is the initial water
level surface. The solid line schematizes the air/water interface a short while later. From Mory et al.

D0 1O TS STPRPRP 53
Figure IX-17: dimensionless undertow against relative set-up from theoretical bore law................... 53
Figure IX-18: Experimental and analytical Dimensionless, steep SIOPe ......ccccvvveeeiieeeeeciiee e, 55
Figure IX-19: Experimental and analytical dimensionless potential, mild slope........ccccoveveriiieeennnnen. 56
Figure X-1: Momentum balance across the sUrf ZONEe ........oocveeiiiiiee i 59
Figure X-2: Optimal dimensionless potential against continuity parameter .........ccoccceeevieeeecceee e, 63
Figure X-3: Flexible Mmembrane CONCEPL.....ccc it ree e e aba e e e e ereeas 63

Figure X-4 and Figure X-5: Attempts to reduce the undertow and catch energy from surface rollers 64
Figure X-6: Potential as a function of trough depth. Each curve starts from the limit of wave

[0=] (o] ¢ s 1= o PRSPPI 65
Figure X-7: Potential as a function of incident angle for several transmission coefficients ................. 66
Figure X-8: Optimal transmission coefficient for one barrier ..., 67
Figure X-9: Optimal transmission coefficient and discharge fraction for two barriers..............c.......... 68
Figure X-10: Reference wWave energy CONVEITEIS ......ciiiciieeiiiieeeeiiieeecsieeeesiteeeessabeeeessreeessssseeeesnaneeas 70
Figure XlI-1: Calibration of the Wave Probes.............ee e 79
Figure XII-2: example of 2D time series from seaward probe, global (left) and zoomed (right). ......... 79
Figure XlI-3: of 2D time series from shoreward probe, global (left) and zoomed (right). .................... 80
Figure Xll-4: example of wave spectra, seaward (left) and shoreward (right) probes............ccc.......... 80
Figure XII-5: Example of velocity record with weak N0iSe..........cccccveeeieiiiee e 81
Figure XII-6: Mode shape of the structure under heave motion .......cccccvveeiiiiiie i, 85
Figure XI1-7: FIap tYPE WaVE MAKEI ...ccccuviiieeiiiececieee e ettt e ettt e e e tte e e e atee e s e atae e e eabaeeeenbeeesenseeeeennsenas 92
Figure XI1-8: Addition Of SET-UPS......uuiiiiiiiiee ettt et e et e e e e e e e e e abee e s eabee e s enbaeeeennreeas 94
Figure XI1-9: Top view of additional 3D £eStS.....cciiiiiiiiiiiiiiiciie e 95
Figure XI1-10: additional 3D eSS FESUIS.....cccuuiiiieciiiee ettt e e e e ree e e e b e e e e e nreeas 95
Figure XlI-11: Model sketch: top view and sectional views of the barrier and the channel................. 96
Figure XII-12: Model sketch: detailed sectional view of the barrier .......cccccoeeveeiecieiiiic e, 97
Figure XII-13: Model over the tank during the installation phase .........ccccceeciieicciei e, 98
FISUIE XII-14: FrONT VIEW ..iiiiiiiiiiieiieiiiiiieete e e e e siitee e e e e s s s siirar e e e e e e s sssaabtaeaeeesssssanssenaaeeesssnssssssneeeesssnnns 98
FIGUIE XII-15: SIHE VIBW ..vveiiiiiiiiiiciiiee ettt sttt e ettt e e et e e e e st be e e e s bt ee e e s nstaeeesnbaeesenbeeeeansseeesennsenas 99
Figure XII-16: Bore-like undertow over the barrier visible to the naked eye for steep slopes........... 100
Figure XII-17: Velocity probe in the test SECtION ........cocciieiiciii e 100
FISUIE XII-18: TOP VIEW ciiiiiiiiiiieeiee s ettt ee e e s ettt e e e e e e s s seabe et e e e e s s s abbaeeeeessssssssaaaaeeeessnssssenneeeessnnnas 100
Figure XI1-19: SHOreWard WaVe SAUSE ......ccueeiiiiicciiiiieeeeeeeieiiiteeeeeeeessettteeseeessessnssseeeeaessesssnsesssesaesannas 100
Figure XI-20: Gate CONTIOL .. .uviiiiiiiie ettt e e et e e e et ae e e e eabee e e eabeeeeesnraeeeennreeas 100

Figure XII-21: First attempt to regulate the flow rate in the channel. Strong non-uniformities and
vOrtices in the flOW are ViSiDIE. ......oouue i ee e e srte e e rae e snree s 100

The potential of extracting wave energy from rip currents 10


file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410016
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410018
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410030
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410031
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410033
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410034
file:///J:/Master_project/Report/Final_report_repaired_4.docx%23_Toc286410036

@ NTNU

List of symbols
Notation Definition
A Barrier reaction coefficient
Aparrier Cross section over the barrier
Achannel Cross section in the channel
Atrougn Area of the trough
A Area of the test section
By Wave shape factor
c Wave phase celerity
Cg Wave group velocity
Cy Head loss coefficient
d Gate opening
dy Hydraulic diameter
E Wave energy
Ef Wave energy flux
F Reaction of the barrier
. Friction coefficients
fw Wave-current friction factor
G Shallow water number
g Gravity constant
H Wave height
h Depth or submergence
hg Bore upstream depth
hy Bore downstream depth
h, Bore head height
K Friction factor
k Wave number
K; Splitting coefficient
ky Equivalent sand grain roughness
K, Reflection coefficient
K Shoaling coefficient
K; Transmission coefficient
Kywy  Wave maker coefficient
L Wave length
Lyarrier Length of the barrier
Lgate  Length of the channel at the gate
P Hydraulic potential, Pressure forces
Q Flow rate in the channel
q 2D discharge in the channel
Qin 3D cross-shore discharge (influx)
Qin 2D”
Qu 3D undertow
qy 2D
R, Hydraulic resistance in the channel
Ry Hydraulic resistance over the barrier
va
S Stroke of the wave maker
Sxx Radiation stresses: Cross-shore component

Hydraulic resistance due to volume flux (negative)
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Sxyr Syx Radiation stresses: Shear components [kg.m. s72]

Syy Radiation stresses: Alongshore component [kg.m.s™?]

T Wave period [s]

t time [s]

U Velocity [m.s™1]

u Horizontal particle velocity [m.s™1]

U, Bore head velocity [m.s™1]

Uy Friction velocity [m.s™1]
Usc Friction velocity from current [m.s™1]
Upyw  Friction velocity from waves [m.s™1]

w Vertical particle velocity [m.s™1]

X Cross-shore position [m]

y Alongshore/transversal position [m]

z Vertical position [m]

a Discharge fraction [—]

tanf  Seaward slope [—]

I, Continuity parameter [—]
Tof Volume flux parameter [—]
AH Pressure head, error in wave height [m]

1) Wave set-up [m]

Oc Continuity set-up [m]
8ms  Momentum flux set-up [m]
Oy Volume flux set-up [m]

N3 Heave motion [m]

0 Angle of incidence [rad]

K Von Karman constant [—]

v Dynamic viscosity [m?.s71]

& Surf similarity parameter [—]

p Density [kg.m™3]

T Friction forces [kg.m.s™?]

) Velocity potential [m2.s71]

) Wave frequency [rad.s™1]

subscript, accentuation, superscript:

¢ Transmitted/trough
0 Offshore
b Breaking, bottom
c Crest
i Incident
a On the alongshore axis of symmetry
Averaged over one wave period
Dimensionless
opt  Optimal
eff  Effective (deduced from head losses estimation)
kin  Kinetic
pot  Potential
First barrier, 2D (a = 1)

2 Second barrier
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I. Introduction

With today’s focus on global warming and CO, emissions, research and development of renewable
energy is more important than ever. While hydropower and wind power have been an important
source of renewable energy for a long time, wave power is still a relatively unused source of energy,
in spite of its huge potential.

Existing concepts are at the moment at a more or less advanced stage of development, none of them
being at a real commercial stage. The challenge of wave energy is indeed to overcome a high initial
cost. The latter is due to harsh environment in open sea and no large scale production. Therefore no
convergence toward a most cost-efficient device has been started, and the best concept is still to be
found.

There are many technologies in use, and more under development, but they all seem to be
derivatives and improvements of the same conventional solutions and suffer from the same intrinsic
problems.

In quest of a new energy source, inspiration has been found on shores and breaking waves. Besides
the waves themselves, a natural phenomenon known as a rip current shows potential as a source of
renewable energy.

This study analyzes this innovating concept which has in appearance many advantages with respect
to existing wave energy converters, insofar as it has a high enough energy potential to be
competitive.

The goal of this study is consequently to estimate this energy potential.

A project on the field had been done previously by the author, and the main features to develop in
the thesis were the following:

e Realize a deep literature survey on the field to find out the main processes related to the
concept and their governing equations

e Find a simple but accurate enough analytical model and adapt it to describe the processes
related to the new wave energy converter

e Perform experiments and compare results to theory to bring credibility to the model

e Use experimental results to determine the input parameters needed in the analytical model

e Optimize analytically the energy potential

The conclusions should teach us whether it is worthy to carry on the research on this new way of
capturing wave energy.

The potential of extracting wave energy from rip currents 13
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II. Nearshore processes

A brief outline of the nearshore processes and technical terms in the surf zone is presented here.
Further information can be found in the books Mechanics of coastal sediment transport, by Fredsge
& Deigaard (1992) and Introduction to nearshore hydrodynamics, by Svendsen (2006).

A more detailed explanation of these processes including governing equations is available in
appendices, together with basics on wave linear theory.

Let’s consider the barred beach profile Figure II-1, with a mild seaward slope, a barrier (sandbar,
reef...) and a trough behind.

Reformation Transmitted

. oint wave
Breaking Cross-shore P !
Incident wave point di
W -
Mean water level > ave Set-up
" Friction v
f
— Undertow O

. L Increase in
Loss in radiation stresses

Barrier static pressure

Surf zone

Figure 1I-1: 2D beach profile

As the waves propagate into shallower water, a process called wave shoaling make the wave height
increase and the wave length decrease. As a consequence the steepness of the wave increases, until
the top of the wave falls forward, creating foam called “surface roller”. This is wave breaking. At
first, the ordinate wave transfers its energy to the surface roller in the form of kinetic energy. The
surface roller then dissipates this energy into turbulence and heat.

The surf zone is therefore the place where waves dissipate their energy. However, the energy of the
wave is proportional to the wave height squared, so the wave height decreases.

Waves and surface rollers carry also momentum. This is called “radiation stresses”, from the theory
of Longuet-Higgins (1964). This momentum is also proportional to the wave height squared, so it
decreases as the wave breaks.

The loss of momentum (dynamic pressure) in the surf zone has to be compensated by a gain of static
pressure, i.e. an elevation of the mean water level. This is the so-called wave set-up.

At the same time, mass is carried inshore the barrier. This cross-shore (perpendicular to the beach)
discharge (or influx) has to flow out from the trough. With 2D conditions (infinite barrier in the
alongshore direction, i.e. parallel to the beach), the only way is to return offshore over the barrier.
This flow is the so-called undertow.

The potential of extracting wave energy from rip currents 14
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The cross-shore discharge is located between the wave trough and the wave crest. Over the barrier,
the undertow flows therefore in a narrow duct between the sea bottom and the trough of the wave.
This induces large friction forces that must be compensated. It leads to an additional increase of the
set-up.

As the water becomes deep again in the trough behind the barrier, breaking stops. It is wave
reformation. The transmitted wave thus created propagates shoreward until it breaks again.

Let’s now consider a no longer uniform beach profile in the alongshore direction, with a gap in the
bar called “rip channel”, like on Figure II-2. The larger depth in the channel leads to a weaker
breaking (or no breaking at all), so a lower set-up. A pressure gradient is formed, driving a flow called
feeder or longshore current in the trough and gathering into the channel to form a rip current.

The cross-shore discharge is then split into the undertow and the longshore current. The decrease in
the undertow leads to a decrease of the wave set-up, since there is less friction.

Longshore current
g
R R

©The COMET Program

Figure 1I-2: Rip system
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III. An innovating concept of wave energy conversion

The processes described in part Il can be used to produce energy. The energy from the waves is first
transformed in hydraulic energy with a pressure head and a flow rate.
It can then be used to produce electricity through a turbine.

The concept is shown on Figure IlI-1 and Figure Ill-2. The channel has been replaced by a duct
starting from the trough behind the barrier. The water flows then downwards before it is dispersed
underneath the structure.

The potential can be calculated classically with the formula
P = pgQAH

In which Q = Flow rate,or Cross shore discharge over the barrier
AH = Pressure head, or Wave set — up : Elevation of water due to excess of
momentum + excess of mass

Variable length to regulate the
flow rate in the turbine

Ducts to the turbine

Absorbing beach

Second barrier

A= \
| \

| First:barrier |

i Reflector
A—p

Ramp

l

Incoming waves

Figure Ill-1: Wave energy converter, top view

Q can be regulated. AH depends on Q, the incident wave conditions and the geometry of the barrier.
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Mass and momentum excess
carried by breaking waves

------------- = Hw_ptt/

Transverse Horizontal Axis >
Water Turbine

Figure Ill-2: Wave energy converter, side view

IV. Review on wave breaking and nearshore processes

Wave breaking and related processes in the surf zone have been the topic of many investigations
these last decades. Many analytical and numerical models, experimental studies, field surveys can be
found in the literature. However there is no final agreement on a single way of modeling, each
university/company proposing its own model. Numerical models are developing fast but none of
them can really predict the natural phenomena without empirical relations, because of the physical
and numerical difficulty to describe the strongly non-linear process of wave breaking. The lack of
general governing equations confines existing models to the description of the natural phenomena,
whose analysis is economically reliable regarding sediment transport and therefore coastal
engineering. Even if the concept in this study isn’t theoretically stuck to existing phenomena, we
have no other choice to consider the same configurations to be able to use existing models.

Before numerical models made their apparition, empirical formulas on wave breaking and set-up
were first developed. Among them we can mention the pioneer works of Miche (1944) and Munk
(1949) who first determined a wave breaking criterion in terms of depth or given deepwater wave
conditions. An applicability study of these empirical formulas to steep slopes (higher than 1/10) was
done by Tsai et al. (2005).

Regarding wave breaking, wave energy dissipation and wave set-up, a major work which most
models are based upon was done in Svendsen (1984a), then improved in Hansen (1990) and
Svendsen & Putrevu (1993). He linked the decay of wave height across the surf zone and the energy
dissipation, using the radiation stress theory introduced by Longuet-Higgins & Stewart (1964). He
also introduced the effect of the surface roller in his model.

Extension to irregular waves (random wave breaking) and transformation of the wave spectrum has
also been the topic of several studies, for instance Thornton and Guza (1983), Dally (1992) or Goda
(2004).

The radiation stress theory has been improved by calculating its vertical variation (for instance Xia et
al. 2004). Wang et al. (2008) used a non-linear numerical model of wave breaking to improve the
model of Svendsen, whose main disadvantage is to average the quantities over one wave period and
therefore to linearize a strongly non-linear process.
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Some studies of wave breaking more specific to submerged reefs were done by Blenkinsopp &
Chaplin (2010) and Calabrese et al. (2008). The first one analyzed experimentally the effect of the
seaward slope on breaking, set-up and reflection. The second one determined the type of breaker on
submerged breakwaters according to their geometry. The type of breaker has a strong impact on the
intensity of breaking and therefore on the set-up.

The net flow over a nearshore bar was analyzed by Dalrymple (1978). A resulting work in the
modeling of the processes driving the undertow, resulting from 2D mass conservation in the surf
zone, was given by Svendsen 1984b. It was improved in Hansen & Svendsen (1985), and checked
experimentally in Hansen & Svendsen (1987) and Svendsen & Hansen (1987). At the same time Stive
& Wind (1986) developed a similar model. The incorporation of the undertow in nearshore currents
modeling was studied by Svendsen & Buhr Hansen (1988) in order to develop the numerical model
SHORECIRC. An example of field application survey can be found in Greenwood & Osborne (1990). An
alternative model based on the same principles was found out by Tajima & Madsen (2006). The
effect of beach reflection on the undertow was studied by Veiskarami et al. (2009).

Alternative models including the undertow and the longshore current were proposed in Kuriyama &
Nakatsukasa (2000), Ostrowski et al. (2003) and Zheng et al. (2008).

The study of the longshore current from obliquely incident waves on a longshore bar has been the
subject of many investigations. Among them we can notice the work of Goda (2006, 2008) who
introduced a state-of-the-art modeling of random wave breaking, and the experimental study of
Reniers & Battjes (1997).

Finally, the description of rip currents was first done in the pioneer work of Bowen (1969) from the
radiation stress theory. Aagaard et al. (1997) proposed a simplified modeling based on mass
conservation. Thorough experimental analyses were performed by Haller et al. (2002) and Drgnen et
al. (2002), coming to both similar and complementary conclusions. A numerical analysis with the
model SHORECIRC can be found in Haas et al. (2002). Plenty of field surveys have been done (for
instance Castelle et al. (2005)). A global review was done by Mc Mahan et al. (2006).

The studies presented above concern mainly sediment transport, and main features are gathered in
Fredsge and Deigaard (1992), or more in details in Svendsen (2006).

Simplified models for engineering applications have been done within the development of
breakwaters to protect the coastline (Johnson et al. (2005), Soldini et al. (2009), Vicinanza et al.
(2009)). Bellotti (2004) proposed a very simplified analytical model. Calabrese (2008) focused on an
ideal 2D case (infinitely long breakwater) to analyze the set-up splitting it in two contributions, after
the work of Dalrymple and Dean (1971). The models need an empirical transmission coefficient of
the wave height behind the breakwater, for example given in Diskin et al. (1970), Van der Meer &
D’Angremont (1992), or more recently in Van der Meer et al. (2005), Shirlal et al. (2006), Wang et al.
(2007) or Buccino & Calabrese (2007). Chang (2007) studied wave reflection by several breakwaters.
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V.  Analytical models

A. Variables and notations

x Transmitted wave H;, L;

\4

Incident wave Breaking point Hy, L,

Figure V-1: Variables and notations for analytical models

B. 2D model

The study is based on the analytical model of Calabrese (2008). The main difference between other
models is the assumption proposed by Dalrymple and Dean (1971) who split the set-up in two
contributions § = 8y, + 8.

These two contributions result from momentum and mass conservation laws across the barrier.

Omy is called the the momentum flux set-up and accounts for the conservation of momentum. It
represents the increase in mean water level (static pressure) in the surf zone due to the loss of
radiation stresses (dynamic pressure) caused by the wave height decay from energy dissipation.

8. is called the continuity set-up and accounts for the conservation of mass. The mass transported
over the barrier has to return seaward by the same way it came. The hydraulic diameter over the
barrier is low so the friction is high. §. compensates the friction forces noted 7 on Figure V-1.

1. Momentum flux contribution

Calabrese assumed the wave set-down to be less than ten times lower than the wave set-up and
negligible.

As the wave height decreases due to breaking, the cross-shore component of the radiation stress S,
is lower onshore than offshore of the barrier.

The momentum balance in the horizontal direction reads:
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Sece+Pe=Spei+P= ) F o vt

With Y F the horizontal component of the sum of external forces, here the reaction of the barrier, as
expressed by the following:

h? h? Xt x — x,, Oh
ZF——f pg(h(x)+6(x))—dx——pg<——7)—pg5mff Y7 T gx

x, Xt = XpO0x
h?  h}
=-pg (— - —) PGOms A £q. V-2

For simplicity, it has been assumed that only the mean hydrostatic pressure plays a role here.

Integrated dynamic pressures and Reynolds stresses over the barrier are expected to vanish or be
negligible. The longer the barrier, the better these assumptions are.

hp, and then x;, are calculated by the use of the following wave breaking criteria:

1KT

H, = [0 218 — 0.076- ]Lb tanh (27 ) if h; < h, < h, Iwataand Kiyono (1985)
hy =h if H;>0.095Lotanh (2m7) Huretal (2003)
0

Where L, is the deepwater wave length. L, and L; are calculated from L; through the wave
dispersion relation (see appendices for basics on wave linear theory).

In his work Calabrese considered the same depth for the offshore and inshore toes (h; = h;). A
general expression is derived here. h; can vary up to the wave reformation limit. A common value for

the wave reformation was proposed by Dally (1992) < 0.4.

. . - H . - H .
Considering the transmission coefficient K; = H—t and the reflection coefficient K, = ;r (calculation
i i

method in appendix E), we get from radiation stress theory (see appendix D):

1 2k;h 1 2kth 1
Seet = 3PGHE L+ KD) (s +2) and Sy = 3pgHEKE (Gorsi +3)

If h; doesn’t match the reformation criterion, K; = 0.
The pressure forces are:
1 1 2
P = Epghiz and P, = Epg(ht + 8ny)
We therefore get a second order equation in &, ¢:

1 2 h? h? h? n?
5 90mf + (he — A)amf‘i' (Sxxt xxi)+(7t_7)_(7t_7)=0

Which has only one positive solution:

2
(Smf :A_ht+\/(ht_A)Z_E(Sxxt_Sxxi) Eq. V-3

This is valid as long as the crest depth is high enough, i.e the bar is continuously submerged over one

wave period. Calabrese suggested that it should only be used within the range 0.3 < % <2
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If the crest submergence is lower, overtopping effects become significant, and emerged barriers
could be considered as weirs (Dalrymple and Dean1971, Loveless et al.1998). It is not the goal here
since such phenomenon is already used by existing wave energy converters.

2. Continuity contribution

The continuity set-up is given from Bernoulli equation 8, = fq,,?> where f is a friction coefficient to
be determined and q,, is the discharge returning seaward (undertow). In the 2D situation q,, equals
Gin, the cross shore discharge carried by waves over the barrier.

3. Cross-shore discharge

Calabrese used the following approximation, from Svendsen (1984b) :
H,
Gin = \/GheHe By 7= + 0.06) cq. V-4
(o

. 1 ) .
with By the wave shape factor. By = ’ for a saw tooth profile. Calabrese used another formulation
of By, but it appeared to underestimate the flow rate with respect to experimental results (3D tests).

H;+H;
2
height right after the barrier, where dissipation is the highest due to the brutal change in depth. H,.

should then be closer to H;than to H;. This may compensate the difference in the formulation of B,

H_ was approximated by Calabrese as , though it is known that there is a drop in the wave

for the small scale case, since analytical and experimental results coincide well. However when
extrapolating the model to real scale, B, is not expected to change unlike the difference in H. which
increases with the scale. The cross-shore discharge might then be somewhat underestimated in the
final calculation of the potential.

At the same time, B, and therefore q;,, should be increasing proportionally to the square root of the
wave steepness. Taking B, as constant introduces an additional uncertainty.

A more accurate calculation of B, can be found in Hansen (1990).

4., Friction factor

Regarding the friction coefficient, Calabrese used the Gauckler-Strickler formula which gives

B
f= % dy Eq. V-5
dy is the hydraulic diameter, K is a friction factor, Beg is an equivalent width of the barrier. The
formulation of Calabrese has been adapted for a sloped bottom: B, = ,':'j‘,ll+i: in which Apgrrier 15
Bithe p,

the cross section of the barrier.

K can be calculated from the wave-current friction factor f,, by the relation: K = /%. It is
w YH

there assumed that the boundary layer is rough turbulent and that the amplitude of the bottom
particle velocity from waves u, 5, is much higher than the bottom velocity from current U, ,.

Regarding the first assumption, it should be reasonable considering the small hydraulic diameter and
the turbulence from breaking.

The second assumption is validated in the following:
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u __ mH cosh (kegheq)
€b ™ 7 sinh(kegheq)
2(hij=ho)?+6h (hj—h)+h.B
hey =
a B+6(hj—h.)

where  he, is an equivalent height of the barrier:

Calculations from experimental data for small scale give an order of magnitude of u.;, of 0.3 m/s
while the averaged value of the current velocity over the depth is 0.1 m/s, so the bottom velocity
U, p is much lower. Therefore u., > U, .

fw is calculated from the relation

U p T -1/4

fy = 0.04 i” Eq. V-6 (from Fredsge & Deigaard (1992)).
N

Methods to calculate the equivalent sand roughness ky can be found in Schlichting & Gersten
(2999). In this case like in most situations it must be determined experimentally.

C. Simple analytical 3D model for engineering applications

The model presented above is an ideal 2D case. In reality a fraction of the flow is returning offshore
through the undertow and the other fraction is flowing in the channel. Bellotti (2004) proposed a
simple 3D model giving an analytical solution to the 3D set-up, using the cross section of the channel
together with a simple head loss model.

Up to now, this 3D modeling needed numerical simulations or crude empirical formulas. This model
aims to give a first idea of the order of magnitude of the set-up without using complicated numerical
models, for example to design breakwaters.

Control volume around the whole surf zone

Channel

.r‘l
Lchannet < |
~

Control volume around the barrier

incoming waves shore

_QU%_

Barrier

>

L b

Figure V-2: Top view and control volumes used in Bellotti (2004)

It is based on integrated equations over control volumes shown on Figure XII-9.

Momentum conservation over the barrier reads:
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g
(he+ OV —hUP+5((he+ 82 =0+ D F + Gue=Swd = 1 =0
Volume flux - Radiation stresses  Friction Q- V-
Pressure Reaction

Eq. V-7 is similar to Eq. V-1, but the volume flux forces have been added and there is no separation
of the two contributions of the set-up.

Bellotti kept the friction term in its final equation, but the friction coefficient has no physical meaning
and is used as a calibrating parameter. The author showed that it has a weak effect on the results
and therefore could be neglected.

Mass conservation in the surf zone reads:

{ (he + &)U, — h;U; = 0 across the barrier
AparrierUi + AchannetUchanner = 0 on the entire surf zone

The major assumption is to estimate the velocity in the channel as U pgnnet = Cyp+/ 299, in which C,,
is a head loss coefficient from flow contraction (see Chow 1959). The undertow and the flow
repartition are taken into account in an implicit manner.

It leads to the following equation:

52 Achanne\° [ 2 2 1 1\?

LY PR E -y R S S YO
2 O\ ) (s TP s ) [T

3
+ E(th —H?*)=0

Eq. V-8

In which p is the friction factor. Bellotti took B,, = B, however it is more accurate to use the
formulation of Calabrese (used in Eq. V-5).

A is identical to the one in Eq. V-2, but Bellotti calculated it from the incident point and not the
breaking point.

Eq. V-8 has to be solved by iterations, for example with the Newton method using the 2D value

A .
(% = 0) that can be calculated analytically as a guess value.
b

The model of Bellotti is known to underestimate 2D wave set-up (from Calabrese (2008)). It is not

S A : .
expected to be valid with too low values of W. It is based on many rough assumptions, and has

barrier
channel

only been validated experimentally for 4 = 0.2. It would be interesting to check its ability to

barrier

predict the variation of § with Achannet

Aparrier

D. Transmission coefficient

Both 2D and 3D models need the transmission coefficient across the barrier. Its behavior with the
crest submergence has been studied for submerged reefs by Blenkinsopp and Chaplin (2008).
However they didn’t include an explicit formulation and the crest width was inexistent (no flat part).

We shall use the theory proposed by Van Der Meer et al. (2005), who proposed empirical formulas of
transmission coefficient across breakwaters, adapted from Van der Meer & d’Angremont (1992):

The potential of extracting wave energy from rip currents 23



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . En553 ﬁpl I

h B\ ~031
K, = —0.4 —+ 0.64 (—) 1— e 055 Eq. V-9
‘ H, m) (e
& is the surf similarity parameter introduced by Battjes (1974): §; = tal;f in which tanf is the
L_l

=

seaward slope of the barrier.

It is important to notice that this formula has been designed for a totally different purpose than
creating the highest set-up. Indeed breakwaters are designed to protect shore. Consequently they
target a very low transmission coefficient, a high reflection coefficient and a low set-up as well, since
the set-up enhances sediment erosion through nearshore currents and therefore damages the shore.

As a consequence we will use this formula with some parameters values different from the usual
ones: The crest width will be lower, the barrier submerged and the seaward slope milder.

E. 3D model derived from 2D model

The main difference between rip currents and the concept of wave energy conversion presented
hereby is the regulation of the discharge in the channel.

Indeed the natural phenomenon has no regulation. The wave forcing conditions are naturally
changing the morphology of the beach, and the discharge in the rip channel is a direct function of
these conditions.

In our case, we can regulate the flow rate independently on the forcing conditions (set-up), by the
use of a gate. We can therefore choose the fraction of the flow which returns directly offshore as
undertow and the one which flows toward the channel, or toward the turbine.

To describe these processes, an alternative way of modeling is proposed. An equivalent RC electrical
circuit has been used to model the dynamics of the mass conservation in the surf zone, as shown on
Figure V-3.

The inshore mass flux q;,, carried by the waves can be modeled by a constant current generator. The
head losses over the barrier §. and in the channel § are modeled by electrical resistances R,, and
Rchannet and the reservoir formed by the trough behind the barrier is a capacitor. R, s is a negative
resistance which accounts for the volume forces.

A
qu \ 4

ar \
qin 4 8¢ C l 5mf
C

E; R, : .
T A
Rchannel / o
|

/

Ryf Oy

Figure V-3: Equivalent circuit diagram
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R hanner (i-e. the opening of the gate) is variable to regulate the discharge in the channel q.

Behind the barrier, mass conservation reads
dé,
dt

In which A¢rgygn is the area of the trough and gq,, the undertow.

qin = q + qu + Atrough Eq. V-10

1. Dynamics of the continuity setup

The initial conditions are still water (no setup) and 2D conditions (channel closed), i.e §, = 0 and

Rchanner = ©°-
As a consequence when the first waves break on the barrier, ¢ = q,, = 0 and g, = q;;,. Therefore

ds i . : .
d—tc = qcﬂ, the setup increases. It leads to q,, # 0 so g, decreases, the setup increases slowlier and
3

slowlier. As soon as 8, = R, q,, the capacitor is charged, the setup has reached its maximum value.

2. Modeling R,

R, can be modeled by the Gauckler-Strickler formula mentioned in part V.B: R, = f q, (the
hydraulic resistance is proportional to the flow rate).

However it will be shown in part IX.C from experimental results that for a mild seaward slope,

R, = f’\/%_u and for a steep seaward slope R,, = f". f, f' and f" are friction coefficients.

The three cases are treated in the following.

3. Modeling R, ¢

The undertow doesn’t compensate totally the influx like in the purely 2D case, i.e. there is a net
cross-shore discharge corresponding to q;,(1 — a).

. Ul h . . .
The set-up would then increase by jh—c where U, is the velocity over the barrier.
t

. m(1-a) . .
It can be approximated by U, = %a) since the wave drift occurs between the wave crest and the

c
_ Qin’(1-2)? he

HZ  h Using the expression of g;, in Eq.

wave trough. the volume flux set-up becomes §,¢
V-4, we get:

h’/ H 2
Syp = L(Bo —+ 0.06> (1-a)? Eq. V-11
he he
8yf is in reality a part of &§,,r, but the two processes have been separated according to their
dependency on a.

1

R, can then be expressed as R,,f = ——————.
o e

4. Energy potential
We assume the steady state reached for the following, i.e. we don’t take into account the capacitor.

The channel is opened by reducing R nannet-
Ru Renannet*Rvy)

d, then decreases to the value R,,q;,, where R,, = .
¢ eqin ed Ry+Rchannel+Rof
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We introduce the discharge fraction a sothatq, = aqiuandg=(1—a) qin, 0 < a < 1.

The dimensionless potential is defined by P* = 7 1;
in Omf

Two dimensionless parameters are introduced: I, = ;Cl , in which 6,4 is the continuity set-up
mf

6vf1
Smf

when a = 1 (i.e. 2D conditions); similarly I';¢ = . The latter is weakly varying from one situation
to another and can be approximated by I, = 0.1.

With the different modeling of R,;:

o If Ry=fqu
Then 6 = fQuZ =f az(h'nz

So P=4 qc = f az(l - a)Qin3 + 6mf(1 - a)Qin - va(l - a)3Qin3

PP=T.a?(l-a)+(1-a)+Ty(1-a)® =1 -a)T.a?+1+T(1-a)?) Eq.

V-12

e With a similarity argument, R, = f' \/% leads to

PP=TVal-a)+(1-a) +Tf(1-a)* =1 —a)(T.Va + 1+ I'y(1 — a)?) 5%3
V_
e L

e R,=f mleads to

PP=T.al—-a)+(1-a)+T(1—-a)=1Q-a)(T,a+1+T,;(1-a)? Eq.
V-14

Results are plotted on Figure V-4, Figure V-5 and Figure V-5.

We can clearly see a maximum in the potential as expected above. The higher the continuity set-up
with respect to the momentum flux set-up, the higher the discharge fraction giving the highest
potential.

It is compared with experimental results part IX.D.

5. Maximization of the potential
‘:; = 0 gives the highest potential. Only the two cases corresponding to real situations are treated.
Steep slope case: ‘Z; = —3Tya? + (6T —T)a+ T, — 3Ty —1=0
The only solution with physical consistency is:
R ): (Fc )2_ 1 Eq. V-15
opt 6T, ¢ 6Tye/ 3Ty
Mild slope case: % =-2[Va—-1+ 21:;& — 3Ty + 6Iypa — 3Ty = 0 which has no analytical

solution and must be solved numerically. However it is reasonable to neglect the effect of volume
forces, i.e. [ = 0. It is shown with experimental data in part IX.A.

e . _ . 2 i_ _ .
zﬁ—OorwnhX—Z\/&. X +1,C 1=0 which has

only one solution with mathematical consistency:

We get -2V — 1 +

The potential of extracting wave energy from rip currents 26



@ NTNU

=

08

06

0.4r

02F

]

Valentin Chabaud — Master thesis 2011

/1 +4T.2 — 1\
4T, /

2

Eq. V-16

-]
\

P*(alfa), theoretical law of continuity setup
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Figure V-4: Theoretical variation of the potential with the discharge fraction

P*alfa), experimental law of continuity setup for steep slopes
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Figure V-5 & Figure V-6: Variation of the potential with the discharge fraction from experimental modeling of

VL.

the hydraulic resistance over the barrier

Experimental set-up

A. Wave tank

The experiments have been carried out in the student tank of the Marine Technology Institute of

NTNU, Trondheim, Norway. Its small size allows quick and easy tests; it is perfect for this first

experimental approach which does not need to be very accurate but quick and effective.

Tank characteristics:

Length: 25 m

Width: 2.5 m

Depth: 1.0 m

Wave maker: Single flap, hydraulically operated
Maximum wave height: 0.3 m

The potential of extracting wave energy from rip currents
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e Wave period range: 0.25-3 s
e Maximum wave steepness: 1:8

B. Model

1. Generalities

The model is made of plywood with a waterproof coat. It was built in pieces in the laboratory of the
Fluid Mechanics Institute of the Energy and Processes Department of NTNU. The last assembling
tasks were done in the wave tank.

An overview of the model is presented on Figure VI-1. For a complete description of the experimental
set-up with pictures, one is referred to appendices K and L.

2. Geometry

The scale of the physical model is Froude undistorted. It is generally the most appropriate for floating
structures and open channel flows in general.

The scaling factor has been initially chosen as 1/40, which means that the 6 cm high planned incident
waves corresponded to 2.40 m for full scale conditions.

Appropriate geometrical dimensions have been chosen by the help of the above-described analytical
models.

3. Main features and global explanations

First bar: A removable board was used to switch the slope
between 1/2 and 1/8

e Second bar: It was removed for most of the tests because of the
incapacity to measure the set-up due to too small depth

e Crest submergence: Varied by changing the still water level (filling or emptying
the tank)

e Trough submergence: Varied by setting a board in the trough to lift the bottom

e Gate: It regulates the flow rate and indirectly the set-up

o Test section: The test section is a restriction in the channel to

measure the velocity profile and thus the flow rate. It
was far enough upstream, so the flow is not disturbed

by the gate.

e Seaward wave gauge: It measures the incident wave height.

e Shoreward wave gauge: It measures the transmitted wave height and the wave
set-up.

According to their longshore position, generated waves can:

e Continue to propagate freely between the sides of the structure and the walls of the tank
e Be dissipated and reflected on the wave absorber in front of the channel
e Be splitin two parts in depth:
o The deepest propagates under the structure and is partly reflected
o The closest to the surface shoals, propagates toward the barrier and breaks
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Wave absorber in front of the

Shoreward wave gauge
channel gaug

Second bar

Test
section

Gate

Figure VI-1: 3D Overview of the model
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C. Measuring equipment

1. Waves

The waves were measured by two wave gauges of resistance type. The electrical resistance of the
submerged tubes varies linearly with submergence. By the mean of an accurate calibration, one can
convert the output electrical tension in surface elevation.

These gauges are sensible to temperature and dirt, and should be calibrated often. Since it was not
very convenient in our case, and given that errors from other sources are far bigger (see part VIl), it
was just calibrated once.

Calibration was made by varying the water level (filling and emptying the tank).

The signal passes first through an amplifier, and is transmitted by Bluetooth to the computer. The
cables between the gauge and the amplifier and between the amplifier and transmitter were kept
the same for each gauge not to change the resistance after calibration.

The software used to capture the data was CATMAN MGC Reg 3.6 developed by MARINTEK. It needs
in input the linear coefficient from calibration (see appendix A).

2. Velocity

The probe Vectrino© from Nortek AS was used. It is an acoustic Doppler probe which measures
particle velocities from Doppler Effect. Acoustic waves are sent by four beams (see appendix K),
reflected by particles in suspension in the volume of control, and captured by the receiver.

The volume of control is located 5 cm from the receiver. The probe does not need any calibration.

The rate of particles in suspension must be sufficient, otherwise acoustic waves are reflected by the
walls and the probe gives unusable data. Therefore seeding is needed before the tests. It was done
by raising the dust of the tank from the bottom to the surface and leading it to the channel.

Data is transferred through a cable to the computer.

The software Vectrino Plus 1.15 is included with the probe.

D. Test plan

1. 2D tests

The goal of 2D tests was first to check qualitatively the analytical model of Calabrese, i.e. to roughly
confirm the dependency of the set-up on main parameters. At the same the empirical formula for
wave transmission should be checked.

Secondly 2D tests were meant to provide the friction coefficient needed in the modeling of the
continuity set-up in the model of Calabrese.

A list of completed test can be found in appendix G. The experimental procedure to get the variation
of the set-up against input parameters is detailed in appendix F.

2. 3D tests

The 3D tests considered only one of the input configurations from 2D tests. The goal was to check
the decrease in set-up as the flow rate in the channel increases.
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The opening of the gate drives the discharge in the channel. For each opening the set-up is measured
and the flow rate in the test section is partly measured, partly deduced from velocity measurements
(see part 1X.B).

The potential can then be calculated for each discharge in the channel, and the optimal value is
deduced.

A list of completed test can be found in appendix H.

3. Additional tests

Additional tests were meant to bring complementary information on the set-up from secondary
parameters. Most of them are not presentable because of too few data to overcome the scatter.
Others are more or less beyond the scope of this survey. More details are available in appendix J.
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VII. Note on uncertainties

A. Generalities

Uncertainty in measurement is extremely difficult to quantify. Some important sources like the
motions of the structure will be quantified to show that results could be validated qualitatively.

However given the global uncertainty, from the model itself to the measurement methods, it is
utopist to aim a quantitative study. Moreover the analytical model of the set-up is designed for
engineering applications and gives a good order of magnitude, but we cannot expect an uncertainty
below 20%. It is then pointless to compare quantitative experimental data to qualitative theoretical
results.

As a consequence we shall furnish global order of magnitude of uncertainties, but no error bar
figures on the graphs for the sake of simplicity and readability.

In 2D tests it is somehow compensated by the number of data. The difference in scattering between
experimental and theoretical data gives a good idea on the precision error, i.e. how results from
similar tests could vary.

BIAS errors, which are not revealed by the repetition of experiments, could be very huge too and are
even more difficult to quantify.

B. Material restrictions limiting accuracy

The dimensions of the model were limited by both technical and financial means.

Mainly in order to allow wave shoaling avoiding wave reflection, a very long mild sloped beach would
have been needed (more than 20 meters). Therefore the uniform depth of the tank, due to its main
function to simulate offshore deep water waves, was not appropriate.

The length of the structure being limited, a compromise had to be found for:

e The depth of the seaward edge. It influences the amount of wave energy that propagates
over and beyond the structure.

e The steepness and length of the incident slope seaward from the barrier. They influence the
minimum steepness of the seaward slope of the barrier itself, and therefore the set-up.

e The steepness of the absorbing beach shoreward of the barrier. It influences wave reflection.

e The height of the upper edge of the absorbing beach. It determines the highest transmitted
wave run-up and therefore the highest acceptable height of the transmitted wave.

e The width of the barrier crest. It influences the transmission coefficient and therefore the
set-up.

These compromises induce a high uncertainty compared to related experiments found in the
literature. Therefore no quantitative study is conceivable.

C. Example of uncertainty calculation

The incident wave height was significantly different from one test to another with the same
generated conditions. The corresponding relative uncertainty would be:

AH; = +15%

Hi measured
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Since we always use relative (dimensionless) variables with respect to the incident wave height like

H—f, it would be crucial to know if this precision error comes from sources independent on the

i

. . . h .
measurement device/location. If it does ;” would keep a correct value, being calculated upon real
i

incident conditions. If not (e.g. if the wave field is not uniform in the longshore direction, i.e. H;
varies depending on the longshore position of the probe), a big uncertainty would be created, and
uncertainties on geometric parameters like h. (£2%) would be negligible.

It is unfortunately not possible to check the nature of the uncertainty on H;, it is therefore pointless
to quantify uncertainty for all parameters.

D. Sources of uncertainty

The uncertainties influencing the results are of different natures (structure geometry, measurement
devices...). The most important ones that have been quantified are:

- The heave motion of the structure, see appendix E.

- The calibration errors. If a strong incompatibility of data from one single test with existing
data and theoretical model is found in the results, it can be from an error of calibration
(default). This test is then removed.

- Wave reflection, see appendix E.

- Friction and head losses on the velocity. They are calculated in part IX.A and IX.B.
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VIII. 2D results

A commented example of data acquisition by wave gauges is available appendix B.

A. Set-up as a function of barrier width and transmission coefficient

The method presented in appendix | is not accurate enough to predict a generated wave height

keeping constant the width of the barrier 5. The main reason for this was the motions of the

i

structure under wave loads, which could significantly change the incident wave height.

. B .
It was then not possible to separate the parameters. Fortunately, 7, came out not to influence
L
significantly the set-up. It is shown on

Figure VIII-1, from which no law or tendency can be extracted.
In the same way, 5 didn’t seem to influence K; (similar chaotic scatter to the one plotted
L
Figure VIiI-1), though it should play a key role. As a consequence the empirical law from Van der Meer
et al. (2005) underestimated the transmission coefficient K;, in which is a key parameter. It is

illustrated on

. The colors represent the wave period. It seems that K; is underestimated for high wave periods
(T = 0.7s) and over estimated for low periods.

set-up as a function of relative crest width. Color: relative crest depth
024

023} "
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0.5 1 1.4 2 24

BrHi
Figure VIII-1: Set-up against relative crest width. Colors represent the relative crest depth.

A reason for this could be the small values of 5 used. The formula of Van der Meer et al. was

i

designed to describe breakwaters protecting the coastline, and therefore having the lowest

transmission coefficient as possible, i.e. a wide barrier (5 = 5). Regarding the dependency upon the
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wave period, it is more delicate. Either Van der Meer should have included it (or the wave steepness)
in its formula; either the period creates a big uncertainty on the experimental results. Indeed it was
observed that the wave was not uniform in the longshore direction, and a “gap” in the broken wave
was sometimes observed close to the wave probe. It could have lead to higher or lower measured
transmitted wave heights than the average one over the barrier. This phenomenon was strongly
depending on the period, though no law has been sorted out.

Transmission coefiicient against relative crest depth. Color: wave period
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Figure VIII-2: Transmission coefficient against relative crest depth. The color scale represents the wave
period.

B. Set-up as a function of relative crest depth for mild seaward slope
The results are plotted Figure VIII-3. We see a clear decrease of the set-up with the relative crest

h
depth H_C The difference between the experimental and theoretical results accounts for the
i

continuity set-up.

h
For high values of H_C' we can notice a light overestimation of the set-up by the model of Calabrese.
i

. . . h .
However we are interested in the lowest values of the set-up, i.e. 0.3 < ;C < 0.5. The model is

i

expected to be valid in this range.

C. Set-up as a function of relative crest depth for steep seaward slope
The results for a steep slope are plotted
Figure VllI-4. Like in the mild slope case, there is no major contradiction that could lead us to

h
invalidate the theoretical model, but there is still an overestimation for high values of;c.
i

From both steep and mild configurations, we can conclude that the momentum flux set-up decreases
more sharply with the relative crest depth than what the analytical model predicts.
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The processes over the barrier in the steep slope and mild slope cases were quite different from each
other.

set-up a5 a function of relative crest depth. Color wave steepness
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Figure VIII-3: Relative set-up against relative crest depth for mild slope. Colors represent the wave steepness.

Observations of the processes over the barrier during the experiments were the following:

- When the wave and the surface roller are propagating shoreward, the water level increases
behind the barrier.

- When the wave is subsiding, a bore is created, similarly to a dam-break.

- Astrong current directed seaward takes place. It is visible to the naked eye. The water level
decreases.

- The current vanishes as the wave comes back.

The difference between time averaged and time varying mass conservation is illustrated on Figure
VIII- and Figure VIII-.

This difference has an effect on the undertow and will change the behavior of the continuity set-up in
3D configuration (see part IX.A). It has also a consequence on the 2D continuity set-up through the
nature of the friction that creates this set-up (see part IX.C).

The interaction between the bore and the incident wave could have a strong influence on the
momentum balance. We can mention the reflection of the wave by the undertow, including the
phenomenon so-called “Bragg reflection” (see Peregrine (1976), Mc Kee (1994)), occuring with
periodic currents like it is the case. The wave has also to pass the hydraulic jump at the bore.

These considerations are beyond the subject here, but the momentum flux set-up might be strongly
affected by these phenomena, therefore the theoretical results are somewhat more uncertain than
they already were for the mild slope case.
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set-up as a function of relative trough submergence for steep slope. Color; wave steepness
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Figure VIII-4: Relative set-up against relative crest depth for steep slope. Colors represent the wave
steepness
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Figure VIII-5: Assumed Cross-shore mass conservation in the theoretical model
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Figure VIII-6: Cross-shore mass conservation in the experiments case with steep seaward slope

The potential of extracting wave energy from rip currents 37



1

B NTNU Valentin Chabaud — Master thesis 2011 U'e;xsKEIB );Pl I

D. Wave breaking criterion

. . . . he .
Note that on Figure VIII-3, the analytical model predicts no set-up for high values of ;f, i.e.no
13
breaking. Experimental results show that breaking occurs, or at least a phenomenon which dissipates

. . h
the energy of the wave. The model is consequently not valid for such values of ;”

i

E. Friction coefficient

8¢

.2
Qin

For a mild slope the friction coefficients calculated from f = have been plotted Figure VIII-5.

We notice an unclear variation with H—C_, which can be explained by the interdependence of the
1

. . h . . . B
hydraulic diameter, FC and 8.. However the chaotic behavior of f with — leads us to conclude that
1

1

the classical friction, from roughness and hydraulic diameter, does not play a major role here
compared to turbulent eddy viscosity from wave breaking.

This is in agreement with the work of Nelson (1996) who showed that the sand grain equivalent
roughness for the undertow over a coral reef has no obvious link with the real roughness but must be
deduced experimentally.

For this small scale model, the average value of f of 400 m~3 s? is retained.

friction coeficient against relative crest depth. Color: relative crest width
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Figure VIII-5: Friction coefficient against relative crest depth. Colors represents relative crest width

F. Set-up as a function of wave steepness

The color scale in Figure VIII-3 represents the influence of wave steepness. It is difficult from this
figure to draw conclusions on the influence of the wave steepness on the set-up. Nevertheless, a

) H;j h
little tendency of a high T with a low L_l for a constant ;C can be seen.
i i i

It is depicted more directly on Figure VIII-6. The experimental set-up rises more sharply as %

i

decreases than the analytical one. It seems to be in agreement with the relation found analytically

. . H
stating that both &, and &, are proportional to L—‘ at a power between -% and -1.
i
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Figure VIII-6: Relative set-up against wave steepness. Colors represent the relative crest depth.

G. Influence of the trough depth

. . he . he |, .
Figure VIII-7 shows the set-up as a function of == with two values of ;t It is hazardous to put two and

4 1

two together with such few data, but we can note a general tendency of lower set-ups with lower

trough submergence.

deltasHi

20 set-up against relative crest submergence for two relative trough submergences
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Figure VIII-7: Influence of relative trough depth. Colors are only meant to differentiate the results.

This tendency is in agreement with the model of Calabrese for this range of transmission coefficients

(see part X.B for details).

H. Conclusions of 2D experiments

e Uncertainties disallow us to draw thorough conclusions

The potential of extracting wave energy from rip currents
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The analytical model is hoped valid in the range of interest 0.3 < % <05

i

The analytical model is expected to be more accurate for mild slopes than steep slopes
The empirical formula for the transmission coefficient is not appropriate

B . . . .
— has no influence on the set-up in the range of values used in the experiments

i

The processes driving the undertow are fundamentally different for steep and mild slopes
Considering the same value of the total set-up, the continuity contribution is higher for steep
slopes; the momentum flux contribution is higher for mild slopes.

8ms and &, are proportional to % at a power located between -1/2 and -1.

L
The friction factor relative to the undertow for mild slopes has been found for this
experimental set-up. It is not possible to extrapolate it easily to other situations with
different barrier geometry and roughness.
The higher the trough depth, the higher the set-up
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IX. 3D Results

An example of velocity data acquisition is presented in XII.C.

A. Set-up calculation

1. Experimental results

The set-up as a function of the gate opening is depicted Figure IX-1 and Figure IX-2, for steep and

mild slopes.
An exponential decay function appears clearly and has been interpolated. It gives:
§ -6.7d*~1.75
F(d )=0.064+¢"" /> steep slope
i

6 *
\7 (d*) = 0.10 + e~*34° =245 mjld slope

The left hand term corresponds to the asymptote when d* — oo, and is normally equal to the
momentum flux setup, though there is a significant uncertainty (see part VII).

Relative setup as a function of gate opening for steep slope

measurements
0.06+exp(-6.7 d*-1.79) |

022

n2r
018+
016+
014+

deltasHi

012
oty
008+

0.06

01 02 03 04 05 0B 07 08 08

Figure IX-1: Set-up against gate opening for steep slope and interpolation

Relative setup as a function of gate opening for mild slope

measurements
0181 — 0. 1+exp(-4.3 d*-2.45) §

deltasHi

01 1 L 1 1 1
i] 01 nz 03 04 05 06 07 08 085 1

o

Figure IX-2: Set-up against gate opening for mild slope and interpolation
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The incident wave height was varying from one test to another. It is shown Figure IX-3 and Figure 1X-3
together with the transmission coefficient. It was partly caused by the precision error, but also by the
undertow which can modify the intensity of wave breaking and also the incident wave field
(Svendsen & Hansen (1987)). It should also be noted that unlike 2D tests, reflected waves from the
structure via the wave maker were not avoided.

incident wave height against gate opening transmission coefiicient against gate opening
0.054 T T T T T T

steep slope
mild slope ||

steep slope
mild slope | | nas |

0052 -

005

0.048

Hiyn)

0.045 -

0.044 -

0.042

0.04 ! ! I I I ! 1 1 1 0E I ! ! I I I I ! L
1} 0.1 02 03 04 05 06 07 08 08 1 ] 01 02 03 04 06 0B 07 08 08 1

d* s

Figure IX-3 & Figure IX-4: Incident wave height (left) and transmission coefficient (right) for the tests
presented Figure IX-1 and Figure 1X-2

For the following calculations, the mean values of H; and K; have been used, i.e.

{Hl- = 4.84 cm steep slope q {Kt = 0.62 steep slope
H; = 4.65 cm mild slope K; = 0.76 mild slope

2. Comparison with theory

i _ 0.063 steep slope

From above, we have he _ 0.30 for both cases and Hi_
Hi — = 0.060 mild slope

i

The momentum flux set-up has been calculated with the analytical model:

)
™/ = 0.080 steep slope
H;
5mf .
= 0.088 mild slope
H;

We notice that the analytical model underestimates the momentum set-up for mild slopes, but
overestimates it for steep slopes.

3. Volume forces

Sur . o ~ [0.0024 steep slope
From part V.E, H; (@=0)= {0.0022 mild slope

It does not explain the difference. The effect of volume forces could be neglected as suggested
above.
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4., Head losses due to friction

One has also to take into account the friction behind the barrier induced by the flow toward the
channel. This produces head losses, which has to be compensated by an increase of the continuity
set-up, even more when the gate is fully opened. Therefore the measured value for d* = 1 is not
exactly the momentum flux set-up.

Wave-current friction calculations are refered to Fredspe & Deigaard (1992).

We make the assumption that the wall is hydraulically smooth, which seems reasonable considering
the material (waterproof coat covering plywood) and the small velocities. It is also assumed that the
waves dominate the current in the boundary layer (see part V.B).

The logarithmic law for the velocity profile for a smooth bottom with current only gives (from
Fredsge & Deigaard (1992)):

U U
Y2 — 57+ m (Z—f) =1ln (9.8 Z—f) Eq. IX-1
Uf K v K v

Ur is the friction velocity, k is the Von Karman constant taken as equal to 0.4, z is the upward

vertical coordinate and v the kinematic viscosity.

Fredsge & Deigaard gives the velocity profile for a wave-current boundary layer and a rough bed.
Based on a similarilty argument, the corresponding relation for a smooth bed is:

U 1 U
UfC K UfC + UfW

zU
In (9.8 fc) Eq. IX-2
v
Where Uy, and Uy, are the friction velocities from waves and current.

Upw = Ut b\/% with u; , the amplitude of the wave particle velocity in the trough, and f,, the wave

friction factor calculated by the mean of equation Eq. V-6 (from Fredsge & Deigaard (1992)). The
equivalent sand grain roughness ky should be determined experimentally since the bed is not
uniform and presents imperfections from construction. Here we shall use the values for a smooth
material: ky < 0.03 mm.

y

barrier

from

We know the mean velocity in the depth at an alongshore coordinate y* =

7= %y* Eq. IX-3
since the alongshore discharge is increasing linearly toward the channel.
Atrougn 15 the cross section of the trough. For the sake of simplicity we take an equivalent
rectangular cross section with the same area as Atrougn o) that

Atrough = ht * Axeq. The flow is then assumed to be uniform over Axg.

— 1 rh 1 chel Ufc2 (z Ufc)
CIX- = — - — = Ea. IX-4
FromEq.1X-1, U hth Udz htJ-O K UpotU; In " dz q

We can then get Uy, for each y* solving Eq. IX-3=Eq. IX-4 by iterations. We get therefore the bottom
friction 7, = prCZ. We can also check the assumption of a hydraulically smooth bed calculating the

equivalent sand roughness Reynolds number:
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kNUfc
v
With the upper bounds of ky and Uy, we get ky = 1.4 < 5, so the regime is hydraulically smooth.

ki =

We finally deduce the head losses from friction A§ from energy conservation:

A8 v
pgheT——= f Tp dy Eq. IX-5
barrier 0

. . . . AS _5 . .
Numerical calculations give an order of magnitude of ™ of 107>, i.e. very small compared with the
1

. . 1) -
other contributions of o The effect of friction can therefore be neglected.

1

The effect of wave breaking hasn’t been taken into account. It adds turbulence in a significant way
and changed the shear stress. It is however hoped that its effect doesn’t increase the friction to an
order of magnitude as high as 1073, i.e. multiply the non-breaking case by more than 100, which
seems reasonable.

5. Conclusions on analytical and experimental results for the momentum flux
set-up

The relative errors between the experimental and analytical results are overestimation as high as
37% for the steep slope case and an underestimation of 10% for the mild slope case. Such a
discrepancy was expected for mild slopes, but is quite surprising for steep slopes.

Indeed the model of Calabrese is designed for breakwaters, i.e. steep slopes, though it is
theoretically applicable to mild slopes. It has been validated by 4 data sets, with a seaward slope

. 1 1
ranging between 3 and >

The discrepancy for steep slope can be explained by the very simplified modeling of the reflection
coefficient. Given the high transmission coefficient observed, the reflection would have been weaker
than planned and the calculated set-up much higher.

It is also probable that the difference for steep slope comes from uncertainties in the measurement
(BIAS error), particularly from wave reflection. From appendix E it could induce an error of 20% for
mild slopes and 10% for steep slopes. It doesn’t change from one test to the other since it depends
only the wave period. Therefore it is hazardous to draw conclusions only with one wave period like it
is the case.

6. Experimental determination of I'. and f

. _ 81 _ 8(a=1)-8(a=0)+8,¢(a=0) _ (2.93 steep slope
From equation XX, I, = . ThenT,. = 5(a=0)—Bur(e=0) = {0.98 mild slope

In the mild slope case, the friction factor can be calculated:

6 m*cC —_ P .
f= qqd.—: = 400 m~3s2. It is in perfect agreement with the 2D results.
7. Applicability of the model of Bellotti for 3D set-up

As suggested in part V.C, the model of Bellotti (2004) has been used to check its ability to predict the
3D set-up as a function of the ratio of the section areas in the channel and over the barrier.
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The area over the barrier has been modeled by Aparrier = Hi * Lyarrier and the area
in the channel by Achannel = Lgate * d in which Ly is the width of the channel at
the gate.

The two parameters u and C, are needed to calibrate the model. Bellotti showed that the friction
factor u doesn’t play a significant role and should be neglected given its approximate modeling.

The head loss coefficient C,, is normally close to 0.6 for flow constrictions, but first it is quite different
here because of the elbow and the diaphragm, secondly it is not expected to have a physical meaning
but only to calibrate the model.

The results are plotted Figure IX-5. It is clear that C,, = 0.6 is far from the reality. Whatever C, the
predicted value for d* = 0 is much too low compared to experimental results. We may consider that
the model of Bellotti is applicable to the continuity set-up only and not the entire set-up. Then if we
add the momentum flux set-up and choose a very high head loss coefficient (C,, = 9) the correlation

is good for d* = 0.1 or Achannel = 0.13. The model needs however to be refined for low values of

barrier
Achannel

Aparrier

The reason why Bellotti’'s model is not able to predict the momentum flux set-up can be explained by
its strong dependency on the trough depth h;. If h; is higher than h; the model crashes, and if h; is
only slightly lower than h; it gives inconsistent results like it is the case.

3D setup against gate opening

experimental
Bellotti Cv=06 i
Bellotti Cv=3
Bellotti Cv=3 + dalta_/Hi |]

delta/Hi
[}

0.06 - 4

0.04 4

0.0z A

D 1 1 1 1 1 1 1 1 1
0 0.1 0z 03 04 05 0 07 08 09 1
a*

Figure IX-5: 3D set-up from experiments and Bellotti’s model

B. Flow rate calculation

1. Velocity profile

The experimental procedure planned initially assumed a known velocity profile in the test section.
Indeed it was expected to be logarithmic from the walls and the bottom. A simple observation of the
flow from the trough behind the barrier to the channel was sufficient to show that it was not the
case. As shown on Figure IX-6, The 90° elbow induced higher velocities on the outer part of the test
section than on the inner part. The flow was indeed concentrated close to the outer wall.

The potential of extracting wave energy from rip currents 45



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 ﬁpl I

/

™

[
»
»
>

Test
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Figure IX-6: Top view of the low upstream from the test section.
Arrows represent velocity amplitude along streamlines.

Moreover, large eddies created by the structure geometry were observed, leading to a non-
logarithmic velocity profile in depth.

As a consequence, the number of measuring points needed to calculate the flow rate was much
higher than planned. For an accurate measurement, a complete flow mapping would have been
necessary for each gate opening. This corresponds to more than 50 measuring points per opening. It
was not conceivable to do such a tedious work within this project, considering the limited accuracy of

the other measurements/analytical analyses.

New test plan

To calculate the flow rate Q for each value of gate opening d, the procedure was the following:

1.

Perform a complete flow mapping for a fully opened gate. It was not needed to be very
accurate considering the accuracy of the next steps: ca. 60 measuring points corresponding
to 15 transversal positions y and 4 depth z (the 4™ depth was added after the first results by
necessity). The seaward slope of the barrier is steep.

Calculate the flow rate for a fully opened gate

Check if the velocity profile in the transversal direction was similar for another value of d
(flow mapping at only one value of z)

Measure the velocity at 3 values of z and 2 values of y for each d

Calculate the ratio of the velocities measured in 4. over the corresponding ones measured in
1.

Assuming that the velocity profile kept the same shape in both directions, the flow rate at
one single value of d would be the one calculated in 1. times the mean value of the ratios
calculated in 5.

With a similarity argument the flow rate is calculated for a mild slope. It is assumed that the
profile is not changing with the seaward slope of the barrier.
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3. Flow mapping for a fully opened gate

Figure I1X-7 shows the velocity profile in the transversal direction, at different depth. The following
dimensionless parameters are used:
y* = Y 7t = %, d-=-2 B:s = 0.194 m is the width of the test section, h = 0.105 m the depth

] —_ .
BtS dmax

at the test section, averaged over d*, and d,,;4, = 0.173 m is the depth at the gate.

Adding the no-slip conditions on the walls, a polynomial interpolation has been done in Matlab in
two pieces: One for 0 < y* < 0.95 and one for 0.95 < y* < 1. Care has been taken to conserve the
continuity in the function.

We confirm the above-mentioned statements, i.e. the velocity U is much higher close to the outer

. . . - a . . .
wall (y™* close to 1). In this region a condition on % has been added in the interpolation to model

properly the profile.

velocity profile in y direction for different depths, d*=1

D3 T T T T T T T T T
025t .
02r H
—— =0 2
7 015 g
£ —s—7=018
= 0.1 —s— =0 4
interpolation z*=0.2
nns interpolation z*=0.6
interpalation z*=0.8
0 interpolation z*=0.9 | |
_DDS | | 1 1 1 1 1 | |
0 0.1 nz 03 04 05 0B 07 08 0O 1
y*
Figure IX-7: Measured values and interpolated velocity profiles in the transversal direction at different
depth.

From the interpolated functions along y* at 4 values of z*, we can interpolate the profile in the z
o . . . . . a
direction, giving the 3D profile plotted Figure I1X-8. A no slip condition and a condition on a large a—Z at

the bottom have been added as well as an additional condition at the surface.

The latter assumes that U(z* = 0) = U(z" = 0.2) and (gzu) =0.
z*=0

4., Calculation of the flow rate

From the 3D mapping it is easy to deduce the flow rate: Q = Y maped area U(Y ") Z*]-)
It gives Qg+=1 = 0.0042 m3/s
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Figure IX-8: 3D velocity profile

5. Transversal velocity profile for a partially closed gate
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The velocity profiles along y* for z* = 0.6 and d* = 0.29 are plotted Figure 1X-9, together with the

corresponding profile for d* = 1.

U (m/s)

Figure 1X-9: Velocity profile in the transversal direction for z* = 0.6
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As expected the velocity profiles are similar. The difference can be considered as constant, so that if

we have only one measuring point at a given depth, we can deduce the transverse profile at this

depth.

6. Measuring velocities for all values of d

For more accuracy two values of y* have been used: y* = 0.36 and y* = 0.95. The second one

appeared not to be the best choice since the profile is varying in the near-wall region. Results are

plotted on Figure IX-10 and Figure 1X-10. We can see that for y* = 0.36 the profile stays the same
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while d is changing, it is not really the case for y* = 0.95, particularly for d* close to 1.
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Figure IX-10 & Figure IX-11: velocity profiles in the z direction for y* = 0.36 (left) and y* = 0.95 (right) for a
range of values of d*

7. Velocity ratios

Uj(d . x
G, is calculated. It is then averaged over y*.

For each value of y*, the mean value of the ratios —-

The mean ratio used in the calculation of the flow ra]te is therefore:
U@ it %
( Ul > -

ny* « nz*
With ny* =2 andnz" =4

8. Q as a function of d for a steep slope

We can calculate the flow rate forany d*: Q(d*) = Qg+=1 * (l;]((dl*)))

The results are plotted Figure IX-12. The variation of Q(d*) seems to be a logarithmic function which
has been interpolated.

45 T T T T T T T T T

— Q{d7)
——— 0.00425(1-expl-Td)

D 1 1 1 1 1 1 1 1 1
1] 01 nz 03 04 05 06 07 08 08 1

i
Figure IX-12: Flow rate in the channel as a function of gate opening for a steep seaward slope of the barrier
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The resulting flow rate varies from 0.5 to 4.25 |/s. It is not equal to 0 when d* = 0 because of the
leakage of the gate. Indeed the gate was not perfectly fitting with the channel and some leakage was
present on the sides. Moreover the gate was made of foam and therefore porous. This doesn’t affect
the final results since d* is an intermediary variable to link the flow rate and the set-up.

9. Q as a function of d for a mild slope

Similarly the results for a mild seaward slope are presented Figure IX-13. As expected, the flow rate is
higher for d* = 1 (Qg+=1 = 0.0047 m3/s) thanks to the higher momentum set-up which drives the
flow. It increases also more rapidly.

w10 flow rate variation with gate opening for mild slope

Q(d)
——— 0.0047*(1-exp(-B.2d%)

2 (m2fs)
b2
[ay]

D 1 1 1 1 1 1 1 1 1
1] 0.1 0z 03 04 05 06 07 08 08 1

o
Figure IX-13: Flow rate in the channel as a function of gate opening for a mild seaward slope of the barrier

10. Cross-shore discharge and wave shape factor

Qin = 0.0069 m3s~1 steep slope

The equation for the cross-shore discharge given in Eq. V-4 gives {
; se8 e Qin = 0.0055 m3s~1 mild slope

This significant difference can be explained by the too simple estimation of the wave shape factor By,
and probably an interference with the bore-like undertow for the steep slope case.

Using the experimental results we can calculate a more relevant wave shape factor for mild slopes:

1+Kthe 1 0.0069 o 06(0.0047 )
__ 2 Hj 12 00047 0.0069 _
B, = T = 0.048
2 H;

which is about the half of the assumed value of 1—12 in part V.B. However it is also about the double of

the value assumed by Calabrese in its model for this configuration.

11. Discharge fraction

The discharge fraction a can be calculated for each d* from a = Q@) with the experimental value of

in
Qin-
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C. Undertow and continuity set-up

Figure IX-14 shows the set-up against the discharge fraction, for the two configurations (steep and
mild seaward slope).

It seems that & is proportional to « for a steep slope and to v for a mild slope. This is checked by
fitting respectively a linear curve and a second order polynomial with inversed axis, both giving a
correlation coefficient of 0.9998, i.e. very close to 1.

set-up against discharge fraction

delta/H,
(]
a

steep slope with head losses
steep slope without head losses
mild slope with head losses

mild slope without head losses

DDE 1 1 1 1 1 1 1 1 1
0 0.1 o2z 03 04 05 06 07 08 08 1

alfa
Figure IX-14: relative set-up against discharge fraction for the two configurations from experimental data.
Details on head losses are found part IX.D
It is in first sight not in agreement with the theory of Calabrese et al. (2008) who stated that the 2D
continuity set-up was defined by the Gauckler-Strickler formula 8, = fq,2 = fqi,a?.

However this relationship is only valid when a = 1, i.e. when it is the undertow which drives the
continuity set-up and not the contrary. As a decreases the set-up is driven by the hydraulic
resistance in the gate which prevents all the cross-shore discharge from flowing in the channel,
letting a fraction of it flowing over the barrier. It is then g, (and therefore a) which is driven by the
set-up. The relationship above gives a boundary condition.

1. Mild slope case (tan $=1/8)

Calabrese et al. (2008) calculated the friction coefficient f by the mean of Eq. V-5 independently on
the set-up, assuming the hydraulic diameter dy equal the depth of the barrier crest.

In reality, dp is the distance between the barrier crest and the wave trough, and it directly depends
on the mean water level. Since the set-up increases continuously from the breaking to the reforming
point, it has to be taken into account. Assuming a set-up increasing linearly, we get:

dy = b6 +c
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undertow as a function of set-up with friction law
14 T T T T T T T T T
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Figure IX-15: dimensionless undertow against relative set-up from theoretical friction law. Quadratic fitting
5
for 0.12 SH—S 0.2
i

29

3 56(b5+c)10/3f7(b5+6)1 7
Then q, = \/;= Beqw . Since § = &5 + 6, the dominant power of . in the

equation is%(l + z) = 2.

It is depicted on Figure IX-15. We see that when § is large enough q,, is approximately proportional
to 52.

It is therefore reasonable to say that & varies with va, more accurately with /13

The range of values of the dimensionless discharge ;’—f‘ , on Figure IX-15 is in agreement with

m
experiments for a mild slope. It should be equal to a and therefore range from 0 to 1. To calculate

the hydraulic diameter to calibrate properly the model we need the length of the surf zone (here
taken as 25 cm) and the wave trough depth.

2. Steep slope case (tan f3=1/2)

As mentioned in part VIII.C, observations of the undertow for a steep slope lead us to consider the
latter as a bore, forming when the incident breaking wave is subsiding and vanishing when the wave
is coming shoreward.

A bore is a hydraulic jump behaving like a dam break. It has been the topic of many investigations, for
example Mory et al., 2010. A schematic bore is illustrated Figure IX-16. The discharge is defined as
Q = Uyh,,, where U, is the velocity in the bore head and h,, the height of the head.
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by, hy |

Figure IX-16: Propagation of a bore generated by a dam-break. The dashed line is the initial water level
surface. The solid line schematizes the air/water interface a short while later. From Mory et al. 2010.

Dam-break theory from Stoker (1957) gives:

m T+ ho

h hy +h
By = b+ (= o) [~ )
0

_ 2
+ (hm ho)(Shm,l0

In our case hg = h, and § = hy — hy. The result is plotted Figure IX-17. We see that in the range

1) S . . . . . .
T <0.3 qu(F) is a linear function, it confirms the experimental results.
l L

The order of magnitude of the dimensionless undertow is somewhat too high (it should range from 0
to 1), since it has to be averaged over one wave period.

discharge fraction against adimensional set-up with bare law
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Figure IX-17: dimensionless undertow against relative set-up from theoretical bore law

D. Potential calculation

1. Head losses and way of evacuating the water carried inshore

There is a major difference between the proposed wave energy converter (see part Ill) and the lab-
scale model.
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In both cases a part of the onshore discharge returns directly seaward as undertow. The raw results
presented in part IX.A and IX.B were therefore appropriate to link the undertow with the continuity
set-up and find experimentally the momentum flux set-up.

To the contrary, the discharge in the channel which is used to calculate the potential is significantly
different:

Instead of flowing downwards in a pipe to the turbine and then be spread out, the flow passes in a
channel on a side of the structure (like a rip current) through a gate used to regulate the flow rate.

As a consequence the pressure head driving the flow measured in the test section is not directly the
measured set-up (which drives the undertow). Indeed there are head losses in between due to an
elbow of 90° in the flow and a restriction (diaphragm) in the test section.

The final experimental estimation of the potential depends directly on these head losses.

Singular head losses AH are defined by a head loss coefficient K proportional to the velocity squared:

2
AH = K— :
29 Eq. IX-6
From a fluid mechanics handbook (for example Chow 1959) we get:

Keipow 900 = 1.5

A 1
channel —1+=-2=45

Kaia =
phragm
m* Atest section 9

With m = 0.62 (constriction of the flow)

K = Keipow 90° + Kdiaphragm

Since the diaphragm is a “half-diaphragm” (no restriction on a side) and is stuck to the elbow, it is not
possible to find an accurate value of K analytically; it would need experiments or CFD calculations.

2. Procedure to calculate P = f(a)

Measure § and Q for different values of gate opening d done in part IX.A and IX.B
Calculate Q,,(d) = Q;,, — Q(d) done in part IX.B

Find 8,,r = 6 for a fully opened gate and so 6. = § — &, done in part IX.A
Deduce Q,,(6,) from Q,,(d), d(&), and §(8,) done in part IX.C

Calculate 8¢5 = 6 — AH

Find 8,7 o = Oefy for a fully opened gate and so 6. ¢

Use 8¢ eff in Qu(8c) to find Qy e ff

Calculate @ rp = %
in

Deduce P(aeff) = (1- aeff) Qin * Oery

L 0 N o Uk WN R

3. Assumptions

The undertow is driven by the continuity set-up 8, only

The momentum flux set-up &,,s does not depend on a

The friction is negligible
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Regarding, the first assumption, the undertow depends on the discharge in the channel, which drives
directly §.. The assumption amounts to saying that §, is only driven by the discharge fraction «a.
From the expression of the friction coefficient part IX.A we see that § and a are the only varying
fields. The assumption seems then to be reasonable.

The second assumption is known false, but the dependence of 6mf with a has been either included
in the calculation through &, . The effect of a on the transmission coefficient is still unclear, but from

part IX.A and Hansen & Svendsen (1987) it doesn’t seem to play an important role.
The third assumption has been shown valid part IX.A.

4. Calculation of 855 (a)

AH(a) is calculated by the use of Eq. IX-6. V = Qin(1-a)

(Ags = 0.0213 m?).

, with A;s the area of the test section

With the intention of a qualitative study, the rough approximation K = 4 is taken.
The results have been plotted on Figure IX-14.

This is the real driving force of the flow in the channel.

5. Calculation of P

Upstream from the channel the volume forces set-up 8,7 .rr is O whatever a. Then 8¢ 0rf =
Berr(0).
As a consequence 8¢ o5 (@) = 8gpr — 807 (0).
Qeff = %. Qu efr is found from the relation @, (8.) determined part IX.C, used with &; ¢ .
m

) _ Scerr(1)
Then P* = (1 = aeps)(1+ Teopy) with Te oy = 5220

The results are plotted Figure IX-18 for a steep slope and Figure IX-19 for a mild slope.

dimensionless potential as a function of discharge fraction for steep slope
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Figure IX-18: Experimental and analytical Dimensionless, steep slope
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dimensionless potential as a function of discharge fraction for mild slope
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Figure IX-19: Experimental and analytical dimensionless potential, mild slope

As expected, the results have a good correlation with analytical results presented in part V.E, since
the experimental relation Q,, (8.) has been used in the analytical model. The linear approximation for
a steep slope is fully validated. To the contrary, we observe a discrepancy for mild slopes for high
values of a. It is because the assumption Q,, proportional to 602 is no more valid for low values of §,
(see Figure IX-15). A better modeling should be used.

The theoretical results on Figure V-4 don’t coincide neither with a steep nor with a mild slope. It
proves the dependency of the friction coefficient on the hydraulic diameter, depending itself on the
set-up. The modeling of the friction coefficient proposed by Calabrese et al. (2008) has no physical
meaning.

E. Conclusions of 3D experiments

e Many rough assumptions and approximations were needed, among them we can note:
o The calculation of the flow rate from ratios of velocities
o The modeling of head losses between the trough and the channel

e Despite the high uncertainty, we can take the following values for the dimensionless
potential:

p = {1.5 steep slope
~ | 1.1 mild slope

in the conditions of the experiments.

e The analytical model of Calabrese for 2D set-up was not really in agreement with
experiments for steep slopes, probably because of the overestimated wave reflection in the
model or more probably because of uncertainties. The correlation was better for mild slopes.

e The model of Bellotti might describe properly the variations of the 3D set-up, but its needs
some calibrations and a refinement for narrow channels.
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e The wave shape factor had to be refined by half its assumed value to fit the analytical and
experimental cross-shore discharges.

e The processes driving the undertow have been deduced from observations and describe
properly its behavior. A friction-based undertow takes place for the mild slope case, and a
bore-like undertow for the steep slope case.

e The analytical model of the variation of the hydraulic potential with the discharge fraction is
validated for steep slopes, but the optimal potential is slightly overestimated for mild slopes.
A correction of -10% can be considered.

The potential of extracting wave energy from rip currents 57



)

B NTNU Valentin Chabaud — Master thesis 2011 . 5;15513 ﬁpl I

X.  Optimization

The experimental conclusions on the potential presented part IX.D have been carried out without
any particular optimization, except the choice of a relative barrier crest of = 0.3 to get a high
momentum set-up.

The final goal of this study is to quantify the energy potential; therefore an attempt of optimization is
presented hereby.

A. Optimization from an energy conservation point of view

To get the highest ideal energy potential, all the energy contained in incident waves must be
converted in hydraulic energy through set-up and currents. However it is well-known that waves
dissipate their energy mostly into turbulence and heat.

These considerations are shown in the energy balance:

Ei = Er + Et + Echannel + Eundertow + Dsr + wa
Hydraulic energy Eq. X-1

Energy dissipated

In which D, and Dy, are the dissipations into turbulence and heat from surface rollers and bottom
friction, E}- and E; are the energies of the reflected and transmitted waves.

We want E panner @s high as possible. E; can be used by the next barriers, so we don’t particularly
wish to decrease it.

1. Decreasing E,

Wave reflection occurs with brutal changes in depth. To avoid wave reflection we must therefore
use mild incident slopes (tan a < 1—10), but also ideally a mild slope on the inshore toe of the barrier.

The continuity set-up can itself create a brutal change in depth if it increases sharply. A repartition of
the friction over the barrier should reduce this problem. Waves can also be reflected by currents like
the undertow. To lower E,,dertow Will then lower E,. . Except the incident slope, those sources of
wave reflection are beyond the scope of this survey and no order of magnitude is given. One can
refer to Mei (1989) for more precisions.

2. Decreasing D,
The goal is then to force the surface rollers to dissipate the energy in a useful way (i.e. in set-up)
The evolution of energy in surface rollers can be split in two phases:

e First the energy grows: It is transmitted from the ordinate wave to the surface roller. The
latter is then a mass of water travelling at the speed of the ordinate wave, containing a lot of
kinetic energy.

e When the wave has passed a critical dept, the roller starts to dissipate its energy.

This phenomenon has been pointed out by Svendsen (1984a) after the experimental results of
Hansen & Svendsen (1979) and analyzed more precisely by Basco (1985). The latter found out that
the transition point for mild slopes was located, as a good approximation, at a depth

The potential of extracting wave energy from rip currents 58



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 ﬁpl I

Rirans = 0.8 hy, with h,, the breaking depth.

Ds, would then be equal to 0 if we take advantage of the kinetic energy contained in surface rollers
in the transition region, i.e. hy, = h = hypgps.

3. Decreasing Dy,

Dy, is very small if £, is low, i.e. the sea bed is smooth. This does not cause any technical problem in

itself, but the lower f,,, the lower &, if the latter is still driven by the friction over the barrier.

Let’s now assume that &, is a direct conversion of the kinetic energy contained in the surface roller as
pointed out above. In other words, the surface roller gives the energy necessary to force all the
cross-shore discharge to flow toward the turbine. Technical solutions are proposed part X.B.

fw does not influence the set-up anymore and a smooth bed could be considered, reducing Dy,, to a
negligible value.

4. Decreasing E;,dertow

Endertow is €qual to 0 if the entire cross-shore discharge flows into the channel. If the continuity
set-up &, is caused by friction, a decrease in E,,gertow Would induce a decrease in E pgnnet, @S
shown in parts V.E and IX.C. It is again preferable for §. to be created by other sources.

If 6. is balanced by the surface rollers, the highest potential would be reached when the surface
roller energy E, equals the work W, needed to counteract pressure forces induced by the continuity
set-up.

W, = Eg Eqg. X-2

W, equals a force times a distance, i.e. across the transition region (area noted Q on Figure X-1).

L r6c(x)
W, = f f pgz dzdx
0 Jo

l is the length of the transition region.

z breaking transition
point point
Q |
L»x L
SO SR CREPE Fo-----
—>

Figure X-1: Momentum balance across the surf zone

. . 1)
If the setup is assumed linear: 6.(x) = Tcx

5.2 1
We get W, = pg -5 [, x2dx = %SCZI Eq. X-3

Svendsen (1984a,b) expressed the surface roller energy per unit of area as proportional to its area in
the cross-shore vertical plane S,
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1 c?
Ey = ZpSsr >
In which S, is the roller area and ¢ the wave celerity. In shallow water we have ¢ = /gh.

Okayasu (1986) found out the relationship: Sg, = 0.06 H L

Then

0.06 !
Eg = pgwf H(x)h(x)dx Eq. X-4
0

We then get from Eq. X-3 and Eq. X-4:

1 l
Oc max = \/3 * 0.06 * T_[ H(x)h(x)dx Eq. X-5
0

It is the highest theoretical continuity setup.

To calculate 8. qx We shall assume that the ratio 5 s constant in the transition region. This
assumption has been used in many models and shown reasonable, for example in Bowen (1969). This

constant is taken as the breaking depth criterion for mild slopes, i.e. % = 0.8.
b

Then fol H(x)h(x)dx = fol 0.8 h(x)?dx

If his linear, h(x) = h, + @x = hy, (1 - %x), So

2

! ! 5 0.2 , L1 5
j HGOR(x)dx = f 0.8 hy (1 - —x) dx = 0.8hy% —= (1 — 0.8%) = 0.65 h, 1
. . z 023

= 1.02 H,?1

Finally 8, may = \/3 * 0.06 *%1.02 H,%l = 0.43 H, Eq. X-6

An order of magnitude of the ideal potential for one barrier is then

Prax = ngin(6mf +0.43 Hb)

It is of course impossible to reach, but it represents the upper limit, analogous to the Betz theorem

for wind power.
B. Optimization of the potential from analytical models

1. Full scale potential
The lab scale model was an undistorted Froude model. The scaling ratio was defined by

Hfull scale
ST = —mm
Hgsmaii scale
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Therefore when extrapolating to full scale, the lengths are multiplied by sr and the velocities by

Vsr.

From the dimensionless potential calculated analytically in part V.E and validated experimentally part
IX.D, we can deduce the energy potential for a full scale structure.

P:P*5mein

8my is proportional to H and therefore to sr. @y, is proportional to sr3/2,

P* dependson T, = ::” which does not change with H. Finally Pryy; scate = Plab scaie * sr>/2
mf
2. Capture ratio

For the calculation of the order of magnitude of the potential for full scale, we shall take an offshore
wave height Hy of 2.3m and a period T of 7s. The corresponding steepness is 0.03. The length of the
barrier is 100m.

Wave linear theory gives the energy flux per meter of wave crest:

Ef = %ngozcg = %ngOZL?" = 36 kW /m. It is a common sea state, e.g. the average value over

one year off the coast of Norway.

. . . .. P
The capture ratio d is a way of analyzing efficiency for wave power.d = ———
Echapture

The offshore wave height and the incident wave heights are linked by the shoaling coefficient

H; .
K, = H—‘ calculated from linear wave theory.
0

The energy potential in the experimental conditions with a scaling ratio of 45 gives:

266
T 100%36

P =266kW. Then d = 0.074

It means that 7.4% of wave energy is transformed into currents, the rest is lost.
This value is very low, since no particular optimization has been done.

3. Comparison between steep and mild slopes

From the high dimensionless potential for steep slopes, one could jump to the conclusion that steep
slopes are more efficient than mild slopes. However one as to multiply by the momentum flux set-up
to get the real potential, and it is considerably smaller for steep than mild slopes. All in all the two

Omf — 0.15 mild slope

optimal potential are exactly the same if we consider s ; like the 2D
m —
- = 0.10 steep slope

i

experiments suggest.

However it could be a coincidence and generally the potential would be higher for mild slopes due to
the higher value of a,,;, allowing a higher flow rate.

There are also more perspectives of optimization for a mild slope, from the energy conservation
point of view. Indeed the energy lost in the steep slope case is hopeless to be used:
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e Energy from reflected waves by steep slopes is definitely lost
e There is no hope to catch the energy from surface rollers since the transition region (see part
X.A) is short, not to say inexistent due to the rapid change in depth.

For the optimization we shall consider only the mild slope case.

4. Parameters influencing the potential
From the results part IX.D, we have Poyr = Qin S P*(opt) = Qin Smyp P* ope (1)
P* o (IL) is plotted Figure X-2.

It seems clear that it would be worthy to increase [, without reducing &,,y, i.e. increase 6.4 ,i.e.
increase f and Q;,. However increasing f amounts to saying either increasing the wave friction
factor f,, either the width of the barrier B,,. Both actions will tend to decrease the transmission

coefficient K;, therefore increasing &, but decreasing Q;.

To this adds the fact that a second barrier can be considered. The set-ups add from the first barrier to
the second. Therefore the potential reads:

P = Qinl Smfl P* + Qin2(61 + 5mf2)P*2r with @, = Qin1 + Qinz-
A decrease in K; would also mean a decrease in H; and so Q;,, and 6mf2. And the P*(aopt)

calculated before is no longer valid for the first barrier since a plays a role in the term (§; + Smfz).

On top of that, it is worthy to add reflectors to increase the potential, like on the Wave Dragon (see

Kramer & Frigaard (2002)). It increases H;, but at the same time % and decreases Q;;, .
i

This interconnection of parameters in the potential renders an analytical survey impossible. One has
to try different combinations of parameters in the numerical model and find the best one.

5. Optimization of the continuity set-up

Besides the fact that increasing I is extremely delicate, the friction law for the continuity set-up is
certainly not the best one in terms of efficiency, as pointed out part X.A.

An efficient system would:

e Prevent water from flowing seaward over the barrier

e Allow waves propagating over the barrier (avoid wave reflection)

e Allow waves carrying water shoreward, i.e. no obstacle between the wave trough and the
wave crest

e Preferably catch kinetic energy from surface rollers
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Onptirnal dirnensionless potential against continuity parameter
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Figure X-2: Optimal dimensionless potential against continuity parameter

Several technical solutions can be considered. The most obvious one would be an array of flexible
membranes, slack enough not to disturb wave motion (particularly at the bottom), and waterproof to
avoid undertow. The top of the membrane should never be higher than the wave trough.

Mean water level
Wave trough depth

Position under wave trough Position under wave crest

Intermediate position

Figure X-3: Flexible membrane concept

An attempt of experimental investigation on this topic has been done. Stripes of adhesive tape
regularly cut (each cm) has been stuck on the barrier crest (see Figure X-4). Unfortunately it turned
out that waves encountered difficulties to propagate over the barrier, and the results on the set-up
were falsified, since there was no way to differentiate the continuity and the momentum flux set-
ups.

To the contrary the results were successful for steep slopes, as the bore-like undertow and the
inshore discharge were separated in time. It was shown Figure VIII-4 with the two large blue circles.
The stripes increased the continuity set-up by more than 100% (if we take into account the
overestimation of the momentum set-up for steep slopes by the analytical model).

Several membranes should be considered to avoid wave reflection from brutal changes in depth.
Information can be found within stiff flexible membrane breakwaters, e.g. in Kee & Kim (1996 | and
I). The purpose is fundamentally different but the theory remains the same. A 100% transmissive
membrane is impossible to build (some reflection occurring), and a balance has to be found.

An improvement to this concept would be a free rotation at the bottom, but only shoreward. The
length would be high so that the system could emerge. When the wave is propagating shoreward,
the surface roller hits the top and makes the structure rotate. With a smart balance between inertia
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and restoring forces, the plate would stay right underneath the trough for a while and emerge again
for the next surface roller. This has also been tried experimentally but the problems were the same
as mentioned earlier.

Another option would use the Venturi effect. The membrane would then be very slack and free at
the bottom. As the undertow becomes stronger the pressure drops, the membrane is sucked and
tightens the duct. This effect has been observed while operating the first attempt above.

Figure X-4 and Figure X-5: Attempts to reduce the undertow and catch energy from surface rollers

Side effects

As the membrane stops totally the undertow, Eq. V-10 applies and the water level is rising in the
trough behind the barrier but also on the barrier crest. The top of the membrane has then to be
higher to keep on blocking the undertow.

Such a process can obviously not continue infinitely and the theoretical limit has been determined in
part X.A, i.e. when the surface roller has no longer enough energy to transport the elevated water
inshore the barrier.

Moreover, the increase of mean water level has a direct impact on wave breaking since h. is
changing. The barrier should therefore rise, rather than the membrane. Then either the breaking
points moves seaward, either the mean water level increases more sharply.

The first option would reduce considerably the cross shore discharge since water would return
directly offshore before having passed the barrier.

The second one would increase wave reflection.
In both cases energy is lost. A balance has to be found.
Advantages of such mechanisms

- Itinsures a continuity set-up varying weakly with the undertow. As a consequence we could
take advantage of the whole cross shore discharge, keeping a high set-up:
Aope =0 and Py =1+1;
It increases the potential by 35%.

- If the top of the membrane can rise at the same time as the mean water level, a very high
continuity set-up could be reached, i.e. a very high I, .

- If on top of that the mechanism can catch the energy from the rollers, the theoretical limit
introduced part X.A would be even more approached.
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6. Geometry of the barrier

. . - . h .
From experiments and analytical models it is clear that the relative crest depth ;” plays a key role in
13

. - . h . B
the transmission coefficient and therefore in the momentum flux set-up. FC and the crest width 0
L 13

are the parameters to be varied to reach the optimal transmission coefficients found in the following.

he . . B . . . o . .
;f is easier to change than 7 since it can be achieved by sinking or lifting a floating structure.

i i

The influence of the relative trough depth % has to be taken into account. As pointed out
experimentally in part VIII.G, the higher the trough depth, the higher the set-up. It is shown on Figure
X-6.

P against ht/Hi with different kit
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Figure X-6: Potential as a function of trough depth. Each curve starts from the limit of wave reformation.

It appears that there is very strong increase of the potential with ;t for low transmission coefficients.
l

However the model is not designed for such high %, and for example the effect of reflection from

brutal change in depth should play a role.

7. Obliquely incident waves

It is well known that a longshore current occurs when waves break on
the shore with an angle. Indeed a momentum unbalance is created in
the longshore direction due to the decay of the shear components of
<«— Symmetry axis the radiation stresses Sy,,. A pressure gradient is then formed which

drives the flow toward the channel.
Incident waves

R

In the concept presented part Il there is no channel, the turbine being
underneath the structure. Waves propagate with an angle
Reflector symmetrically to an axis in the middle of the structure. It can be done

by wave reflectors, or by changing the inclination of the barrier. The
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pressure gradient is then transformed in an alongshore set-up, and the highest point is on the axis of
symmetry.

At this point (subscript a) waves break normally to the structure (8, = 0).

In the model of Calabrese, the term S,.,.; — S, ; becomes

Sxxt_Sxxi +5yxa_Syxt +Sxyt_5xyi+5yya_5yyt

cross—shore balance alongshore balance

Where §;;(0) is calculated from radiation stress theory (see appendix D).
Results are plotted Figure X-7.
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Figure X-7: Potential as a function of incident angle for several transmission coefficients

The highest efficiency is obtained with nearly normally incident waves for K; < 0.5. The optimal
angle of incidence 6,,, increases then with K;. For K; = 0.8 we have 6,,; = 38°. The potential

increases by 30% with respect to the normally incident waves case.

h
These results depends also strongly on the value of H—t

i

The increase of mean water level on the symmetry axis is not compensated in the cross-shore
direction and acts as the continuity set-up regarding the undertow. Therefore an emergent barrier
(with overtopping) should be considered at this location.

8. Optimization of the transmission coefficient and discharge fraction for two
barriers

To take advantage of the transmitted wave, a second barrier is needed.

The first barrier has a high flow rate but a low pressure head. The second one is the opposite. The
transmission coefficient of the first barrier is a key factor. A fraction of the flow rate of the first bar
can be “transformed” in pressure head for the second one through the continuity set-up. The
optimization of the second barrier is identical to one barrier alone.

The total dimensionless potential is written
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P Qin Qin 8¢ 6mf
p* = =% p (a +—2(1+—1+—2)P*
Qnbmr,  Qin 1(a1) Qin Smr,  Smr, 2
. . [}
Oor P*= (1 - %”_12) P*y(ay) + %(1 +l %+ 5mf2) P*, Eq. X-7
in in mfy

Qinz and 5mf2

depend on K.
Qin mfy

% takes the arbitrary value of 2, but a higher potential is to be expected for higher %
_ Sca(a=1)

r., =
cz 5mf2+61

is assumed to be small enough so that a,; , = 0.

(Smf * Qin)(Kt) is plotted Figure X-8 for one barrier. We get K, ,,; , =0.48.

Patential as a function of the transmission coefficient
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Figure X-8: Optimal transmission coefficient for one barrier

Using the value of K; ,,; , above and @,y = 0, P* is plotted

Figure X-9 as a function of K, with different values of a;.I. is calculated each iteration from

_f‘]inl2
ler=75
mf1

f equals the value deduced experimentally part VIII.D divided by the scaling ratio squared.

We suggest the combination (K; 1, a1),p: = (0.8,0.15). Taking 8; = 38° as suggested above and
keeping 8, = 0° it gives P*,,; = 8.6.

Such a high dimensionless potential is normal considering the low value of 5mf1 when K;; = 0.8.

A higher efficiency would be reached for K; ; > 0.8 but such a high value of transmission coefficient
after wave breaking is not physically consistent (Van der Meer et al. (2005)).

The capture ratio isthend = 15%

For three barriers, it rises to d = 18%

h . . . . .
If we take H—t = 5, the capture ratio would theoretically only raise to d = 19% with 3 barriers,

A
he
H;j

because the increase in — has a negative effect on the increase of the potential by 9.
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Potential as a function of the transmission coefficient
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Figure X-9: Optimal transmission coefficient and discharge fraction for two barriers

9, Use of reflectors

Reflectors are used on the Wave Dragon®© concept to focus waves toward the central part (ramp in
the Wave Dragon, barrier in this study). The effectiveness of these reflectors is studied in Kramer &
Frigaard (2002).

They found out that the input energy flux could be increased by 40% by the reflectors. It is
complicate to link the energy potential to the energy flux, because we don’t exactly know the
dependency of the cross-shore discharge on the wave length.

For an optimal efficiency the distance between the two seaward ends of the reflectors is 2.6 times
the length of the barrier, i.e. 260m in our study case.

C. Real sea conditions

1. Regulation

In reality it is extremely difficult to get a so precise value of transmission coefficient, wave breaking
staying a complicated and unpredictable process. In the same way to calculate the discharge fraction
in operation would not be easy. The optimal values of K, and a found out above might be
approached, but never reached exactly all the time. A loss in efficiency would follow.

2. Irregular waves

So far, all the analyses (experimental or analytical) have assumed regular waves. Such an ideal case is
not real, and waves have in real sea conditions many components of different frequencies, which all
together form a wave spectrum. The link between the regular wave height and the spectrum of
irregular waves has been found out by Loveless and Diebski (1998) and Calabrese et al. (2008)
checked it analytically. It states that a reasonable approximation of the 2D set-up for a Rayleigh
distribution of irregular waves is obtained considering Hy reguiar = Hy, H, being the average wave

height given by:

H,, = \/2mm; in which m is the standard deviation of the spectrum. This amounts to saying that we
should consider a fraction as low as 63% of the significant wave height as input in the regular model
to extrapolate to irregular waves.
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However this was carried out for breakwaters and steep slopes. For mild slopes, the numerical model
SHORECIRC suggests to use the significant wave height itself.

All'in all the potential for irregular waves should decrease, but the extent is unknown to date.

3. Directional waves

Irregular waves in direction are not desirable, since only the fraction of wave energy having a
direction close to the mean one can be captured. Therefore it is better in terms of efficiency to have
the structure nearshore, where wave refraction gathers the waves in a direction perpendicular to the
shore. Anyway a loss of energy should occur.

4. Depth of capture

To capture the maximum of wave energy, the incident point must be as deep as possible. The energy
decreases exponentially with twice the depth. As a consequence 95% of E is captured if the depth of
the incident point is equal to one quarter of the wave length, i.e. from 50 to 15 m depending on the
sea-state.

To conserve wave energy from the seaward extremity to the barrier, the slope has to be mild enough
to avoid reflection.

From the two points mentioned above and if we consider a straight structure, a length from 100 to
400m seaward from the barrier would be needed! It is obviously not economically conceivable. A
more sophisticated profile can be used to reduce this length. However some energy is expected to be
lost.

5. Turbine

The ducted THAWT (transversal horizontal axis water turbine) seems to be the most appropriate way
to extract energy from this concept. It can handle a huge flow rate (directly proportional to its length,
which has no theoretical limit) and a very low pressure head.

The turbine would be ducted to increase efficiency. Nevertheless the latter would be quite low, the
state-of-the-art value being 60%. However this type of turbine is under development and no
advanced optimization has been done like on Kaplan turbines, so no final conclusion can be drawn.

Technical information on ducted THAWTSs can be found in Furukawa et al. (2009), and a global review
in Khan et al. (2009).

The created energy potential can also be used differently, for example to increase the current
velocity close to the bottom for tidal turbines to increase efficiency. It would also protect them from
waves and avoid fatigue phenomena from both waves and the non-uniform velocity profile across
the depth.

D. Competitiveness of wave energy conversion from wave-induced
currents (WIC)

We shall give two examples of existing wave energy converters (WECs) at an advanced stage of
development. A cost-efficiency comparison with the WIC concept gives an idea of the future of our
concept.
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1. Pelamis wave power

It is the wave energy converter at the most advanced stage at the moment. Full-scale prototypes
have been tested and validated and pioneer commercial projects are running. The concept consists in
a “sea-snake” made of several cylindrical sections linked by hinged joints. In each articulation, fluid is
pumped to high pressure. Hydraulic motors produce electricity. It is then a wave absorbing body, but
not a point absorber. Its rated power is 750 kW for a 180m long device. Its capture ratio is very high
(90%) but the capture length is small (around 15m).

Wave Dragon
www.wavedragon.net

Figure X-10: Reference wave energy converters

2. Wave Dragon

The wave dragon is an overtopping device, which means that it is a large structures gathering waves
and making then run over a ramp. A reservoir located behind the ramp is filled. Classical hydraulic
energy through Kaplan turbines produces electric energy.

For a capture width of 300m (between the two seaward edges of the reflectors), its announced rated
power is as high as 7 MW for a 36 kW/m sea state. It means a capture ratio of d = 169%. The
reflectors increase it by 40%, but d remains higher than 100% which is impossible.

In real sea conditions it is known that the capture ratio of the wave dragon is between 10 and 12%.

3. Comparison
Overtopping device VS wave absorbing body

The Wave Dragon and the WIC concept are in many ways similar. The only difference is that the WIC
concept uses the conservations of wave momentum and mass and overtopping devices only mass.
They present the same advantages and disadvantages compared to the Pelamis or other wave
activated bodies:

e The width of capture is much larger, with no theoretical limit (we could build a ramp or a
barrier as long as we would like). The power per unit is therefore higher.

e They can be used to protect the shore, adding economical interests.

e No wanted oscillations with waves. Problems of resonance during storms are avoided.

e No moving parts except the turbine leading to lower maintenance cost

e A more regular way of producing electric energy, so a cheaper connection to the grid

But:

e A much lower capture ratio. It is a “waste” of energy as long as the latter is considered as
finite. At the moment the possible locations for wave energy converters are endless.
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An disability to be carried on a ship: difficulties of installation and maintenance

Unlike the Pelamis, wave activated bodies being also point absorbers have an even smaller width of
capture, but the ability to capture energy from chaotic (strongly irregular in direction) open sea

waves.

Wave-induced current concept VS Wave Dragon

Compared to the Wave Dragon, the WIC concept has the following advantages:

But:

Less mechanical stresses thanks to the fully underwater device. Breaking occurs on water
and not on the structure.

The decrease in potential from regular to irregular waves is expected to be lower since nearly
all the waves break either on the first either on the second bar. In the Wave Dragon low
waves don’t run over the ramp and are lost.

Many more possibilities of improvement of the capture ratio. The lost energy can
theoretically be captured. In the wave dragon a high wave reflection takes place and the
kinetic energy of the overtopping waves is lost as a jet in the reservoir.

A THAWT is much cheaper to build/maintain than a Kaplan turbine for ultra low pressure
heads.

If no technological improvement is done to increase the continuity set-up independently
from the flow rate, the capture ratio stays low in the WIC concept. Breaking dissipates much
energy, though it is theoretically possible to catch it.

The THAWT has a bad efficiency at the moment compared to Kaplan turbines, but it is still at
early stage of development.

The concept of wave reflectors is patented by the Wave Dragon.
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XI.

Concluding remarks

Conclusions of 2D and 3D experiments have been presented in parts VIII.H and IX.E.

A.

Estimation of the energy potential

This study has presented a new way of extracting energy from ocean waves. The related natural

phenomenon has been explained and the processes playing a role in the energy potential have been

analyzed separately. Analytical results have been validated experimentally and lead to the following

conclusions:

The energy potential for each barrier depends linearly on the momentum flux set-up, the
continuity set-up the net cross-shore discharge (influx minus undertow)
The momentum flux set-up is all the higher as:

o The incident wave is high (linear relation)

o The transmission coefficient is low

o The waves break symmetrically with a precise angle (depending on the transmission

coefficient)
The wave steepness is low

The water behind the barrier is deep (depending on the transmission coefficient and

the incident angle)
o The depth of the barrier crest is small
The continuity set-up is all the higher as:
o The incident wave is high (linear relation)
o It does not depend on the undertow (e.g. use of membranes)
If it does:
o The undertow is high (friction-based or bore-like undertow):
= The discharge fraction is high
= The influx is high
o The friction coefficient is high (friction-based undertow):
= The barrier crest is shallow
= The barrier crest is wide
= The barrier crest is rough, to an unknown extent
The net cross-shore discharge is all the higher as:
o The discharge fraction is low
o The influx is high:
»  The wave height is high (increases with H3/2)
= The transmission coefficient is high
= The wave shape factor is high (its dependency on wave conditions and
barrier geometry hasn’t been studied)
= The depth of the barrier crest is not too high, not too low
The potential for the next barrier is all the higher as:
o The total set-up behind the previous barrier is high
o The transmitted wave is high (i.e. high transmission coefficient for the previous
barrier)
The transmission coefficient is all the lower as:
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The barrier crest is wide (not checked successfully in this study)
The barrier crest is shallow

o O O

The wave steepness is high
o The undertow is weak (not checked in this study)
e The potential can be increased by:
o Changing the nature of the undertow and reducing it
o Using reflectors
o Capturing energy from surface rollers
e Energyislost through:
o Wave breaking
Real sea conditions
Reflected waves

o
o

o The undertow
o Waves propagating beyond the structure
O

The turbine efficiency

B. General conclusions

e To sum up the conclusions drawn in parts VIII.H and IX.E, most of the analytical models
considered provide reasonable orders of magnitudes, but need a calibration from
experimental results to be fully expendable. Some refinements can be necessary too, and
some unexplained differences are to be noticed.

e Regarding 3D experiments, observations of unexpected phenomena were needed to correct
the models, and the potential has been finally properly modeled. Final conclusions on the
optimal combination (flow rate, pressure head) are carried out and allow a determination of
the potential of the lab-scale model.

e The objectives were more ambitious than expected, and no precise/thorough conclusions
can be given. They are indeed falsified by uncertainties in the measurements, and the
question of the applicability of the analytical models cannot be solved without a more
accurate experimental survey.

e An extension of the potential to full scale has been done from experimental results. The
capture ratio is low, but many perspectives of amelioration are to be considered. The inter-
dependency of parameters renders a final estimation difficult.

e |t seems possible to avoid losing energy theoretically, but at the moment not technically. The
comparison of cost-efficiency with other wave energy converters is not so easy and no final
conclusion is possible.

e Allinallitis only a very first overview of a new technology and the order of magnitude of the
potential let think that it is worthy to carry on researching on the field.

C. Recommendations for further work

1. First phase

e A raw cost-efficiency survey is first needed to prove the advantages of such a concept to
justify further investigations.
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e A more accurate estimation of the actual potential has to be done, numerically and
experimentally. The experiments should pay attention to uncertainties, particularly no waves
propagating beyond the structure. A gate on the trough bottom is to be considered instead
of a channel. A pump can also be used to study the effect of the net cross-shore discharge
(see Svendsen & Hansen (1987)).

e The analytical models used in this survey are designed for breakwaters, i.e. steep reflective
slopes and should only be used in this context. To analyze the whole process for mild slopes
the open code SHORECIRC is suggested, together with the non-linear model COULWAVE in a
second time for more accuracy.

2. Second phase

o The effect of real sea conditions has to be studied, particularly on the transmission
coefficient which has a key role in both the set-up and the cross-shore discharge. The same
requirements apply to the modeling of reformed waves breaking on the second barrier.

e The turbine has to be developed
e The concept of an array of membranes over the surf zone should be analyzed into details

e Finally a real cost-efficiency analysis must be done before considering larger scale
experiments

The potential of extracting wave energy from rip currents 74



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

References

AAGAARD, T., GREENWOOD, B. and NIELSEN, J., 1997. Mean currents and sediment transport in a
rip channel. Marine Geology, 140(1-2), pp. 25-45.

BASCO, D.R. and YAMASHITA, T., 1987. Toward a simple model of the wave breaking transition
region in surf zones. 1987, Proceedings of the 20" Coastal Engineering Conference , pp. 955-970.
BATTIES, J.A., 1974. SURF SIMILARITY. PROC.14TH ASCE COASTAL ENGNG.CONF.(COPENHAGEN,
DENMARK), 1, pp. JUNE 24-28, 1974.

BELLOTTI, G., 2004. A simplified model of rip currents systems around discontinuous submerged
barriers. Coastal Engineering, 51(4), pp. 323-335.

BLENKINSOPP, C.E. and CHAPLIN, J.R., 2008. The effect of relative crest submergence on wave
breaking over submerged slopes. Coastal Engineering, 55(12), pp. 967-974.
BOWEN,A.].,1969.Rip currents: theoretical investigations. Journal of geophysical research, 74(23),
pp. 5467-5478.

BUCCINO, M. and CALABRESE, M., 2007. Conceptual approach for prediction of wave transmission
at low-crested breakwaters. Journal of Waterway, Port, Coastal and Ocean Engineering, 133(3),
pp. 213-224.

CALABRESE, M., BUCCINO, M. and PASANISI, F., 2008. Wave breaking macrofeatures on a
submerged rubble mound breakwater. Journal of Hydro-Environment Research, 1(3-4), pp. 216-
225.

CALABRESE, M., VICINANZA, D. and BUCCINO, M., 2008. 2D Wave setup behind submerged
breakwaters. Ocean Engineering, 35(10), pp. 1015-1028.

CASTELLE, B., BONNETON, P., SENECHAL, N., DUPUIS, H., BUTEL, R. and MICHEL, D., 2006.
Dynamics of wave-induced currents over an alongshore non-uniform multiple-barred sandy beach
on the Aquitanian Coast, France. Continental Shelf Research, 26(1), pp. 113-131.
CHABAUD,V.,BEAUSSEAULT,A.,BREIVIK,S.R.,GRIS,C.,2009. Artificial Surf Zone: How to extract
energy from wave-induced currents. Norwegian University of Science and Technology, Trondheim,
Norway.

CHANG, H.-. and LIOU, J.-., 2007. Long wave reflection from submerged trapezoidal breakwaters.
Ocean Engineering, 34(1), pp. 185-191.

CHOW, V.T., 1959. Open Channel Hydraulics. Mc Graw Hill.

DALLY, W.R., 1992. Random breaking waves: Field verification of a wave-by-wave algorithm for
engineering application. Coastal Engineering, 16(4), pp. 369-397.

DALRYMPLE, R.A., 1978. Rip currents and their causes. In: International Conference of

Coastal Engineering, ASCE, Hamburg, pp. 1414-1427.

DALRYMPLE, R.A., Dean, R.G., 1971. Piling-up behind low and submerged permeable
breakwaters. Discussion note on Diskin et al. (1970). Journal of Waterways and
Harbors Division WW2, 423-427.

DEAN, R.G.; DALRYMPLE, R.A. (1991). Water wave mechanics for engineers and scientists.
Advanced Series on Ocean Engineering. 2. Singapore: World Scientific.
DISKIN,M.H.,VADJA,M.,L,AMIR,I.,1970.Piling-up behind low and submerged permeable breakwater.
Journal of the waterways and harbors division, ASCE Proceedings pp.359-371.

DR@NEN, N., KARUNARATHNA, H., FREDS@E, J., MUTLU SUMER, B. and DEIGAARD, R., 2002. An
experimental study of rip channel flow. Coastal Engineering, 45(3-4), pp. 223-238.
FREDS@E,]J.,DEIGAARD,D.,1992.Mechanics of coastal sediment transport. World Scientific,
Advanced Series on Ocean Engineering.

FRENCH,R.,1985.0pen-Channel Hydraulics. McGRAW-HILL, Civil Engineering Series.

FURUKAWA, A., WATANABE, S., MATSUSHITA, D. and OKUMA, K., 2010. Development of ducted
Darrieus turbine for low head hydropower utilization. Current Applied Physics, 10(2 SUPPL.), pp.
S128-S132.

GODA, Y., 2004. A 2-D random wave transformation model with gradational

The potential of extracting wave energy from rip currents 75


http://books.google.com/books?id=9-M4U_sfin8C&lpg=PP1&dq=Water%20wave%20mechanics%20for%20engineers%20and%20scientists&pg=PP1#v=onepage&q=&f=false

Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

breaker index. Coastal Engineering, 46 (1), pp. 1 -38.

GODA, Y., 2006. Examination of the influence of several factors on longshore current computation
with random waves. Coastal Engineering, 53(2-3), pp. 157-170.

GODA, Y., 2008. Wave setup and longshore currents induced by directional spectral waves:
Prediction formulas based on numerical computation results. Coastal Engineering Journal, 50(4),
pp. 397-440.

GREENWOOD, B. and OSBORNE, P.D., 1990. Vertical and horizontal structure in cross-shore flows:
An example of undertow and wave set-up on a barred beach. Coastal Engineering, 14(6), pp. 543-
580.

HAAS, K.A., SVENDSEN, I.A., HALLER, M.C. and ZHAO, Q., 2003. Quasi-three-dimensional
modeling of rip current systems. Journal of Geophysical Research C: Oceans, 108(7), pp. 10-1.
HALLER, M.C., DALRYMPLE, R.A. and SVENDSEN, I.A., 2002. Experimental study of nearshore
dynamics on a barred beach with rip channels. Journal of Geophysical Research C: Oceans, 107(6),
pp. 14-1-14-21.

HANSEN, J.B., 1990. Periodic waves in the surf zone: Analysis of experimental data. Coastal
Engineering, 14(1), pp. 19-41.

HANSEN, J.B. and SVENDSEN, I.A., 1985. Theoretical and experimental study of undertow. 1985,
Proceedings of the 19" Coastal Engineering Conference , pp. 2246-2262.

HANSEN, J.B. and SVENDSEN, I.A., 1987. Experimental investigation of the wave and current
motion over a longshore bar. 1987, Proceedings of the 20" Coastal Engineering Conference , pp.
1166-1179.

JOHNSON, H.K., KARAMBAS, T.V., AVGERIS, I., ZANUTTIGH, B., GONZALEZ-MARCO, D. and
CACERES, 1., 2005. Modeling of waves and currents around submerged breakwaters. Coastal
Engineering, 52(10-11), pp. 949-969.

JONES, R.W., 2002. A method for comparing the performance of open channel velocity-area flow
meters and critical depth flow meters. Flow Measurement and Instrumentation, 13(5-6), pp. 285-
289.

KAMPHUIS,J.W.,2000. An introduction to coastal engineering and management. World Scientific,
Advanced Series on Ocean Engineering.

KEE, S.T. and KIM, M.H., 1997. Flexible membrane wave barrier. II: Floating/submerged buoy-
membrane system. Journal of Waterway, Port, Coastal and Ocean Engineering, 123(2), pp. 82-90.
KHAN, M.J., BHUYAN, G., IQBAL, M.T. and QUAICOE, J.E., 2009. Hydrokinetic energy conversion
systems and assessment of horizontal and vertical axis turbines for river and tidal applications: A
technology status review. Applied Energy, 86(10), pp. 1823-1835.

KRAMER, M. and FRIGAARD, P., 2002. Efficient Wave Energy Amplification with Wave Reflectors,
2002, Proceedings of The Twelfth International Offshore and Polar Engineering Conference, pp.
707-712.

KURIYAMA, Y., 2010. A one-dimensional parametric model for undertow and longshore current
velocities on barred beaches. Coastal Engineering Journal, 52(2), pp. 133-155.
LONGUET-HIGGINS, M.S. and STEWART, R.W., 1964. Radiation stresses in water waves; a physical
discussion, with applications. Deep-Sea Research and Oceanographic Abstracts, 11(4), pp. 529-
562.

LOVELESS, J.H., DEBSKI, D. and MACLEOD, A.B., 1998. Sea level set-up behind detached
breakwaters. Proceedings of the Coastal Engineering Conference, 2, pp. 1665-1678.
MACMAHAN,J.H., THORNTON,E.B.,Reniers,J.H.M,2006. Rip current review. Coastal Engineering,
53(1), pp. 191-208.

MCKEE, W.D., 1994. Reflection of water waves by a weak rapidly varying shearing current, Wave
Motion, 20(2), pp. 143-149.

MEI, C.C., 1983. The applied dynamics of ocean surface waves. Singapore: World Scientific.

The potential of extracting wave energy from rip currents 76



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

MICHE, R., 1944. Mouvements Ondulatoires des Mers en Profondeur Constante et Décroissante,
Ann, des ponts et Chaussées, pp 25-78, 131-164, 270-292, 369-406.

MUNK, W.H., 1949. The Solitary Wave Theory and its Application to Surf Problems. Ann. New York
Acad. Of Science, 51:376-424.

NORTEK AS, 2009. Vectrino user guide.

OSTROWSKI ,R., PRUSZAK ,Z., ROZYNSKI ,G., SZMYTKIEWICZ M.,2003. Field studies and
modeling of interaction between nearshore currents and barred coast. International Conference on
Estuaries and Coasts, November 9-11, 2003, Hangzhou, China.

PELAMIS WAVE POWER website http://www.pelamiswave.com/

PEREGRINE, D. H. 1976, Interaction of water waves and currents, Adv. Appl. Mech., 16, 9-117
RENIERS, A.J.H.M. and BATTIES, J.A., 1997. A laboratory study of longshore currents over barred
and non-barred beaches. Coastal Engineering, 30(1-2), pp. 1-22.

SCHLICHTING, H., GERSTEN, K., 1999. Boundary Layer Theory. Springer.

SHIRLAL, K.G., RAO, S. and MANU, 2007. Ocean wave transmission by submerged reef-A physical
model study. Ocean Engineering, 34(14-15), pp. 2093-2099.

SOLDINI, L., LORENZONI, C., BROCCHINI, M., MANCINELLI, A. and CAPPIETTI, L., 2009. Modeling
of the wave setup inshore of an array of submerged breakwaters. Journal of Waterway, Port,
Coastal and Ocean Engineering, 135(2), pp. 38-51.

STIVE, M.J.F. and WIND, H.G., 1986. Cross-shore mean flow in the surf zone. Coastal Engineering,
10(4), pp. 325-340.

SVENDSEN, I.A., MADSEN, P.A. and BUHR HANSEN, J., 1979. wave characteristics in the surf zone.
Proceedings of the Coastal Engineering Conference, 1, pp. 520-539.

SVENDSEN, I.A., 1984. Mass flux and undertow in a surf zone. Coastal Engineering, 8(4), pp. 347-
365.

SVENDSEN, I.A., 1984. Wave heights and set-up in a surf zone. Coastal Engineering, 8(4), pp.
303-329.

SVENDSEN, I.A., 2006. Introduction to Nearshore Hydrodynamics. Adv. Series on Ocean
Engineering, World Scientific.

SVENDSEN, I.A. and HANSEN, J].B., 1987. interaction of waves and currents over a longshore bar.
1987, Proceedings of the 20" Coastal Engineering Conference, pp. 1580-1594,

SVENDSEN, I.B. and BUHR HANSEN, J., 1988. Cross-shore currents in surf-zone modelling. Coastal
Eng., 12: 23-42.

SVENDSEN,I.A.,HAAS,K,ZHAO,Q. Quasi-3D Nearshore Circulation Model SHORECIRC Versio 2.0
User Guide. Center for Applied Coastal Research, University of Delaware.

SVENDSEN, I.A. and PUTREVU, U., 1993. Surf zone wave parameters from experimental data.
Coastal Engineering, 19(3-4), pp. 283-310.

TAJIMA, Y. and MADSEN, 0.S., 2006. Modeling near-shore waves, surface rollers, and undertow
velocity profiles. Journal of Waterway, Port, Coastal and Ocean Engineering, 132(6), pp. 429-438.
THORNTON, E.B. and GUZA, R.T., 1983. Transformation of wave height distribution. Journal of
Geophysical Research, 88(C10), pp. 5925-5938.

TSAI, C.-., CHEN, H.-., HWUNG, H.-. and HUANG, M.-., 2005. Examination of empirical formulas
for wave shoaling and breaking on steep slopes. Ocean Engineering, 32(3-4), pp. 469-483.

VAN DER MEER, J.W. and ANGREMOND, K., 1992. Wave transmission at low-crested structures.
VAN DER MEER, J.W., BRIGANTI, R., ZANUTTIGH, B. and WANG, B., 2005. Wave transmission and
reflection at low-crested structures: Design formulae, oblique wave attack and spectral change.
Coastal Engineering, 52(10-11), pp. 915-929.

VEISKARAMI, M., NESHAEI, M.A.L. and MEHRDAD, M.A., 2009. The effect of beach reflection on
undertow. Iranian Journal of Science and Technology, Transaction B: Engineering, 33(1), pp. 49-
60.

The potential of extracting wave energy from rip currents 77


http://www.pelamiswave.com/

Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

VICINANZA, D., CACERES, I., BUCCINO, M., GIRONELLA, X. and CALABRESE, M., 2009. Wave
disturbance behind low-crested structures: Diffraction and overtopping effects. Coastal
Engineering, 56(11-12), pp. 1173-1185.

WANG, B., CHADWICK, A.]. and OTTA, A.K., 2008. Derivation and application of new equations for
radiation stress and volume flux. Coastal Engineering, 55(4), pp. 302-318.

WANG, B., OTTA, A.K. and CHADWICK, A.]., 2007. Transmission of obliquely incident waves at
low-crested breakwaters: Theoretical interpretations of experimental observations. Coastal
Engineering, 54(4), pp. 333-344.

WAVE DRAGON website http://www.wavedragon.net/

WOLF, J. and PRANDLE, D., 1999. Some observations of wave-current interaction. Coastal
Engineering, 37(3-4), pp. 471-485.

XIA,H.,XIA,Z.,ZHU,L.,2004. Vertical variation in radiation stress and wave-induced current. Coastal
Engineering, 51(4), pp. 309-321.

ZHENG,J.,H.,ZHANG,C.M.,MASE,H.,2008. Incorporation of surface rollers in modeling wave-driven
coastal currents. Chinese-German Joint Symposium on Hydraulic and Ocean Engineering, August
24-30, 2008, Darmstadt.

The potential of extracting wave energy from rip currents 78



@ NTNU

Valentin Chabaud — Master thesis 2011

XII. Appendices

A. Calibration of the wave probes
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An example of data acquisition from the seaward wave probe is shown on Figure XlI-2 and Figure
-2.
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Figure XlI-2: example of 2D time series from seaward probe, global (left) and zoomed (right)
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We notice the envelope caused by wave reflection, mainly from the absorbing beach (second
breaking after the barrier). Figure XII-2 show that the wave profile is not sinusoidal, changing the wave
steepness. It is normally induced by wave shoaling in the real case. However, there could be a

contribution of wave splitting (under and beyond the structure) that could significantly change the
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wave steepness and therefore the results. Indeed there is no way to measure the wave length and it

is calculated theoretically, only from wave shoaling.

Similar results for the shoreward probe are plotted Figure XII-3.
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Figure XII-3: of 2D time series from shoreward probe, global (left) and zoomed (right).
We notice a much more chaotic behavior. It is obvious from Figure XlI-3 that the relatively short

duration of the tests induced uncertainty on the mean values. From Figure XlI-3 we can clearly see
the wave set-up (mean water level elevation).

It is
shown on an example of wave spectrum from the two wave probes Figure XlI-4. We can notice a

A generation of higher harmonic waves (multiples of the initial wave frequency) was observed.

weak second harmonic generation for the seaward probe, due to wave splitting (over and beyond
the structure). Breaking induces a much stronger generation of higher harmonics as seen on the
spectrum from the shoreward probe.

It is a well-known phenomenon (see for example Calabrese et al. (2008)). The program WAVAN used
in the code calculates the significant wave height from the spectrum, so takes into account these
higher harmonic waves.

Spectrum Spectrum
0.012 T T T T
025
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Figure XlI-4: example of wave spectra, seaward (left) and shoreward (right) probes.
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C. Velocity data acquisition

For each test the velocity was recorded for ca. 30 seconds. An example of data acquisition is
presented Figure XlI-5. We can notice the periodic oscillations of the velocity due to waves in the
channel. Indeed the absorbing beach was not perfect. However it should not change the mean value.
A strong turbulence is hiding these oscillations.

On this record like on many others, some noise was observed. Some records were too noisy to be
used and were removed from the data set. The others were filtered using the following law:

As long as the standard deviation is higher than a given criterion, if the relative difference between
the instantaneous and the mean velocities is higher than another given criterion, the value is
removed. Such iterations were needed because the bad values were falsifying the mean value. The
filtering stops when the standard deviation is lower than approximately twice the observed periodic

amplitude of the velocity.

0.5

0.4

03

0.2

O T N LV

2

35

Velocity (m/s)

Time (s)

Figure XII-5: Example of velocity record with weak noise

D. Basics on Linear Wave Theory (LWT)

LWT is a potential theory first found by Airy in the 19" century. It is based on the assumption that the
wave height is small compared to the wave length, therefore only first order terms of the ratio wave
height/wave length are taken into account. Resulting waves are sinusoidal and can be represented

analytically.

1. Generalities

The velocity potential is expressed as:

H g cosh(kz)

~ 7 wcosh (kh) S (@t~ kx)

¢ =

In which:

The potential of extracting wave energy from rip currents 81



Ny
B NTNU Valentin Chabaud — Master thesis 2011 . Ense3 j;P' I

H is the wave height

. . 2 .
- wisthe wave frequency with w = ?” and T the wave period

- kisthe wave number with k = ZT” and L the wave length

- g is the gravity constant

- histhe local depth

- tisthetime and x the position

- zisthe vertical position, pointed upward and with the origin at the bottom

The wave number and frequency are linked by the dispersion relation (non-linear):
w? = gk tanh kh

All variables can then be derived:

. H
Water surface elevation: n=cos (wt — kx)

Phase celerity: c= % = /% tanh(kh)

__ mH cosh(kz)

Horizontal particle velocity: cos (wt — kx)

~ T sinh(kh)
. . . _ _mH sinh(kz) . _
Vertical particle velocity: W= = S St (wt — kx)
Pressure: p= gzz:g((:z sin(wt — kx) + pg(h — z)

For simplicity we will take x equal to 0, i.e. we set the local point of interest as the origin. This does
not change equations since we always take the averaged value over one period.

2. Wave Energy
Wave energy is the averaged sum of kinetic and potential energy over one wave period (or wave
length).

1 (T pgn?
E = — —_ 2 =
pot =77 fo 5 P9 dx >

1 h+n
Exim = Epgf (u? +w?)dz
0

where Ej, is the potential energy and variable means the average of the variable over one period.

From LWT equations we can derive:
E=E Eom = —pgH? + = pgH? = =~ pgH?
- pot+ km_gpg +Epg —gpg
E is the wave energy per unit of length of the wave crest in W /m.

Wave energy does not propagate with phase celerity, but with group velocity defined as:

dc ¢ 2kh c
—==|1+————| ==[1+G]

= k— = _ -
=t =2 Y simn k)] T 2
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G is a function of kh and accounts for wave propagation in shallow water. In deep water
limy, 0 G = 0 and in shallow water lim,_,o G = 1.

Therefore the energy flux is given by:

Ef:ECg

3. Radiation stress theory

Ocean waves carry an excess flow of momentum, which is defined as radiation stresses (Longuet-
Higgins and Stewart, 1964). This flux of momentum is formed by two contributions: one due to the
wave-induced velocities of the water particles and another one due to pressure.

The contribution from the wave motion (i.e. from the velocities, or dynamic pressure) in a vertical
cross-section can be written:

L= f0h+n pu?dz

And the one from the hydrostatic pressure:

fh+1’]

o pdz

L=
The radiation stress tensor [S] is defined as the excess of momentum flux i.e. the time averaged
momentum flux in the presence of waves minus the mean flux in still water over one wave period.

In a Cartesian 2D system of coordinates (x, y) where x is the wave propagation direction, we have:

The x, or cross-shore component of radiation stresses Sux=Ln + I;, — Iy

The y, or alongshore component: Syy = I;, — Iy

with o = f0h+n po dz, where py = pg(h — z) is the hydrostatic pressure for still water.

From LWT equations, we get:

L H2( 2kh +1) 0 Lras2e) o
s1= [ 072 89" \Ginn2kn T 2 _[EA+26)
10 S, 0 1 HZ( kh ) B 0 1EG
89" \Sinh 2kh 2

If now the coordinate system does not coincide with wave propagation, i.e. waves propagate with an
angle 6 with respect to the x axis, from a force balance on a small vertical triangular column we get:

Sex Sxy] _ [(1 +G) cos?0+G (1+ G) sinb cosd

S] =
5] Syx  Syy (1+ G)sinf cosd (1+G)sin?0+G

4, Wave drift

The wave drift is the time averaged mass carried by organized ocean waves. From an Eulerian point
of view it can be written:

h+n
Qarift = f udz
0

Below the wave trough level, it is obvious than & = 0 because u varies harmonically in time.
Therefore
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h+n
Qarift = f L uaz
h=2

By the mean of LWT (taking only the first order of %), which is not appropriate if waves are steep

(non-sinusoidal), we can approximate u by its value at z = h.

TTH 1
Then we getu = T tanh(eh)

cos (wt)
Which gives:

_ H?m 1
Qarift = 47 tanh (kh)

However as waves propagate in shallow water, their shape is not sinusoidal anymore and the
expression above is wrong. Higher order (non linear) expressions should be used. The surface roller
contributes also to onshore mass transport.

E. Details on major sources of uncertainty

1. Heave motion

Despite efforts to stiffen or add weight on different parts of the structure, the natural frequency in
heave of the central plate of the structure was still quite close to those of waves.

It appeared therefore to depend strongly on wave frequency.
For the majority of tests where T=0.83 s a quite small motion was observed.
The uncertainty due to heave motion is very different regarding the probe:

- The seaward probe measured waves just over a thick beam which the plate was screwed to in
several points, so absolute motion was small. However if the wave frequency approached the natural
frequency of the structure, the deck which the probe was fixed to could move a little, leading to a
non negligible relative motion. Its amplitude is estimated to 2 mm for such frequencies but negligible
in most tests.

- The shoreward probe measured wave just in the middle of the structure and anchored points of the
plate to the deck or the beams were quite far. A very big absolute motion (relative to the wave
height) could be observed (up to 1 cm). However the probe was on purpose moving with the
structure so the relative motion is negligible as shown in the following.

The amplitude of the heave motion ns as a function of the longshore position is represented on Figure
XIl-5, with the assumption of a parabolic mode shape for the structure. The board which holds the
probe is fixed to the structure in three points and its motion is given by the motion of the channel
wall (parabolic motion along the board).

The mode shape is parabolic: 713(y) = ay? —aly = ay(y — ) sincen3(0) =n3(1) =0
l is the alongshore length = 1.9 m, a is a constant.

The board is fixed at a location y,,4ra = %l =0.741

Therefore 3 (Vpoara) = —a 0.19 [?
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E] ?

Probe mounting

Trough bottom

\ 4

0 1 14 1.9

Left side of the Probe  Channel Right side

structure position wall

Figure XlI-6: Mode shape of the structure under heave motion

13 (Vboard) _ y?
Yboard Yboard

Along the board 13 (y) =
2=—017a /2

0.191 0.741 ( 1
1

_ — J— +
0.74 1.4 4

+2y) hence 13 (}’probe) =-a

Now let’s calculate the mean value of the motion along the board up to the channel, which gives the
mean variation in wave height:

1 Yboard 2

N3 mean = j ay(y —Ddl=a <yz’°‘"d _ Yboard l> =—0.19al?
Yboard Jo 3 2

The corresponding error on the mean transmitted wave height is therefore AH = +0.02 a [?

4x10
12

In the worst cases the amplitude of 75 is estimatedto 1cm. a = — soAH = +£0.8 mm

In most cases the error is negligible.

2. Wave reflection

The effect of reflected waves can be separated in two parts:

e Direct reflected waves. They propagate seaward, crossing the wave probes right after they
are reflected. The reflective items are the barrier and the absorbing beach (second breaking).

e Indirect reflected waves. They have been reflected once by the structure, then by the wave
maker and propagate shoreward, adding to the incident wave field. The reflective items are
the same as for direct reflection plus the structure itself, from the splitting in incident wave
energy (over and beyond the structure, see appendix ).

Reflection coefficients are in general difficult to estimate.

Reflection by energy splitting is caused by phase-locked waves and information can be found in
studies on horizontal plate breakwaters. However, it was expected to be strongly coupled with the
motions of the structure, and therefore with its resonance frequency. Indeed in was observed that it
depended highly on the wave period.

To avoid indirect reflection, a reflection test has been done for 2D experiments, and a period leading
to low structure reflection has been chosen for 3D tests.
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Direct reflection was inevitable, and an attempt of quantification is given below.

Reflection test

Procedure: Data acquisition by wave probes is launched while the water is still. Waves are generated
for a short period (ca. 10s). Probes are still acquiring data until reflected waves from the generated
wave train hit the structure.

Results: The criterion on the test duration to avoid reflected waves is mainly dependent on wave
period. A duration lower than 40s was expected to avoid reflected waves whatever the period.

Direct reflection

A good approximation of reflection coefficients on uniform sloping beaches was proposed by Battjes
(1974):

K, = 0.1&,2
And was been validated for steep slopes by Tsai et al. (2004).
However it is not really appropriate for barred beaches, and should overestimate K,.; in our case.

If we take the approximate wave steepness from 3D experiments, we get:

2
-From the seaward slope of the barrier: K., =0.1% (3*\/10ﬂ) = 0.04 (mild slope)
1 \2
Ky =0.1% (2*\/0_04) = 0.62 (steep slope)
1 \2
- For the absorbing beach: K.s =0.1% (6*\/0_02) = 0.14

The very high K,; for steep slopes is not validated by observations and measured values of the
transmission coefficient.

All'in all the uncertainty for the seaward probe is A:_i = +(K,; + K; K,-s) approximated as £0.1 fora

mild slope and higher (but unquantifiable) for a steep slope. For the shoreward probe AHi

+0.14.

1Ky =

t

It is not negligible and could have influenced significantly the measurements, depending on the
location of the wave probe within the reflection envelope.

F. Experimental procedure of 2D tests

The influence of the following parameters on the 2D set-up is checked:

h
- Relative crest depth of the barrier ;C
;
H;i
- Wave steepness L_
i
. . B
- Relative crest width —
H;
- Seaward slope of the barrier tan a
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2
h. is set by changing the water level in the tank. B is constant. L; = k—n, k; is calculated from the
i

wave dispersion relationship from h; and w.

It is preferable to get the variation of the set-up against one parameter while the others remain
constant.

The slope is first mild: tan 8 = %
) (E) is obtained for — =1, 1.4 and 2.
Hj H;

B (5) is obtained for %€ = 0.5
H; H;

L
In the two cases above H; is defined by the constant parameter for several values of h., w is then

chosen to keep % = 0.04 for each test.

i

For a constant value of h., w is modified to get 6(%), keeping in mind that K; (presented in

2
appendix I) and consequently H; vary also with w.

We can then change the slope tan 8 = z

2
o) (Z—i) is then obtained forHEi =14
G. List of 2D tests
slope =1/8 standard configuration
Test number  Hg T hc Purpose Comments
1 5 1.03 17 first tests
2 4 0.92 17 first tests
3 3 0.8 17 first tests
4 2 0.65 17 first tests
5 1.5 0.57 17 first tests
6 6 1.13 17 first tests
7 7 1.22 17 first tests
8 8 1.31 17 first tests
9 6 1.13 18 Abac for Kd
10 7 1.22 18 Abac for Kd
11 5 1.22 18 Abac for Kd
12 3 0.8 18 Abac for Kd
13 3 1 18 Abac for Kd
14 4.66 0.82 25 B/Hi=1
15 6.77 0.98 25 B/Hi=1
16 7.4 0.98 25 B/Hi=1.4
17 3.52 0.69 25 B/Hi=2
18 8 1 25 hc/Hi=0.4
19 9 1 25 hc/Hi=0.4
20 3.8 0.69 25 B/Hi=2

The potential of extracting wave energy from rip currents 87



@ NTNU

21
22
23
24

25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

7.4
5.76
3.2
12

12
10
9.5
7.3
5.28
3.2
11
4.8
7.5
4.9
3.2
8.7
9.5
7.6

3.2
6.8
7.8

3.3
5.7

5.1
3.3
4.3
8.2
53
3.4

4.5
4.7

5.4
5.8
5.8
4.9

4.6
6.4
5.4
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0.98
0.83
0.69
1.08

0.98
1.08
1.08
0.98
0.83
0.69
1.14
0.83
0.98
0.83
0.69
1.04
1.04
0.98
0.83
0.69
0.94
0.98
0.83
0.69
0.87
0.98
0.83
0.69
0.77
0.98
0.83
0.69
0.66

0.6

0.7

0.8

0.9

11
0.75
13
0.65
13
13

29
29
29
29

29
29
29
32
32
32
32
32
27
27
27
27
27
22
22
22
22
19
19
19
19
15
15
15
15
11
11
11
11
15
15
15
15
15
15
15
15
15
15
15

B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4

B/Hi=1
hc/Hi=0.4
hc/Hi=0.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
B/Hi=1.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
hc/Hi=0.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
B/Hi=1
B/Hi=1.4
B/Hi=2
hc/Hi=0.4
Hi/Li=0.076
Hi/Li=0.056
Hi/Li=0.043
Hi/Li=0.034
Hi/Li=0.027
Hi/Li=0.023
Hi/Li=0.049
Hi/Li=0.017
Hi/Li=0.065
Hi/Li=0.017
Hi/Li=0.017

\
INP

["'E”nég;a,}' |

screw added, less
motion

Non ASCII data
Non ASCII data

Non ASCII data

Non ASCII data
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trough depth changed

Test number

friction added

65
66
67
68
69

70
71
72
73
74
75
76

Hg

4.66
6.77
7.4
3.52
8

9
3.8

friction added slope 1/2

79

4.66

1
Grenoble INP
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0.83
1.13
0.83
0.83
0.82

0.82
0.98
0.98
0.69

0.69

0.82

Transient test with opening of the gate

98 3.5
100 34
standard
slope=1/2 configuration
Test
number  Hg T
77 3.52
78 4.66
80 3.2
81 3.2
82 3.2
83 4.9
84 3.2
85 5
86 3.3
87 5
88 3.3
89 6
90 3.3
91 5.1
92 3.4

0.69
0.82
0.69
0.69
0.69
0.83
0.69
0.83
0.69
0.83
0.69
1.13
0.69
0.83

0.69

0.69

0.69

hc

hc

25
25
29
32
27
27
22
22
19
19
17
17
15
15

11

Purpose Comments

15 ht#
17 ht=z
19 ht#
22 ht#
25 ht=z

25 friction #
25 friction #
25 friction #
25 friction #
25 friction #

25 friction #

Non ASCII data

25 friction #

25 friction #

-1 transienttest topen=16s

MWL stable after 5s, t

13.5 transient test open=23s

Purpose
B/Hi=2
B/Hi=1.4
B/Hi=2
B/Hi=2
B/Hi=2
B/Hi=1.4
B/Hi=2
B/Hi=1.4
B/Hi=2
B/Hi=1.4
B/Hi=2
B/Hi=1.4
B/Hi=2
B/Hi=1.4

B/Hi=2

Comments

Undertow visible
High reflection

Hg changed from the H/T model
hc may have moved
No file

No file
Bar lifted of 2 mm on a side and 4 mm on
the other
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93
94
95
96
97
99

53
53
3.4
5.4
3.5
3.4

H. List of 3D tests

0.83
0.82
0.69
0.82
0.69
0.69
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11 B/Hi=1.4
7 B/Hi=1.4
7 B/Hi=2
-1 B/Hi=1.4
-1 B/Hi=2
13.5 B/Hi=1.4

Gr

)

enoble INP

ense3 ,} | I

Water level increasing during the test

H=5.1 cm, T=0.83s, hc=15mm, full reflection conditions, duration = 40s

slope=1/2, d=173mm (gate fully opened)
z=0.2h

z=0.6h
y
20
32
42
30
40
50
60
55
65
70
10
10
15
184
174
164
154
144
134
124
114
104
94
84
189

comments

noise
noise
noise

weak noise
weak noise

noise
noise

weak noise

noise

slope=1/2, d=50mm

z=0.6h

y
189
174

comments

164 weak noise

Y

184
174
164
154
139
134
124
114
104
94
84
189
20
30
40
45
65
70
80

z=0.8h
comments y
80
70
weak noise 65
noise 40
30
20
weak noise 164
noise 174
weak noise 184
189
noise 139
134
124
104
94
noise
10
30 noise
25

comments

weak noise

weak noise
weak noise

2=0.9h

y
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slope=1/2, all values of d

d

slope=1/8, all values of d

d

134
139
124
114
104
94
99
20

10
15
20
25
30
35
60
70
80
90
100
110

50
173

10
15
20
30
50
80
110
173

weak noise

weak noise
noise

weak noise

waves

X X X X X X X X X

x

waves

X X X X X X X X

1
Grenoble INP
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40
65
70
80
y=184 y=70
z=0.6h z=0.2h z=0.8h z=0.6h z=0.2h z=0.8h
X X
X X
X X X X X x weak noise
X X
X X
X X X X
X X X X X X
X X
X X
X X X X X X
X X X X X X
y=184 y=70
z=0.6h z=0.2h z=0.8h z=0.6h z=0.2h z=0.8h
X
X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
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I. Input, generated and incident wave heights

1. Definitions
The input wave height is what is entered in the software driving the wave maker.
The generated wave height is related to the wave really generated by the wave maker.

The incident wave height is related to the fraction of the wave which propagates on the structure,
the other part propagating beyond.

2. On linking the input and generated wave heights

The input wave height equals the generated wave height when the water level in the tank is at its
nominal height, i.e 1m deep. As we make the water level change to change h., the generated wave
height differs slightly from the input one.

Wave maker theory (see Dean & Dalrymple (1984)) has been
used to link the two wave heights.

The problem is shown on Figure XlI-7. The volume displaced

by the flap is equal to the volume in the generated wave.
Hg _ sinh(kgl)+kgl
Then s 2(cosh(kl)-1)

number calculated from the dispersion relation w

where kg is the generated wave

2:

Figure XII-7: Flap type wave maker gkg tanh(ky (1 — Ah)) . The stroke S is the one needed to
generate the input wave height H;,,,; when Ah = 0.

sinh(kgl)+kgl

sinh(kgl)+kgl _ . sinh(koho)+koho A1 Hg 5 cosh(kgl)-D
2(cosh(kgl)-1) ~  MPUL 2(cosh(kghg)-1) h

and k is calculated from w? = gk, tanh(k,).

Therefore S =H, in which hyg =14+ Ah

It gives H, (1 + %)

sinh(kgl)+kgl sinh(kohg)+koho
2(cosh(kgl)-1) IMPUL 3 (cosh(kghg)—1)
Hy l sinh(kohg)+kohy cosh(kgl)-1

We introduce the wave maker coefficient Ky, = =—
Hinput ho sinh(kgl)+kgl cosh(koho)—1

3. On linking the incident wave and generated wave heights

The incident wave height can be found theoretically with the energy conservation principle, stating
that the generated energy is equal to the sum of the energies propagating over and beyond the
structure averaged over one period:

E_g = El + Ebeyond

The distance from the bottom to the seaward edge of the structure is named d and the depth of the
tank h.

Energy is the sum of kinetic and potential energies:

Ey = [(Ben + Epor)];, + [(Bn + Epor)].

Ebeyond E;

Epeyona is calculated in the following.
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Potential energy

Epor = %pgn_2 with 7 the wave amplitude at a depth z

H sinh(k
(Z)_f wd zz:nh((k}zl))cos (wt)

H is the generated wave height.

5 sinh? (kd)

_— 1
Then Epot = Eng a2

Kinetic energy

— 1l . : . . iy
Exn = |, Ep(u2 +w?)dz  with uand w the horizontal and vertical particle velocities.

_mH cosh(kz)
"~ T sinh(kh)
wH sinh(kz)

W = T sinh(ehy ST (@9

cos (wt)

— 1 (nH 1 \% . g
S0 Ejun = 3P (ﬂT Sinh(kh)) Jy (cosh? (kz)cos? (wt) + sinh? (kz)sin?(wt))dz

With cos?(wt) = sin?(wt) = %

— _ 1 (nH 1 1 _ 1 2 sinh (2kd)
Then Ejy = 2P ( T sinh(kh)) 4k sinh(2kd) = sinh2(kh)’

We notice that if d = his very large (deep water condition) we get the expression of the kinetic and

potential energies found in literature Ey;, = Epor = 1—16;)gH2
F = g = E — B = Lot — L pgit 2 sinh®(kd)  1sinh (2kd)
[ 8pg i — tg beyond — 8.0.9 g 16pg sinhz(kh) 2 sinhz(kh)
. 1/2
1sinh?(kd)  1sinh (de))
, = = kS :
Hence H; = Hy (1 2 sinh2(kh) 4 sinh?(kh) Hg * K;
4. Final Input wave height
From formulas above, the wave height to be entered in the system is H;pyr = M
Kwu K;

In practice the formula above appears to be somewhat inaccurate due to the motions of the
structure, nevertheless it gives a reasonable guess value of H;,,,; for a wanted H;.

Aiming a more accurate prediction, an attempt to make graphic empirical laws was done. The goal
was to link the generated and incident wave heights according to the wave period. The period is

indeed the parameter having the greatest influence on motions. However the amplitude came out to
play an important role as well, so the work became too tedious.
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J.

Additional tests

1. 2D tests

2.

The roughness over the barrier has been changed. It has been presented in part X.B. It
disturbed the incident waves and no acceptable results were obtained for mild slopes. A
single measurement has been done for steep slopes, apparently conclusive.

A simplified surface-roller-capturing device has been tested. Such a simply built device was
hopeless to bring acceptable results.

Second barrier. Due to the small depth the set-up was not measurable behind the second
barrier. A simple observation to the naked eye shown on Figure XII-8 shows the addition of
set-ups.

> 5 1
econd barrier —»

First barrier ——»

Figure XII-8: Addition of set-ups

3D tests

For these tests the barrier was narrowed for practical reasons. A seawall prevented the
waves from propagating over a part of the barrier, see Figure XII-9. Behind it was a shadow
zone with diffracted waves. The results are presented Figure XII-10.

The head loss from friction has been measured by changing the alongshore position of the
seaward probe from close to the channel to the shadow zone. For unknown reasons the set-
up was much lower in the shadow zone, though it was expected to be higher. It might be
explained by an unexpected circulation pattern shown Figure XII-9. The latter was possible
because the channel entrance was protected by a wall in the region right after the barrier.
The effect of the crest submergence of the barrier on the 3D set-up through has been
analyzed.

Obliquely incident waves have been tested. First by inclining the whole structure, secondly
by inclining the guiding board by an angle 6 like on Figure XII-9, creating a very rough
reflector. The first case failed due to wave refraction which made the waves break normally
to the barrier again.

It came out that the crest submergence and the angle of incidence had only a weak impact in
this case, at least too weak to be analyzed by tests with so much uncertainty. One can
nevertheless notice the differences in 2D setups (d*=0) due to the change in hydraulic
diameter (depending on h.) and input flow rate (higher with the reflector).
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additional 30 tests
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Figure XI1-9: Top view of additional 3D tests Figure XI1-10: additional 3D tests results
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K. Sketch of the model
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Figure XII-11: Model sketch: top view and sectional views of the barrier and the channel
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Figure Xll-12: Model sketch: detailed sectional view of the barrier
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L. Pictures
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Figure XlI-14: Front view
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Channel entrance Shoreward wave Gauge .
Breaking wave

Barrier

Incident waves

Figure XlI-15: Side view
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Figure XlI-16: Bore-like undertow over the barrier Figure XlI-17: Velocity probe in the test section
visible to the naked eye for steep slopes

Figure XlII-19: Shoreward wave gauge Figure XlI-20: Gate control Figure XlI-21: First attempt to regulate the flow rate
in the channel. Strong non-uniformities and vortices
in the flow are visible.
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M. Matlab Scripts

The flow diagrams for the main scripts are given here. Refer to the enclosed CD for details.

1. Analytical models
3D experiments 2D experiments
Potential_calculation.m : |
1 1
: :
Algorithm_variation.m Data_analysis_3D_velocity.m Calabrese_model.m
Optimization.m
WCF.m
Setup_Bellotti.m
v VvV VY
Algorithm.m Calculation_alfa.m
sketch.m
friction.m
F_react.m

Friction_law.m

Bore_theory.m

A

shoaling_coeff.m

¢ Input.m

wave_number.m

Input.m Input parameters. 4 configurations saved: lab-scale mild-steep slope, full
scale 1-2 barriers

Algorithm.m Main function. Calculates the momentum flux set-up, the 3D set-up
from Bellotti, the cross-shore discharge and the potential.

Algorithm_variation.m Plots curves of a specified output field as a function of an input field and
a range of values of a parameter (e.g. P(8) with different K;)

F_react.m Reaction of the barrier

Setup_Bellotti.m 3D setup from Bellotti

Wave_number.m Wave number from dispersion relation

Shoaling_coeff.m Shoaling coefficient

Sketch.m Barrier geometry from input

Optimization.m Plots the potentials for 2 barriers as a function of discharge fraction and
transmission coefficient.

Friction.m Head losses due to friction

WCF.m Wave shape factor from ursell number used in Calabrese (2008)

Calculation_alfa.m Potential against discharge fraction for different models of undertow

Potential_calculation.m | Executes Algorithm.m and displays main output variables

Friction_law.m Analytical modeling of undertow with friction law

Bore_theory.m Analytical modeling of undertow with bore theory
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2. Data extraction

The following example concerns the extraction of 2D waves. The procedure is the same for the other
extraction programs (3D waves and 3D velocity).

Data files .asc
Data in ASCIl format

Speccalc.m v
fff.m

8 Data folders sorted by test configuration and goal

v A\ 4
Data_treatment_2D.m

Seeks for the data files, opens them, filters and sorts the data

Wavan.m S

Results.dat
To be loaded in the analysis program

Wavan is a program to analyze time series from wave measurements provided with the book
“Introduction to coastal engineering and management” by Kamphuis (2000).

3. 2D data analysis

Analysis_2D.m

A

Sort_matrix.m

V‘ A

Results.dat Calabrese_model.m

A\ 4

Algorithm.m

Analytical models

Analysis_2D.m Sorts, and display the data on scatters.
Results.dat Extracted experimental data
Calabrese_model.m Comparison with analytical model
Sort_matrix.m Sorts data in increasing order
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4. 3D data analysis: set-up

Only one program: Data_analysis_3D_waves.m which sorts, plots and interpolates the set-up for 3D
tests and additional tests, from extracted data contained in Results_3D_waves.mat.

5. 3D data analysis: velocity

Potentia_GAMMA.m Potential_K.m

A\ 4 VL

) ) Manual insertion of the
sort_y.m Data_Analysis_3D_velocity.m t------ interpolated 3D set-up
A 4 v
3Dvelocity.mat Algorithm.m

Analytical models

Data_Analysis_3D_velocity.m | Sorts the data, plots, interpolates and calculates the flow rate.
Links the undertow with the 3D set-up. Takes into account head
losses to calculate the potential. Compares with theory.

3Dvelocity.mat Extracted experimental data

Potential_K.m Experimental potential as a function of the head loss coefficient
Potential GAMMA.m Experimental potential as a function of the continuity parameter
sort_y.m Arranges velocity data for flow rate calculation
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