Alma Mater Studiorum - Universita Di Bologna
Aalborg Universitet — Department of Civil Enginee

PhD in CIVIL and ENVIROMENTAL ENGINEERING

Cycle XXVI
Affiliation sector: 08/A1
Scientific sector: ICAR/01

Hydrodynamic induced by an array of wave energy coverters.
Experimental and numerical analysis

Elisa Angelelli

PhD Coordinator:

Alberto Lamberti

Full Professor

DICAM - University of Bologna

Viale Risorgimento, 40136 Bologna (IT) Supervisor:

Barbara Zanuttigh

Assistant Professor, M. Sc., Ph. D.
DICAM - University of Bologna

Viale Risorgimento, 40136 Bologna (IT)

Co-supervisor:
Jens Peter Kofoed
Associate Professor, M. Sc., Ph. D.
Department of Civil Engineering

Sohngaardsholmsvej 57, DK-9000 Aalborg
Denmark

To be defended in public at the University of Balag
19" May 2014



Angelelli Elisa, PhD Thesis
Table of contents and symbols

CONTENTS
1. NOMENCLATURE ...ottii ittt ettt et e et a e e s et e e e e e snnaeee e e s mneeasssseeeeeannneneas 4
R A = S 1 2 ¥ 2 3 R ESRR 5
3. ITALIAN ABSTRACT .eeiiieiiiiiiee ettt e e ettt e e e e st e e e e st e e e e s sssaeeeeaansbeeeessnneesssneeeeeeannees 8
4. INTRODUCTION ...ciiiiiiiiiee ettt ettt emmm ekttt e e as bt a e e asbe e e e e e s sbbeeeanssseeeeannbbeeeenas 11
5. LITERATURE REVIEW ...ttt ettt 18
6. THE DEVICE ... ieiee ettt sttt e e et e e ettt e e e e s s anenne e e e e entneaeeesnnnneeas 21
PART A - EXPERIMENTAL MODELLING......cccoiittim e eesiiie ettt eieee e nneeeanns 22
7. FIRST INVESTIGATION ...ttt ettt a e s 23
7.1, LabOratory SEE-UD ...cooeeieieeee oottt et e be e e e e e e e e e e e eaeeeeeaees 23
7.2, RESUIS IN SCAIE 1:B0 ... .. ettt ettt eee et eeeeeeeaeeaseaee s s beeeeeeeaeeeaeeeeeeeeees 29
7.3, RESUIS IN SCAIE 1:30....cciiiiiiiiiieeees st ettt e e e e e e st e e e e e abe e e eeaeees 37
7.3.1.  HydrodynNamiC rESUILS ...........uuuiiiiiiiiiieceeee e 37
7.3.2.  POWEr PEIfOIMENCE .. ..o ettt e e mnnme e e e e e 42
T4, DISCUSSION ...ceeiiiiiiiiiiiiiiitttee ettt seemeeeseeeeeseseeeteses s sts st s es s bs st st ssbmmemee e e e e e e e eeeeeeeeeenees 45
7.4.1. MOONNG EFfECES ..cei e e 45
T.4.2.  SCAIE EFfECT....ci it e 46
7.5. Preliminary CONCIUSIONS .........coooiiiiiii e 48
7.5.1. Assessment of the INVeStIgation...........ccooereri e, 48
7.5.2. WhHAU IS MISSING ..etiiiiiiiiiiiiiiiiiieieeses mmmmmn s s e s e e sanassessnsnnnes 49
8. SECOND INVESTIGATION ...ccoiiiiiieiiiiitie e seeeesiiee e e s siier e e s asstaeae e s snnteeeeeasssanansseeeeans 50
8.1,  LabOratory SEI-UD ...ccoeeieieiei oottt e e e e e e e e e e e e e e e eeaeaees 50
8.2, RESUILS ... e et a e e e 56
8.2.1.  HydrodynNamiC rESUILS ...........ueuiiiiiiiiiieeeeee et 56
8.2.2.  Power production reSUIES.......ccooeiiiiiiiiie e 66
8.2.3.  MOOING FESUILS ...ttt eeemee e e e nnee 73
8.2.4.  MOLIONS TESUILS .....coiieiiiieeiie e e e ettt e et e e e e e e s rmmne e e e e e e e e 76
8.3.  Preliminary CONCIUSIONS .........ccoiiiiiiiit e 84
PART B - NUMERICAL MODELLING ......ccoiiiiiiiit et e e en e 85
9. MIKE 21 BW INVESTIGATION ....cottiiiiiiiieeiiiiite e e seitiee e e s aitreaesasnseeeeeeannseeeesssneneesnnees 85

Page 2

Hydrodynamic induced by an array of wave energywearrs. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Table of contents and symbols

9.1, NUMEIICAI SEI-UP ..tttttiiiiiiiiiiiiiitit it eeeeee et e ettt et e e et eeeeeeseesseseeeseasssesbeeeeeeeaeeeaeeaeeeeeees 86
9.2, CaAlIDrAtION ... 90
0.3, NUMENICAl FESUILS.....coiiiiiiiiiiii ittt e e e e e e e e e e e e e e eeeeaees 96
9.4. Extension of the experimental database...................uuviiiiiiiiiiiiiiiiiiiiieeeeee 100
.41, 2D MAPS . ittt et a e e aaeea e e e 100
9.4.2. Different wave farm configurations...........cccccoiiiiiiiiiiiieee e 101
9.5. Preliminary |ayout @SSESSMENT ...........vtieeeeemeiiiiiiiie e e e e e sesrenennenes 105
9.6. Improvement of the nuMerical Set-UpP ........coeammeiiiiiiiiiiiiiiiiiiieiiee e 106
10, ANSYS-AQWA ittt rmmrer e e e e e e e s e sttt e e e s et e e e e e nnte e e e nanneeeeanreaeeeas 111
O Y= U | o PP 111
10.2. MAINTESUILS ... e 114
O RS T |V (o To (=T I {1 g1 =1 (o] o I PP P TP TP PP PPPPPRUI 119
OB S |V oo [=T I oo (=T a1 (=1 Y 120
10.5. More realistic mooring configuration ............ccccceiiiiiiiiiiiiiiiiiieeeeeeee e 120
i R 1@ ] N[ U5 [ ]\ PR 122
11.1. SUMMARY OF THE RESULTS .. .ottt sttt 122
11.1.1. EXperimental OUICOMES.........ccooeeiie e s e eveeevaeeaeasaeseanasnsnsnsnsnnmnne e 122
11.1.2. NUMEFICAl OULCOMES ....eeiiiiieiiiiiiiiie e et e e e e e ee e e e e 124
11.2. GUIDELINES .....oitiiiiiitiite et ee ettt e e e st a e e e s net e e e e s ensbeenennneeeeeannneeas 125
12, BIBLIOGRAPHY ...ooiiiiiiiiiiee it tee e s st e e st e e e et e e e e s snane e e e snnnneesannsneeeaeas 127
PART C — PUBLICATIONS ....ccoiiiiiiti ettt sttt ettt ettt e s et e e snnnee s asbee e e s e 132
13.  LIST OF PUBBLICATIONS ...ttt ettt ettt e et ee et e e sntee e e s nennne s 132
13.1. International/National JOUINaIS..........coo e 132
G T e (0] [T o B =T 01 £ PP PPPPPPPRPP 133
13.2.1. Official Deliverable ............ooo e 133
13.2.2. Internal deliverable ... 133
13.3. CONTEIENCES ...ttt ettt e e e e e ettt e e e e e e smmnee e e e e e e e aennne e 134
G JR T = T To | TSP PP PPPPPR 135
14, ACKNOWIEAGMENT ....tiiiiiiiiiiiiiiiitirineses e e e e e e e e e e eaeeeaeaeeaaeteaeeeaeeeaeaetaaanaaaaaeaaaaaaaaaes 136
15, RINGIAZIAMENTI ...ttt ettt e ettt e et e et ee e et e ee e et ettt e e eeaeeeaaaaaaaaaaaaaaaaaaaens 137
Page 3

Hydrodynamic induced by an array of wave energywearrs. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Table of contents and symbols

1. NOMENCLATURE

I device lengtt

b device widtl
PTC Power Tak-Off systen
Pero produced mechanical pow
F Force acting on the mooring lir
Fi/s50 mean value of the 2% of the highest points of tned on the mooring lit
Lc length of the chain lying on the sea
n device efficienc
I/L, Ratio devic-wave lengt|
S sample frequent
t time
h water dept
WS¢ wave stat
Pw incident wave powe
WC wave gaug
Tp peak periot
Ts significant perio
S peak wave steepne
Lp peak wave leng
Hs significant waveheight (time domait
Hmo significant wave height (frequency dom:
BDM Bayesian Directional Metht
H, incident wave heig|
H+ transmitted wave heig
Hg reflected wave heig
Kt transmission coefficie
K1 transmission coefficient for the frontvice in the staggered farm lay:
Ktz transmission coefficient for the first line in thaggered farm layc
Kz transmission coefficient for the back device in stegggered farm layc
Kt transmission coefficient for the farm in the staggefarmlayour
Kg reflection coefficier
Kr1 reflection coefficient for the front device in teaggered farm layc
Kgro reflection coefficient for the back device in thaggered farm layo
Ko dissipation coefficiel
C ratio betweerH, at different scals
Cr ratio betweerH at different scale
Cr ratio betweerHg at different scale
S wave obliquit
6, incident wave direction at the W-castle
A6 change of the main incident wave direc
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2. ABSTRACT

Wave energy Converters (WECSs) can be considerednawvative solution able to contribute
to the green energy supply and —at the same tim@rotect the rear coastal area under marine
spatial planning considerations. This researciviactessentially rises due to this combined
concept.

The WEC under exam is a floating device belongmghe Wave Activated Bodies (WAB)
class. The small dimension of this device doeslinut the installation site, and since it is
floating, it will be able to adapt to climate changituations, i.e. sea level rise. The device
floating aspect also leads to avoid fixed foundatimd geotechnical aspects due to soil bottom
conditions, the arising parts are limited, thereftire environmental impact should be pretty low.
Furthermore its power take-off system has the sanneciple of operation of the Pelamis
(http://www.pelamiswave.com), which is the only WE& a commercialization phase.
Additionally the WAB devices are less investigatedexample with respect of point absorbers.
All these reasons explain the choice of the re$eancthis device.

As reported in the title, this thesis has a doublethodology. It mainly focuses on the
hydrodynamics around a WAB device considered aleidgvice or placed in a farms (e.g. a
farm line and a staggered basic module), basedawe Wwasin experiments carried out at Aalborg
University and on numerical simulations performethvthe codes MIKE 21 BW and ANSYS-
AQWA. The final aim of this work is to provide glglines relating to a wave farm installation
of these WECs mainly in terms of hydrodynamic @8enduced by them.

Experimental data were performed in 1:60 scalgtferfarm layouts and in 1:30 scale in case of
single device, and the performance of the modetsamalysed under a variety of irregular wave
attacks. A second experimental phase was necelssaayise some aspects (such as the mutual
distance between the devices, long-shore wake tefféevice motions, forces acting on the
mooring lines with different mooring pre-tensiondés and effects due to the presence of a more
realist PTO in a farm configuration) were not coetely investigated in the first physical tests.
Experimental results were also used to calibraentimerical parameters and/or to directly been
compared to numerical results, in order to extéedeixperimental database.

Currently, in the literature, most of the studiemaldwith the efficiency of single WECsSs,
however even for single WEC there is very limitedaarch dedicated to verify to which extent
the mooring layouts are affecting the hydrodynafomding on the structure, as well as the
power extraction capabilities (Vicente et. al., 200 In addition, the contribution related to
installations of wave farms is rather limited. Bvé the primary focus of this thesis is the
hydrodynamics around single or multiple devicess tiesearch also includes aspect of power
production (and Power Take-Off, PTO, optimisatianyl mooring system.
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The PTO system is a delicate feature which involwesy different kinds of expertise, e.g. the
converter itself (e.g. the turbine), the electrigaherator, the automatic and remote control, the
cabling and the energy transfer mechanism. Ofteenadptimization of the PTO has a huge
influence on power production (up to a factor 3, demonstrated by Frigaard and Lykke
Andersen (2009) for the Wave Star device.

The mooring system should be an active mooring,revhts stiffness is important for the
dynamic response (as for other WECs such as WaveBalerBob http://www.westwave.ie)
and may react to extreme conditions and/or sed tsee

Specific objectives of this research activity are:

* to fully describe the hydrodynamic field around tkevices, in terms of wave
disturbance, wave reflection and wave transmission;

» to assess the effects of different water deptinssédlliations;

» to examine the effects of wave obliquity and waleegness;

» toinvestigate the power performance and scaletsffe

* to estimate mooring effects and loads in terms iffér@nt typologies and pre-tension
levels;

» to highlight the device key parameters and provgiedelines for a wave farm
installation.

This contribution first introduces a summary of Btate of the Art related to WECs. Since
most of the studies carried out on them mainlyofwihg numerical approach, chapter 5 involves
a short summary of the different available approauotior software applied in coastal issues for
WECG:s installations. Chapter 6, instead, deals Wighfloating device under exam, and then the
thesis presents two parts dealing with the experiateand numerical activities respectively,
with the relative set-up, results and preliminaspdusions.

In particular the experimental section (chapteasd 8) includes the laboratory facilities, i.e. the
models, the mooring systems, the wave attacks (yaepresentative of the ordinary and
extreme climate of the Danish part of the North)Seal the overall measurement equipments.
Main outcomes are summarised, focusing on wavesitnassion and reflection, through the
estimation of the wave heights in time and freqyesh@mains. Changes of wave direction and
wake effects are also investigated. Power prodactsults, forces acting on mooring lines and
overall device motions are also provided.

The numerical section (chapters 9 and 10) enclibsedetails of the numerical set-up for the two
codes. Regarding MIKE 21 BW the calibration of tmemerical parameters was based on
experimental results, and mainly focused on thessgmtation of the floating bodies by means of
fixed porous layers. The most relevant resultshsas incident wave energy, wave heights in the
basin, wave reflection and transmission inducedth® devices both in the numerical and
experimental configuration, are then compared. eOtiwo farm layouts (varying the device
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alignment and reducing the gap width keeping condtee staggered layout) were investigated
with this code to find the best farm layout for stz protection and energy production.

Finally in chapter 11 the main results of the ollaetivity are summarised. Last section of the
thesis is instead dedicated to the list of pubilbcest in which the PhD student has been involved.
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3. ITALIAN ABSTRACT

I convertitori di energia da onda sono comunemeat@osciuti con il loro nome inglese
“Wave Energy ConvertérqWECs). | WECs possono essere considerati urlazieme
innovativa in grado di generare energia pulitalle, tesso tempo, di proteggere la zona costiera
retrostante in un’ottica di ottimizzazione dellamificazione dello spazio marino occupato. Tale
attivita di ricerca nasce essenzialmente da guestoetto di scopi combinati.

I WEC investigato e un dispositivo galleggiantepagienente alla classe delle zattere
articolate, conosciute com&ave Activated BodieQVAB). Le ridotte dimensioni di questo
dispositivo permettono l'installazione in molteplgiti, e poiché é galleggiante, & prevedibile che
sara facilmente in grado di adattarsi a cambiamdmtiatici, come ad esempio l'innalzamento
del livello del mare. Il fatto che il dispositiwa galleggiante evita dispendiosi studi geotecnici
legati alle condizioni meccaniche e granulometridbefondale, oltre ad evitare la realizzazione
di costose opere di fondazione fissa, inoltre letipamerse sono limitate, quindi lI'impatto
ambientale dovuto ad una installazione di tali WEIGgrebbe essere abbastanza basso. Inoltre
il suo sistema di estrazione di energia ha lo etgscipio di funzionamento del Pelamis
(http://www.pelamiswave.com) che, al momento, enita WEC ad una fase di
commercializzazione. Infine, i dispositivi di tipgia WAB sono tuttora poco studiati ad
esempio rispetto ai dispositivi definpioint absorber La scelta di effettuare un’approfondita
ricerca sul dispositivo investigato € appunto ppabnente legata a queste ragioni.

Come riportato nel titolo, questa tesi ha una deppetodologia. La tesi si concentra
principalmente sull'idrodinamica intorno a un disgvo WAB installato come singolo
dispositivo o collocato in un parco (ad esempiotatasanalizzata una linea del parco e un
modulo base a dispositivi sfalsati), sulla base edperimenti in vasca effettuati presso
I'Universita di Aalborg e simulazioni numericheegftiate con i codici MIKE 21 BW e ANSYS -
AQWA. Lo scopo finale di questo lavoro e quello fdirnire linee guida relative ad
un'installazione di un parco di questi dispositsoprattutto in termini di effetti idrodinamici
indotti dal parco stesso.

Le prove sperimentali sono state eseguite in st&@ per il parco e in scala 1:30 per |l
singolo dispositivo, e tali configurazioni sonotetaottoposte ad una ampia varieta di attacchi
ondosi irregolari. Alcuni aspetti (come la distaneciproca tra i dispositivi, effetti scia lungo
riva, movimenti del dispositivo, forze che agiscaw cavi di ancoraggio considerando anche
differenti livelli di pretensione dell’ancoraggioedfetti dovuti alla presenza di un piu realistico
sistema di estrazione di energia nei dispositispdsti in parco) non sono stati del tutto indagati
nella prima tranche sperimentale, percio é risaltadispensabile una seconda fase sperimentale.
| risultati sperimentali sono stati utilizzati amcper calibrare i parametri numerici e/o sono stati
direttamente comparati ai risultati numerici, akfidi ampliare il database sperimentale.
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Attualmente, in letteratura, la maggior parte dsgiidi sui WECs é focalizzata sull'efficienza
del singolo dispositivo, tuttavia anche per singdl&C, poche ricerche includono la verifica di
guanto la progettazione dell’ancoraggio influisaaarico idrodinamico, nonché sulle capacita
di estrazione di energia (Vicente et . al., 200@pltre, anche contributi relativi ad installazion
di WECs in parchi sono piuttosto limitati. Anche 8obiettivo primario di questa tesi e
l'idrodinamica intorno ad uno o piu dispositivi,egta ricerca comprende anche aspetti come il
sistema di estrazione di energia (e sua ottimipzre)ie I'analisi degli effetti legati al sistema di
ancoraggio scelto.

In particolare, il sistema di estrazione di energpénvolge diversi campi di competenza, a
partire dal convertitore stesso (ad esempio unbirta), al generatore elettrico, al controllo
automatico e remoto, al cablaggio e al meccanisindragferimento di energia. Spesso
I'ottimizzazione di tale sistema ha una grandeuerfza sulla produzione di energia (fino a un
fattore 3), come dimostrato da Frigaard e Lykke ésdn (2009) per il dispositiwaveStar

Il sistema di ancoraggio dovrebbe essere un sisattive, dove la rigidita del sistema e parte
integrante della dinamica del dispositivo stessom@ per altri WEC, quali ad esempio |l
Wavebob, PowerBob http://www.westwave.ie) e devsteseere carichi legati a condizioni
estreme e/o a variazioni del livello del mare.

Gli obiettivi specifici di questa attivita di ricea sono:

» descrivere completamente il campo idrodinamicorattcai dispositivi, in termini di
variazioni di superficie libera, riflessione e trassione dell'onda incidente;

» valutare gli effetti di diverse profondita di ingéaione del parco;

» esaminare gli effetti di obliquita e ripidita deltida,;

* analizzare le prestazioni del dispositivo e gledffscala;

» stimare gli effetti dovuti alla scelta della tipgla di ancoraggio e i carichi agenti su
diverse tipologie e/o sulla stessa tipologia alarardei livelli di pretensionamento dei
cavi;

» evidenziare i parametri chiave del dispositivo mii@ le linee guida per l'installazione in
parco.

Questa tesi prima introduce una sintesi dello stigidarte relativamente ai convertitori di
energia. Poiché la maggior parte degli studi didlgib in letteratura si basa su approcci
numerici, il capitolo 5 include una breve sintesila diverse teorie/software disponibili applicati
in ambito costiero per le installazioni dei WEC#&el capitolo 6, invece, viene descritto il
dispositivo galleggiante in esame, successivamdatetesi presenta due parti relative
rispettivamente alle attivita sperimentali e a tu@umeriche, includendo il relativo set-up, i
risultati e le conclusioni preliminari.

In particolare, la sezione sperimentale (capitadi § comprende la descrizione delle strutture di
laboratorio, dei modelli, dei sistemi di ancoraggdegli attacchi ondosi (prevalentemente
rappresentativi del clima ordinario ed estremoalekirte Danese del Mare del Nord) e degli
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strumenti di misura. | principali risultati son@ssunti, concentrandosi sulla trasmissione e
riflessione delle onde incidenti, attraverso lanstidelle altezze d'onda derivate sia nel dominio
del tempo che della frequenza. Anche cambiamerdirdzione di propagazione delle onde e
effetti scia sono stati indagati. Infine sonoid@mniti anche risultati di produzione di energii,
forze agenti sulle linee di ancoraggio e movimgidbali del dispositivo.

La sezione numerica (capitoli 9 e 10) comprendedscrizione del set-up creato con i due
software. Riguardo MIKE 21 BW, i parametri numersono stati calibrati sulla base dei
risultati sperimentali. Particolare importanza tats data alla rappresentazione dei corpi
galleggianti mediante strati porosi fissi. | ristli numerici piu rilevanti, come l'energia
dell'onda incidente, I'altezza d’onde nel bacireyiflessione e trasmissione d’onda indotta dai
dispositivi, sono stati poi confrontati con i réatati sperimentali. Tramite MIKE 21 BW sono
stati creati altri due layout del parco, variantdliheamento dei dispositivi e/o riducendo la
larghezza del varco tra dispositivi di una stesseal con configurazione sfalsata. Tali layout
aggiuntivi permettono di investigare quale confagione sia piu adatta al fine di combinare una
buona produzione energetica e una sufficiente piare della zona retrostante.

Infine nel capitolo 11, i principali risultati d&éfitera attivita di ricerca sono stati riassunti.
L'ultima sezione della tesi contiene la lista deflebblicazioni in cui la dottoranda € stata
coinvolta.
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4. INTRODUCTION

Coastal defence in a changing climate poses nelkengas (Nicholls and de la Vega-Leinert,
2008). In fact, at present, erosion and flood sggous threats for coastal areas and actual
defence technologies are often unsuited to copk @8t level rise and increased storminess.
Defence solutions should be climate-proof and atdame time economically feasible while
preserving the coastal ecosystem (Zanuttigh, 201Due to their adaptability to sea level
changes and to the absence of piling-up, near-dhamagng structures can be a smart defence
solution. An innovative and sustainable way to bove coastal protection and energy
production is the installation of farms of floatiMyjave Energy Converters. These solutions
could become even more economical feasible if asggd in terms of multi-purpose installation.

A Wave Energy Converter (WEC) is a device abledptare the energy within waves and
transform it into electricity.

First concepts of WECs are dated back to 1973, thihoil crisis, but nowadays they are still
at a development stadium (excepted for few thathea a prototype level) and first protocols
where device developers can refer to and follost fippeared in the early 2000.

A summary of first concepts can be found in thecpealings of the Wave Energy Conference
1978 in London and of the Conference “Power frora Bé&aves” in Edinburgh in 1979 (Count,

1980).

Since then, extensive research on wave energydusrie increasingly evident. Several books
(Brooke, 2003; Charlier & Justus, 1993; Cruz, 200R;Cormick, 2007; Ross, 1995; Shaw,

1982, etc.), conference/journal papers (Bahaj, 2@lément et al., 2002; Drew et al., 2009;
Falcéo, 2006, 2010; Heller, 2012; Nielsen et &0& etc.) and reports (Csiro, 2012; Czech &
Bauer, 2012; IEA, 2011; Nielsen, 2012; Previsiakt 2004; Vennetti, 2012, etc.) have been
published to outline the basic principles and pesgrof WECs development around the world.

As declared there is a really large number of difié WEC concepts being investigated by
companies and academic research groups arounddhe at present. Hence, there are also
several classifications of them. The principaks three, i.e. according to the device location, to
its position related with the incoming wave direatior to conversion principle.

The ‘historical’ classification (based on the devitocation) distinguishes among three
classes: shore-line, near-shore or off-shore (ggedFl). Each group has positive and negative
aspects, e.g. shore-line devices do not need stmmoging systems or long submerged electrical
cables, and they have easy installation and maint®) however, on the other hand, these
devices can exploit a milder wave climate with extfo the off-shore available wave power.

A second classification is based on the WEC abtlityintercept and attenuate waves, i.e.
WECs could be: point absorbers, attenuators anginators (see Fig. 4.2). A point absorber is a
device whose size is small compared to the wavgthenlt is able to capture energy —regardless
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the incoming wave direction— from a wave front geedhan its physical dimension. Elongated
devices are named “terminators”, if they are plagarhllel to the wave crest and normal to the
energy flux, or “attenuators”, if they are effediy placed in the same direction as the waves,
thus reducing the energy from the waves as thegltedong the device.

» @ Shore-based + @ Submerged not far from a

» (@ Near-shore bottom-
standing

» (@ Floating: near-shore or
offshore

» @ Bottom-standing or
submerged on tiot too

water surface

® Hybrid: units of types 2-5
combined with an energy
storage (such as a pressure
tank or water reservoir) and
conversion machinery on

land.

deep water.

Figure 4.1 - First classification of WECs, as shore-line, nehore or off-shore devices.

W|’aive |fn|3rrt
' |
!

|
T L | /

Point absorber

Y Wave direction

Terminator

Attenuator
Figure 4.2— Second classification of WECS, as point absatatenuators and terminators.

The last classification here presented, is the mastmon kind of classification (proposed by
Falcdo and Rodrigues, 2002) and it is based orcdhgersion principle. The three categories
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are: Oscillating Water Columns (OWCs), Overtoppoheyices (OTDs) and Wave Activated
Bodies (WABS).

OWCs are very common and studied. It usually cta%if a partially submerged structure with
a chamber below the sea water line from which way@er the structure. Waves entrance
changes the water level within the chamber andisireg and falling water level increases and
decreases the air pressure, introducing a bidimegkiair flow. By placing a turbine on top of
this chamber air will pass in and out of it witletbhanging air pressure levels. There are two
options to separate the bi-directional flow: a Welirbine (e.g. Limpet concept) or valves to
separate the flow into suction and pressure respéct(e.g. Leancon concept, Kofoed and
Frigaard, 2008). OWC devices can be placed onstizreline, where the waves break, or
offshore, where the devices are moored to the obettom.

In an OTD, waves run-up along a ramp, overtopstoaage reservoir above the sea level and the
power is then obtained by exploiting the differenéevater level between the reservoir and the
sea. The overtopping WEC can be placed on theekher(first prototype based on this
technology was the Tapchan concept http://tapesedetiwaveenergy.weebly.com/, and then
SSG concept, http://www.waveenergy.no/) or  off-ghor (WaveDragon concept,
http://www.wavedragon.net/).

WABSs are usually composed by several parts, wmtdract due to the progressive wave action
along the device. In fact waves activate the tzoily relative motions of parts of the device or
of one part with respect to a fixed reference.oider to exploit maximum energy, the moving
elements need to be smaller than a wave lengtle nfdin disadvantage of these devices is the
high cost of the power generator that needs to @drslow motion (at velocities of the order of
wave celerity). The main advantage is that thactdre is usually very compact and light.
Indeed the first commercial WEC is of this type @wyvelamiswave.com). WABs can be further
divided into sub-categories, based on the maircigedi relative motion (heave, pitch and roll),
for example: heaving buoys, pitch/surge devicesgedheave/pitch devices and yaw/heave
devices.

M:s COMPRESSED
y INSIDE CHAMBER

Figure 4.3— Third classification of WECs based on the cosieer principle, i.e. from the left
to the right: Limpet (fixed OWC, http://www.wavegenuk/what we_offer_limpet.htm),
WaveDragon (floating OTD, http://www.wavedragon)raetd Pelamis (near-shore WAB,
http://www.pelamiswave.com)
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Sometimes it is usual to describe a same WEC usorg than one kind of classification (see
Fig.s 4.4 and 4.5). The categories described albaede most —but not all- of the technologies
being developed today. A more detailed collectidrthe WEC concepts is summarized in
Clément et al. (2002) as well as in Ingram et(2011).

Principal Location
Shoreline Nearshore Offshore
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‘ “ 3
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Figure 4.4— Schematic representation of the WECSs takingantmunt the shoreline distance
and their functional principle.
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Directional Characteristic

Point Absorber Terminator Attenuator
Shoreline OWC, OTD
38
g § Nearshore WAB OWC, OTD, WAB WAB
T 0
ad
Offshore WAB OWC, OTD, WAB WAB
Figure 4.5— Combination of three WECs classifications prgubabove, i.e. considering the

distance from the shore-line, the direction witBpect to the main incoming wave angle and the

principle of working.

Furthermore there are also several ways to categohie development stages of emerging
technologies. Since the early 2000s, many reseaops (see Fig. 4.6) have shown significant
progress in developing a series of standard, dgaitapproaches for both the development
schedule and the test programmes of WECs from pome@&emonstration. Nowadays, the main
one is structured as a five-staged programme amd thwough the European FP7 EquiMar
project (2010, http://www.equimar.org). Each stagey include several “Technology Readiness

Levels” (TRLs),

see Fig. 4.7. Conventional TRL&sist of nine development levels that enable

the assessment of the technology maturity throtsggadvancement.

JEA | ®ES

Annex II: Development of Recommended Practices for
S Testing & Evaluating Ocean Energy Devices

Technical Committee 114: Marine Energy —
Wave &Tidal Energy Converters

[;{WVWW@ gﬁ:‘:l;:n;::‘;‘&Df“;iu\‘m(m Frotocol for _— l\jl:lrim- El.lt‘r;:_\ — Wave, Tidal and (ithcr Water
! . } Iso Current Converters — Part 1: Terminology
Standards for the Marine Renewable
EMEC Encr"\ :v:d:\tn‘(lz "uiL;cli;c:) ¢ N Marine Energy — Wave, Tidal and other Water
’ B o = ' [Re—p— Current Converters — Part 100: Electricity
—_— ci /ave Energy Converters — o
‘i’& Guidelines on the Design & Operation [ ™~ | | Producing W we Energy Converters — Power
c TARRUBSOI N of Wave Energy Converters . Performance Assessment
UNIVERSITY OF <dal C " ’ EPA:
Tidal Current Energy Device \ % . . .
BERR SOLl[hamp[OH Development & Evaluation Protocol DWA < Current and tidal turbines (in progress)

Guideline for the Certification of the Ocean
Energy Converters — Part 1: Ocean Current
Turbines

Figure 4.6— Principal corporations engaged in drafting stands and protocols
(after WavePlam Project, 2009).

Figure 4.7 shows the five-staged approach prodress small scale model tests to intermediate
tests and finally full scale sea demonstrationWEC must fulfil clear stage gate criteria at the
end of each stage before passing the latter sthgigeodevelopment programme in order to
mitigate technical and financial risk. Many fa#sroccurred as the device developers have

jumped directly to full scale after the initial estigations

at small scales, e.g. Weber (2011,

2012) underlined the importance of improving parfance and optimizing solutions by

investing more at earlier stages.
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agreement with the standard design procedure edtatll for the Danish conditions (Frigaard
and Nielsen, 2008).

Stage TRL State of the development Stage Gates

o : o Sonfir: =
b Stage 1: 1 Confirmation of operation Perfo -
g Proof of concept 2 Performance /Rle po— “nvxa!lew Exit
= . 198 :
3 LRI =) 3 Device Optimization analysis |
= (Small) =
5 Stage 2: ‘
< Validation and design model Sub-system assessment (Retwn} . - Performance
= 4 esign view
= Scale guide: 1:10 - 25 analysis
5(, (Medium) ol
] Stage 3: < Sub-assembly bench tests
] s Performance
- Process model <{}uun omponents caw | Exit
= Scale guide: 1:2 — 5 ) h S —
§ (Large) 6 Full-scale prototype in sea anal _ |
2 Stage 4: - Solo, sheltered, grid : &
o Prototype model emulator /}h == > Performa:_lce
Z Scale guide: 1:1 -2 8 Solo, exposed grid \{ opema:alyis =
3 (Prototype) - {Col
E -
z Stage 5: Ec Performance
3 Demonstration . Multi-device array ~ { Retwrn °n°m’l h view
5 Scale guide: 1:1 ATA1ySIS
= Sl o] .
— (Full)

VY [Commerclal Readiness ]

Figure 4.7 - Structure of the five-stage development prograr(after EquiMar, 2011).

A lack of the internationally recognized standatdads to a negative influence on the
credibility of the technology; on the whole, intational guidelines not only offer greater
technology mobility but also increase the potentiithe device to benefit from the funding
schemes.

Figure 4.8 shows the current development statu¢/BCs based on five-staged approach.
Although many working designs have been developetirmimerical and laboratory tests have
been performed on some concepts, only few haveasgrogressed to sea testing (more
information are available leaf through WAVEPLAM peot, 2009). Furthermore, from the
figure it is possible to note that there are atmsdy high number of WEC technologies
emerging (i.e. at early stages), and also the tagahber of WECs are still growing, which
indicates that the Research is still looking fooatimum design.
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Figure 4.8— Current R&D on WECs based on five-staged apgrdas of 03.02.2013).

In addition to technical and financial issue, WE@pldyments should also deal with
environmental aspects —well known from other amdasarine technologies— such as corrosion,
fatigue, stray current corrosion, marine growthpawt loading, etc. (Hudson et al, 1980).

To improve their installation it is necessary atier research, carried out under physical and
numerical point of view, in order to better invgstie wave farm aspects. In fact, so far in the
literature there are several contributions relatesingle WECSs, usually tested in a wave tank to
jointly assess the power production and optimigedidsign, while investigation of WECs placed
in farms —and on hydrodynamic induced by them othenconsequences for coastal defence— is
rather limited. For this reason, the next chafieus more in details on the WEC state of the art
with particular interest on wave farm hypothesis.
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5. LITERATURE REVIEW

As stated above, to facilitate the WECs commemaéibn a wave farm installation is required.
However a wave farm installation leads to sevenallenges, such as the design and modelling
of its layout, the occupied marine space and &sovierall power production.

The area behind WECSs is subject to lower wave sitgnsince the WECs will partly reflect,
partly absorb and partly dissipate the incidentrgyme When a single WEC is considered, at
some distance behind it, wave energy is completdtored to its original levels by diffraction
effects. However, this could be not the case foamay of devices. This aspect is linked with
the “park effect”, i.e. the interference on the WRE&rformance induced by the other WECsSs,
concept known from the early ‘80s (Budal, 1977; 54al979; Falnes, 1980), although there are
not many indications about optimal layout and/¢elifdistances among WECSs.

Since wave-tank laboratories are few, expensive @teh smaller to investigate wave farm
effects, contributions on the WEC farm installatiame essentially based on numerical
simulations, and also mainly related to point abss (Evans, 1979; Ricci et. al., 2007; Millar
et. al., 2006; Venugopal and Smith, 2007; Cruzakt.2009; Babarit, 2010; Borgarino et. al.,
2011). In fact numerical models allow to tests enconfigurations at lower cost than physical
models. Recently there were some exceptions, artieerg the experimental activities carried
out in the Shallow Water Wave Basin of DHI (DK), targe arrays of up to 25 heaving point
absorbers for a range of layout configurationsaade conditions (Troch et. al., 2013).

There are several numerical methods adopted sto farodel the wave field around WECs
based on different approaches, the common arelifedgnodelling used for vessels, impact of
wave farm as for the wind farm, 3D RANS-VOF Methaasl 2DH models in shallow water.

A first approach is the traditional simplified mdidey adopted for vessels and floating
breakwaters, which is relative to the 2D case amskd on the hypothesis of irrotational flow.
Available commercial codes as WAMIT, AQWA, COMSOgtc. are based on the Boundary
Element Method. These models are typically implet®ee for uniform bottom, linear waves and
do not account for viscous dissipation, hypothesbkh become less accurate if referred to
shallow water conditions (Cruz et. al., 2009). tRarmore these software analyse only the own
motion of the bodies and not structure-waves igteyas, and since they are usually apply in
deep water, they almost neglect bottom effects. séweral contributions (among them
Kountandos, 2005) it is demonstrated that radiagibects from floating WECs on neighbouring
devices are important, even if they are often retgtkin most existing studies. Kountandos
(2005) e.g. demonstrated that for an oscillating #pating breakwater the body-length to
wavelength ratio has a strong effect on the respfmosn a floating obstacle, and that reflection
and transmission properties of floating obstactesvary dependent on the wave length.

A second approach consists of 2D or 3D models &ffyicleveloped to assess the impact on
the littoral of wind farms and then applied alsowave farms where the piles or devices are
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represented through an equivalent bottom frictionpercentage of wave energy absorption
respectively (Palha et. al., 2010). These simutatiare usually done for environmental impact
assessment purposes and do not consider modettialib

A third approach uses 2DV and 3D RANS-VOF modelsefmresent velocities and pressure
around floating bodies. Simulations are usuallyagis calibrated against experimental data in
wave flume or tank. The first applications werefpened on single and multiple floating
breakwaters but fixed (Koftis and Prinos, 2005);renadvanced research proposed 3D models
combined with the external solution of the motiguation and iteratively solved. In this way it
is possible to reproduce the presence of PTO orimgoby means of the external forces applied
to the WEC (Agamloh et. al., 2008). Furthermoresthkinds of software are applied also to
shallow water situation, but they usually need huygecessing time especially for 3D
application.

A last approach uses 2DH models in order to regredhe WEC wave transmission also
suitable for shallow waters. This typology maylinie:

- 2DH mild slope models. Example of this approackhis study of Mendes et. al. (2008),
where the depth integrated mild-slope REFDIF madeiby and Dalrymple, 1994) is
adopted to simulate the energy extraction from W&@is off-shore the Portugal coast.
Another example is related to the study performgdBeels et. al. (2010) used the
MildWAVE model to reproduce the wave field aroundeoor more Wave Dragons; the
WECs are represented by a sponge layer with vargoeificients based on experimental
data (Ngrgaard and Poulsen, 2010). This studyabels that wake effect of the device is
decreasing with increasing wave directional spregdi

- 2DH Boussinesq models. A first example of this apph can be found in Smith and
Venugopal (2007). The authors examine the chamgeve climate induced by an array of
hypothetical WECs off the Orkney Islands. The gtués carried out by using the MIKE
21 Boussinesg-model where the WECs were considarelde porous structures, with
changing transmission/reflection-properties depsgdon wave conditions and porosity
levels. The coefficient needs to be calibratedxgeamental observations. The code MIKE
21 BW is able to represent reflection and diffractat a reasonable computational time.

So far there is not a unique model able to preitietcomplete behaviour (hydrodynamic and
dynamics) of a floating WEC with a realistic moayiand PTO, placed in a farm in shallow
water.

The Boussinesq theory has been considered as amabgiompromise in order to obtain a
preliminary attempt of the representation of tleafing structure under exam tested in shallow
water. Since with this code it is possible to ogjuce only fixed bodies, a second numerical
model was than performed to reproduce dynamic e&t{device motions and mooring) with
ANSYS-AQWA.
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With MIKE 21 BW, the wave reflection and transméssifrom the WEC were modelled by
using porous layers with calibrated coefficientsusid the device. The calibration was done
considering the experimental results previoushawmbtluring the first investigation phase.
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6. THEDEVICE

The device under exam is a floating Wave Energyvédar (WEC) belonging to the Wave
Activated Bodies (WAB) type. It consisted of twigid pontoons with a hinge in between,
which allowed each pontoon to pivot in relationthe other (see Fig. 6.1). The draft was such
that at rest the free water surface passes inggonelence of the axis of the buoyant cylinders of
the pontoons. This device is based on the DEXAeph(www.dexawave.com) which is in turn
inspired to the Cockerell concept, optimizing itaigh a redistribution of buoyancy and force at
the extremity of the pontoon (Wheeler, 2001).

Since it is floating, the arising parts and theefixfoundation are limited, therefore the
environmental impact should be pretty low, furtherenits power take-off system has the same
principle of operation of the Pelamis (http://wwelgmiswave.com), which is the only WEC at
a commercialization phase. Additionally the WABvides are less investigated for example
with respect of point absorbers. All these reagxmain the choice on the study of this device.

Figure 6.1— On the left, the DEXA concept. On the righteadering of a wave energy farm.

As reported in the title the device was investigatader experimental and numerical point of
view.

The experimental activities were performed in twasibs of the Hydraulics and Coastal
Engineering Laboratory at Aalborg University (DK)'he models were reproduced in Froude
similitude in scale 1:60 and 1:30, in order to es@nt near-shore conditions (water depths in the
range 18-27m).

The numerical activities were carried out using temmmercial codes: MIKE 21 BW,
developed by DHI and ANSYS-AQWA, developed by ANSYSnce the numerical parameters
have been calibrated (based on the physical r¢stiiesnumerical activities allow to confirm the
laboratory results and at the same time to exteaddsult database.
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PARTA - EXPERIMENTAL MODELLING

The experimental modelling was performed in twogaisa both at the Hydraulics Laboratory
of Aalborg University (DK) in two different wave bims. Both the tanks have a constant depth
and a bottom made in concrete. Furthermore, ih ti¢ basins, the wave generator is a paddle
system controlled by the software AwaSys developbg the same laboratory
(http://www.civil.aau.dk, Aalborg University, 2007gnd it is able to generate regular and
irregular long and short crest waves in the typraalge: 0.03-0.20m as wave height, 0.8-2.0s as
wave period in the deep basin and analogously €00150m as wave height, 0.8-1.7s as wave
period in the directional basin.

Another software —again developed by the same &t~ named Wavelab, allow to
simultaneously acquiring all the data at a chosenpte frequency (which was 20Hz for the first
phase and 100 Hz for the second). This softwapp@tis also the Wave Gauges automatic
calibration procedure, which was obtained by mowhem up and down of 0.10 m with respect
to the mean water level and saving the correspgnebitage values.

The main targets of the first phase were the aigabfsthe water depths, the wave obliquity,
the device interactions, the scale effects anarbering typology.

Whereas the second phase focused more on theseffetiie wake extension, of a realistic
power take-off (PTO) system on the devices of aev@rm module and of different mooring
pre-tension levels.

The device was tested under regular and irregudaes; in the typical wave climate of future
site installations, i.e. wave height, wave periadthe range 2-5m, 5.6-11s respectively, and
water depths 18-27m.

This chapter reports the main results for the wlealgerimental activities.
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7. FIRSTINVESTIGATION

7.1. LABORATORY SET-UP

The basin is 15.70 m long (in waves direction),081 wide and locally 1.50 m deep. The
wave generator is a snake-front piston type congpo$d0 actuators with stroke length of 0.50
m, enabling generation of short-crested waves. Whage absorption is assured by a 1:4
dissipative beach made of concrete and gravel W5 cm placed opposite to the wave-
maker.

During the first investigation the device was refuced in two Froude scale: 1:60 and 1:30.
Three models in 1:60 scale were available, and eamitel was 0.95 m long and 0.38 m wide
(perpendicularly to wave propagation), and eachtquom consisted of two cylindrical floaters
(see Fig. 7.1). An elastic resistant strip is pthn between the pontoons in order to connect
them. The total weight of each model is 3.30 Kdnese models did not carry PTO systems or
measurement instrumentations on board. The modkis moored with four steel chains (0.25
kg/m), 1.5m long, with a “spread” system (Harrisaket 2004). Each chain is fixed to the bottom
with heavy anchors (3.00 kg) and is linked to tbeice at the fairlead point in the middle of the
legs by means of a resistant plastic strip. ThEhanpositions were determined in order to have
the projection of the chain on the floor equal £8 df the total chain length.

The three models were deployed in the basin inrdadeepresent a module of a staggered wave
farm. In particular the module was composed biysa line (towards the wave-maker) with two
models (device nr. 1 and 2 in Fig. 7.2, with a 3ri@ide central gap in between) and a second
farm line with the third model (device nr.3) plagedt behind the gap. Two water depths were
used, h;=0.30 m, h,=0.35 m and only few test were performed witf=0.40 m (further
information available in the Internal Deliverabl2 2.5 of the Theseus Project.

Figure 7.1— 1:60 scale models placed in the staggered cordigon with spread moorings.

Page 23

Hydrodynamic induced by an array of wave energyeders. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Experimental Modelling
First investigation

H 5
T 95 | 96 | 100 , 105 T 9% , 100 %
— BN . %%
\ /m - %
. PR— @
= (] 8 gﬁ
N\ 5
— T SN —t %
5=
o} ——r?’z\ 6 m\“\ //m ig%
S of . 0 H 0 s NG wasaEa X3y
_£ X ® |34 8 18 192021 o 2223245
sl +° H 8 + HHEES
g < 2 1 }7 17 Array nr. 4 ts| Array nr. 5§ g;q
Vi :'_ l 8 _+ . +“" |Device nr. 3 @25{;‘
— & 16 % 114 1516 s
TR AT T & =g
- Array nr. 3 8 %
— © 89 10 ‘27
- ittt e
| Array nr. 1 %
— d h %
———————— T e
bdss| 71 [pol] 73 |38[] 293 |29)7 ﬁ%
0 50 00 150 200 250 300
= o e i

Figure 7.2— Scheme of the wave farm module with its measuntsm Distances are in cm.

The model in 1:30 scale, instead, was 2.10 m lortgGa81 m wide (perpendicularly to wave
propagation, see Fig. 7.3), and totally weighs @3@ including the PTO (i.e. the device
singularly weighs 23 kg, whereas the PTO systenghligel0 kg). The PTO system consists of a
metal bar with an elongate-shaped hole, a wire ecelat the two ends of the hole and a small
electric engine with a wheel. The bar is connetteahe half of the device and the wheel to the
other, via a load cell (strain gauge equipped “Bpn&he wire is rolled up around the wheel that
is forced to rotate while translating along the bale. The rigidity of the PTO is modified by
varying the resistance of the wheel to rotation #nedefore the current in the engine, so that the
body rigidity is changed (totally it is possibledet up 17 rigidities). Two mooring system were
investigated with this model. The first mooringsgm was analogous to the one used in 1:60
scale, i.e. a “spread” system with four steel chagach 3.00m long and fixed to the bottom with
heavy anchors (30 kg) and is linked to the devidbeafairlead point in the middle of the legs by
means of a resistant plastic strip (see Fig. 713)e second type of mooring system used is so-
called “catenary anchor leg mooring” (CALM) systéhharris et al., 2004). In this case, the
device is linked to a catenary moored buoy and @ble to rotate around it according to the
prevailing wave direction (see Fig. 7.4). In thédratory, the CALM system was reproduced
through four 3.00 m long chains (1.00 kg/m), fixedthe bottom with heavy anchors (30 kg).
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Their fairleads were together connected to a cyiwadl polystyrene buoy, whose diameter was
0.28 m. The buoy was linked to the device through.20 m long elastic cable. Both the
mooring systems were tested at a water detuals 0.60 m.
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Figure 7.3— 1:30 model with the “spread” mooring system. {a top: picture of the
laboratory configuration; on the bottom: schemehatie model and its measurements.
Distances are in cm.
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Figure 7.4— 1:30 model with the CALM mooring system. Ortalpe picture of the
laboratory configuration; on the bottom: schemehatie model and its measurements.
Distances are in cm.

Both the configuration were subject to several wstates (WSs), reported in tables 7.1 and
7.2 (for 1:60 and 1:30 scale tests respectivahgjuiding also different wave obliquities=0-15-
30°). The WSs represents a wave climate similath®® North Sea conditions and were
reproduced as irregular 3D short-crested waves wottswap spectrum (directional spreading
factor of 10).

WSs in table 7.1 are perfectly in scale with thesgiven in table 7.2, with the exception of
WSs nr. 1 and 2 in the table 7.2 that were notiezhrout in 1:60 scale due to wave-maker
limitations in reproducing small waves. Three ewte WSs, corresponding to 10, 50 and 100
years return periods, were tested in 1:60 scalbédtnh; andh, (see Tab. 7.1). Such WSs were
not performed in 1:30 scale due to limited deptthefwave basin.
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h;=0.30 m | h=0.35 m | h:=0.40 m
Ordinary waves

WS | Hg[m] | Tpls] | Lp[m] | WS | Hg[m] | T,l[s] Lp[m] WS | Hg[m] | Ly[m] To[s]

1 0.050 0.74 0.80] 1 0.050 0.73 0.80 1 0.033 0.85 0.74
2 0.050 0.84 1.04| 2 0.050 0.83 1.04 2 0.033 1.05 0.83
3 0.050 1.01 1.42| 3 0.050 1.00 1.42 3 0.050 1.39 0.97
4 0.050 1.37 212| 4 0.050 1.31 2.12 4 0.050 2.09 1.27
5 0.067 1.01 1.38| 5 0.067 1.00 1.38 5 0.067 1.39 0.97
6 0.067 1.37 205]| 6 0.067 1.31 2.05 6 0.067 2.00 1.23
7 0.083 1.01 1.38| 7 0.083 1.00 1.38 7 0.083 1.39 0.97
8 0.083 1.37 212]| 8 0.083 1.31 2.12 8 0.083 2.09 1.27

Extreme waves

9 0.130 1.67 2,66 9 0.130 1.67 2,84 9 0.130 1.67 2,99
10 | 0.147 1.77 2,841 10 | 0.147 1.77 3,041 10 0.147 1.77 3,21
11 | 0.164 1.86 3,01] 11 | 0.164 1.86 3,211 11 0.164 1.86 3,40

Table 7.1- Irregular tested WSs in 1:60 scale.

Irregular WSs Regular WSs

WS | Hs[m] Tols] | Le[m] | Pu[W] | WS H [m] Tols] | Lplm] | Pw[W]

1 0.067 1.05 1.67 135 1 0.047 1.05 1.67 2.86
2 0.067 1.19 2.02 1.88] 2 0.047 1.19 2.02 3.64
3 0.100 1.05 1.73 3.34] 3 0.070 1.05 1.73 6.45
4 0.100 1.19 2.10 450] 4 0.070 1.19 2.10 8.97
5 0.100 1.43 2.66 6.06] 5 0.070 1.43 2.66 5.22
6 0.100 1.94 4.28 10.33 6 0.070 1.94 4.28 18.33
7 0.133 1.43 2.88 11.14 7 0.093 1.43 2.88 9.83
8 0.133 1.94 4.28 18.44 8 0.093 1.94 4.28 26.94
9 0.167 1.43 2.88 16.49 9 0.117 1.43 2.88 16.7¢
10 0.167 1.94 4.28 2759 10 0.117 1.94 4.28 37.84

Table 7.2— Irregular and regular tested WSs in 1:30 scale.

All these tests were performed under 0°, 15° arfdvafve obliquities with exception of WSs
nr. 1, 4 and 7 in table 7.1 and nr. 3, 6, 9 ingabl2, which were performed only under 0°.
Oblique waves were obtained by rotating all theickssand measurement equipment around a
fixed reference point in the basin (correspondmthe wave gauge nr.4 for the 1:60 scale, and to
the wave gauge nr.3 for the 1:30 scale).

The main measurements were hydrodynamic measurementurthermore in the
configuration 1:30, a force transducer (equippedeand an ultrasonic displacement sensor
were used on board of the model (to evaluate wgep@erformance), these measurements were
opportunely calibrated.
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The hydrodynamic measurements were performed mgusi the basin a number of resistive
Wave Gauges (WGs), which give the instantaneousuevabf the surface elevation.
In total, 27 WGs were deployed in the basin in 1s6@le (see Fig. 7.2) and 16 WGs in 1:30
scale (see Fig.s 7.3 and 7.4).
In particular, in scale 1:60, the first seven W@sIn7 were deployed into a front WGs array,
whereas the other WGs were mainly placed in grofipisree WGs, i.e.:
* WGs nr 8-10 were placed in front of one of the desialong the first line of the wave
farm; these WGs composed Array nr. 1;
* WGs nr 11-13 were placed behind one of the deat&sg the first line of the wave farm
and composed Array nr. 2;
* WGs nr. 14-16 were placed on the side of one ofddnces along the first line of the
wave farm; these WGs composed Array nr. 3;
« WGs 19-21, just in front of the third device (i#e second line of the wave farm)
composed to Array nr. 4;
« WGs 22-24 were placed in front of the beach andnioetihe second line of the wave farm;
these WGs composed Array nr. 5.

In scale 1:30, two arrays of five WGs were placedront of and behind the device and the
remaining 6 WGs were placed on the left side ofdéece, in case of spread mooring. In case
of CALM mooring system, the WGs were placed in angy of five WGs in front of and one
array of three WGs behind the device and the ran@i® WGs were placed on the left side of
the device.

To separate the incident from the reflected wavkess possible to use the Bayesian
Directional Method (BDM) (Hashimoto and Kobune, 8980 data of array of 5 or 7 WGs,
whereas data from array of 3 WGs can be deriveougir the Mansard and Funke’s method
(Mansard and Funke, 1980).
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7.2. RESULTS IN SCALEL:60
The hydrodynamic data were elaborated in the tintefeequency domains.

In the frequency domain, at each group of three WGs incident wave field has been
divided from the reflected one. The loose of wawergy due to the device presence can be
guantified using the transmissitty and reflectionKg coefficients. Ky is defined as the ratio
between the incident and the transmitted wave heighereasKg is the ratio between the
reflected and incident wave height. Their defomtis recalled for convenience below:

Kr =F ()
K =51 @

Based on equation (1), four valueafare used in the following:

* K is calculated between Array nr. 1 and Array nr. B.represents the transmission
coefficient of the device placed in the first faline.

* Kr, represents the overall transmission of the fiasinfline. H, is theHq derived from
Array nr. 1, whereaslt is Hyo calculated through a weighted average based owvalles
derived from Array nr. 1 and Array nr 2. By assogithe axial symmetry of the
hydrodynamics, the weights assigned to Arrays rand nr. 2 are respectively two times
the width between the front device anchors (1.68ach) and the width of the central gap
plus two times the distance between the devicdlabasin wall (1.90 m + 3.01 m).

» Krz represents the transmission coefficient inducedhlydevice placed along the second
farm line. H, andH+ are derived respectively from the Arrays nr. 4 andb.

* Krys is the transmission coefficient behind the secfarch line. H, is derived from the
Array nr. 1 whereasly is calculated through a weighted average amongyArnr. 1, nr. 2
and nr. 5. The weights are respectively: for Amay2, two times the width between the
front device anchors (1.60 m each); for Array nrthe width of the central gap; for Array
nr. 1, two times the distance between the devidelasm basin wall (3.40 m).

An attempt of evaluation oK, and Ky4 has been proposed in order to provide a better
description of the wave transmission, belig andKr; related to the single device, therefore not
particularly representative of the amount of theuleéng incident wave energy on the coast.

As regards the wave reflection, based on equafiptw( values oKg can be definedr; and
Kr3 Whose values are respectively evaluated at theyAmr. 1 and nr. 4.

Results ofKt andKGg, related to perpendicular shot-crested WSs, grerted in tables 7.3 and
7.4, further data are available in the Internal\@ehble ID 2.5 of the Theseus Project.
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WS 1 2 3 4 5 6 7 8 9 10 11
K1 0.88| 0.96 0.99 0.97 0.97 0.97 0.p9 0.p6 05 0]93.91 (
3D Ktz 0.95| 098] 0.99 099 099 0.99 0.p9 0.985 098  0197.96 (
/3?](1:)0 Krs 0941 097 0.9 09% 09 091 0.p2 0.39% 088  0190.88 (
Kra 0.94| 0.98 0.98 0.913 0.97 0.97 0.p8 0.96§ 05 0]95.93 (
Kr1 0.32| 0.28 0.23 0.15{3 0.28 0.18 0.p5 0.198 017 0{18.18 (
Kr2 0.34| 0.28] 0.23 0.17Y 0.20 0.16 0.p2 O.7 0.7 0{19.21 ¢

Table 7.3- Values of Kand Kz under 3D perpendicular WSs with the water depth h

WS 1 2 3 4 5 6 7 8 9 10 11

K1 0.84 1092|096 095|094 |097|096| 095 0.93 0.93 0.93

3D Kz 094 1097 1098 098|098 |0.99 098 | 0.98 % 0.97 0.97 0.97
BT](Z)O Kz 0921101100 ]0.95|096|095]|094]| 092 % 0.89 0.89 0.89
Krs 0.92 | 0.97 | 0.98 | 0.97 | 0.97 | 0.98 | 0.97 | 0.96 QfJ 0.95 0.95 0.95

Kr1 0.3310.30]0.25]0.22 | 0.25 | 0.20 | 0.24 | 0.20 6 0.18 0.19 0.19

Kr2 0.3410.29]0.2410.21 | 0.22 | 0.18 | 0.22 | 0.19 0.18 0.18 0.19

Table 7.4- Values of Kand Kz under 3D perpendicular WSs with the water depth h

A great amount of wave motion is transmitted behandingle device and behind the farm
since values oKy are always greater than 0.75, the higher valuesegond to the more
energetic WSs. The trend Iéf for the same wave obliquity by changing the wadtsths, or for
the same water depth by changing the wave obligsitgported in figures 7.5-7.6 as function of
I/Lp, wherel is the device length arlg is the incoming peak wave length. Preliminaryses
the model in 1:30 scale showed th&t and efficiencys tend to decrease and increase
respectively with increasing the dimensionless tlet » (Zanuttigh et al., 2010). These new
tests confirmed this dependencegfon|/Lp.

Figure 7.5 reports the trend §f; andKy3z against/Lp under perpendicular WSs foy andh,. It

is possible to note that the valueskaf are higher than the valueskfs, and the reason is due

to the higher sheltered area of the device of dwersd line with respect to the device of the first
line. Furthermore the figure shows the water degiflects, there are slightly differences,

however the higher the water depth the lowerkthe
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For both the water depthi€;; shows lower values with increasing wave obliqaitygl an almost
linear decrease withiLp, especially foih, (see Fig. 7.6). Unlik&r;, Krz instead, increases with
increasing the wave obliquity, i.e. when the dewvierds to re-orient itself according to the
incident wave direction. This phenomenon is algoficmed by the fact tha{rs is greater for
B3 rather than fof..

The wave transmission induced by the first line #mel whole farm K1, and Kr4) seems to
weakly depend on thilLp and on the wave obliquity, mainly due to the opjgosends ofKry
and Kys. Furthermore it appears not particularly sensitte changes in water depths and
therefore to climate change, especially under okeligyaves.

In addition, theK derived for the single device and for the lind/the farm do not significantly
depend on the wave steepness.

1.00 OKt1 h30cm lab
O
B O AKt3 h30cm lab
0.95 o
: @ OKt1 h35cm lab
0 AKt3 h35c¢m lab
0.90
B A
O
0.85 A 2~ -
A
A A
0.80 E
e
1 A A
0.75 g
A VL,
0.70
0.40 0.60 0.80 1.00 1.20

Figure 7.5— Kr1 and K3 against I/l under perpendicular WSs fof And b
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Figure 7.6— Kr1 against |/l for hp and for different obliquities.

The trend ofKg, instead, seems the opposite with resped{{oin fact it tends to almost
linearly increase with increasiifp. A modest fraction of the incident wave heightafiected
by the device, beinglr often lower than 0.50, and the high€g values are reached under
obligue WSs with=15° (see Fig. 7.7).
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Figure 7.7 - Kgry against I/lp for hy and for different obliquities.
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In the time domain, the values of the significastver heightHs, has been derived through the

zero-down-crossing procedure for every WG. Exasipfethe results of this elaboration, for the

perpendicular short-crested WSs, are reportedhiesar’.5 and 7.6, further results are available
in the Internal Deliverable ID 2.5 of the Theseusjétt.

WSs
WG 1 2 3 4 5 6 7 8 9 10 11
1 |1.08| 1.22| 162 213 255 293 3.10 3B2 666 7.5465 §
2 | 113 | 1.29| 156 2.17 238 292 296 3J2 6/37 1.1637 §
3 |1.02| 1.20| 155 2.2 251 3.04 3.05 3pP2 6|61 71.5473¢
4 | 1.09| 1.27| 1.65 236 262 3.7 319 4p9 6|89 7.699 §
5 |1.08| 1.27| 1.64/ 2.28 258 3.08 3.14 4p0 6|69 7.6174 §
6 |1.14| 1.32| 1.65 228 254 3.06 3.08 3pP3 6/68 7.5465 §
7 |21.10| 1.29| 1.63 2.18 258 3.03 3.14 3Pl 6{45 7.354 ¢
g [1.90| 1.82| 1.90| 2.19 262 272 3.20 36 6|58 7.0%3 &
9 |192] 1.86| 1.99 226 272 281 334 3[8 675 71.3%2 ¢
10 | 1.90 | 1.92| 1.97| 2.27 269 288 3.37 3|15 6|63 6.928 §
11 | 1.67 | 1.91| 2.03| 226 275 285 3.46 3[f3 6|27 6.4139 ]
12 | 1.65| 1.80| 1.90| 2.14 268 272 3.26 3p2 5|82 6.1308 ¢
13 | 1.65| 1.80| 1.88/ 2.11 25¢ 2.68 3.23 346 5|87 4.1605 ¢
14 | 1.56 | 1.75| 1.87| 2.20 244 2.67 3.15 3p8 6|28 6.9185 ]
15 | 1.55 | 1.74| 1.80] 2.11 236 259 3.04 3p5 6|13 4.6%1 ]
16 | 1.55| 1.67| 1.76| 2.06 230 255 2.99 344 5|81 4.284]
17 | 1.41| 1.66| 1.91] 2.16 238 278 3.24 3J/2 6|30 6.856 ]
18 | 1.43 | 1.77| 1.97| 2.33 254 298 341 3B7 6|69 7.3903 §
19 | 1.40 | 1.55| 1.84] 2.23 280 3.05 3.31 3pP1 6|13 7.0066 ]
20 | 1.37 | 1.49| 1700 2.10 261 282 3.10 3p5 569 439011
21 | 137 | 151| 1700 2.07 256 282 3.09 3p3 566 {314
22 |1.30| 1.46| 169 213 243 280 290 3p48 525 H.9510 ¢
23 | 1.25| 1.41| 167 2.04 243 267 287 3B5 5/19 5H.8003 ¢
24 | 126 | 1.40| 1.61 195 233 257 279 3p2 505 §.5604
25 | 1.34| 152| 169 196 243 263 290 3p2 524 {7510 ¢
26 | 1.43 | 1.62| 1721 197 250 263 3.02 3p8 5{42 H§H.9235 ¢
27 1147 | 164| 174 192 256 257 3.08 3p4 5/41 59241 ¢

Table 7.5- Hs values in full scale for the small models under@dpendicular WSs with h
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WSs

WG 1 2 3 4 5 6 7 8 9 10 11

1 |119| 1.26| 157, 199 238 276 342 3B8 59 693871

2 |1.13] 1.2 | 144/ 183 211 259 335 3p1 58 684 47
3 |103| 111 1.48 193 21y 277 3.39 3B9 6|17 7.2318§

4 |11 1.19| 159 2.03 228 29 337 3B5 638 735792
5 [1.08| 1.17| 1.56| 1.96 228 281 3.35 3B5 6|41 1.3 &

6 |1.18| 1.27| 159 197 23] 285 348 3B6 5/94 6.845517.

7 |1.13| 1.21| 157 196 228 277 3.4 3Bl 5/96 6846 1.

g |1.86| 1.94| 2 213 264 295 335 31 555 6/15 €78
o |188]| 193] 2.07] 2.18 2.7 297 342 3J)7 531 6.01574.
10 | 1.83 | 1.95| 2.05| 2.19 264 3.02 3.36 3[4 5|42 8.197 ¢
11 | 1.58 | 1.89| 2.11] 2.13 266 298 3.38 3p8 54 6.1102 1.
12 | 1.53 | 1.79| 1.97| 2.03 251 28 3.23 3pl1 5/49 6.23191.
13 | 1.55| 1.78| 1.94/ 2.02 25 28 322 3p1 55 6|16 496
14 | 161 | 1.69| 1.86/ 2.13 25 288 3.24 3p3 59 6937748
15 | 1.57 | 1.71| 1.84] 2.09 244 277 3.17 3p2 7|11 8§3%349.
16 | 1.55 | 1.64| 1.76| 2.04 241 271 3.07 342 6|5 722 §
17 | 1.61| 1.61| 1.77] 2.1 256 296 3.35 3p7 7|11 8.0703 ¢
18 | 1.62 | 1.64| 1.78/ 214 25¢ 298 3.42 3B7 6|85 7.7166 §
19 | 1.38 | 1.46| 1.71 2.04 251 2.83 353 3[/8 6|8 76452 4.
20 1128 | 1.36| 153 181 224 257 338 3p 7/03 8§.0887§.
21 1131 1.37| 153 181 228 253 334 3pl 692 71.994 4
22 | 122 | 142| 161 186 23] 264 324 3p 635 73 8§26
23 | 117 | 1.37| 156/ 179 226 254 3.15 3p9 635 742344
24 | 1.15| 1.34| 153 173 216 247 3.11 3p7 6/09 71031}
25 | 1.3 | 1.49| 164/ 1.73 2283 248 3.11 34 574 655481
26 | 138 | 156| 1.73) 179 23] 252 3.17 3B7 555 621111
27 | 1.42 | 1.57| 1.74 178 229 248 3.25 3B4 557 §.2905]7

Table 7.6- Hs values in full scale for the small models under@pendicular WSs withbh
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In order to confirm the aspect of a wave interactmmong the devices, supposed by
comparingKr; andKys, the Hs data derived from the WGs n. 15, 17-21 were coetharin
particular, the analyse the existence and the sitienf mutual interactions between the models
has been carried out both in cross-shore diredtiommough WGs n. 18-21) and in long-shore
(through WGs n. 15, 17, 18).

Figure 7.8 reports thes at the WGs n. 18-21 against the distance frombt®n axes (all the
values are in full scale). Along the x axis (ceoss-shore directionids decays from the middle
of the gap (WG nr. 18) to the device closer toghere (WG nr. 21) both fdn, andh,. Such
decrease is less pronounced (or absent) for obligwes. Furthermore for perpendicular waves,
by comparingHmo 4 i.€. theHyo at the Arrays nr. 4, anldno 3, i.e. theHyo at the Array nr. 1, it
follows thatHn 4is lower tharHmo 1, hence the superposition of the first line dewiekes leads

to a destructive wave interaction behind them, jjughe zone facing the rear device. In case of
oblique attacks instead, the zone in front of tegick nr. 3 seems not affected by the device
wake superposition.

Figure 7.9 reports thes at the WGs n. 15, 17-18, starting from the y axigin (WG n. 18)
to the device n.1 (see Fig. 7.2). Along the y gkis. long-shore direction), the constructive
wave interaction is more pronounced for orthogomaVves than for oblique attacks, whéie
decays from the WG n.18 to the WG n.15. The caostre wave interaction between the
devices in the first farm line can be noticed alsmparingHS at the WG n.8Hs wcd andHs at
the WG n.18 Kls we1g: the values oHs wesare lower than the values Hg weisfor all the WSs,
and for the extreme WSs this decay is more relevant
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Figure 7.8— Wave field along x axis (cross-shore) in the fprdinary WSs and for;h
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Figure 7.9— Wave field along y axis (long-shore) in the gapordinary WSs and for;h

For a more complete assessment of the wave enelggthe wave farm, wake effects were
investigated by analysing ths derived from the WGs n.22, 25, 26 and 27. Thaidigion of
Hsin the wake of the device shows the same trenid fooh; and forhs,.

Figure 7.10 reports thels values as function of the distance from the dewkis (and basin
axis), for every WS, obliquity and water depth It can be observed that Hs in the device wake
strongly depend ofi. In case of ordinary perpendicular WSs, the \&aloieHs are affected by
scattered waves, which are generated by the mauelgdits heaving motion. In some cagsds,
decays from WG nr. 22 to WG nr 27, especially fog higher WSs. For the ordinary oblique
WSs, the variation ofs in long shore direction is less marked comparethéoperpendicular
case. Forthe extreme WSs instead, there isgadbare decay only for the oblique WSs.
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Figure 7.10— Wake effects behind the second line of the veawefor the ordinary WSs withh
Values of H (full scale) are derived from the WGs 22, 25,28,
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7.3. RESULTS IN SCALE1:30

For the configuration in 1:30 scale, both the hggramic and power data were elaborated.
Therefore, in this section, the data have beemdd/in topics.

7.3.1. HYDRODYNAMIC RESULTS

Following the procedure of the 1:60 data, the hgignamic data were elaborated in the time
and frequency domains.

In table 7.7 thé; andKg induced by the single device are provided basedquations (1)
and (2). H, andHg are derived from the BDM analysis of the front 58v&ray for spread and
CALM system. Hy is derived from the back 5WGs array in case ofagmooring whereas for
the CALM system it is derived from the 3 WGs baakay.

pi=0° p=15° p=30°
WS | K | Kg WS| Kr | Ke [WS| Kr | Ke
Spread mooring system
1 0.81 0.32 1 0.87 0.31 1 0.94 0.33
2 0.84 0.27 2 0.88 0.26 2 0.94 0.27
3 0.80 0.26 3 3
4 0.82 0.26 4 0.87 0.27 4 0.94 0.26
5 0.85 0.20 5 0.83 0.20 5 0.87 0.21
6 0.82 0.28 6 6
7 0.84 0.20 7 0.82 0.20 7 0.89 0.20
8 0.83 0.23 8 0.84 0.24 8 0.87 0.17
9 0.86 0.20 9 9
10 0.82 0.24 | 10 0.84 0.24 | 10 0.87 0.20
CALM system
1 0.69 0.24 1 0.86 0.25 1 0.91 0.26
2 0.75 0.23 2 0.85 0.23 2 0.84 0.23
3 0.68 0.23 3 3
4 0.70 0.22 4 0.81 0.23 4 0.85 0.22
5 0.75 0.22 5 0.78 0.22 5 0.79 0.21
6 0.75 0.26 6 6
7 0.74 0.22 7 0.79 0.21 7 0.79 0.20
8 0.75 0.24 8 0.74 0.21 8 0.73 0.19
9 0.75 0.22 9 9
10 0.75 0.24 | 10 0.75 0.20 | 10 0.74 0.18

Table 7.7- Values of Kand K for the model in 1:30 scale
for the two mooring configurations.

Figure 7.11 includes the trendkf for all the wave obliquity and mooring configurats.
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Figure 7.11— Ky against I/l for 1:30 model, for alp and mooring systems.

For the spread mooring system, a great amounteoitve energy is transmitted behind the
device, being{t always in the range 0.80&t <0.94. In addition, it can be observed tKat
increases with increasing and that differently from the small scale testdated toKy; and
Krs), it does not show a significant dependencélon

The values ofKy are significantly lower with the CALM system thawmth the spread
mooring. LowerKy leads to a greater amount of available energyh@tPTO) thus to higher
power performances (see next sectiok}. data sets have different trends by increa$ing in
particular, Kt increases in case of obliqgue WSs, whereas forepéipular wavesKr instead
slowly decreases with increasimir. For long waves (i.el/Lp<0.50) Ky is not apparently
affected by the obliquity, since all data providestly a same value.

Regardless the mooring typology —as for the 1:@0esctheK; does not depend on the wave
steepness.

Based on the values reported in table 7.7, regssdlge wave directiorkr increases with
increasing the dimensionless model lendth, and decreases with a CALM mooring system.

For the data of the 1:30 configuration, a secondlysis in the frequency domain was
performed using the WGs placed in the two WG-castiéhich were always aligned with the
device axis (only for the spread mooring systeng), the analysis of the change of the main
incident wave directiondd. 46 was derived as the difference between the incidemte
direction at the WG-castle in front of the devigeand the incident transmitted wave direction at
the WG-castle behind i§r. The incident wave directions were derived thiouge BDM
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method, and an example of the results of this aislyg the 3D rose spectrum, reported in figure
7.12 for the WS n.10, perpendicular wave attack, anevice orientation of 30° with respect to
the incident wave direction. Table 7.8 includes thsults off,, 6r and 40 for all the tests
performed with the spread mooring system.

00 00
330° ' 30° 330° 30°

3002 300?

270°

240°

210° | 150° 210° | 150°
1 80° 1 800

Figure 7.12— Incident (left) and transmitted (right) direatial spectra
for the WS n. 10 with 30° oblique waves.

$i=0° $,=15° $5=30°
ws [ 61T | 61 [ 4001 | 61 | 61 | 4071 | 001 | 0rC1 | 40T
1 90.7 90.0 0.7 89.4 89.7 -0.3 89.5 85.2 4.3
2 92.6 89.7 2.9 91.3 90.6 0.7 89.6 84.6 5.0
3 90.9 89.6 13
4 90.8 89.0 1.8 90.7 90.0 0.7 89.1 85.3 3.8
5 91.0 89.3 1.7 90.5 92.8 -2.3 90.1 89.0 11
6 88.6 89.2 -0.6
7 89.5 90.9 -1.4 88.0 91.6 -3.6 90.3 88.6 1.7
8 91.9 90.7 1.2 89.8 92.3 -2.5 85.6 90.2 -4.6
9 90.9 90.8 0.1
10 91.4 90.8 0.6 90.3 93.6 -3.3 85.3 91.0 -5.7

Table 7.8-6,, 6r and46 for different obliquities
(with g1 the wave propagated perpendicular to the beachpardllel to the device axis).

Figure 7.13 graphically report#) as function of/Lp. The maximum value oté is around 6°
whenl/Lp=0.40. The difference in6 decreases with increasittyp. Whenl/Lp is around or
greater than 1.0Q10 has the same sign for all the device obliquities.

Furthermore, the maximum value df corresponds to the configuration whefe was
maximum and to the greater difference device axsevndirection £;=30°), which can be
justified by the greater device motion and consatidelay in its re-orientation back to the initial
position. Therefore to minimise the changes inirsedt transport due to variation of the
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incoming wave direction it is suggested a configorawhere the device is aligned with the
main incident wave direction.

6.0
e AG -0°
5.0 Af -0 o
AANG -15° o
40 o
o A@ -30°
3.0 i ) 'S
20 o .
— . o *
5 1.0 . R .
(0]
B, 00 ¢ A I'Lp
T ,p40 * 060 0.80 1.00 1.20 1.40
< S
20
A A
3.0
A A
-4.0
0
5.0
6.0 °

Figure 7.13— Variation of wave directions behind the moddliagt I/Ls.

In the time domain, the values of the significamatver heighHs, has been derived through the
zero-down-crossing procedure for every WG. Thelltesof this elaboration are reported in
tables 7.9 and 7.10, for the two mooring systems.

As done for the small scale configuration, a lastlgsis was carried out in order to better
investigate the wave energy behind the devicethieewake effects behind the device, performed
through the WGs n. 7, 8, 14 and 16 for the spreadrimg system. Thels recorded at these
WGs were plotted against the distance from modisl, or each WS and for each obliquity (see
Fig 7.14).

For the first four WSs, since the model motion isdest, the highest values ld§ are found at
the farthest point of the wake. For oblique wavke, model tends to re-orient itself aligning its
axis along the incoming wave, leading to higheugalofHs at WGs nr. 7 and 14.
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Figure 7.14— Wake effects behind the 1:30 scale model wilspinead mooring system.

WSs Nr. of WG

1 2 3 4 5 6 7 8 9 10 11 12 1 14 15 j

1 |2152| 160 153 15% 156 1.19 149 120 126 1.1%8[11.71| 156 140 151 1.4

2 |162| 169 171 169 160 140 137 139 144 136/0111.78| 1.64 148 160 1.1

3 | 233| 247 237 241 24 191 187 192 199 18B7R258| 235 212 224 2.1

4 | 249| 256/ 264 256 26 207 209 2/10 217 20%B6PR2.64| 245 221 24P 2.4

5 | 259 269| 267 269 278 227 2382 232 236 2.1%2p278| 2460 227 24p 2.2

A 6 |3.08| 3.11| 3.1 3.04 314 261 260 258 256 2.4Z6PR285 253 240 261 2.4
7 | 350| 362 353 361 368 3.05 3.11 3/07 315 2.8%13368| 3.32] 3.03 33p 3.0

8 | 398| 415/ 404 40% 406 347 3.839 335 334 32743382 3.35 322 341 3.2

9 |436| 444| 437 442 452 383 3.85 3/83 394 370134457 4.13 381 421 3.9

10 | 499 | 5.08| 5.01 4.94 5.04 4.17 4.17 407 406 38684475 422 39% 428 3.9

1 | 152 159 150 153 150 134 118 125 121 14091 1.63| 1.48 121 14F 1.9

2 |162| 167 168 161 168 147 138 1/41 141 1446811 1.76| 161 143 160 1.4

4 | 247| 254 260 252 256 218 208 2/11 213 21H0pR2.64| 244 218 24P 2.4

B 5 | 258 2.73| 267 267 278 231 226 225 229 23®B7R284| 260 23% 251 2.4
7 | 3.48| 3.68| 362 3.7 374 3.02 295 297 298 3.05733.75| 3.40 3.01 334 3.

8 |391| 419| 401 40% 408 335 329 323 322 3.26/1433.79| 347 334 338 3.3

10 | 493 | 5.09| 498 5.01 506 422 4.19 407 404 40644473 429 420 424 4.1

1 |165| 1.66| 162 16% 1.7L 160 143 1/52 145 160741 1.79| 154 139 161 1.3

2 |167| 168 164 161 16p 160 147 1552 149 156/311.78] 158 151 156 1.4

4 | 252| 248 249 244 247 236 221 225 221 23G9R266| 234 221 233 2.1

B 5 | 264| 265/ 262 266 26p 239 281 233 229 23302280 252 239 243 2.3
7 | 351| 357 347 35% 356 3.26 3.08 320 313 326493 3.71| 3.34 327 320 3.1

8 |366| 396/ 3.7 387 377 3.34 329 330 328 33073381 344 347 332 3.3

10 | 4.52| 5.02| 479 5.00 4.7p 4.18 4.09 4]14 410 41464477 420 419 428 4.1

Table 7.9- Values of Hin full scale for the 1:30 model with spread mogrsystem.
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WSs Nr. of WG

1 2 3 4 5 6 7 8 9 10 11 17 13 14 15 16

1 | 148| 155/ 152 15 156 160 1.0 1/60 158 1.6(®B5]1 1.48| 1.50 1.0 106 1.40

2 |159| 166| 165 166 160 1.9 1.y9 165 166 16331 1.57| 1.58 127 126 149

3 | 226| 242| 239 238 24P 238 250 234 234 23R6p226| 223 159 161 148

4 | 248| 2.54| 256 2.5$ 26p 284 2y0 247 252 24642 2.38| 232 184 184 190

5 |265] 275 283 278 283 2588 275 2/46 250 24742p236| 237 208 2.1p 2.1

A 6 | 3.07| 322 320 3.13 314 2.9 287 261 255 2550p235| 2.36 242 243 249
7 | 359| 368 3.7 3.62 377 345 3.66 335 332 32®233.11| 3.11] 273 279 246

8 | 3.98| 425| 415 4.0 408 3.0 3.y5 348 343 33B233.15| 3.19 3.1% 3.1y 3946

9 | 444| 456| 460 457 46/ 4.28 456 4J]19 420 4.171043.92| 3.91] 346 349 342

10 | 499 | 5.13| 5.09 4.97 508 4.46 4.68 4,33 431 42294392 4.00 3.94 397 411

1 148 | 1.61| 155 15 154 163 1.5 159 172 1616301 1.62| 1.61 1.34 133 135

2 | 157| 169 159 164 167 149 185 166 173 16581 1.60| 1.61 141 141 1.40

4 | 248| 251| 244 247 257 2852 2y5 247 258 24489p241| 243 207 204 2de6

B 5 | 262| 279 273 271 277 271 2.80 249 266 24%7p253| 254 217 214 216
7 | 352| 366| 3.62 358 371l 341 3.Y6 338 359 33283337 3.46 292 288 291

8 | 406| 395 398 383 400 3.8 393 3558 370 352883350 3.48 3.04 3.02 3.46

10 | 496 | 485 483 466 495 459 488 4/43 467 43864442 443 3.74 373 347

1 | 147| 172 162 162 159 1.62 1y7 163 170 16451 1.47| 144 151 151 147

2 158 1.77| 1.67 1.7 167 1.7 1.83 1/65 169 16661 1.53| 1.47 1.4% 143 140

4 | 239| 2.67| 244 254 248 2535 2.y1 251 263 24B7R2.16| 2.11 223 222 215

B3 5 | 256| 279 2.69 269 274 270 2.84 255 260 2454p228| 223 223 221 219
7 | 351| 382| 3.68 3.63 3.7 3.43 3.6 348 358 3.32083.01| 296 3.04 3.08 296

8 | 3.93| 3.83] 3.83 3.70 394 3.48 3.1 3/57 360 35683330 3.18 297 296 2.9

10 | 4.82| 4.90| 4.74 4.64 479 4.5 492 4146 443 44234401 3.87 3.76 3.74 3140

Table 7.10- Values of Hin full scale for the 1:30 model with CALM system.

7.3.2. POWER PERFORMANCE

From the force transducer (equipped bone) and kinaesanic displacement sensor placed on
board of the model, it was possible to evaluatepisver performance. In particular the
instantaneous values of the produced power weireastd by multiplying forces and velocities.

The power performance is in function of the PTQditg, therefore an assessment of the
optimization of the PTO rigidity was performed und® equivalent regular waves (RW), before
starting the tests with the irregular WSs. A tatéll7 rigidities were available on the PTO
system (10 of them used with the spread moorintgsysand 5 of them with the CALM).

Figures 7.15 and 7.16 represent the efficiepcgerived as the ratio between the mean power
production Ppro and the available wave pow&, by varying the PTO rigidity for each
equivalent RW, for the spread and CALM mooring sgstrespectively. The wave power has
been derived as:

2
2. Hs'Tp

Py=p-9g° ——— (3)

641
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Figure 7.15— Efficiency against PTO rigidity for 1:30 scaledel, with the spre

First investigation
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Figure 7.16— Efficiency against PTO rigidity for 1:30 scal@del, with the CAL

Analysing the trend of and ofPpro, the rigidity R=5 was selected has optimal

M mooring.

compsenfor

both the mooring system. Further details on theivedent RW and on the power produced
under these RW are available in the Internal Dedilbke ID 2.5 of the Theseus Project.
Once the best PTO rigidity has been assessedgsithan keep constant during the tests

performed under irregular waves.
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The results of;, Ppro and Py obtained under irregular waves are summarisedhentable

7.11.

B B B3
Py Pm n Py P n Py P n
Wrw o w T m ™M w w3 1™ W w
Spread mooring system
1 1.35 0.23 021 | 1 1.30 0.21 020 ] 1 1.58 0.21 0.16
2 1.88 0.35 023 | 2 1.85 0.34 023 ] 2 1.87 0.30 0.20
3 3.34 0.61 023 | 3 3
4 450 0.84 023 | 4 4.26 0.85 025 | 4 4.05 0.83 0.26
5 6.06 0.98 020 | 5 6.39 0.96 019 | 5 6.06 0.87 0.18
6 10.33 0.59 007 | 6 6
7 11.14 1.55 017 | 7 11.19 1.60 018 | 7 10.92 1.62 0.19
8 18.44 1.01 007 | 8 17.21 0.98 007 | 8 16.11 1.01 0.08
9 16.47 2.35 018 | 9 9
1C 27.59 1.51 0.07 | 10 | 27.20 1.50 0.07 | 10 25.19 1.56 0.08
CALM system
1 1.34 0.27 025 | 1 1.39 0.25 022 | 1 1.50 0.26 0.22
2 1.83 0.39 026 | 2 1.80 0.39 027 | 2 1.91 0.29 0.19
3 3.31 0.71 027 | 3 3
4 4.43 0.98 028 | 4 4.24 0.94 028 )| 4 4.28 0.74 0.22
5 6.39 1.11 022 | 5 6.35 1.04 020 | 5 6.21 0.79 0.16
6 10.51 0.75 009 | 6 6
7 11.51 2.10 023 | 7 11.01 1.67 019 | 7 11.57 1.38 0.15
8 18.24 1.42 010 | 8 17.16 1.09 008 | 8 16.48 0.81 0.06
9 17.88 2.79 020 ] 9 9
10 | 2774 1.69 0.08 | 10 | 25.98 1.61 0.08 | 10 | 2519 1.25 0.06

Table 7.11- P-1o, Pw andy for all the wave obliquities and for the two maoayisystems

The data reported in the table showed tRato and  in case of CALM system are
significantly greater than in case of spread mapriwith the exception of wave attacks
characterised by greater obliquitys), where the spread mooring system seems to be more
effective. Furthermore?pro show their maxima whelflLp is around 0.73 for orthogonal waves
and 0.76 for oblique attacks, whereashow well marked peaks when 1.0kp <1.2 and more
precisely, their maxima occur whéthp is around 1.05. For an easier comprehensionydigu
7.17 show the trend af against/Lp, from which it is possible to assess that the nmgosystem
is not a negligible aspect for the device powedpotion.
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Figure 7.17— Trend of; against I/lp by varying the mooring system, for all the wavkqitties.

7.4. DISCUSSION

7.4.1. MOORING EFFECTS

For the two mooring typologies a comparison betweamdK: was appointed and reported in
figure 7.18. This assessment should allow to etalthe optimal ranges 8ELp in which both
the energy production and coastal protection map&emised.

In figure 7.18 the sets of and ofKy, together with their second order tendency curees,
plotted and compared. The curve coefficients anmputed by means of the ordinary least
squares method.

In case of perpendicular wavks decreases with increasitifyp, whereas under oblique waves
it linearly increases. In all tested condition$ias a peak aroudLp=1, then it tends to decrease
more markedly for oblique waves.

Since it is not possible to define a combine optiraage fors, andfs (due to the monotonic
increase oKy with increasing/Lp) a reasonable choice is define the optimal v#llug=1.00,
based on the results 6.

Furthermore, the CALM system can provide betteultesin terms of coastal protection and
energy production compared to the spread systemg lmboser the curves related kg andy
(i.e. lower wave transmission, higher efficiency).
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Figure 7.18— Comparison amongand K curves for the two mooring typologies and for
different obliquities.

7.4.2. SCALE EFFECT

The values of; from tests in 1:60, namelr 1.60 hereafter, and from tests in 1:30 scales,
similarly namedKr 1.35, were compared. The values Kf 1.60 correspond tdKrj, being the
transmission coefficient referred to a single dewigthin the farm. The compared results are the
ones derived for ordinary WSs for water depthn 1:60 scale and correspond to the WSs from
the 3% to the 18 in 1:30 scale (see Fig. 7.19).
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Figure 7.19— Comparison amongalues at different scales.
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It can be noticed that:

* Kra16df1) is always higher thair 1.30f1), although their trends are quite similar: they
increase with increasingp, up to reach their maxima whéhp=0.72 Kr1.66-0.99 and
Kt1.35=0.86), then they decreas&s 1.60 Seems to be simply shifted upwards compared to
Kr.1:30

» for oblique waves, in case §=15°, Kt ;.60 decreases with increasitiyp, wherear ;.30
has a totally opposite tendency. In casgs£30°, bothKr ;.60 and Ky 1.30 increase with
increasind/Lp, although with different rate&¢ .60 grows slower).

The differences among setskf in figure 7.19 may be explained through the patant and
cr, defined as the ratios betwednandH+ for 1:30 and 1:60:

[Hi]1:30

= 1130 4

“ [Hi]1:60 ( )
[HT]1:30

— T30 5

cr [HT]1:60 ©)

The values o€, cr andckg (i.e. the ratios betweétir at the two scales) are included in table 7.12.

B B> B3

WS| ¢ Cr Cr G Cr Cr G Cr Cr

1 1.26| 1.15| 1.18

2 1.36| 1.16| 1494 121 12 0842 121 139 131
3 1.31| 1.15) 134 131 118 041 126 1/32 119
4 1.35| 1.14| 2.24

5 1.33| 1.14| 149 126 118 041 127 139 114
6 1.34| 1.22| 193 139 126 134 125 137 Q96
7 1.30| 1.13| 1.34

8 1.33| 1.13] 204 1.3 138 139 182 1/388 1415

Table 7.12- Ratio of H, Hy and Hk derived from tests at different scales.

The Kt differences are essentially due to differencesrayepandcy for each WS¢ is always
greater thamr for 51 andf,, whereas < ¢t for f3). The variation betweed, andH+ in the two
scales for the same test may be explained withrakekeasons, for example by the wave-maker
typical range of wave generation (particularly watepth) and by the inertia of the two models.
The model inertia affects the device mobility ameérefore its capability to re-orient itself,
especially under oblique wave attacks (when thecdewotions are larger, aspect quantitatively
confirmed with the second experimental investiggtioThe device weights for 1:30 and 1:60
scale tests were not perfectly scaled, as welhasveight per unit length of the mooring chains.
In full scale, the 1:30 model is heavier than tiva one: the total weight (device + mooring) in
static conditions is 1.000° kg whereas for the small model it is 0B% kg. The lighter the
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system (device + mooring) the faster the deviceionef therefore a greater amount of wave
motion is transmitted. For orthogonal waves indtestnce the model does not move a lot, the
inertia influence on the device mobility and consatfly on wave transmission is less marked.
Therefore, a heavier system leads to better waghact®n results keeping constant the other
design parameters, such as mooring system, degaaejry, etc.

Even comparing the values Kk from tests in 1:60 and 1:30 scales, it is possibl@ote
differences, which are however small compared&+{an the two scales. Fagf, cr is always
higher than 1.00 (henddr is greater for the big model than for the smak)oand it is also
higher thart,, leading to higher values &k 1.30compared to the values Kk 1.60

7.5. PRELIMINARY CONCLUSIONS

7.5.1. ASSESSMENT OF THE INVESTIGATION

The experimental activity confirmed the importarafethe device design based on the wave
climate (i.e. the importance of the parametep, which should be around 1) already found in
preliminary tests carried out with the 1:30 scaan(uttigh et al., 2010). This parameter in fact
effects the wave transmission and the device ppwagtuction.

However the wave transmission is always high (gre#han 0.75), therefore the examined
module should be repeated along the cross-shordoaiggshore directions. For instance, by
repeating two times this module, the mean transamssoefficient Kr, can be roughly
calculated ar,? in case of aligned farm lines andkes? in case of staggered farm lines. The
resulting wave transmission coefficients for th#seoretical installations are reported in table
7.13 by increasing the number of lines.

ALIGNED FARM LINES
hy hy
n. lines 1 2 4 8 16 1 2 4 8 16
A 0.98 0.97 0.94 0.88 0.77 0.98 095 080 082 0.67
B2 0.97 0.93 0.87 0.75 0.57 0.97 094 0.88 077 0.60
Bs 0.93 0.87 0.76 0.57 0.33 0.93 0.87 0.6 058 0.33
STAGGERED FARM LINES
h, h,
n. lines 1 2 4 8 16 1 2 4 8 16
‘A 0.97 0.94 0.88 0.77 0.60 0.97 093 0.87 075 0.%7
P2 0.96 0.91 0.83 0.69 0.48 0.96 092 085 072 0.51
B3 0.93 0.86 0.74 0.55 0.31 0.93 0.86 0.5 056 0.31

Table 7.13- Hypothetical mean values of K case of multiple lines
based on a linear superposition assumption.
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Furthermore the mooring typology is an other reitvparameter for the device design. A
CALM mooring configuration should lead to lower veatransmission and also higher power
production than a spread mooring. The spread mystn be optimised by changing its pre-
tension and/or the chains length and so the logestap width between devices in a same line.

A reduction of the log-shore gap width could letmldenefits from the interaction between the
devices (i.e. destructive wave interaction with sEquent reduction of the wave height in the
gap). Visual observations of the first line modeisder testing, suggested that maximum device
displacements along y axis were not greater tham(@n both sides), therefore the safe distance
to be kept among the devices is arouhdIBsuch distance is adopted as the gap widthurems
that there are no problems for the correct funatigrof the mooring systems— the effects due to
the superposition of the device wakes can providgremter reduction behind them. This
phenomenon is surely useful for coastal protecgiorposes, but reduces at the same time the
energy incident the rear device.

Finally, the water depth at installation does nighiicantly affect the results, leading to the
conclusion that a farm of these devices would retparticularly sensitive to sea level rise
induced by climate changes. It is also suggesidomit the wave angle between the farm and
the main incoming wave direction up to 30°.

7.5.2. WHAT IS MISSING

The main target of the first experimental activibas focused on the investigation of the
hydrodynamic interactions among devices in a modtie wave farm. Since these devices did
not carry out a PTO system on board, the same elevas also investigated in a bigger scale.
With this second configuration it was possible $sess effects due to the laboratory scale and to
the mooring typology.

However it was overlooked, and so not completelestigated aspects such as the mutual
distance between the devices, wake effects (edlyeicidong-shore direction), forces acting on
the mooring lines and effects due to the presef@nore realist PTO in a farm configuration
and due to different mooring pre-tension level$ergfore a second experimental investigation
was believed essential.
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8. SECONDINVESTIGATION

The second experimental investigation was perforrasibefore— at Aalborg University, but
in a different wave basin. Changing the basiniEnta different reliable basin space, installation
water depths and furthermore the devices were watlable at the moment of the second
investigation and so they were re-built followiring tsame geometry adopted before.

It is worthy to remark that the basin depth affeitts combination of the maximum feasible

water depths and wave heights to be tested (eefutlare place of installation). Furthermore the
decision of the scale also affects the device hehavbecause some effects are not easily
reproducible (for example friction effect, PTO st mooring force). For the purpose of the
tests, a scale of 1:60 was considered an adeqoigromise.

The models were re-built based on Froude similitiaael were design to carry on board a
more stable PTO system and measurements on theéngdimes, thus it has been possible to
combine all the results.

8.1. LABORATORY SETUP

The tests were performed in the directional wav@rbécommonly called the shallow basin)
12.0 m long, 17.8 m wide, and 1.0 m deep. The ware generated through a snake-front
piston type paddle system with 25 actuators. Aigative beach made of concrete and gravel
with Dsg=2 cm is placed opposite to the wave maker, wheteasidewalls are made of crates
full filled with stones (1.2x1.2 m, 0.70 m high).

According to the chosen 1:60 scale and followirgdiBvice typical dimensions for the North
Sea conditions, the model was 0.95m lohgand 0.38m wide k) perpendicularly to the
direction of wave propagation. As the prototyges taboratory model was composed by two
parts, each consisting of three cylindrical floatand two legs (see Fig.s 8.1 and 8.2). A rigid
hinge was placed between the pontoons in ordeotoect them. In particular, the laboratory
model was around 4kg, and was made of PVC pipepalydtyrene for the front floater.

Two similar devices were built and deployed in Hasin. The two models were placed at the
same distance from the wave-maker (3.60 m) in cieepresent a wave farm module line (see
Fig. 8.1). Their mutual long-shore distance waanged from the minimum value to let the
moored devices free to move (i.e. 2.00 m, equaBb}do a maximum distance accounting for
the optimisation of the marine space and the &ze(i.e. 3.10m, equals t®)3
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Figure 8.1— Devices at a long-shore distance equal to 5kerevtb is the device width.
On the top: picture of the laboratory configuratiGncident waves come from right side);
on the bottom: scheme of the wave farm line inest&@0 (incident waves come from left side).
The distances are in meter.

Both models carried the Power Take-Off (PTO) systenioard, but in only one model —the
top one in figure 8.2— the PTO system was instruetenThe PTO system was placed over the
device hinge (at the middle of the device) at avkmeertical distance from the model axis, and
it was aligned with the device cross-shore axis.was composed by an air piston and a
displacement sensor both placed in a horizontaitipps(see Fig. 8.2). The PTO system is
connected to the device through two rigid aluminitishape beams, and its end-stops limit the
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stroke to 0.10 m. The PTO rigidity was modifiedyayying its vertical distance from the model
axis; a maximum of 6 rigidities were analysed. tRer details are provided in the Results
Section related to the Power production (secti@®2§.

Figure 8.2— Models of the Wave Activated Bodies with spreadring system, in scale 1:60.
Top: Model with the PTO connected to the acquisibox.
Bottom: Model with the PTO not connected to theugition box.

The models were moored with a “spread” mooringesystHarris et al., 2004), with four steel
chains (weight per length unit 0.1kg/m). The frohtins were 2.50m long, whereas the back
chains were 1.75m long. This specific asymmetroornmg configuration was selected in order
to assure device keeping in sway direction (whiels wisually observed to be a relevant motion
during the first experimental investigation) andnimimise the cost. Each chain was linked to
the device at the fairlead point and fixed to tloétdm with heavy anchors (3kg each). The
position of the fairleads was taken approximatalycorrespondence of the centre of mass of
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each pontoon. For the instrumented device, eaaim etas directly connected to a single in-line
load-cell.

The initial pre-tension level of the chains was rafed to evaluate the effect of the mooring
system on the power production. In particular ldregth of the chain lying on the seabéd)(
was progressively reduced from an initial conditemjual to the 80% of the total chain length on
the seabed (corresponding to an average pre-tensi@® N), to the 65% (pre-tension of about
0.98 N) and finally to the 50% (with a pre-tensgreater than 1.6 N). The evaluation of the best
mooring pre-tension level, for power production gosges, was performed under perpendicular
waves both under regular and irregular wave caoruti

To achieve the target of the experiments, diffetentl of measurements were required; in
particular: load cells for the forces acting on theoring lines, Motion Trackers for the device
motions in the 6 canonical Degree of Freedom (DaF)PTO system and WGs for the
hydrodynamics around the devices.

To measure the forces acting on moorings, a stRdTEK load cells with a maximum load
around 40 kg was used. Each load cell was plaetdeen the device and one mooring chain
(see Fig. 8.2). The load cell signal was low gdssed, with cut-off frequency of 10 Hz. To
increase the signal resolution in the working rangenty-fold amplification was applied to the
signal in order to fit the expected maximum load.

The motions of the device were measured by mearss mfniature gyro-enhanced sensor,
named Motion Tracker xsens (MTi). This instrumleas an internal lovpower signal processor
to provide 3D attitude angles (roll, pitch and ya@fp acceleration (in surge, sway and heave
direction), 3D rate of turn (rate gyro) and 3D bartagnetic field data. Two MTi were deployed
in a single device, one for each pontoon (see&ij.top).

To identify the PTO system performance it is neass$o measure the forces induce by the
device motions on the PTO system and its motioiifie forces were measured through a
particular load cell with a maximum load around k@0 placed at the extremity of an air piston.
The load cell was calibrated and properly amplifiedorder to operate in a range of 20 N.
Whereas to record the PTO motion, a displacemersiosavas secured to the air piston (see Fig
8.2, top).

Resistive Wave Gauges (WGs) were deployed in th&nban order to evaluate the
hydrodynamic field around the devices. During tk@mpling, each WG registers the
instantaneous value of the local water elevatibntotal, a value of 21 WGs was used (see Fig.
8.1), for each gap width configuration. In partazythe incident wave field was evaluated by
means of the first 7 WGs (i.e. n. 1 to 7) locatetdheen one device and the wave-maker (at a
mean distance of 0.90m from the extreme of thetfeghinder of the ahead pontoon). WGs n. 8
to 14 were deployed in an array behind the sam&e@v correspondence to its cross-shore axis.
The remaining WGs were placed behind the deviee fietween the device and the beach) in a
long-shore line at a distance of 1.26m from theeswe of the back cylinder of the rear pontoon
(see Fig. 8.1).
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Before the beginning of the experiments, all thadiaells and displacement sensors were
properly calibrated, whereas for other measuremexnush as MTi and WGs, the calibration
procedure was automatically repeated every dayce@me calibration procedure was concluded,
the derived functions were introduced in the datgition software.

The calibration of the load cells was done by atggithe value of the mean deformation, in
Volt, correspondent to the application of numer@uswn masses. The calibration function
depends on the amplification and/or of the filteefficient. The series of coupled values of
masses and mean Volts has been plotted and a tieady distribution Volt-Force was found
for each load cell. The calibration of the displaent sensor was done following an analogous
procedure, i.e. by measuring the relative voltageoeiated with known displacements (in
meter).

The two models were subjected to several wave stmeacterised by similar wave height
and period of the first investigation (ordinary ddions with wave height in the range 2-5m,
wave period 5-11s, in full scale). Tests wereqened with a water depth of 0.45m (27m in full
scale), which also corresponds to the maximum wipth allowed in the basin.

Two main sets of Wave States (WSs) were choserfjriteset of 10 Regular Waves (RWs)
used to determine the best PTO rigidity (see t8dg and the second set of 11 Irregular Waves
(IRs). The RWs were selected to include similaugess of wave height and wave period as for
the IRs and by keeping constant the wave steepn&ls. duration of each RWs was about 5
minutes.

Regular wave condition for the PTO rigidity optinddon

H [m] T [s] Ly[m] /L, Sop

0.024 0.72 0.8 1.23 0.03
0.036 0.88 1.2 0.82 0.03
0.042 0.96 1.4 0.70 0.03
0.054 1.12 1.8 0.54 0.03
0.060 1.20 2.0 0.49 0.03
0.066 1.28 2.2 0.45 0.03
0.072 1.36 2.4 0.41 0.03
0.078 1.45 2.6 0.38 0.03
0.084 1.53 2.8 0.35 0.03
0.090 1.62 3.0 0.33 0.03

Table 8.1- Regular WSs used to evaluate the best PTO tygidil:60 scale. H is the wave
height, T is the wave periods Is the peak wave length, ¥Is the ratio device—peak wave
length and & is the wave steepness.

Table 8.2 reports the irregular short-crested wawadition representative of the North Sea
wave climate in laboratory scale. These WSs wetaied through a Jonswap spectrum (peak
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enhancement factor 3.3) with a spreading factomlketp 30 (leading to a spreading angle of
14.7°). The irregular WSs were selected to assesscombined performance of energy
conversion, movements and moorings under typicataiwve and extreme conditions (based on
return period9g=10, 50, 100 years). Some WSs were also repeatedut/the devices to better
investigate the basin characteristics.

It is worthy to remark that the extreme WSs werdquemed only for the best mooring pre-
tension level (i.eLc=80%, see the Section 8.2.2 related to the powatyation results for the
choice of the optimal mooring pre-tension leveldasome of them were repeated for the
configuration with a wider gap width (i.e. WSs n10-11). Furthermore for the configuration
with Lc=80% and with gap width equals tb,8VSs n.1 and 2 were not performed.

Some irregular WSs were also repeated for obligaeew, i.e. with an incident wave direction
of 10° and 20°. Obligue waves were obtained thinotigg wave-maker, keeping constant the
position of the device and of the measurement egeimb.

All the irregular WS had a duration of 30 minuteste

Ordinary waves
WS Hs[m] Ty [s] L,[m] /L, Sop
1 0.033 0.72 0.81 1.21 0.041
2 0.033 0.90 1.24 0.79 0.027
3 0.050 0.96 1.39 0.70 0.036
4 0.050 1.08 1.70 0.58 0.030
5 0.067 1.27 2.17 0.45 0.031
6 0.083 1.45 2.61 0.38 0.032
Extreme waves
7 0.133 1.69 3.18 0.31 0.042
8 0.133 1.81 3.45 0.28 0.039
9 0.143 1.69 3.18 0.31 0.045
10 0.150 1.78 3.38 0.29 0.044
11 0.167 1.87 3.59 0.27 0.047

Table 8.2— Irregular WSs used to evaluate the device perémrce in 1:60 scale. s the
significant wave height,glis the peak wave periodp ks the peak wave length, ¥is the ratio
device—peak wave length angis the wave steepness.
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8.2. RESULTS

This section encloses all the main results dividetb the following main topics: local
hydrodynamic fields, PTO performance, loads actinghe mooring system and overall device
motions for perpendicular and oblique WSs. It isrthy to remark that only few WSs (with
Lc=80%) were repeated also for obliqgue waves, mathig to wave-maker warning (“wave
obliquity will result in a significant amount of ergy redistributed to low frequencies due to
spurious wave correction”) and failure messagesef@ filter too low to accurately reproduce
waves”). Table 8.3 summarises the WSs performsmifal oblique waves.

WS 10° 15° 20°
1 - - -
2 X X
3 X - X
4 X X X
5 X X X
6 X X X
7 X - X
8 X X
9 X - X
10 X - X
11 X - X

Table 8.3 Irregular WSs performed under oblique waves Wih80%.

8.2.1. HYDRODYNAMIC RESULTS

The data from the instantaneous elevation recoadexhch WG were elaborated in the time
and frequency domains. In particular, in the tidoenain a zero-down crossing procedure was
applied in order to obtain thés andTp at each WG, whereas in the frequency domain twio ma
analysis were performed: one applied to three adgWGs (WGs n. 3-4-5- and n. 10-11-12) in
order to separate the incident from the reflectedenfield in front and behind the device (by
means of the Mansard and Funke’s method, 1980)aasecond analysis applied to the WGs
castle in order to obtain directional wave specthynmeans of the Bayesian Directional Method
(Hashimoto and Kobune, 1988).

In the time domain the zero-down crossing procesas applied to set of different tests, by
varying the pre-tension levek or the long-shore gap width. Results relatecheortarrow gap
width and for the three mooring pre-tension leugjsand to perpendicular WSs are reported in
tables 8.4, 8.5 and 8.6.
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Ordinary Wave States Extreme Wave States
WG 1 2 3 4 5 6 7 8 9 10 11
1 0.032 | 0.038] 0.056 0.058 0.068 0.0¢5 0.113 0.119 250J10.129| 0.140
2 0.031| 0.039| 0.057 0.061 0.068 0.0133 0.109 0.123 320{1 0.131| 0.140
3 0.032 | 0.040f 0.058 0.062 0.069 0.0135 0.112 0.126 330{10.129| 0.140
4 0.030 | 0.039| 0.055 0.061 0.066 0.0132 0.109 0.128 3101 0.127| 0.138
5 0.031 | 0.038| 0.056 0.058 0.067 0.0132 0.110 0.125 280{1 0.127| 0.138
6 0.032 | 0.038| 0.054 0.058 0.065 0.0131 0.110 0.127 290/1 0.126| 0.138
7 0.032 | 0.037| 0.057 0.05Y 0.0689 0.0135 0.108 0.120 240{1 0.130| 0.139
8 0.026 | 0.035] 0.051 0.062 0.086 0.082 0.115 0.122 310/1 0.127 | 0.144
9 0.027 | 0.035| 0.049 0.060 0.065 0.0y9 0.117 0.123 28041 0.125| 0.141
10 | 0.026 | 0.034| 0.049 0.062 0.062 0.0f8 0.115 0.126 310/1 0.124| 0.140
11 | 0.026 | 0.032| 0.048 0.058 0.061 0.0fy8 0.114 0.124 280/1 0.123| 0.136
12 | 0.027 | 0.035| 0.050 0.062 0.065 0.0f9 0.118 0.129 330J1 0.127| 0.138
13 | 0.027 | 0.035] 0.052 0.0683 0.066 0.0$4 0.122 0.130 3501 0.134| 0.146
14 | 0.030 | 0.033| 0.052 0.05Y 0.067 0.0133 0.127 0.127 290{1 0.136| 0.147
15 | 0.031| 0.035| 0.050 0.05%5 0.070 0.0131 0.117 0.122 2201 0.127| 0.144
16 | 0.031| 0.042| 0.050 0.062 0.071 0.0134 0.111 0.119 2101 0.123| 0.140
17 | 0.030| 0.038] 0.055 0.058 0.066 0.0$2 0.112 0.123 330[1 0.127| 0.142
18 | 0.030 | 0.036| 0.054 0.056 0.066 0.0f9 0.106 0.124 350J10.125| 0.138
19 | 0.033| 0.038| 0.056 0.05Y 0.072 0.01 0.110 0.122 310/1 0.128| 0.141
20 | 0.032| 0.041| 0.052 0.059 0.068 0.0y8 0.107 0.127 32041 0.125| 0.138
21 | 0.030| 0.037| 0.052 0.056 0.068 0.06 0.105 0.120 25041 0.122| 0.136

Table 8.4- Values of Hin meter in scale 1:60, for the tests widg=B0% and gap width 5b,
under irregular and perpendicular 3D wave attaclsrst six WSs represent ordinary sea states,
whereas the last five WSs represent extreme sk sta

Ordinary Wave States
WG 1 2 3 4 5 6
1 0.036 0.039 0.054 0.055 0.071 0.08Y
2 0.043 0.039 0.060 0.055 0.076 0.09p
3 0.037 0.041 0.059 0.056 0.077 0.09¢4
4 0.036 0.040 0.058 0.054 0.076 0.09¢4
5 0.035 0.039 0.057 0.056 0.074 0.09p
6 0.038 0.040 0.057 0.055 0.074 0.09p
7 0.035 0.038 0.055 0.056 0.071 0.088
8 0.031 0.035 0.054 0.054 0.069 0.08p
9 0.030 0.036 0.054 0.053 0.067 0.08p
10 0.029 0.035 0.052 0.051 0.067 0.084

Table 8.5- Values of Hin meter in scale 1:60, for the tests wik=B5% and gap width 5b,
under irregular and perpendicular 3D wave attaclsrst six WSs represent ordinary sea states,
whereas the last five WSs represent extreme st stéo be continued.
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Ordinary Wave States
WG 1 2 3 4 5 6
11 0.028 0.033 0.049 0.050 0.066 0.08p
12 0.030 0.036 0.052 0.051 0.069 0.08Y
13 0.032 0.036 0.054 0.054 0.070 0.08¢
14 0.028 0.034 0.050 0.053 0.066 0.08p
15 0.031 0.034 0.054 0.054 0.069 0.08¢
16 0.033 0.036 0.055 0.054 0.076 0.088
17 0.033 0.036 0.057 0.055 0.076 0.08¢
18 0.033 0.035 0.059 0.052 0.076 0.08%
19 0.035 0.038 0.058 0.054 0.074 0.08%
20 0.034 0.036 0.058 0.051 0.073 0.089
21 0.034 0.036 0.055 0.052 0.072 0.08%

Table 8.5- Values of Jin meter in scale 1:60, for the tests wiig=B5% and gap width 5b,
under irregular and perpendicular 3D wave attaclksrst six WSs represent ordinary sea states,
whereas the last five WSs represent extreme st st@ontinued.

Ordinary Wave States
WG 1 2 3 4 5 6
1 0.032 0.035 0.064 0.056 0.072 0.08}1
2 0.033 0.037 0.065 0.056 0.072 0.081
3 0.033 0.036 0.065 0.056 0.073 0.08p
4 0.032 0.035 0.066 0.054 0.072 0.081
5 0.033 0.035 0.067 0.057 0.073 0.081
6 0.032 0.035 0.065 0.056 0.070 0.089
7 0.034 0.037 0.069 0.057 0.075 0.08¢
8 0.027 0.032 0.055 0.055 0.067 0.089
9 0.028 0.033 0.055 0.053 0.068 0.079
10 0.026 0.031 0.055 0.052 0.065 0.07%
11 0.025 0.029 0.054 0.052 0.064 0.07¢
12 0.027 0.030 0.056 0.054 0.065 0.07Y
13 0.028 0.031 0.057 0.056 0.068 0.081
14 0.029 0.032 0.058 0.054 0.067 0.079
15 0.028 0.033 0.061 0.053 0.067 0.08}1
16 0.033 0.035 0.067 0.057 0.071 0.08y
17 0.028 0.034 0.058 0.054 0.069 0.08p
18 0.029 0.034 0.063 0.050 0.069 0.083
19 0.032 0.038 0.066 0.054 0.074 0.08%
20 0.031 0.033 0.069 0.052 0.071 0.08p
21 0.031 0.034 0.065 0.049 0.069 0.08}1

Table 8.6- Values of Jin meter in scale 1:60, for the tests wid=b0% and gap width 5b,
under irregular and perpendicular 3D wave attaclksrst six WSs represent ordinary sea states,
whereas the last five WSs represent extreme st sta
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For all the WSsHs is pretty constant in front of the wave-maker.(W¢Gs n. 1-7), being the
average and the maximum variation 7% and 9% respéc(the maximum variation occurs for
WS n. 3). In particular thEs variation among WGs n. 1-7 is derived —for each-VdS the ratio
between the maximum differencele and their mean value.

As it was predictable, for the perpendicularly ardinary WSs, the values éfs are reduced
behind the device close to its axis (i.e. WGs o &e n. 14) and then tend to increase again at
its side (i.e. WGs n. 17 to the n. 21) regardléssrhooring pre-tension level. Under oblique
waves, instead, only few points can be considehsdtesed by the devices, in particular near
WGs n.16 - 17 (and sometimes of WGs n. 15-18). dlindtered effects are obviously more
visible for ordinary than for extreme WSs.

For the extreme WSs, instedds has a different trend, graphically reported irufeg 8.3 for the
easier of comprehension. The valuedigfat the WGs n. 8 to 14 are similar or higher thae t
incoming values recorded at the WGs n. 1 to 7.s @Bpect can be explained considering that:

1. under these WSs a large amount of incoming waveee vieeaking before or in
correspondence of the devices, leading to a maetichwave field;

2. the devices moved much more under extreme thanrwrdeary WSs and furthermore
they were not always able to harmoniously ride wWeeses. During the drop heaving
motion phase the devices crashed into the watdacgir These impulsive impacts
generated radiated wave, which superimposed tand@ming waves increasing thdés
values at the WGs n. 8 to 14 with respect to theesat the WGs n. 1 to 7.
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Figure 8.3— Hsrecorded at the 21 WGs in the basin for the ex¢r&ss
performed with the ¢=80% and a gap width of 5b

The influence of the chain pre-tension level on kbyelrodynamics around the models is
investigated by comparing thés values for a same WS. Differently from what expd¢cHs
vary unsystematically with changes of the chaintprsion levels, in fact an intermediate chain
pre-tension level does not lead to intermeditd®alues with respect to the tense and slack chain
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cases. Figure 8.4 reports the ratio betwderecorded at the 21 WGs and tHeat the WG n. 3
(considered as a reference of the incoming wavghheialue) for the same WS nlaLe=0.45)

by varyingLc and so the chain pre-tension level. It is posdibinote that the lower valuesto$
have been achieved with an intermediate chaingmskin level of 65%. With a tense chain (i.e.
50%) the values dfls seem often lower or more similar with respecth® slack chain (i.e. pre-
tension level 80%). An exception is representedW$8 n. 3, withl/Lp= 0.70, where an
increasing of the chain pre-tension (i.e. with 5@ 85%) leads to higher valuest$ achieved.
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Figure 8.4— Ratio between thedflecorded at the 21 WGs and the &l the WG n. 3 in

function of different chain pre-tension levels lfap= 0.45 (gap width 5b).

The influence of the layout were investigated byyweay the mutual long-shore distance
between the devices, from the minimum value acogrdo the mooring system (i.e. 2.0m,
equals to b) to a maximum distance (i.e. 3.1m, equalshipkeeping constant the PTO rigidity
and the mooring pre-tension leve] &ndLc=80% respectively).

The wider gap width leads to slighls variations for WSs carried out with the same wave
paddle motion (see Fig. 8.5), with the exceptiothef WS n. 5, where there are differences also
in the incomingHs.

Slight differences (mainly related to the rear cendf the basin —-WGs from n.9 to n.16—
which is more exposed to the incoming waves thannduperpendicular WSs) were also
achieved under oblique WSs. Figure 8.5 lead tocthreclusion that the two devices did not
significantly interact with both the gap widthsetbfore further analysis on the wider gap width
were considered unnecessary and the configuratibh & narrower gap is suggested for
economical reason. Visual observations of the mar long-shore device displacements also
suggested that the minimum safe distance is ar8bndHowever, it should be examined if the
gap width reduction assure a correct mooring omerand/or lead to wave interaction which
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decreases the wave height approaching the backedg\and therefore the energy production of
the back line.

0.09
X X
0.08 — X X ¥ x X x
= X X x X
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A X X
2 X % * % " K & X % 2 4 %
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I/Lp 0.45 x 8b I/Lp 0.45
I/Lp 0.40 X 8b I/Lp 0.40
0.04 WGs

1 3 5 7 9 11 13 15 17 19 21

Figure 8.5— Hs at the 21 WGs: gap width 5b with triangles, 8bwatars for lc= 80%.

To better investigate thds variation induced by the device presence, an arsadf it in long-
shore and cross-shore direction was performed. ahlagysis on the long-shore direction allows
to investigate the extension of the wake inducedhleyradiated wave field generated by device
heaving motion; whereas the analysis on the crossesdirection allows to examine the
minimum cross-shore distance between the wave far@s, which allows wave height (and
therefore wave energy) to increase again afteoliséacles represented by the devices.

In the long-shore direction, the valuesHifat the WGs n. 10 and from n. 17 to 21 (which are
at a cross-shore distance of 1.80m the back cylinder of the back pontoon) wemeestigated
as a function of the distance from the cross-sbexeéce axis.

Under perpendicular wave directionality, the devat®wuld move essentially along its cross-
shore axis without significant re-orientation. Téfere it is expected thdds is minimum in
correspondence of the device axis (i.e. at the W@®0Oh and then rapidly increases again up to
the measured value at WG n. 3. Figure 8.6 plats afi easier comprehension only related to
WS n. 1, 2 and 5- thEs at the WGs mentioned above including also kador WG n. 3 to
allow a direct comparison with the incident waveghe For the readability of the graph the
value ofHs at the WG n. 3 is reported at the fictitious dist of -0.20 m (instead of 0 m).
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Figure 8.6— Hs at the WGs placed in a long-shore direction,W&5s n. 10, 17-21, and n. 3
(gap width 5b, £=80%). To facilitate the comprehension only W&,2 and 5 are plotted.

Regardless the mooring pre-tension level, the vafuds at WG n. 17 (at a distance of 0.80m
from the cross-shore device axis) is still affedigdadiated waves, whereds at WG n. 18 (at

a distance of 1.10m from the cross-shore devicg) adems to be already not affected by the
presence of the device. This behaviour is moreethfor higher WSs whettds at WG n. 18 is
more similar toHs at WG n. 3. Therefore the wake zone extends fdist&nce of around 209
(i.e. until the WG n.18) from the device cross-ghaxis for WGs measurements performed at a
cross-shore distance of 113fom the back cylinder of the back pontoon. Thakevangle is thus
about 30° from the extreme of the back cylindethefrear pontoon.

Considering also the incoming wave obliquity, theke extension due to the device presence
seems to be greater in case of oblique WSs wite#go the same perpendicular WSs. In fact,
in case of oblique waves it is necessary to readbaat the WG n. 19 (at a distance of 1.40m
from the cross-shore device axis), and so a wakension around 3tb These indications
suggest that with oblique waves and the same degap width of B, some wave interactions
could occur among the devices.

In the cross-shore direction, the valuedgfat the WGs from n. 10 to 12 have been considered
as a function of the distance from WG n. 10 it¢s#fe Fig. 8.7), which is at a distance of 1.30
from the back cylinder of the back pontoon. Fa tbadability of the graph, figure 8.7 includes
also the incomingds at WG n. 3 at the fictitious device axis distan€e0.10 m (instead of the
real distance of -3.30 m from the WG n. 10).
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Figure 8.7— Hs at the WGs behind the device in a cross-shoragumattion (WGs n. 10-12),
and n. 3 (gap width 5b,d=80%). Only WS n. 1, 2 and 5 are plotted.

The value oHs at the WG n. 12 (which is at a distance of Lfé&m the back cylinder of the
back pontoon) is still affected by the device, siftds always lower thaHs at the WG n. 3, and
for the first 3 WSs the decay is more marked (bémegdifferences betwedths at the WG n. 3
and at the n. 12 greater), these two aspects deanptoy varying the mooring pre-tension level
or the wave obliquity (see Fig. 8.8a, b respecyivel

0.08
_ 0 AVLp 1.20 Le=80% 0.070
% 0 OVLp 1.20 Le=65% £ ‘
3 0.07 © )
= A 8 9 a OVLp 1.20 Le=50% 0065 T~y
E, A A AVLp 0.80 Le=80% --WS4 - 20°
- 0.06
< OULp 0.80 Le=65% 0.060 T
.\ 0
OULp 0.80 Le=50% " —+Ws4-15
0.05 0.055
AVLp 0.45 Le=80% WS4 10°
OVLp 0.45 Le=65%
h = R OVLp 0.45 Le=50% 0050
Q p 0.45 Le=50%
W Xle | ¢
0.03 8 g 0.043
) A
0.02 0.040
-0.2 0 0.2 0.4 . . 02 01 0 0.1 0.2 03 04 distance [m]
progressive distance [m] a) b)

Figure 8.8— Hs at the WGs behind the device in a cross-shordgumation by varying the
mooring pre-tension level (a) and the wave obligi).
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In the frequency domain, two data elaboration ndshaere applied, one to the groups of
three aligned WGs (Mansard and Funke’s method)a@&on the groups of 7 WGs (BDM).
The first method allows to have information relatedhe wave energy (in terms kf, Kr and
2D spectra) approaching the device and behinKit.can be considered as an indicator of the
residual wave height, and therefore wave energhindethe device, whereasg gives an
indication of the wave energy lost by reflectionfiant of the device itself. The estimation of
the residual wave energy behind the device is goitant factor to decide the number of the
wave farm line/s.Kt, Kr are derived as indicated in the equations (1)(@2nd

Table 8.7 report&r andKg as a function offLp for the three mooring pre-tension levels for each
ordinary WS. The results for the extreme WSs arereported because they have a modest
interest due to the absence of reductiokl@behind the device (as explained above).

A great amount of wave energy is transmitted beliivel device, being the values Kk
always above 0.80. With the exception of WS nthé, values oKy almost linearly decrease
with increasingl/Lp. Ky is slightly higher for the lower pre-tension levg0%) and its
dependence dfLp is less evident compared to the moderately teh#oeand taut (50%) cases.
Also for oblique WSs, a great amount of wave enésgyansmitted behind the device, being the
values ofK always above 0.80. For lower WSs, in figtis lower for perpendicular WSs, a
reason is connected to lowldg recorded at the WGs n. 10-12 (with the exceptiobW8 n. 4),
whereas for higher WSs lower valuekafare often derived fgf=10°.

The Kg trend is opposite with respect to the trend Kgr in fact it linearly increases with
increasingl/Lp. For all the WSs the reflected wave energy is estdbeingkr always under
0.30, regardless the wave obliquity. For lessnsgeWSsKg is lower under oblique than under
perpendicular WSs. A reason could be that thectftl waves do not hit directly the WGs n. 3-
5; whereas for higher WSs the wave field is moraotic and therefor&r does not change by
varying the wave obliquity. Furthermokg seems to be independent from a change of mooring
pre-tension level.

WS 1 2 3 4 5 6

lLp | 1.21 0.79 0.70 0.58 0.45 0.3

Lc =80% 0.87 0.88 0.87 1.00 0.93 0.91
K Lc =65% 0.84 0.84 0.85 0.93 0.89 0.98
Lc =50% 0.84 0.89 0.88 0.90 0.89 0.8p
b

b

b

Lc =80% 0.27 0.22 0.19 0.18 0.17 0.1
Kr Lc =65% 0.28 0.23 0.21 0.19 0.17 0.1
Lc =50% 0.30 0.21 0.19 0.16 0.17 0.1

Table 8.7- Kr and Kz behind and in front of the device respectivelyfuastion of I/lp
for the three mooring pre-tension levels.
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Fig.s 7.5, 7.6 and 7.19) both in terms of trend aihdalues. In fact the lower valueskf were
found forl/Lp greater than 1.0, while the higher valueKefwere recorded fofLp around 0.7
(similarly to what happens with this second invgegtion, with WS n. 4 wheté_p is 0.6).

The high values oKt are also confirmed by the slightly differencesa®s=n the incident and
transmitted 2D wave energy spectra (see Fig. 8.9).

x10°

WO

— Incident at WGs 3-4-5

— Transmitted at WGs 10-11-12

Wave energy spectrum

15

2

' Frequency [Hz]

25
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Figure 8.9— Incident and transmitted (behind the device)evawergy spectrum

for the WS n. 10,d=80% with the gap width of 5b.

By applying the BDM it is possible to derive the 3iave energy spectra, and therefore to

evaluate the incoming and transmitted wave direelispreading. The directional spreading has

been assessed 48 = 6, - 61, whered, is the main incident wave direction of the WGsira.1
to n.7 andVr is the main incident wave propagation derivechatWGs from n.8 to n.14. Table
8.8 resumes the values#f for the three mooring pre-tension levels.

WS 1 2 3 4 5 6
I/Lp 1.21 0.79 0.70 0.58 0.45 0.3%
Lc=80% 1.40 -1.60 -3.50 -4.10 -1.80 1.10
A0 [°] Lc =65% -4.10 -1.50 -2.10 -1.40 -2.4( -1.3p
Lc =50% -2.80 -1.30 -1.50 -1.80 3.20 -0.6p

Table 8.8- Incident wave direction variation!§) after the device reported in function ofd/L
for the three mooring pre-tension levels (for tlag gvidth of 5b).
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For the slack mooring configuration (i.ec=80%) the greater changes of the transmitted
wave direction occur especially for WS n. 3 and.&, for the WSs characterised by the same
Hs tarcerand byl/Lp around 0.65; in particular the maximum valuedéfoccurs for WS n. 4,
which also corresponds to the highest valu&pf By varying the mooring pre-tension level,
Lc=80% seems to be the optimal configuration (with élxception of the WSs n. 3 and 4), since
similar or lower46 have been registered for all the WSs leadingdceater predictability of the
device performance.

Considering also the wave obliquity, it is possitdeassess that the lower valuestéfare
recorded for the smaller wave obliquifz10°, even if are pretty similar to the values loé t
perpendicular configuration. The higher valuegi@fappreciable for the greater wave obliquity
(6=20°) can be justified by the greater device moaon consequent delay in its re-orientation
back to the initial position.

8.2.2. POWER PRODUCTION RESULTS

An initial stage of the tests consisted in the moiation of the PTO system based on the
power production. Furthermore during this studgpahe best mooring pre-tension level was
chosen. The choice of the PTO rigidity and of Hest mooring pre-tension was performed
under perpendicular regular and irregular wavesrsanzed in tables 8.1 and 8.2.

The device power production was assessed basedeorddta acquired from the PTO
instrumentation, i.e. the load cell and the disphaent sensor. Those data were elaborated in
order to obtain the time series of the producedgy®ao (in W) as follows:

F(t)+F(t+At) . d(t+At)—-d(t) (6)

Ppro () = p o

where:
* Atis the time step interval, equal to the inversthe sample frequency;
* F(t), F(t+At) are the forces induced by the device to the PiEGpectively at the times t
and t#At;
« d(t), d(t+At) are the relative device displacement at theaetsge time t and tAt.

Generally, a zero value of the power production meethat the waves did not excited the
displacement sensor, i.e. the wave energy was ldlgr the internal PTO friction at zero
velocity. The results reported in the followindeareto the average value of the time series of the
power production.Ppro values were also calculated by means of the angelacity (i.e. the
changing rate of the relative pitch angle) andhef torque at the hinge point. The results of the
two elaborations were in pretty good agreement.
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Under regular waves the study consisted of two gdias

» optimization of the PTO rigidity for each mooringegtension level,

» assessment of the best mooring pre-tension levéhéogiven optimal PTO rigidity.

The optimization of the PTO was performed by insieg the vertical distance between the
PTO and the device buoyancy plane. This distaraimcreased from 7cm (low damping) to 17
cm (high damping) by steps of 2cm, therefore u&rigr eventually 6) different rigidity stages.
In the following, the figures representing the damp are indicated for example gg the lower
the distance the lower the rigidity number the lotie subscript.

The results are reported as a function oflthge (each ratio represents a single WS) in the
figures from 8.10 to 8.12 fdrc=80-65-50% respectively.

The best PTO configurations correspond to highditgivalues. In fact foL.c= 80% ther,
(i.e. vertical distance of 0.13m) is the optimal@figidity and for botH_.c=65% or 50%, thes
(i.e. vertical distance of 0.15m) is the optimal@Pfigidity. In particular, it is possible to asses
that the power production linearly increases byaasing the rigidity since a target value, e.g.
for the slack configuration (see Fig. 8.10) frome tlower to the best rigidity the power
production increases of 2.4 times.

PTO optimization - configuration 80%
0.14 . : : : : : . . ! l

0,12}

0,10+

Power [W]

0,08+
0,06
0,04

0,02_... A of

Figure 8.10 —PTO rigidity optimization under 10 RW (in termd/bt) for the configuration
with Lc=80%. Five PTO rigidity were analysed, whegags the less rigidity configuration. The
optimal PTO rigidity correspond ta (PTO height=13cm).
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PTO optimization - configuration 65%
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Figure 8.11 —PTO rigidity optimization under 10 RW (in termd/af) for the configuration
with Lc=65%. Six PTO rigidity were analysed, whegfesthe less rigidity configuration. The
optimal PTO rigidity correspond tg XPTO height=15cm).

PTO optimization - configuration 50%

Power [W]

04 05 0,6 0,7 08 09 1.0 1.1 1.2 1.3
I/Lp

Figure 8.12 —PTO rigidity optimization under 10 RW (in termd/bt) for the configuration
with Lc=50%. Six PTO rigidity were analysed, whegfesthe less rigidity configuration. The
optimal PTO rigidity correspond tg PTO height=15cm).
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Once the best PTO configuration for each pre-tengwel was found, the power production
was compared for the three optimal PTO rigiditied ¢he corresponding pretension levels (see
Fig. 8.13). Figure 8.13 shows that the slack presibn level I(c=80%) results to be the best
configuration. However to validate this resultssimilar study was performed also under
irregular waves (see Fig. 8.14).

PTO optimization - 3 pre-tension levels
0,14 1 T T T T T T T T ‘

0,12

Power [W]

0,08 XK
0,06
0,04

0,024

0 0',4 0i5 0|,6 OI,7 018 0|,9 1|,0 121 1|,2 1.3
IiLp
Figure 8.13 —Mooring pre-tension level optimization based oa blest PTO rigidity, under 10
RW (in terms of I/LP). Value ot£80 — 65 — 50% are represented with triangles, leiscand
squares respectively. Blue line colour indicates ; rigidity, whereas red line colour indicates

the 5 rigidity.

The combination of the results obtained from reguad irregular tests shows that the
optimal PTO rigidity and chain pre-tension levebjatimise the power production correspond to
rs (high damping) and to the slack configuration extpely.

By assuming for sake of simplicity the same prolighbof occurrence for each WS, the
power production decreases by increasing the mggmia-tension level of the 6% fbe=65%
and of the 16% fot.c=50% compared t&-=80%. Furthermore regardless the mooring pre-
tension level, sets &0 show high values whdfLp is less than 0.70 (see Fig. 8.14).
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Figure 8.14 —Power production performance in function ofdfior the 6 irregular WSs.
Blue triangles, red circles and green squares fgr80 — 65 — 50% respectively (each with its
best PTO rigidity). £=80% is confirmed as the best mooring pre-tensewel.

The device efficiency was derived as the ratio betwd@so and the available wave power
(Pw, in W) as follow and summarised in the tables &8 8.10 in scale 1:60 and in full scale
respectively. Data of power performance at thaadewere recorded only under ordinary WSs
(i.e. WSs from n. 1 to n.6). For the extreme WBs,PTO system was present on the device but
it was not instrumented. This choice was maderdtept the measuring systems from splashes
due to the high frequency of breaking waves.

HT
Pw=p-g2-ﬁ-b @)
P
n=20 (®)
w
where:

* pis the water density, 1000 [kg/m3];

» gis the gravity acceleration, 9.81 [m/s2];
* Hsis the significant wave height [m];

» Tpis the peak wave period [s];

* bis the device width, 0.38 [m].
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WS 1 2 3 4 5 6

I/Lp 1.21 0.79 0.70 0.58 0.45 0.34

Pw [W] 0.09 0.17 0.39 0.49 0.75 1.3(
Lc =80% Pero [W] 0.031 0.059 0.084 0.107 0.074 0.047
n 33.3% 33.7% 21.5% 21.8% 9.9% 5.9%

Pw [W] 0.13 0.18 0.41 0.43 0.91 1.57
Lc =65% Pero [W] 0.024 0.064 0.098 0.079 0.082 0.046
n 18.3% 35.2% 24.0% 18.4% 8.94% 5.5%

Pw [W] 0.10 0.15 0.35 0.44 0.86 1.29
Lc =50% Pe1o [W] 0.025 0.040 0.078 0.078 0.081 0.049
n 24.2% 26.6% 21.9% 17.7% 9.4% 5.5%

Table 8.9 -Summary of the R Prro andy under ordinary WSs for a gap width of 5b and for
the three mooring pre-tension levels. Data aredale 1:60.

WS 1 2 3 4 5 6
ILp 1.21 0.79 0.70 0.58 0.45 0.38
Pw [W] 1555 | 291.2 | 656.1] 822.8] 12505 21779
Lo=80% | Pero[W] 51.7 98.2 141.2| 179.0] 1243 128.%
" 33.3% | 33.7%| 215%| 21.8%  9.9% 5.99
Pu [W] 169.5 | 251.2 | 5922 737.9 1443p 20958
Le=65% | Ppro[W] 41.0 66.8 129.8| 130.7] 1352 115.§
" 18.3% | 35.2% | 24.0%| 18.4%  8.94% 5.9
Puw [W] 215.9 | 304.3| 685.0| 719.2] 15245  2620|6
Le=50% | Ppro[W] 39.5 107.2 | 164.1| 1322 1364 144.p
" 242% | 26.6% | 21.9%| 17.7%  9.4% 5.59

Table 8.10 -Summary of the data in 1:1 scale of thg Prro and# under ordinary WSs for a
gap width of 5b and for the three mooring pre-tendevels.

Figure 8.15 shows the dependenaan |/Lp for the three mooring pre-tension levels; setg of
show pretty well marked peaks aroufib=0.80 or greater.

Analogous to the perpendicular wave condition,dadahll1 reports the results of tRg, Ppro
andy in scale 1:60 for perpendicular and oblique wavesgen for oblique waves, data of power
performance at the device were recorded only uadknary WSs (i.e. WSs from n. 1 to n.6).

Figure 8.16 shows the dependence oin I/Lp for Lc=80% under perpendicular and oblique
waves. The trend of remains constant by varying the wave obliquite.(ipeaks around
I/Lp=0.80 for orthogonal and oblique WSs). The effeatsthe wave obliquity is limited,
howevery tends to decrease for wave obliquity greater &G
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Figure 8.15 — against I/lr under ordinary WSs for the three mooring pre-tendevels.

p1=0° p2=10° p:=15° B1=20°

WS Pw Pero n Pu Pero n Pu Pero n Pu Pero n

W] (W] [-] W] (W] [-] W] (W] [-] W] (W] [-]

1 0.09 0.03 33.3% - - - - - - - - -
2 0.17 0.06 33.7%]| 0.15 0.05 35.5% - - - 0.18 0.06 31.5%
3 0.39 0.08 21.5%]| 0.36 0.09 24.3% - - - 0.41 0.09 20.4%
4 0.49 0.11 21.8%]| 0.43 0.08 17.6%]| 0.48 0.06 13.2%]| 0.55 0.08 14.5%
5 0.75 0.07 9.9% | 0.85 0.09 10.4%]| 0.88 0.06 6.8% | 0.86 0.08 8.9%
6 1.30 0.08 5.9% | 1.30 0.08 6.2% | 1.36 0.07 49% | 1.66 0.08 4.6%

Table 8.11 -Summary of thel? Prro and# under ordinary WSs for a gap width of 5b,
Lc=80%, for perpendicular and oblique WSs. Data mrscale 1:60.
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Figure 8.16 — against I/l for Lc=80% under perpendicular and oblique waves.
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8.2.3. MOORING RESULTS

The forces acting on the mooring chains were ddrfv@n a time domain analysis of the data
recorded from the load cells by means of the Wabkedaftware (Aalborg University, 2007b).
The results of this procedure are statistical \&@leeg.Fuax (i.e. the maximum value recorded),
F1100(i.e. the mean value of the 1% of the highestsdjf /5 (i.e. the mean value of the 2% of
the highest points¥i2o (i.e. the mean value of the 5% of the highest tspiand inFy3 (i.e. the
mean value of the 33% of the highest points).

In the following, “F” and “B” indicate the chaingspectively in front of the wave maker and
on the back of the device. The letters “R” and tleénote the chains that are respectively to the
right and to the left of the device, for an obsestanding on the gravel beach and looking at the
wave maker (see Fig. 8.1). All the values of tbhecds, even under extreme WSs were well
below the chain failure condition (breaking limiband 1000N).

The load cell signals were very susceptible to dlextrical noise typically present in the
laboratory. The noise mainly affected the religpibf the maximum valuesF{ax), hence
further observations were based on the statistadales only.

Figure 8.17 represents the statistical values @fftinces acting on the four mooring lines as
functions of the WS for the mooring pre-tensionelei:=80%, whereas figure 8.18 shows the
effects of the mooring pre-tension level on the & chain, as functions of the WS.

0.90 0.90 ‘
Le=80% _ X Le=80%
080 _ 080 £
4 R
0.70 0.70 X
0.60 s FRF1/3 0.60 X FLF1/3
g ¢ 8 X 1
0.50 & > > & OFRF120 050 & FL F1/20
% o
y o - /g
0.40 FRF1/50 0.40 X FL F1/50
o
0.30 OFRF1/100 | | 030 % XFL F1/100
0.20 0.20 /
0.10 0.10
0.00 0.00
I 2 3 4 5 6 "8 1 2 3 4 5 6c WS

Figure 8.17 —Statistical values (s, Fir20, Fis0, F1/100 Of the force acting on the FR chain on
the left, on the FL chain on the right for the miagrpre-tension leveld=80%. To be continued
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Figure 8.17 —Statistical values (s, Fir20, Fis0, F1/100 Of the force acting on the BR chain on
the left, on the BL chain on the right for the mogrpre-tension level d=80%. Continued.
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Figure 8.18 —F1/3, F120, Fis0 F1/100 Of the force acting on the FL chain for the thiee

The comparison of figures 8.17 and 8.18 shows t-ass predictable— that an increasing of
the mooring pre-tension level (i.e. frdm=80% toL-=50%) leads to an increase of the forces
acting on every mooring line and that for the frohains the dependence of the force trend on
the WS (i.e. on the available wave power) is moompunced.

Furthermore, for a same WS differences can be fautttke values recorded at the FR and FL
chains and also between the two back chains. Tdi#feeences are mainly related to electrical
noise and/or small change in the geometry configarge.g. interlocking of one or more chain
elements) which leads to different reliability d¢fet measured forces as it was well observed
during the analysis of the time series. That iy whs suggested to consider —as trustworthy—
only some tests and the related forces acting @mibst stressed chain (see Tab. 8.12).
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Figure 8.19 graphically reports the trendd=gf, with Lc=80%; it is possible to note that for
the ordinary WSs the forces are lower for perpanidicwave attacks, whereas for the extreme
WSs the trend is the opposite.

WS Lc =80% Lc=65% | Lc=50%
$r=0° $,=10° p=15° $.=30° $r=0° $r=0°
1 0.47 ; ; - 3 ;
2 0.25 0.58 - 0.53 0.45 0.25
3 0.54 0.98 - 0.83 0.63 0.54
4 0.36 0.53 0.65 0.67 0.70 0.36
5 0.54 0.82 0.69 0.66 1.39 0.54
6 0.51 0.68 0.81 - -
7 - 1.54 - 1.20 _ ;
8 1.20 1.54 - - ; ;
9 3.14 - - ; ; ;
10 4.87 2.28 - 2.73 - -
11 6.33 4.76 - 1.48 - -

Table 8.12 -Most reliable tests in relation to the forces agton the mooring system under
perpendicular and oblique waves for the three Malue of the forces;fso measured in 1:60
scale expressed in Newton.
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Figure 8.19 —F 50 Of the reliable signals of the force under pergeunkhr and oblique waves
(with Lc=80%) for ordinary WSs (a) and extreme WSs (b).
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8.2.4. MOTIONS RESULTS

The possible motions of the device under analysés 74 i.e. the 6 canonical Degree of
Freedom (DoF) represented in figure 8.20, plugeteive pitch motion.

> %@7

Figure 8.20 —Possible movements for the device under exam.

The motion measures in the canonical 6 DoF weraindd from the two MTi signals,
positioned at the bow and stern of the device E8ge8.2). The raw output consisted of three
accelerations, related to the local coordinateesysand three Euler angles. In order to evaluate
the position of the device in its fixed coordinalestem (at the hinge position), the following
steps were undertaken:

1. removal of the acceleration due to the gravity;

2. double integration of the acceleration signals;

3. filtering of the obtained position signals (a higgss filter was used to remove the linear
and eventually second order term caused by theleditlegration procedure);

4. transposition of the signal from local to fixed cdioate system through a rotation
matrix, described in turn from the Euler angles phrticular in order to remove the
effect of the rotation on the displacements, theitpm of the floating WEC is
transposed at the hinge position.

Due to the procedure describe above, it is obvibas the motions have different reliability
levels; in particular the angle motions are morestgient than the translations, because they do
not need the double integration procedure anddlaive filter application. An example of the
effects of the procedure on the surge signal isvahio figure 8.21.
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Figure 8.21 —Same surge signal in the time domain, after thétbountegration (in blue) and
after the filtering (in red). The filter removestitious amplifications due to a double integration

The time series of the 6 canonical motions dataewlerived once the previous procedure was
performed on the MTi signals. These time serieeviiest compared with the incoming wave
signals (in particular with the WG n. 3 signal) ahén analysed in terms of motion amplitude
and finally considering also the motion directions.

The time series of the relative pitch angle (i.ee t7th DoF) can be calculated as the
instantaneous difference between the pitch sigofalse two MTi placed at the two pontoon of
the same device (see Fig. 8.2). However the meamnts at the two MTi showed a different
number of points, so that it was not possible tmnstruct the instantaneous correspondence of
the two time series.

Figure 8.22 reports an example of the motion-wamemarison in the frequency domain,
considering the surge motion for the WS n.1 Wigx80%.
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Figure 8.22 —Surge and incoming wave signal in the frequencyadomin the x-axis the
frequency in Hz, in the y-axis the spectra value.
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The comparison between the two frequency signatsvsh-as expected— a good agreement
between surge and wave. In fact the surge sphasa major peak in correspondence to the
main incoming wave frequency (1/0.72=1.4Hz) andi@omenergetic zone in correspondence to
frequencies that are very low (around OHz) andechmsits natural periodT{=7.1s, see Tab.
8.14).

The motion amplitudes were derived through a zenerdcrossing analysis of the signals. Table
8.13 reports the mean value of the 10% of the Isigbeints for each WS and for the thiee

Ordinary Wave States
Motion Chain FL 1 2 3 4 5 6

L.=80% | 0.010| 0.012] 0.017 0026 0.037 0.046
Surge[m] | Lc=65% | 0.009| 0.012] 0.018 0.028 0.041 0.0b1
Lc=50% | 0.010 | 0.012] 0.021] 0.032 0050 0.0b1
L.=80% | 0.016 | 0.035] 0.051 0.06p 0.088 0.085
Heave[m] | Lo=65% | 0.013| 0.030] 0.043 0.055 0.067 0.0{9
Lc=50% | 0.015| 0.022] 0.03d 0.055 0073 0.081
L.=80% | 0.003| 0.005] 0.01d 0012 0014 0.0}7
Sway[m] | Lc=65% | 0.004| 0.005] 0.007 0.01f 0.023 0.0}7
Lc=50% | 0.003| 0.005] 0.00§ 0.014# 0015 0.0p1

Lc = 80% 2.59 2.48 3.46 3.18 3.14 3.63
Roll [°] Lc=65% | 4.69 2.56 2.84 3.27 4.13 3.59
Lc=50% | 2.64 1.99 2.80 3.20 3.28 3.90

Lc = 80% 5.31 7.34 | 11.14) 1294 14.09 15.73
Yaw[°] Lc=65% | 3.45 5.04 855 1223 13.1p 15.98
Lc=50% | 3.32 3.90 7.67 11.73 13.4p 13.13
Lc=80% 5.86 9.57 13.09] 1349 1434 16.30
Pitch [] Lc=65% | 4.94 8.97 12.34) 13,51 144 16.01
Lc=50% | 5.61 7.64 | 1131 1347 1495 15438

Table 8.13 -Amplitude of the device motion. Data obtained ftbenMTi and elaborated
through a time domain analysis. The data reprefi@nstatistical value of the 10% of the
highest points for each ordinary WS for the thremrng pre-tension levels.

To investigate if there was a prevalent movemergction, the times series of the motion
were divided in two signals accounting for the {pes and negative) directions of the motion.
Figure 8.23 shows an example of the proceduréhfostirge signal.
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Figure 8.23 —-Division of the surge signal considering its diieos (i.e. toward the beach in
magenta and toward the wave-maker in black). Dekated to the WS n.6 and+80%.

In this case the mean values of the 10% of thednigiotion were derived as the sum between
the 10% of the higher motions in both the diredioifhe trend of the mean values of the 10% of
the higher motions is reported as a functioflof for the thred_c and for the ordinary irregular
WSs (see Fig. 8.24 and 8.25).

Statistic analysis: mean value of the 10% of the highest values
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Figure 8.24 —Statistical analysis of the translations: represgiun of the mean value of the
10% of the higher values, as a function of lfiar the three chain pre-tension levels L
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The second analysis shows that there are not mmvatotion directions. The two analyses
differ by an order almost equal to two, howeverthave similar trends. In fact, all the motions
tend to decrease with increasifig.. This parameter was selected since it has bemmrsthat it
affects the power production, while the dependaidlie motions orHs is rather obvious (i.e.
the motions tend to increase with increadiy

When analysing the translations, it can be obsetivatdthe mooring pre-tension level affects
the surge motion folflLp<0.70. The heave seems to be independent frorréitension level,
except around/Lp=0.70-0.80, whereas the sway seems always indeperiden Lc.  In
particular, for most WSs, the heave decreaseshansiurge increase with decreasing
For allLc, the surge and sway motions are indeed limitedoaoed to the heave motion, proving
that the moorings are effective in keeping the cke\position, and in particular the smallest
motion is the sway.

When analysing the rotations (see Fig. 8.25), péted yaw are much greater than roll, and
both tend to decrease with decreasiitg The roll motion seems to be independent from
incident wave energy and frolg.

Statistic analysis: mean value of the 10% of the highest values
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Figure 8.25 —Statistical analysis of the rotations: represeragatof the mean value of the
10% of the higher values, as a function o lfiar the three chain pre-tension levels L

Even if the measurements at the two MTi showedfardnt number of points, an attempt of the
evaluation of the relative pitch statistical valwas made, and it emerged a linear relation
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between the relative pitch and the device powedyeion (see Fig. 8.26). This result proved
that the PTO is truly activated by this angle.

0.12
—_ y = 0.0055x - 0.0582
7z R? = 0.9691 4
0.10 e —
S
R s /‘
0.08 a—
.
0.06 &
o ¢ Lc=80%
0.04 -
L 4 - - - Lineare
0.02 (Lc=80%)
Relative pitch [°
0.00 pitch [°]
15 20 25 30

Figure 8.26 —Linear relation between the relative pitch angleldhpo.

Figures from 8.27 to 8.29 report the translationtiomoby varying the wave obliquity for
surge, heave and sway respectively. All the tediwis tend to increase by increasing the wave
obliquity especially for higher WSs (i.¢/Lp<0.5). This result confirms previous visually
observations done during the first experimentaiviaigt The wave obliquity effects is more
evident —as expected— for the sway motion, i.e.gileaters the greater the motion, regardless
thel/Lp values.

Statistic analysis: mean value of the 10% of the surge highest values
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Figure 8.27 —Surge statistical values by varying the wave olityqu
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Statistic analysis: mean value of the 10% of the heave highest values
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Figure 8.28 —Heave statistical values by varying the wave oliyqu

Statistic analysis: mean value of the 10% of the sway highest values
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Figure 8.29 —Sway statistical values by varying the wave obtiqui

For I/Lp=1.21 both translations and rotations have the rmim value (see Fig.s 8.24 and
8.25) and appear to be substantially independent ff.. Since the motions and the dissipations

Page 82

Hydrodynamic induced by an array of wave energyeders. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Experimental Modelling
Second investigation

have a minimum, it could be explained why for thigiation the device performance is the
highest among the tested conditions (see Fig. 8.He)wever there is only one test 1drp>1,
therefore a general conclusion cannot be drawm #uhis results is confirmed by the results of
the first experimental investigation.

In order to evaluate the maximum motion, the freeay tests were performed. The analysis
of the device natural periods (for each movementnportant to assure the device survivability,
because at the resonance condition the deviceadmplents —and therefore the loads on the
mooring system-— significantly increase.

The free oscillating tests were performed in abseoicincident waves (generated by the
wave-maker), by applying an instantaneous displac¢énalong each direction, keeping the
system in place for few seconds and then releasinQuring this procedure, the displacements
were continuously recorded by the two MTi.

Table 8.14 reports the natural periotlg in particular the first six motions are directly
derived by the front MTi sensor, whereas Theof the relative pitch angle is derived considering
the difference between the two MTi for the pitchtimo. The value ofy for this motion can be
assessed as 0.5s, however due to noise its ragyiahibuld be proved by further tests.

Each natural mode usually is affected by and affecspecific component of the device. For
example, the surge and yaw modes are affected éoynttoring dynamics, whereas pitch and
heave are mainly driven by the geometry and byPth® loads. The table 8.14 indeed highlights
two main ranges offy: around 7s for surge and yaw, and around 0.5gifch and heave.
Therefore, for example, to optimise the power potidm the device should operate in a wave
climate characterised by wave period around 0.55.:60 scale, a conditions that includes the
presence of very short and steep waves.

Motion Natural Periody [S]
Surge 7.14
Heave 0.53

Sway Not recognisable
Roll 0.54
Yaw 7.47
Pitch 0.50
Relative Pitch 0.50

Table 8.14 Ty of the device. Two main ranges can be noted:radauand 0.5s.
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Among the tested WSs, WS n.1 (wilk=0.72s and/Lp=1.21) is the closest to thig, value of
the pitch motion. Figure 8.16 reports the trendhef device efficiency;, which achieves —as
expected- the maximum value in correspondencesoiM8 n.1.

It is worthy to remark that the typical operati@ange of the laboratory paddle system is for
waves with 0.7 Jp < 2, therefore it was no possible perform teshWi=Ty pircn

8.3. PRELIMINARY CONCLUSIONS

The second experimental investigation allows toesssseveral outputs, for example it
confirms the importance of the paramelér not only for the hydrodynamics around the
devices, but also for the device motions and pgweduction.

Minimum distances among the devices of a farm,ddd derived from the hydrodynamic
measurements, in particular it has been highlightedl in the main direction of the incoming
waves there should be at least ®herel is the device length, whereas in the perpendicular
direction the optimal distance —in accordance whth spread mooring system-— ig, Svhereb is
the device width.

Furthermore from the motions measurements it wasiple to assess ranges of wave periods
able to optimises the power production (i.e. comsid) the pitch natural period) or to have
indication on the mooring design (if it is consigérthe surge natural period). Furthermore for
the mooring design particular interest is the dispments-loads relation including ordinary and
extreme WSs, which is a not linear curve (see &g0).
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Figure 8.30 —Relation between the device surge motion and titesacting on the mooring
lines under ordinary and extreme WSs performed kgt80%.
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PARTB - NUMERICAL MODELLING

The numerical modelling allows to confirm and, la tsame time, extend the experimental
database. Two main commercial software were chos#KE 21 BW (i.e. the Boussinesq
Wave module), developed by DHI Water & EnvironméatHealth and ANSYS-AQWA
developed by ANSYS. MIKE 21 BW allows to complgtedonsider all the hydrodynamic
processes (run-up, shoaling, refraction, reflectidiffraction, transmission, etc.), whereas
AQWA allows to include aspect such as the mooriggtesn and is able to model floating
moving structures. This chapter reports the nuragsrctivities carried out with the two models
mentioned above, in terms of calibration and mesuits.

9. MIKE 21 BW INVESTIGATION

The main activity performed implementing MIKE 21 B/related to the first experimental
configuration. However some parameters (especitly beach reproduction) have been
analysed using the second experimental investigatio

The numerical parameters of the code were oppdstwadibrated in order to reproduce the
same effects of the laboratory tests and to fotettes device performance in different wave
conditions. In particular, the hydrodynamics amanfarm of multiple floating WECs has been
investigated at the same experimental points, @snelaboration specifically focused on the wave
transmission and device wave interaction. Furtloeenwith the numerical simulation it is also
possible to obtain 2D maps, e.g.Hfand of the disturbance coefficielty) defined as the ratio
between the local and the incomiHg

The farm under exam is composed by three devicasstaggered layout and in 1:60 scale.
The performance of the farm module is analysed wadeariety of ordinary irregular WSs and
accounting sea level rise variations (see Tab., 7af)intermediate depth condition (being
1/20<hmalLo<1/2) and with the incoming wave direction alignetth the main axis of the
devices, i.e. only 0° wave direction have been emadfor the two water depths. The staggered
farm configuration is composed by two devices ia fiinst line and one in the second line at the
centre of the first gap line. The gap width is rp@mately &, while the cross-shore distance
among the devices is about 2
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The release version of this model was based onntmeerical solution of the enhanced
Boussinesq equations (i.e. the validity is extendis for small wave period) formulated by
Madsen and Sgrensen (1992) and their updates delateghe wave breaking and moving
shoreline (Madsen et al, 1997; Sgrensen et al,;198&nsen and Sgrensen, 2004; Sgrensen et
al, 2004).

9.1. NUMERICAL SET-UP
The main parameters are report in the following lis

1- Wave Module

MIKE 21 BW includes two modules: the 1DH and 2DHuBsinesq Wave Module. The first
module, i.e. one horizontal space co-ordinatesjesothe enhanced Boussinesq equations by a
standard Galerkin finite element method with mik&eérpolation for variables defined on a grid.
The 2DH BW, i.e. two horizontal space co-ordinassdyes the enhanced Boussinesq equations
by an implicit finite difference technique with vailes defined on a space-staggered rectangular
grid. The hydrodynamics induced by the WEC farmejgesented with the 2DH BW module.

2- Bathymetry

The numerical bathymetry corresponds to an extendeslon of the wave basin, to reduced
boundary effects. The bathymetry was created firoa xyz AutoCAD file that exactly
reproduced the basin and the beach.

A first attempt of the bathymetry included the fing device as a structure, therefore with a
change in bathymetry in their correspondence, bl this configuration the simulation always
aborted due to stability problem. Therefore a sdcattempt was analysed, where there is no
bathymetry difference in correspondence to theespacupied by the devices.

In order to guarantee a good accuracy and numesiadillity, a space high-resolution grid
was selected. The grid spacing in both cross-stie.edirection of wave propagation) and long-
shore direction was equal to 0.05 m.

MIKE 21 BW implements as numerical parameters foe space discretisation of the
convective terms four alternative, the results regabin this report were obtained using the
central differencing with simple up-winding at gtegradients and near land.

3- Deepterms
The deep water terms, included in the enhanced¥hwes) equations, allowing to extend the
model into deeper water and/or smaller wave peridd.the tested configuration the wave

Page 86

Hydrodynamic induced by an array of wave energywearrs. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Numerical Modelling

breaking is not include, anld,a/Lo is often lower than 0.22, hence the classical Bimesq
formulation (deep water terms excluded) has beesearn

For the smallest wave periods (ilg:/Lo=0.40) the comparison among simulations run both
with the classical and with the enhanced Boussimeg@tions shows in the latter case lower
incident wave energy spectra and lower wave heighisg the basin. Moreover the model
requires more CPU time, therefore all the resudt® Ipresented were obtained from simulations
run with the classical formulation.

4- Bottom friction effects

Usually the effects of bottom friction are relatiwémportant if there is a sufficient distance
for the bed resistance to attain any significarfeatf on the wave propagation. In the
configuration under exam the bottom friction wasluded by means of a constant Manning
number of 40 H¥s for the concrete bottom, of 30Mfs for the devices and a varying Manning
number between 40 and 26's was adopted for the beach (see Fig. 9.1).
Furthermore an eddy viscosity coefficient with astant value of 0.5 in all the grid was added.
However the presence or the variation of the edsdgosity value does not seem so influent on
the simulation results.

Manning

[

Undefined Value

Figure 9.1 —Final configuration of the bottom friction effeatsed in MIKE 21 BW.

5- Simulation period and wave generation
The minimum wave period (i.€lp=0.74s) was resolved by more than 35 time steps (..
Tmin/3) since the moving shoreline was included. Tioeeethe calculation time step of 0.01s
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was chosen. Each simulation had a duration of Rutes. The output was post-processed to
achieve the same sample frequency used in thedtdvgr

The released software MIKE 21 BW includes itselMadel Setup Planner. This Model
Setup Planner gives an estimation of the requiotal time for the simulation, the maximum
value for the optimization of the spatial discratian, the suggested minimum wave period
allowed, having as input parameters such as theehedensions, the water depth, the spectra
peak wave period, etc. Following the set-up plansigggestion, the chosen discretization
parameters fulfil the Courant criterion, i(&<1.00.

Once the smallest wave period allowed is knownythees are generated through an internal
Toolbox. The MIKE 21 Toolbox — Module waves — RandWave Generation was used. This
toolbox permits the choice of several wave spectramd it accepts as input significant wave
height and period, directionality, water depth, Bash wave period, grid spacing and line where
apply the waves. The simulations were performedhriposing measured water levels or target
Jonswap wave spectrum at the off-shore boundatye ré€sults seem to not strongly feel the
effect of the different choice in the wave genenati

6- Filter layer

In MIKE 21 BW it is possible to insert a local élt layer in order to remove high-frequency
instabilities during up-rush and down-rush andissigate the wave energy in the area where the
surface roller cannot be resolved. Since the sitiaris were stable and the wave breaking was
not included, the filter was not been applied ® simulation.

7- Porosity layer
Porosity values are used to model partial refleacéad/or transmission through structures. The
width of the porosity layer should be at least @f4a wave length corresponding to the most
energetic waves. In the simulations, the threatiihg devices were reproduced as porous layers,
in order to simulate wave transmission and reftecthrough them. Since the code is 2D and
not 3D, parameters —as the draft— are not impqgreand the layer had the same characteristics
from the bottom to the surface, thus the devigepsrous pile extended for all the water depth.

The selection of the value to be attributed togbeus layers, i.e. the so called porous factor,
has been derived from an iterative procedure.

The internal Toolbox of MIKE 21 —Waves- Calculatioh reflection coefficient, allows to
obtain the value of this factor depending on théewedepth, the wave conditions, the width and
permeability/impermeability of the layer and on tigical diameter of the stones.

The porous factor proved to be the key design alibration parameter. After several
attempts, in order to optimise the representatiowave transmission, a porous factor of 0.90
has been selected, having the width layer equalsntostone diameter equals to 0.05m and the
other parameters (laminar and turbulent resistpacameters) equal to their default values. In
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the porosity map, the porosity factor is differéahd in particular less) than one only along
bodies where it is expected dissipation effect.

To reduce the wave reflection induced by the bemslecond analysis on the porosity map
was performed in a later phase. The main diffexandhe beach representation is related to its
permeability/impermeability (i.e. without the pomsoulayer the beach is assumed as
impermeable).

8- Sponge layer

Sponge (or absorbing) layers can be used as nuah&rayve absorbers in Boussinesq wave
simulations. These may e.g. be set up along miooi@hdaries to provide radiation boundary
conditions, which absorb wave energy propagatirigpbthe model area.
In the numerical tests, to assure full wave absamgiehind the numerical wave-maker a sponge
layer of 50 cells has been created. The assigoecige values are obtained, as for the porosity
factor, through an internal Toolbox. The set-uptloé sponge layer fulfilled the provided
guidelines (MIKE BW User guide), for instance: smonge layer width should be one/two times
the wave length corresponding to the most energedies; sponge layers should be at least 20
lines wide (but 50 are suggested); to minimiseeibns, the values of the sponge layer
coefficients increase smoothly towards the bounttarg.

The whole set-up configuration is summarized inftlewing figure.

Legend

Device, as
porous layer

Beach, represented
through not constant
bathymetry and bottom
friction

Sponge layer

Constant bathymetry
and bottom friction

1
1N BN

4 i24% =
C . Wave gauge, same

# posltlon of the laboratory
conflguration

] Wave generation line

Figure 9.2 —Summarizing of the setup used in MIKE 21 BW.
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9.2. CALIBRATION

The numerical parameters were calibrated by comgdahe numerical and the experimental
results. The main model outcomes are e.g. the senies of the surface elation, the significant
wave height and the disturbance coefficient inghare grid. The calibration focused on data
elaboration on the frequency domain.

A first comparison was related to the estimatiorth&f overall wave energy, in terms of 3D
wave energy spectrum obtain through the BDM anglgpiplied to the same first 7 WGs as in
the elaboration of the experimental data.

Figure 9.3 reports the comparison among experirheamd numerical 3D wave energy
spectrum (i.e. considering both wave frequencydirettion) for the WS n.6. For several WSs,
the spectrum has a greater spreading factor imatheratory than in the numerical simulations,
both in frequency and direction. As it will be sholater the approximation of measured and
simulated Ky is overall good; however a different spreadingldolead to a differentHs
distribution in the wake of the devices and themefoould be worthy of further investigation.

In order to better investigated the effect of thavev reflection, incident and reflected 2D
spectrum were derived from the frequency analysisain at the groups of three aligned WGs
in front the wave maker and along the basin.

As regards the wave generation, the numerical medable to predict the incident wave
energy at the WGs 8-9-10 (see Fig. 9.4), beingetiexgy difference at the peak frequency on an
average of the 3%. The worst case, leading tdfareince up to the 18%, corresponds to the
lower WS, i.e. WS nr. 2, where problems in generathay have occurred due to physical wave-
maker limitations.

This behaviour is notable both when wave generatidorced with the measured water levels
and when the target Jonswap wave spectrum is sdlaetgardless the water depth, and therefore
only results related ty are graphically reported.

Regarding the reflected wave energy, instead, theéeloverestimates the lab values at least
of 2.5 times (see Fig. 9.5). A possible solutionreducing wave reflection may be a different
representation of the beach dissipation in the mode

These differences are also confirmediayandKg, in fact table 9.1 reports their values and
—to facilitate the comparison— also the experimeardhies of table 7.3. It is possible to note that
numerical and experimental data sets have the s@me in function of/Lp, i.e. by increasing
I/Lp, sets ofKg tend to increase whereas setXgfhave the opposite trend. Furthermore table
9.1 highlights thaKgr g is in the range 16-34%r num iNstead varies in a wider range 27-70%
(e.g. forhy), whereas the averadfe values differ for less than the 3.5% #r, and 7% forKr3
(e.g. again fohy).
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Figure 9.3 —3D wave energy spectrum for the WS n.6 for therkgboy tests (on the top)
and for the numerical simulations (on the bottom).
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Figure 9.4 —Example of laboratory and numerical 2D incident rigyespectrum for the WS
n.8 at the water depth hfrequency in the x-axes, and energy distribuiirotine y-axes.

WSB8 - Reflected wave spectra around the devices
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Figure 9.5 —Example of laboratory and numerical 2D reflecte@myy spectrum for the WS
n.8 at the water depth hfrequency in the x-axes, and energy distributiotihe y-axes.
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Analogous to the wave energy spectra, the gre#terahces —between the laboratory and the
simulation— in the values dfg with respect to the values &% could be mainly related to a

different representation of the dissipation indubgdhe beach.
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ws| 1 2 3 4 5 6 7 8
Kroiae | 0.88 096 097 097 097 097 099 046
Krinow | 082 090 094 097 093 096 092 095
Krsiae | 094 097 095 095 092 091 092 049
Kranow | 082 0.86 092 096 090 094 089 092
Keeag | 032 028 023 018 023 018 025 049
K 053 041 039 039 035 038 032 0317

R1, NUM
Krsiag | 0.34 028 021 017 020 016 022 047
K 0.70 048 044 039 039 038 036 0.28
R3, NUM

Numerical Modelling

Table 9.1- Experimental and numericakkand Kz under 3D perpendicular WSs with h

Regarding the wave transmission, figures 9.6 a@dr&port their values for the two water
depths at installation, from which it is possibteappreciate that in the numerical simulation
seems not to significantly affest.. The higher differences are related to the baskoa (see
Fig. 9.7 withKy3) due to a different wave height distribution aldhg gap of the first line and so
different representation —in the model- of the rabinteraction among the devices and different
wake effects acting on this third device (see sekt-section 9.3). In particular figure 9.7 shows
thatKrs numis higher tharKrs | ag the reason is related to the device motion ants fglacement,
l.e. in a sheltered area induced by the wave idtiera of the two first line devices, and this
interaction is not well reproducible with the numal simulation.

1.00

Kpi [-]

0.95

0.90

0.85

0.80

0.75

0.40

0.60

ElO 00 0O
m0O0

0.80

1.00

1.20

OLab hl
B Num hl
OLab h2
B Num h2

1.40 I/Lp

Figure 9.6 —K+1 from the laboratory and numerical data and for tiw® water depths.
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Figure 9.7 —Kt3 from the laboratory and numerical data and for the water depths.

However the numerical results can be used to Maliteboratory hypothesis made on the
wave transmission behind the lines of a wave favhich were based on simplified assumptions
on measurements dealing with local values. Asrtedan the section 7.2, thér, values are
obtained through a weighted average consideringtaahthekr; values for the space occupied
by the devices and their anchors, and a value egual00 (i.e. total transmission) for the
remaining basin zoneXKr,, instead, is derived in a similar way, by replacineKrs value in the
space in between the anchors of the third devidde approximation to keep constant the
transmission coefficient for a long-shore extensqguals to the space between the anchors was
based on the measured trendHgiat WGs n. 22-25-26-27.

In order to check these assumptions, numericalltseeawe extracted along two long-shore
lines, covering the whole long-shore extensionhef éxperimental tank. Figure 9.8 reports this
comparison.

Figure 9.8 shows for WS n. 2 a good match amongtbsumed laboratory trend and the grid
by grid K1 values, derived from the simulations. Both thieat of wave interaction at the gap
(values greater than 1) and the reduction of waegight induced by the devices can be
appreciated.
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in red: laboratory hypothesis; in blue: numericasults.

i
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i
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long-shore cells

Figure 9.8 Ky behind the first farm line for the WS n.2;

i
200 220

Furthermore, figure 9.9 compares the lab and nwalevialues ofKr, andKrs. To derive
single values oK+, num andKra num the results from simulations have been averatgyahe
extraction line.

2 100 ‘ ~ 100
%3 ? oLabhl | oLl
X i | ‘ A oNumhi| X s L 8” ONum hl
¢ Nl 0 ' O Num h2
090 0.90
08 0.85
040 060 080 100 120 140 //lp 040 060 080 100 120 140 I/Lp

Figure 9.9 —Numerical and laboratory values ofikand K, in the left and right side

respectively.

Page 95

Hydrodynamic induced by an array of wave energyeders. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Numerical Modelling

9.3. NUMERICAL RESULTS

The numerical results have been based orHthealues along the basin, in particular in the
gap between the two first line devices and in tlakevof the rear device of the second line.
Table 9.2 summarises tlk value at each WG for the WSs performed vitlin full scale. The
numericalHs along the basin are close to the experimental (seesTab. 7.4) with the exception
of the values related to the WGs within the gaj (sext figures). The reason of the differences
in the gap is due to the device motion, since enrtmerical simulation the device is modelled
as a fixed body (a porous pile with rectangulartisa. Also the different incoming wave
spreading leads to a different wave height distidlouin the wake of the devices.

Besides, from table 9.2 and figure 9.10, it carobserved that the numerical wave-maker is
more stable than the laboratory one: in fact ilde to reproduce the sani®ncoming by
changingTp also for the less energetic WSs (see WGs n. I-8/f8s n. 1-2 in the Fig. 9.10).

WS

WG 1 2 3 4 5 6 7 8
1 1.89| 1.97| 201 209 271 282 3.28 342
2 1.87| 1.94| 198 210 268 282 325 345
3 1.85| 194 2.00 208 271 2.82 329 3§45
4 |188| 1.94| 2.02 2.07 274 278 3.2 342
5 1.84| 195 198 20% 268 277 3.26 340
6 1.85| 19| 193 208 262 281 3.19 30
7 1.89| 1.97| 199 208 270 281 329 340
8 191| 198 2.00 214 271 288 329 3p1
9 191| 1.99| 203 211 274 284 332 3p1
10 | 1.91| 1.98| 197 207 26 281 3.25 339
11 | 1.6 | 1.76| 1.81] 2.00 24P 268 292 3p2
12 | 1.63| 1.79] 192 210 257 282 3.08 3J30
13 | 161 | 182 192 208 25 279 3.07 335
14 1 1.89| 1.94| 198 206 26p 218 3.20 347
15 | 1.84| 1.95| 2.0 214 273 286 3.81 344
16 | 1.81| 1.94| 2.00 2.1% 27p 289 3.28 3J46
17 | 1.86| 1.95| 2.03 2.01 27p 280 3.83 333
18 | 1.84| 1.97| 2.0 2.06 2.7p 247 3.38 3|32
19 | 1.77| 1.88) 2.00 2.04 268 277 3.24 3443
20 | 1.74| 187 194 212 26 286 3.20 342
21 | 1.74| 1.90| 198 214 26f 290 3.23 354

Table 9.2— Values of the numericalgth full scale under 3D perpendicular WSs with h
To be continued
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WS

WG 1 2 3 4 5 6 7 8

22 | 149 1.71] 188 213 251 290 3.00 3116
23 1156 | 1.73] 189 216 24P 286 295 328
24 | 155| 1.70| 1.73 204 230 262 2Yy6 31
25 1166 | 1.84 191 20% 254 2743 3.05 340
26 | 1.69| 1.85 191 204 253 272 3.05 387
27 1166 | 1.83] 1.8 203 251 270 3.02 3J34

Angelelli Elisa, PhD Thesis
Numerical Modelling

Table 9.2— Numerical H values in full scale under 3D perpendicular WSth. Continued

N 0 NN O o MY o 0O R, N o NN Wwo YN N R R Y

WG 3 4 5 6 7 8
1 |1.65| 1.68] 2.6 276 3.24 3.3
2 |159| 165 258 272 312 3.
3 | 1.62| 1.65 262 272 3.16 3.9
4 |161| 166 26| 273 312 3.3
5 |158| 1.66| 255 269 3.08 3.3
6 | 157| 1.65| 253 269 3.06 3.2
7 | 1.62| 1.65 261 271 318 3.
8 |164| 1.69| 262 278 315 3.3
9 |162| 1.67| 26| 273 3.14 3.9
10 | 1.65| 1.64| 263 2.7 3.1p 3.4
11 | 1.48| 1.63| 2.3 2.6/ 281 3.1
12 | 1.52| 1.63| 242 263 2.8p 3.1
13 | 1.54| 1.63| 244 264 29 3.1
14 | 1.62| 1.68| 2.61 274 3.14 3.9
15 | 1.63| 17| 263 27§ 316 3.9
16 | 1.62| 1.71| 262 279 3.1y 3.3
17 | 1.61| 1.65 259 27 318 3.4
18 | 1.62| 1.64| 2.6 268 3.1p 3.2
19 | 1.59| 1.66| 258 272 3.1t 3.
20 | 1.56| 1.67| 252 2.72 3.04 3.
21 | 1.59| 1.69| 2.5 2.77 3.08 3.3
22 | 1.54| 1.64| 241 258 2.8 3.0
23 | 1.53| 1.57| 242 248 2.8p 2.4
24 | 15 | 1.62| 236 256 281 3.0
25 | 1.57| 175 25| 281 299 3.9
26 | 1.56| 1.74| 2.48 2.81 29p 3.3
27 | 1.57| 1.73| 248 279 297 3.3

a1

Table 9.3- Values of the numericalgth full scale under 3D perpendicular WSs with h
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Figure 9.10 —Comparison of the experimental and numericgkétorded in the 27 WGs
placed along the basin for the water depth Walues are in full scale.

For an easier comprehension of the numerical patenand limitations related to the
reproduction of the laboratory results, tHevalues are analysed in the gap, both in long-shore
and in cross-shore, and in the wakes behind tine faodule.

The long-shore wave interaction can be stated ttemmeasurements at the WGs 15-17-18.
Figure 9.11 shows a different numerical and lalwoyatls trend, in fact the laboratobys tend to
decrease from the centre of the gap towards thealéve. from WG 18 to WG 15) while the
trend of the numerical values instead seems tmbstant, regardless the water depth.

The cross-shore wave interaction is derived froenrttreasurements at the WGs 18-19-20-21.
As for the long-shore analysis, even in this cdmret are differences between numerical and
laboratoryHs. In fact, laboratoryHs tend to decrease from the centre of the gap tewtre
device of the second line (i.e. from WG 18 to WG @hile numericaHs instead seems to be
constant, regardless the water depth (see Fig).9.12
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Figure 9.11 —-Numerical and experimental values of iH long-shore direction with;h
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Figure 9.12 -Numerical and experimental values of iH cross-shore direction withyh

Figure 9.13 shows the wave field behind the famterms ofHs related to the WGs n. 22-25-

26-27, for every WS withh;.

device motion (i.e. the gap of the first farm line)
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The comparison shows less difference with reasped¢he Hs
comparison in the gap, this is related to the gredistance from the interaction zone due to the
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Figure 9.13 —-Numerical and experimentald¥alues in the wave farm module wake with h

9.4. EXTENSION OF THE EXPERIMENTAL DATABASE

Once the accuracy and the limitations of the saftveae well-known, the numerical simulations
allow to extend the experimental database in terfmot punctual results and, at the same time,
in terms of further configurations to be examinad lbwer cost). In particular this section
proposes map results of the disturbance coeffitdgrtdefined as the ratio between the Iddal
and the incomindds and two additional wave farm layouts, obtainedchgnging two design
parameters of the farm layout: the alignment arddistance between the devices. These two
additional configurations were carried out for W&BS-7, in order to analyse both the influence
of a change in wave height and wave period the nigaidests were.

9.4.1. 2D MAPS

The laboratory hydrodynamic measurements do notvalb completely describe the wave
field around the devices, because they give orlycal value. With the numerical simulation
instead, it is possible to achieve a complete vidwhe wave farm hydrodynamics, since the
hydrodynamic measurements are available in altétls of the grid.

Figure 9.14 shows an example of 2D maps of KDISHerWS n. 5Kls= 0.067m,Tp= 1.01s)
for the water depth;. Values from green to blue denote areas wherddkiees are effective in
reducing wave height. Values from yellow to rechate areas where the local wave height is
greater than the target; it can be specificallyasat wave reflection in front of the three devices
and in some area at the gap (due to the interaofidhe devices placed in the first line). The
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wakes behind the first two devices have an oriemtaif about 30° with respect to the direction
of wave propagation and show an extension grelaser the distance between the anchors. The
disturbance coefficient varies in the range 0.92+1in the gap and 0.84-0.96 in the device
wakes.
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Figure 9.14 —Kp,s for the WS n. 5 (laboratory configuration) aftér tin of simulation.

9.4.2. DIFFERENT WAVE FARM CONFIGURATIONS

Two design parameters of the farm layout have Isedected so far: the alignment and the
distance between the devices. In order to andlg#e the influence of a change in wave height
and wave period the numerical tests were carrigdf@uWSs 4-5-7. The main results are
reported below.

The first additional configuration was obtained dhyanging the placement of the devices in
the basic module, i.e. from a three staggered dsvio a module with four aligned devices
(keeping constant the distance between the fams)inFurthermore, to compare the results with
the initial configuration, the same 27 WGs are uséth the addition of other 3 WGs (WGs 22a-
23a-24a) behind the new back device, see figui® 9.1

As expected, the addition of a fourth device in $keond line leads tds variation only for
the WGs between the rear devices and the beadacindue to the absence/presence of the
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deviceHs respectively increases at the WGs 22-23-24 ancedses at the WGs 25-26-27 (see
Fig. 9.16).
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Figure 9.15 —Aligned configuration with four devices (two forcedine) with the same 27
WGs, and 3 further WGs (22a-23a-24a) behind orteeohew back device.
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Figure 9.16 —-Numerical H; at the 27 WGs, derived from the staggered (ciyadesl aligned

(squares) wave farm configuration.
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Figure 9.17 —i.e. the 2D map éfs— shows that the back devices fall completely enwake
of the first line and the wakes of the second ane affected by wave reflection from the beach.
Therefore theHs values in front of the back devices and also kehiiem (and in turns thi€rs
values) are lower than in the staggered case. keweith this new configuration the free area
is globally wider and thereforér, is not so reduced with respect to the staggerafigroation.
If one considers the combined application coastatiegtion-energy production, the wave energy
available in front of the second farm line is clgdower.
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1.00-1.02

0.98-1.00
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B 0.88-090
B 086-088
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Il 082-084
Il 080-082
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Il 074-076
Hl 072-074
Il 070-0.72
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6 7 8 9 10 1" 12 13 14 15 16 17
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Figure 9.17 —Kp,s derived for the aligned wave farm configuratiofiea5 min of simulation.

The second additional configuration was createdrder to examine the influence of the gap
width using a staggered configuration. The gapghwedn be a design parameter able to optimize
the combination of coastal protection and energydpction. In fact the gap width reduction
could increase the number of devices in the famnthe energy production, and at the same time
could decrease the wave height behind the farnoéig a constructive interaction between the
devices in a same farm line.

In the simulation, the gap width has been decreised & to &b, keeping constant the cross-
shore distance between the farm lines. In ordercdmpare the results with the initial
configuration, the same 27 WGs were used, modifginly the long-shore position of the WGs
in the gap (WGs 14-17).

This reduction leads, as expected, to modest clsaingdheHs recorded in the gap. Figure
9.18 compares the cross-shore (to the left) and-#tiore (to the rightHs values for the two
staggered layouts. Along the cross-shore directlun differences are hardly appreciable,
whereads is reduced in long-shore direction with respedh initial configuration especially
for the highest WS.
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Figure 9.18 —Hg variations for the two staggered layouts, relatedhe WGs placed in cross-
shore direction and in the long-shore directionpestively to the left and to the right.

With respect to the wider gap width configuratiaith a narrow gap width the back device is
more affected by the wake of the front devices {8ge9.19), leading to loweéts in front of the
back device and therefore a lowds behind it. Furthermore, it can be also obsengairaaHs
reduction in the gap (especially in long-shoredion, see Fig. 9.18).
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Figure 9.19 —Kp,s derived for the staggered configuration with a gegth of 6b,
after 5 min of simulation.
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9.5. PRELIMINARY LAYOUT ASSESSMENT

The selection of the optimal layout depends onctieemporary achievement of a good level
of wave reduction for coastal protection and aicuffit level of wave energy still available at
the rear lines for energy production purposes. Gbmbination of these results leads to a
feasible farm installation. Figure 9.20 reports ity numerical values extracted along two long-
shore lines (in front and behind the whole farnoy, the WS n. 5. Th&ps map comparison
coupled with figure 9.20 allow to assess the laydftect on the wave field behind the wave farm
module.

In particular, there are slight differences betwdentwo staggered configuration (wider gap
width of & in purple and narrow gap width ob6n orange), and these are related to the gap
zone, where a narrow gap width leads to loWer An aligned configuration instead leads to
greaterHs reduction only in correspondence of the devicedgrline vs. purple). Based on the
overall analysis of the numerical data, the bestfigaration for both coastal protection and
energy production seems a staggered layout, whschirgcreases the density of the devices.

Hs long-shore behind the whole farm
T T T T T T

~—a— 3DEXA L8b
‘ 4DEXA [l
3DEXA L6b
—+— devices

| — - anchors

& \M»/ / *:\,L.-‘_,,.g _/ \b" : / .

2251 i i i i H 4 i

221~ : - H —

1 l 1 l l |
60 80 100 120 140 160 180 200 220
long-shore cells

Figure 9.20 -Numerical H; in long-shore direction, for the WS n.5, derivethind the whole
farm line from the three configurations: staggeweith a gap wide 8b (purple), aligned (green)
and staggered with a gap wide 6b (orange). Thelblaes represent the devices positions (e.g.

the back device is represented through the cefitras).
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9.6. IMPROVEMENT OF THE NUMERICAL SEFUP

The first numerical activity highlighted some weaadints, mainly related to the representation of
the reflection wave field. Therefore some paransetas been investigated more in details, and
then calibrated based on the results of the seegpdrimental activity. In particular the focus
was pointed to the beach representation.

The experimental activity was related to two desieesre deployed at the same distance from
the wave-maker (3.60m), with a minimum mutual I@hgre distance according to the mooring
system (i.e. 2.00m, equals tb)%&t a water depth of 0.45m in 1:60 scale.

The same module MIKE 21 BW - 2DH was chosen toegegnt the laboratory configuration.
The basin was reproduced considering its real démarand a virtual space around it (50 cells in
each direction) with a space grid of 0.05m. Thé&dm of the laboratory basin is made in
concrete and so a constant Manning number of 4smvas used whereas the beach side is full
with gravel and a varying Manning number betweerad@® 20 n{¥/s was adopted. The devices
were represented through a porous layer simplifigth a rectangular shape (1.0m in cross-
shore, 0.4m in long-shore direction). Following tMIKE manual guidelines (DHI,2008),
waves were created through an internal wave geaerahoosing a Jonswap wave spectrum
(spreading factor equal to 30, i.e. maximum dewrafrom the main incident wave direction of
14.7°) and a sponge layer (of 50 cells) was adojatedimerically absorb the waves in the wrong
direction of propagation. The minimum wave penegdroducible with MIKE 21 BW with this
configuration was 0.75s, and since it is closeghtomilder WSs, only the higher WSs have been
used in the calibration procedure. The whole nigakset-up is summarized in the figure 9.21.

The beach has been represented with a not corsmgmetry and bottom friction, and at the
same time through a constant porosity layer. Tpigm@al porous factor has been calibrated
through a direct comparison with the laboratoryitssin order to represent the laboratory wave
reflection. In particular the comparison was plolgsby extracting the surface elevation in cells
corresponding to the laboratory WGs.

The calibration focused on the beach representatimnits extension, its bottom friction and/or
slope and porosity factor, and was preliminary @aned without the presence of the devices,
and then each attempt has been compared with [Hteseephysical tests (i.e. empty basin). The
several alternatives are summarised in the follgwainle 9.4.
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Legend

Device, as
porous |ayer

Beach, represented
through not constant
bathymetry and bottom
friction

Sponge layer

Constant bathymetry
and bottom friction

I
=000

Wave gauge, same
position of the laboratory
configuration

] Wave generation line

Figure 9.21 —Summarizing of the set-up used in MIKE 21 BW.

Test Name of Description
num. the Test P

2D, beach slope 1:2.67 (20.6°), porous factor 8 0porous layer on the
1 wse6nl

laboratory beach space

2D, beach slope 1:2.67 (20.6°), porous factor 8 0porous layer on all the
2 WSs6n3 :

beach space (real + virtual)

2D, beach slope 1:2.67 (20.6°), porous factor @0 0porous layer on the
3 WS6n4

laboratory beach space

2D, beach slope 1:2.67 (20.6°), porous factor 800porous layer on the
4 WS6n5

laboratory beach space

2D, beach slope 1:1.87 (28.2°), porous factor ®00porous layer on the
5 wse6n7

laboratory beach space
6 WS6n8 2D, beach slope 1:2.67 (20.6°), higher bottomifsitin the beach zone,

porous factor of 0.90, porous layer on the labayab@ach space

2D, beach slope 1:2.33 (23.2°), porous factor ®00porous layer on the
7 WS6n9

laboratory beach space

3D, beach slope 1:2.67 (20.6°), porous factor 8 0porous layer on the
8 wWs6n2

laboratory beach space (analogous to WS6n1)

3D, beach slope 1:2.67 (20.6°), porous factor ®00porous layer on the
9 WS6n6

laboratory beach space (analogous to WS6n4)
10 WS6n10 3D, beach slope 1:2.33 (23.2°), porous factor ®00porous layer on the

laboratory beach space (analogous to WS6n9)

Table 9.4- List of the simulations performed for the cadititon of the beach representation.
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The results of the sensitivity analysis performadtle 2D tests listed in the previous table are
graphically reported in figure 9.22. In particyléis possible to assess that:

» the extension of the porous layer (from test n.4.®) does not cause any significant effect
on the overall wave field;

» the porous factor seems to be the key parametair@sdy found in previous simulation,
i.e. in the sections 9.2 and 9.3), in particular:

— a reduction of its value (from test n.1 to n.4)dedo a noteworthy increase of the
wave height —especially in the incoming zone (WG%-8)- and of the wave
reflection derived at the group of three aligned \(&5 and 10-12);

— an increase of its value (from test n.1 to n.3}Y$et slight wave height variation,
more marked in the centre basin zone (WGs n.8-14grevthe results are more
similar to the laboratory ones;

» the increase of the bottom friction (from test tun31.6) does not show notable differences,
since the bottom friction was already pretty higid a&imilar to the laboratory condition
even for the test n.4;

» a strong increase of the beach slope (from testonr85) produces higher wave height in
all the basin and higher wave reflection (derivedaame two groups of three aligned WGs
as before).

The differences between numerical and physicalltest the WGs n.15-21 (which were at the

same distance from the beach) are mainly relatédetglobal and local shape of the beach and
to its reflectivity, which were fickle parametens case of the laboratory tests. The exact
geometrically beach variation is obviously not egantable with MIKE.

However the configuration that better reproducesll#iiboratory was the one with a beach slope
of 20.6°, higher bottom friction in the beach zopeyous factor of 0.90 (i.e. WS6n9). This
configuration was then checked also under 3D wawelition (WS6n10).

The effects induce by the presence of the deviers analysed by adding a second porous layer
in their correspondence and reported in figure .9.28 the configuration named Testl, the
porous factor assigned to the devices porous hager0.85, whereas Test3 is by a porous factor
of 0.70.
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Figure 9.22 —Calibration analysis on the &ht the 21 WGs for the 2D numerical simulations.
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Figure 9.23 —Hs at the 21 WGs for the laboratory results (greeartgles), the simulation
performed without the device (black circles) anel same configuration with the devices
decreasing the porous factor on the devices (reduses and orange diamonds respectively).
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The presence of the devices (WS6n10 vs. Testl)upesda global wave reduction, mainly
notable with the following effects:

» a significant reduction of thds behind the devices (WGs from n.8 to n.14);

» a differentHs trend in the centre of the basin, i.e. behind betiveen the devices (WGs
n.15-16). These differences could be explainedtduke wave interaction induced by the
two devices;

» a differentHs trend in the lateral zone behind the devices (WG® n.17 to n.19). This
reduction is due to the wake zone induced by on&de

The numerical effect induced by the presence ofdéeices are more marked than in the
laboratory results, e.g. in the laboratory the red@on between the devices (WGs n.15-16)
seemed absent (i.”gs at the WG n.16 was equal to the incoming value).

Furthermore figure 9.23 shows that a reductionhef porous factor (Testl vs. Test3) leads to
lower Hs and higher difference with respect to the labasatoesults. Therefore the
configuration of the Testl has been selected.

However, the porous layer expedient on the beaels dot solve the overestimation problem
of the reflected field, in fact the numerid&k are again higher than the laboratory ones, even if
their similarity is improved.
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10. ANSYS-AQWA

Since MIKE 21 is not able to represent dynamic efspesuch as mooring systems (type, pre-
tension levels, inertia, etc.) or joint connect{as the hinge below the PTO) or energy lost due
to device rigidity and/or inertia, etc. the numaliactivity was integrated with a second
software: ANSYS-AQWA developed by ANSYS. The nuioarresults were compared to the
experimental ones (i.e. related to the second tiga®n phase). Once the comparison is
optimized, ANSYS allows to evaluate different mogri configurations more suitable to
response to real sea states. It is worthy to retn@ ANSYS software work in full scale and not
in laboratory scale.

ANSYS has several modules, the ones relative tohyfgrodynamic analysis are ASAS
(software for advanced structural assessment otypks of fixed and floating structures),
FLUENT fluid analysis, ANSYS AQWA Hydrodynamic DiHiction and ANSYS AQWA
Hydrodynamic Time response. For the purpose of tesis only the last two modules were
used.

In particular, ANSYS AQWA Hydrodynamic Diffractiothevelops the primary hydrodynamic
variables required for complex motions and resparsasyses, solving the Green function for
irrotational flow by means of boundary element aadel method (Newman, 1985).

ANSYS Hydrodynamic Time response, instead, perfattmsdynamic analysis in frequency or
time domains, deriving the impulsive response frima previous module and solving the
equation of motion by means of the state-space adefdournée and Massie, 2001). The
analysis is coupled to the cable dynamics, whewh dme is solved by a finite element
approximation. Slow-drift effects and extreme-waeaditions may be investigated within the
time domain (Chakrabarti, 2004). Damage conditisash as line breakage, may be included to
investigate any transient effects that may occur.

In this section the investigation carried out oa tievice under exam is reported focusing on
the reproduction of the experimental spread moosiygiem set-up and on the main numerical
results.

10.1. SET-UP

The laboratory configuration (device + spread mugrisystem) described in the second
experimental investigation (see Section 8) wasagyeed in full scale in ANSYS-AQWA. The
laboratory device dimensions (in cm) are reporntethe following figure.
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| L

Figure 10.1 —Device dimensions in cm in 1:60 scale.

In the numerical software, the device was reprodweigh two rigid and separate structure (see
Fig. 10.2) jointed with a hinge connection. Themauical rigidity of the hinge connection
should represent the PTO presence. However nuahdriinge rigidity variations do not lead to
significant result dissimilarities, as it was prdvly the experimental activities. Furthermore,
according to the manual, “a connection stiffnesgedbonly applies to a hydrodynamic
diffraction analysis” and not to the time responsedule. However also in the Hydrodynamic
Diffraction analysis the effect of the stiffnessgsite negligible, only the extreme cases of
infinite and zero rigidity are handled with accurac

In order to complete the numerical analysis, theicde was meshed. According to the
manual, it is required that the most of the elemesite is lower thah/7, wherelL is the
wavelength of the highest frequency; if this sugjgesis violated for more than 10% the results
may be inaccurate. In the performed simulationplider to guarantee this condition and to
accurately reproduce the device geometry, a meghadilm was chosen. However a greater
grid space proved to not strongly affects the tesul

Figure 10.2 —Mesh of the device used for the ANSYS simulations.
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Once the geometry, the draft and the material Haaen defined, ANSYS automatically
derives the mass and the centre of masses. Ewes geometry was set to reproduce as close as
possible to the laboratory one, differences onawerall weight occurred. In particular, in the
numerical simulation the device has a weight oftd80whereas the laboratory device was
around 4 kg in 1:60 scale, i.e. 864 ton in fulllscalt is possible that the device draft in the
experiments was larger than design conditions.

The global numerical set-up is shown in figure 1Qt® front chains diverged 24°, or more

precisely their anchors were 122.4m along the adiraiction (i.e. the direction of the wave, in

case of perpendicular wave attack) and 55.2m atbagransverse direction (direction of the
wave front); whereas the rear chains diverged @Binore exactly the anchors were at 84.0m
and 36.0m, for the axial and transverse directiespectively. The mooring lines were modelled
assuming a weight of 720kg/m, an equivalent dianmft6.34m, EA=1.9.0'N, Fn.=1.810'N.

Waves

0.00 50.00 100.00 (m)
E— )
25.00 75.00

Figure 10.3 —Global numerical set-up: device + spread mooringtsyn.

The simulation target was to reproduce the experiateesults (in particular regarding the
loads acting on the mooring lines and the devicdans), in terms of statistical values and also
of time history. In order to replicate the sigtiaie series, the input used in the software was the
reconstructed waves time history derived from expental data at the WGs n. 3-4-5 (see Fig.
8.1). It is worthy to remark that the software slomt accept a long time series as input, and
therefore the input cannot be the actual incidemterbut a random sequence.

Numerical simulations were performed under regwad irregular WSs, regarding the
irregular WSs, only few tests were carried outyesponding to the WSs from n. 2 to n. 9 of
table n. 8.2, obviously in full scale (see Tab.2)J0.Among the numerical simulations, only the
WS n. 5 was repeated for all the three mooringt@nsion levels, since the measured load has a
low noise, and waves are not so large to inducakiomgs.
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10.2. MAIN RESULTS

The numerical software provide several outputs,hsas the RAO (Response Amplitude
Operator), displacements of the centre of massebqubsition or velocity or acceleration, time
history of the forces acting on the mooring lineson the structure or on the joint connection,
etc.

A preliminary study was assessed to determine ¢hece stability. This analysis was carried out
under regular waves by varying frequency and dwoact Figure 10.4 shows an example in the
yaw direction. It may be observed that before meagthe equilibrium, the device oscillates in
yaw quite significantly, however the equilibriumresached approximately after 300 s.

0.09
. 2 Structure Position,Global RZ (*) (Rear)
——@— Structure Position,Global RZ () (Front)

-5.00
-6.00

-7.00 u
-1.53

0.00 40.00 80.00 120.00 160.00 200.00 240.00 300.00
Tmel®

Figure 10.4 —Device yaw rotation when subjected to waves withaB@le, T=4 s. An
asymptotic value is reached after a few oscillagi¢800s).

The Hydrodynamic Diffraction module does not coesithe mooring configuration and mainly
run with regular waves, varying the wave frequeaong directions. However some results of
this module are particularly important, such asevi@ld due to the device presence and RAO.

Figure 10.5 shows an example of resulting wavel fiet a regular waves witH=1 m and wave
frequency of 0.24 Hz. The used release versioANSYS do not allow to extract the surface
elevation in the domain, however it supplies thesver field map, from which it is possible to
visually derived théds in front and behind the device.
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The values oHs, obtained from visual considerations, have beeud te have a preliminary
trend of theKr and Ky (see Fig. 10.6) derived as (1) and (2). This ltesanfirms the
experimental data, i.&y tends to decrease increasing the wave frequereydécreasing the
wave period and so increasilige; whereas th&g has the opposite trend.

e 1T

Figure 10.5 —-Wauve field round the de\)ice for n |ident waith W=1m and f=0.24Hz.
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Figure 10.6 —Device k and K visually derived from the wave field map obtaimeth the
ANSYS AQWA Hydrodynamic Diffraction module.

The RAO matrix are available for each DoF of theicks since it was not possible to derive the
time series for the experimentd! DoF, i.e. the relative pitch angle, due to differaumber of
points at the two MTi, particular attention waseqvto this motion (see Fig. 10.7). It may be
observed that there are rotational amplificatianshie order of 4 times for wave frequency of
0.22Hz, and of 2 times for wave frequency in thege0.19-0.25Hz, i.4. 4-5.26 s. It is worthy

to remark that the experimental natural periodhef trelative pitch was supposed around 0.5s in
1:60 scale, corresponding to 3.9s (i.e. 0.26HZYlinscale, and therefore the numerical RAO for
the relative pitch confirms this previous experitaconclusion.
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Figure 10.7 —Amplification factors for the relative pitch angle.

In order to optimise the forces comparison, a seftgi analysis was performed under irregular
waves. This analysis considered: draft of the deength of the chains (i.e. initial load on the
chains), use/not use of dynamic computation ohtlering loads or computation of long period
drift, value of the added mass of the chains arldevaf the longitudinal and transverse drag
coefficients.

From this sensitivity analysis it was highlightdwt the average of the measured signal is not
compatible with the initial load on the mooringds1 In fact, it is common that the load cell
signal is close to zero at the beginning of thdstesather than being equals to the initial
pretension. This aspect is due to electrical noisethe load cells signal, which requires a
periodic re-setting of the load cell zero, and tipgration removes the initial load.

However the lack of the initial pretension valudstl@® beginning of the test does not
compromise the measurements of the dynamic loadlkerefore the comparison between
numerical and experimental results was carried couisidering the standard deviation of the
measured signal rather than the total value.

Results of the sensitivity analysis are summarindgdble 10.1.

The removal of the dynamic computation of the muglines leads to load peak amplifications
and at the same time it is not reproduced all tael Ipeaks (especially the ones due to small
period, see Fig. 10.8). The inclusion of the aptievaluate dynamic response of the mooring
lines” gives a more realistic result, since it aloto represent peak observed in the measured
load time history.

An increase of the added mass (from the value tof 4 value of 2) increases the load of an
insignificant quantity (0.1%), in correspondencetloé crest of the “force oscillation”. An
increase of the drag or of the cross sectional iacraases the load of an appreciable quantity (1-
5%) only when the load is large.

The optimal choices in the set-up are the bold catzble 10.1.
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Figure 10.8 —Effects of the inclusion/exclusion of thyamic computation of the mooring

lines.
Value of the std of the force Frontright | Front left Rear right Rear left
(scaled in 1:60 scale) for the WS n.6 (ch23) (ch22) (ch25) (ch23)
measured 0.061 0.080 0.038 0.047
Dyn=Y, L=design, large mesh+ 0.045 0.033
Dyn=Y, L=+0.5, large mesh+ 0.044 0.032
Dyn=Y, L=+0.8, large mesh+ 0.043 0.031
Dyn=Y, L=+1, large mesh+ 0.041 0.030
Dyn=Y, L=102/145, Im+ 0.118 0.092
Dyn=Y, L=104/147, Im+ 0.069 0.050
Dyn=Y, L=104/148, Im+ 0.061 0.043
Dyn=Y, L=104/148, use frequency
sum=Y, dt=0.02 s, Im+ 0.061 0.043
Dyn=Y, L=104/148, use frequency
sum=Y, dt=0.2 s, Im+ 0.060 0.040
Dyn=Y, L=104/148, No wave damping=N, 0.060 0.040
Im+
Dyn=N, L=design, large mesh+ 0.070 0.067

Table 10.1 -Standard deviation of measured and simulated |dadg/S n. 6,
Lc=80% under perpendicular waves.

Figure 10.9 shows an example of comparison relattbe front chains, with the optimal set-
up described above. The numerical results areslperfectly symmetric, hence only the front
cable n. 3 (FR, see Fig. 10.3) is given in the megfor simplicity. The measured signals are
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similar —but not equal- between them, and somesihuev a double peak induced by dynamic
effects. Furthermore oscillations in the wave @eriime scale are smaller than predicted, and
there is a long period drift, varying with time ¢viperiod around of 15 s at model scale).

The numerical and experimental signals are difterbath in shape and amplitude. This
differences are mainly related to the absenceefdhg period drift in the simulations (although
the option “computation of long period drift” wakdged, maybe because the full matrix of
second order response cannot be evaluated in ANS¥S3he different hinge rigidity (which
should represent the PTO effects), and to the isipihsy to simulate wave spreading, i.e. short-
crested waves. This reasons lead to a numeriadldgerestimation (average standard deviation
ratio of 2.2).

0.4 - ! ;
—— FR(ch22)
***** ——FL(ch23) [|

0.3F----d-----t-----

tension (N)

[ I I [
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Figure 10.9 —Comparison of the numerical and experimental logdals at the front chains,
for the WS n.5, withd=80%.

The times series of the numerical forces diffeseftbm the experimental tests include also
information regarding the initial pre-tension lewsl the chain. It is very common that measures
do not account for the initial pretension, becatlgeelectrical drift of the load cells requires a
periodic re-setting to zero, and this operation aésnoves the initial pretension from the signal.

From the forces times series it was possible tainkdtatistical value&i/100 i.€. the mean
value of the 1% of the highest points. Table ¥@gbrts the results of this analysis, which could
be compared to the experimental data representdteisection 8.2.3. The comparison among
experimental and numerical forces shows a goodeaggat (up to 20%) for the ordinary WSs,
whereas the discrepancy are much more greatexfianee WSs, due to the not reproduction of
breaking waves in the numerical simulations. Eifethe numerical results over predict the
physical loads, even the numerical forces are bedtbw the breaking condition (which is around
18000kN). There are two main positive aspecthiefriumerical forces on the mooring lines, i.e.
—as expected- they increase more than linearly Mdthnd with the mooring pre-tension level

Page 118

Hydrodynamic induced by an array of wave energywearrs. Experimental and numerical analysis.



Angelelli Elisa, PhD Thesis
Numerical Modelling

(see values of the force for the WS n. 5 in Tah2)10 These aspects are coherent to the
experimental data, which there was often electncéde and/or chain interlocking.

WS Lc =80% L =65% Lc =50%
2 - 0.18 -
3 0.42 - 0.45
4 - - 0.88
5 0.65 0.77 2.22
6 1.31 - 6.99
7 7.57 - -
8 - - -
9 7.56 19.68 -

Table 10.2 -Numerical results of thejfgo for the simulation performed with ANSYS-AQWA,

under perpendicular 2D irregular WSs.

10.3. MODEL LIMITATION

The model limitations may be divided into differgmoups, e.g.:

incident wave generation. The model reproduced firder Airy waves, long-crested
regular and irregular waves (no spreading), smallerobliquity are correctly reproduced.
A short time history of wave elevation in a spesifipoint may be defined, however it is
considered only at 0° and the maximum duratiorheftime history is around two hours;
simulated process: reflection and transmissioncdel derived only in a visually form;
overtopping is not really represented, althoughmduthe simulation waves seem to flow
over the temporarily submerged body. Long driigess is not reproduced;

geometry is limited by the size of the mesh andheftolerance dimensions, this aspect
has consequences on the choice of the natural éneguin the ANSYS-AQWA
Hydrodynamic Diffraction module;

general bugs of the 14.0 release: the whole maiitix non-linear transfer functions is not
solved, modifications on the connection stiffneseslinduce a load along the connection,
but do not affected the movements of the body,
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10.4. MODEL POTENTIALITY

Some of the ANSYS output may be elaborated in otdemprove the device knowledge, for
example the assessment of a forces/displacemeve tuibe used in the mooring design phase
(analogous to Fig. 8.30), or in a more complexvsafe which may be include also the PTO
system representation. ANSYS does not directlyigdeothis information, however it is possible
to obtain it through the time history of displacerseof fixed/known points and of the forces
acting on the mooring lines.

According to the analysed response of the devidewuaxam, it was found that the vertical
oscillations of the fairlead are significantly lomthan the wave amplitude. Consequently, it is
reasonable to presume that the quasi-static loath@mooring only depends on the relative
horizontal position of e.g. the fairlead.

10.5. MORE REALISTIC MOORING CONFIGURATION

During the experimental activities, it was providttthe device should work aligned with the
main wave direction, or at least there should lsenall angle between the main device axis and
the incoming waves. Since real sea states aradeazed by several prevalent wave directions
the spread mooring system may be the not-optimalrimg configuration. Therefore a different
mooring configuration (i.e. a CALM system) was asald through ANSYS-AQWA. The
CALM system allows the device to freely re-orientiesgelf to the incoming wave direction.

In particular, this new mooring configuration calesi a buoy (diameter 12m, draft 2m and
freeboard 2m) moored with four steel chains, anchlale which connects the buoy and the
device (see Fig. 10.11). The device is also restdawith a rear long chain, necessary to avoid a
rotation at 360° and provide a sort of extra ségwannection in case the line breaks down.

This new configuration was subject to several adirand extreme WSs (from n.3 to n.8 of
table 8.2 scaled in full scale) and to differenvevabliquity.

Milder WSs produce really small loads on the chaivisereas loads obtained for most energetic
WSs may be inaccurate due to the possible presd#iveave breaking in proximity of the device.
During the simulations, an initial warning suggeiat the chains connecting the buoy are too
slack, (even if they never go slack during the $atons, and the synthetic line does, see Fig.
10.12).

Figure 10.13 shows the statistical value of thedof 1109 the different mooring lines as a
function of the wave obliquity for the same irregular WS n. 5.
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Figure 10.11 -CALM system analysed through ANSYS-AQWA.

Figure 10.12 -nstant when the synthetic line, between the deancethe buoy, goes slack.
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Figure 10.13 —F;/100 0N the different mooring lines, in functionfffor the WS n. 5.
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11. CONCLUSION

This thesis is focused on the analysis of a flgativave Energy Converter (WEC) of the Wave
Activated Body type. The device is composed by tigal pontoons with a hinge in between,
which allows each pontoon to pivot in relation be tother. In particular the main target is the
hydrodynamic induced by an array of WECs, undenysigal and numerical point of view.

The physical investigation was carried out in twages both at the University of Aalborg
(DK). During the first investigation the hydrodynis around a staggered wave energy farm
composed by three devices in 1:60 scale was amhlgsel the tests were integrated also with a
model in 1:30 scale. Two mooring systems were stigated: a “spread” and a CALM type.
The second investigation, instead, employed twacesvin 1:60 scale and anchored with an
asymmetric “spread” mooring system, at a samemtist&rom the wave-maker.

During the experimental activity several tests weegformed in order to investigate geometry
(device dimensions, mutual distances, Power Take(PTO) rigidity, mooring type) and
climate (water depths at installatibnwave obliquitys) key design parameters. These aspects
were mainly analysed under ordinary North Sea vddiveate.

The numerical study, instead, was performed witb t@mmercial codes: MIKE 21 BW,
developed by DHI Water & Environment & Health andl®&YS-AQWA developed by ANSYS.
In particular, the hydrodynamic of the wave farmswaproduced in MIKE 21 BW, where the
devices were represented as porous bodies (iegl firrous piles with rectangular cross section),
whereas dynamic aspects (such as motion, joint estiiom and moorings) were simulated
through ANSYS using the ANSYS AQWA Hydrodynamic fbaiction and ANSYS AQWA
Hydrodynamic Time response modules.

The most relevant results are summarized in thewiiolg sub-sections in terms of device
performance and guidelines for a future wave farstailation.

11.1. SUMMARY OFTHE RESULTS

To facilitate the report of the outcomes of the RbBearch activity, the results have been split in
the experimental and numerical field.

11.1.1 EXPERIMENTAL OUTCOMES

The overall experimental activities lead to sevarglortant outcomes, which can be divided in
the following topics.
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1. Device design parameter: it was found that the pasameter id/Lp: wherel is the
device length and.p is the peak wave length. This parameter affelots dverall device
behaviour, in terms of hydrodynamics, power proaumstmoorings and motions. It is however
worthy to remark that tests were performed unddimary North Sea wave state (WS) condition
with 0.4<I/Lp <1.2.

2. Hydrodynamics: this aspect was investigated intithe and frequency domain, in terms
of significant wave heightds and transmission coefficieKt respectively. The values Kf are
particularly important, since they represent a mea®f the residual wave energy to be re-
converted by the rear devices. Results show tlaewiransmission is high, beig always
greater than 0.75, and also decreasing for anaserefi/Lp. Under oblique waves, the devices
make larger movements and tend to re-orient, lgathnhigher values oHs and K. This
phenomenon is enhanced for long waves, i.e. forvaiumes of I/Lp, and for CALM mooring
system. It is therefore suggested to limit the largetween the main device axis at the
installation and the incoming wave direction (up30°). Furthermore, the water depth at
installation does not significantly affect the riksuleading to the conclusion that the device
would not be particularly sensitive to sea leve¢rinduced by climate changes.

3. Power production data were achieved only undernargi WSs, because for extreme
WSs, the PTO system was presented on the devic& kas not instrumented due to high
frequency of breaking waves and therefore to ptdtex measuring systems from splashes. An
initial stage was focused on the optimisation @& BT O rigidity (investigated by increasing the
vertical distance between the PTO and the deviaydncy plane; the lower the distance the
lower the rigidity) and of the mooring pre-tensifnvestigated by reducing the length of the
chain lying on the seabdd, from a slack, medium and taut levie¢=80-65-50% respectively)
both based on the power production. The optimaD Riidity is mooring dependent, and
comparing the power production for the optimal Pigidities —for the corresponding pretension
levels— the slack pre-tension level results toheeltest configuration.

The power production of a single device is alwaysdr than 167kW, in full scale. If the
same probability of occurrence for each WS is agsljthe variation of the mooring pre-tension
level —from a slack to a taut configuration— leddsa decrease of the 16% of the power
production.

The device efficiency; has been derived by comparing the power produchih the
available wave power for each WS. Setg show pretty marked peaks aroufic- =0.80 and
1.21. The effects of the wave obliquity is limifdgtbwever the efficiency tends to decrease for
wave obliquity greater than 10°.

A CALM mooring system leads to lower wave transioissand also larger power production
than a spread mooring.

Results of hydrodynamics and power production aragreement with previous tests on a
similar device (Zanuttigh et al., 2010).
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4. forces acting on the mooring lines are always welow the failure conditions (one
hundred times lower than the breaking limit, whistaround 1000 N) for all the WSs. For the
ordinary WSs, the forces are lower for perpendicwiave attacks, whereas for the extreme WSs
the trend is the opposite. Comparing the ordineBs, an increasing of the mooring pre-tension
level (i.e. fromLc=80% toLc=50%) leads to an increase of the forces actingamh mooring
line. For the front chains the dependence of dhesftrend on the WS (i.e. on the available wave
power) is more pronounced.

5. device motions. All the 6 canonical motions teoloyiously, to increase with increasing
Hs, whereas they tend to decrease with increaking For the ordinary WSs, the surge and
sway motions are indeed limited compared to thesdaemotion, proving that the moorings are
effective in keeping the device position. In partar the smallest motion is the sway. For
higher WSs, all the translations tend to increasenbreasing the wave obliquity especially the
sway motion. When analysing the rotations, piteth yaw are much greater than roll.

For most WSs, the heave, the pitch and yaw decreidiselecreasing the mooring pre-tension
level, whereas the surge increases. The swayhanll seem always independent from it.

The device behaviour is affected by its naturalqeksy, in particular the mooring dynamics are
affected by surge and yaw, whereas geometry andd@@&@onnected to pitch and heave. From
the free oscillating tests, in fact, two main ram@é natural period were found: around 50s for
surge and yaw, and around 3.9s for pitch and h@aahees in full scale).

11.1.2NUMERICAL OUTCOMES

The two numerical codes have different potentialitfhe hydrodynamics around single and
multiple devices is obtained with MIKE 21 BW, whilgave loads and motions for a single
moored device are derived from ANSYS-AQWA.

The numerical parameters of the MIKE 21 BW werdabtated based on the experimental
results mainly related to the first investigatidrape. Results of the calibration process leaded to
the conclusion that the porous factor is the keydelllmg parameter and that an accurate
representation of the dissipation at the beachssrdial.

The calibrated model well reproduces the incideawevenergy, thels at the wave-maker and
the Ky induced by the devices. The stability of the wafe with respect to the laboratory tests
(i.e. the ability to reproduce the same incidéfy with a change of the wave period) is
considered a positive aspect for the validity & simulation and its repeatability. However the
model is not able to accurately reproduce the wimle around the wave farm, especially in the
space among the devices due to the impossibilitgadfiding the motion of the floating bodies.

Despite the model limitations, i.e. the represeomadf the devices as fixed porous piles, the
numerical model allows to derive a complete maghefhydrodynamics around the devices, and
therefore it may be used for a parametric analyfs@ifferent farm layouts.
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Since MIKE 21 BW was not able to reproduce the devnotion, the numerical analysis was
integrated with ANSYS-AQWA. This software does mutlude a great amount of numerical
parameters to be varied, and their variation do¢$ead significant result changes.

For non-breaking waves, the numerical modellingegiva reasonable qualitative and
guantitative response (max of 20% discrepancy).rcd acting on the mooring lines were
examined assuming that measurements did not inched®ad at rest, therefore only deviation
from the mean measured and computed loads was cethpaThe discrepancy between
simulations and experiments may be explained byersévreasons, among which: the
impossibility of the numerical representation obskcrested waves (i.e. wave spreading is not
allowed in ANSYS), inaccuracy of the modelling diet connection stiffness (the body
acceleration did not vary due to its variation)cdrrect modelling of the long drift (the full
second order transfer function matrix is not evi@dpand absence of the wave overtopping.

As predicted, the numerical loads increase by asirgy theHs or the mooring pre-tension
level; however the model over-predicts the measargsn Some outcomes are very useful to
understand the device behaviour and also to impratge mooring design giving
information/validation on the relation force/dispdanents. Furthermore ANSYS could be an
optimal tool to be used to analyse several modagguts, which are not easily reproducible in
laboratory and which optimise multi-use platformanh a marine spatial planning point of view.

11.2. GUIDELINES

This section would like to highlight the main desigarameters of a wave farm installation
derived from the overall research activity. Thessults can be considered reliable for this
analysed device but also for a similar device, a.elevice based on a similar concept (Wave
Activated Bodies) and similar characteristics (firgrmovements, etc.).

1. device optimization
The device should be design based on the parardeteri.e. the device length should be
“tuned” based on the local climate conditions, &l/bp greater than 0.8 or around 1.0. Ifitis
possible it should be avoided or reduced the tifm@peration wherd/Ly is around or lower than
0.7, i.e. when higher values of wave transmissioth greater changes in the transmitted wave
direction occur.

To optimise the power production, the device —asete- should operate in a wave climate
characterised by a wave period around 3.9s. Thigwperiod is indeed very short and therefore
design optimization would be requested prior taglemstallation. However even if the device
performance are maximised, the low device efficyeleads to the non-economic feasibility of a
single installation, therefore a wave farm is reggi The layout of the farm is essential in order
to optimise the occupied marine space, the ovpaaller production and the coastal defence.
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2. optimal inter-distances
The cross-shore distance between the two subsegaeat farm lines needs to be sufficiently
long to allow wave energy increasing again aftex tbstacle represented by the devices.
Regardless from the incoming wave direction, a mum distance of at least 8 suggested.

The long-shore distance between near devices dnge darm line is dependent on the
intensity of the radiated wave field generated byice heaving motion. From the tests, it can be
affirmed that —regardless the spread mooring pisida level- the wake zone extends for a
distance of around 209 whereb is the device width, from the device cross-shotie or WGs
measurements performed at a cross-shore distant8@ffrom the back cylinder of the back
pontoon), leading to a minimum long-shore gap betweear devices ofb5 When increasing
the gap width, there are no differences in the waald, i.e. the two devices do not significantly
interact. For oblique waves instead, the wake zumad increase up to &b5leading to some
wave interactions among the devices for the sampeni@th of .

3. wave farm layout
With the code MIKE 21 BW, two additional configui@ats were simulated and compared with
the one tested in the laboratory. These configqamatconsisted of a staggered layout with a
reduced gap width between the devices of the firsh line and an aligned configuration with
four devices and constant gap width.

In case of the staggered configuration, the deerefthe gap width leads to an overall lower
incident wave height behind the second line.

When an aligned configuration is selected by kegmionstant the gap width and the cross
shore distance among the devices, the second dife ifiside the wake of the first line and
therefore the available residual wave energy ielow

Therefore it is suggested —for both coastal praiecand energy production— to adopt a
staggered layout, which will maximise the devicesngity and minimize the marine space
required for the installation. To benefit from vea&ffects for hydrodynamic purposes the long-
shore distance among the devices should be keptitiismum that allows the moored devices to
freely move without crashing.

4. mooring layout
If a “spread” mooring system is chosen, in orderogimise the combination of power
performance and hydrodynamics induced by the deWeemooring lines should be slack (i.e.
80% of the total chain length should lying on tealsed). Furthermore to ensure the device
survivability the mooring should be designed baseder extreme and resonance conditions, the
last being linked to the natural period of the sumgption (around 40s).

To allow the device to freely re-orient with resptcthe incoming wave direction (with angle
difference between the device axis and the pretvalene direction greater than 10°) a CALM
mooring system is suggested. Furthermore it has Ipeoved that a CALM mooring system
leads to lower wave transmission and also largesep@roduction than a “spread” mooring.
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