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SUMMARY 

The development of sustainable and renewable energy resources has gained 

importance due to increasing energy demand, the shrinking of fossil fuel reserves 

and the need to tackle the greenhouse gas emissions and climate change. Ocean 

wave energy application is one of the developing renewable energy resources with 

great potential. Many concepts of wave energy converters (WECs) have already 

been developed, including point absorbers. In order to extract a considerable 

amount of energy at one location, large numbers of WECs have to be arranged in 

arrays or farms at sea. Several numerical studies have been performed on WEC 

arrays and experimental research has been carried out on single WECs, pairs of 

WECs and small WEC arrays. However, there is a knowledge gap of large scale 

physical model tests on WEC-farms, which are necessary to study the near-field 

and far-field wake effects and to evaluate and further develop the numerical 

models. The present research project WECwakes has been introduced within the 

EU 7th Framework programme HYDRALAB IV to perform large-scale 

experiments on large farms of point absorber WECs in the Shallow Water Wave 

Basin at the Danish Hydraulics Institute (DHI, Denmark). A generic point absorber 

WEC with a hemisphere-cylindrical shape and a draft equal to its diameter has 

been developed and thoroughly tested. The WEC unit is restricted to heave motion 



 

 

along a vertical shaft connected to a gravity base. The power take-off is simulated 

by a mechanical brake, whereby the extracted energy is lost through friction. The 

objective of this master thesis is to aid during the last preparatory phase of testing 

as well as during the actual large-scale experiments and to perform analysis of the 

acquired data.  

The behaviour of an isolated WEC concerning its heave response and power output 

is studied in detail for different wave conditions in the wave flume at Flanders 

Hydraulics Research, in Antwerp. Furthermore, preliminary analysis of the near-

field and far-field wake effects of small WEC arrays is carried out. Some important 

conclusions for the large-scale experiments are drawn. 

Tests with large WEC arrays, consisting of up to 25 WECs, are carried out in the 

Shallow Water Wave Basin at DHI, in Denmark. The wave field modifications are 

examined for different WEC array configurations and inter-WEC spacing and the 

effect on the total power output of the WEC farm is studied. The results obtained 

from this research will be very useful to validate and extend the recently developed 

numerical models, as well as to optimise the geometrical layout of WEC arrays for 

real applications 

 

KEYWORDS: Wave Energy Converters, WEC arrays, wake effects, large-scale 

experiments, WECwakes 
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 Abstract – Within the HYDRALAB IV European programme, 

the project WECwakes [1] is introduced to perform large-scale 

experiments on large arrays of wave energy converters (WECs) 

to study the near-field and far-field wake effects. A scale model 

of a heaving point absorber WEC has been developed and 

optimised through experiments in two wave flumes and a wave 

basin. Preparatory experimental research is carried out to study 

the behaviour of a single WEC in regular waves and to obtain 

preliminary measurements of the WEC interaction effects and 

wave field modifications in small WEC arrays. The testing of 

single WECs has lead to performing large-scale experiments on 

large WEC arrays, consisting of up to 25 WECs. The main 

objective is to quantify the variation of WEC response in the 

WEC array and to study the wave field modifications. 

Keywords – Wave Energy Converters, WEC arrays, WEC 

farms, wake effects, WECwakes, large-scale experiments, wave 

energy, heaving point absorber, wave flume, wave basin 

I. INTRODUCTION 

The development of sustainable and renewable energy 

technologies has gained importance due to the increasing 

global energy demand, the shrinking of fossil fuel reserves 

and the need to tackle greenhouse gas emissions and climate 

change. Ocean wave energy has the potential to contribute 

significantly to the global supply of renewable energy. Many 

concepts of wave energy conversion have already been 

developed, but not one specific concept has proven to be more 

successful or economically viable than any other. A wave 

energy converter (WEC) is a device that converts the kinetic 

and/or potential energy of waves into electricity. Different 

types of WECs refer mainly to point absorbers, oscillating 

water columns and overtopping devices. Point absorber WECs 

consist of a buoy with rather small horizontal dimensions, 

compared to the typical wave lengths, , that oscillates in the 

waves. By damping the motion of the WEC buoy, energy is 

absorbed and converted into electricity. 

In order to extract a considerable amount of power, WECs 

are arranged in large arrays. The operational behaviour of a 

single WEC in the array may either have a positive or a 

negative effect on the power absorption of the neighbouring 

WECs (near-field effects). Due to the energy extraction and 

the WECs’ motion, the wave field is modified in the lee of the 

farm, which has an influence on other activities at sea or at the 

coastline (far-field effects).  

Several numerical studies on large WEC arrays have 

already been performed (e.g. [2], [3]), but no large-scale 

experimental studies detailing the response, power output and 

wave field modification of large WEC farms are publicly 

available. However, such data is essential for evaluation and 

further development of the numerical models.  

                                                             
Department of Civil Engineering, Faculty of Civil Engineering and 

Architecture, Ghent University (UGent), Ghent, Belgium. 

The present research project WECwakes has been 

introduced within the EU 7
th

 Framework Programme 

HYDRALAB IV. Access to the Shallow Water Wave Basin at 

the Danish Hydraulic Institute (DHI, Denmark) has been 

granted to perform large-scale experiments on large arrays of 

point absorber WECs for different WEC array layout 

configurations and spacings between the WECs of the arrays. 

The objective of this study is to determine the near-field and 

far-field wake effects of large WEC arrays. 

II. DEVELOPED WEC UNIT 

To satisfy the design requirements derived within the 

framework of the WECwakes project [4], a generic point 

absorber WEC with only one degree of freedom has been 

developed [4]. A single WEC unit has been characterised and 

evaluated through trials in the wave fume of Ghent University 

(Belgium) [6], the wave flume of Flanders Hydraulics 

Research, in Antwerp (Belgium) and the wave basin of the 

Queen’s Marine Laboratory of the Queen’s University of 

Belfast (UK) [5], [7]. 

Each WEC unit comprises three main parts: a buoy, which 

is the only moving part, a vertical shaft and gravity base, 

which constitute the support system and the power take-off 

(PTO) system. The WEC buoy has a hemispherical bottom 

and a total height,  = 60.0 cm, a diameter, D = 31.5 cm 

and draft,  = 31.5 cm. The dry mass of the WEC buoy, 

, is 20.545 kg and the natural period, , is 1.176 s. 

The WEC unit moves along a vertical steel shaft of 40 mm 

square section steel with a galvanized steel gravity base. The 

movement of the WEC unit in the horizontal plane, due to the 

margin between the WEC shaft and the WEC shaft bearing, is 

prevented by two PTFE bearings at the top and bottom of the 

WEC buoy. This material is selected because of its low 

coefficient of friction, , on steel, which limits the force of 

internal friction, , of the WEC unit. 

The PTO-system is based on the principle of a mechanical 

friction brake through which the extracted energy is dissipated 

by friction. The mechanical brake is installed on the 

horizontal PVC cover on top of the WEC buoy and consists of 

four springs exerting a normal force on two PTFE blocks 

pressed against the WEC shaft. The static and dynamic 

friction coefficients of the PTFE-steel combination have a 

negligible difference so that stick-slip is avoided. 

The damping force exerted by the PTO-system, , is 

modified by adjusting the spring compression increment, . 

The spring compression increment, , is the length over 

which the spring is compressed. The normal force exerted by 

the four springs is calculated as: 

  (1)  



 

where  is the spring stiffness. 

 

Figure 1: Cross section and image of the developed WEC unit, 

illustrating geometry, bearings and PTO-system [8].  

The damping force exerted by the PTO system, , can be 

modelled by Coulomb damping [9] as: 

 (2) 

where   is the WEC heave velocity.  

In addition to the PTO force, , there is also an internal 

friction force, , due to the friction between the PTFE 

bearings inside the WEC unit and the steel WEC shaft. The 

normal force is the absolute value of the time-varying surge 

excitation force, . The internal friction force, , is 

also modelled by Coulomb damping: 

 (3) 

The instantaneous absorbed power, , is given by the 

product of the total damping force, , and the WEC 

heave velocity, , as: 

 (4) 

The time-averaged power absorbed by both the PTO-system 

and the WEC shaft bearings, , is obtained from the 

mean of formula (3) as: 

 (5) 

where  is the WEC heave amplitude and  is the 

average amplitude of the time-varying total damping force, 

, which is the sum of  and . 

III. PREPARATORY EXPERIMENTS 

The last preparatory phase of experimental research, before 

the large-scale experiments at DHI, is conducted in the wave 

flume at Flanders Hydraulics Research (FHR) in Antwerp 

(Belgium). During these experiments, the designed WEC units 

are tested in several different geometric configurations, 

varying from a single WEC through pairs and a line of four 

WECs.  

The wave flume at FHR is 4 m wide and the applied water 

depth, , is set to 0.70 m such that the test region comprises a 

flat bed of 13.25 m followed by a 1:35 bed-slope over 24.5 m 

(Figure 2). Tests with single WECs, pairs of WECs at 

longitudinal spacing, , equal to 5D, 10D and 15D and lines of 

two to four WECs at spacing 5D are considered. The applied 

waves are regular with a wave height,  = 0.074 m. A range 

of wave periods, , from 1.000 s to 1.300 s, including the 

resonance period of the WEC,  = 1.176 s, is considered. 

The WEC heave displacement, , the time-varying surge 

force, , and the water surface elevations, , are 

measured. A camera is used to record the motion of a mark on 

the WEC buoy during decay tests to find the natural period of 

the WEC, .  

The objective of the experiments is to tune in detail the 

PTO-system for the applied wave conditions by aiming at 

optimum average power absorption, . In addition, 

preliminary measurements of the influence of the WEC array 

configuration on the power output and wave field 

modifications are obtained. 

 

Figure 2: Plan view of the setup in the wave flume at FHR [5]. 

By studying the behaviour of a single WEC unit, some 

important conclusions for the large-scale experiments are 

drawn. Proper maintenance of the WEC units is necessary in 

order to have repeatable response (e.g. in the WEC heave 

displacement, ). The WEC shafts need to be cleaned 

regularly within the same testing day to avoid the formation of 

residue on their surface. Regardless of the necessary 

maintenance, the WECs behave as expected. As a result, the 

maximum undamped WEC heave amplitude, , is found for 

wave periods, , close to the resonance period, . The 

influence of the external damping force, , on the WEC 

heave amplitude, , is largest for the same wave periods, , 

close to the resonance period of the WEC, .  

Analysis of the power output of a 4 WEC line array parallel 

to the wave propagation direction shows that the WEC unit 

closest to the wavemaker has the largest power absorption, 

, while the other WECs have a much smaller power 

output. The power output of the first WEC in the array is 

larger than the power output of an isolated WEC unit in the 

same wave conditions and the power output of the other 

WECs in the line array are smaller than the power output of 

an isolated WEC (Figure 3). The effects are quantified by the 

 factor, which is negative in case the interaction effects 

are destructive and positive in case they are constructive. The 

 factor decreases from the first WEC to the last WEC in 

the line array. Therefore, using a longitudinal line array with a 

large number of WECs is not advantageous with regard to the 

total power absorption of the array, . 

 

Figure 3: Interaction factor, , for each WEC in a line array of 4 

WECs parallel to the wave propagation direction. The WECs are 



 

moving without external damping in regular waves with wave height, 

 = 0.074 m, and wave period,  = 1.176 s.  

Wave field analysis shows that due to the scattered waves, 

which are measured by keeping the WEC units stationary at 

mean draft, , the wave height, , increases down-wave 

the WEC array and decreases up-wave. The radiated wave 

field, which is calculated as the difference between the total 

wave field, measured during the tests with responding WEC 

units, and the scattered wave field, causes a decrease in wave 

height, , down-wave and an increase up-wave (Figure 4). 

 

Figure 4: Variation of the ratio of the measured wave height, , to 

the incident wave height, , in the wave propagation direction for 

a test with a 3 WEC line array at 5D spacing in regular waves with 

wave height  = 0.074 m, and wave period,  = 1.200 s. 

IV. ARRAY EXPERIMENTS 

Large-scale experiments on large WEC arrays, consisting of 

up to 25 WEC units, are carried out in the Shallow Water 

Wave Basin at DHI for the WECwakes project within the EU 

HYDRALAB IV Programme. Different wave conditions and 

WEC array configuration with varying inter-WEC spacing, , 

are considered. The main objective is to study the array effects 

on the wave field and on the power output [8]. 

The wave basin is 35 m wide and 25 m long. The wave 

paddles are able to generate multi-directional 3D waves. 

Three types of waves are considered: regular waves, irregular 

long-crested waves and irregular short-crested waves. The 

regular waves have a wave height,  = 0.074 m and a wave 

period,  = 1.18 s or  = 1.26 s. The irregular waves have a 

wave height,  = 0.104 m and a wave period,  =1.18 s or 

 = 1.26 s, to achieve equivalent energy density to the 

regular waves. 

Several WEC array configurations are considered, including 

a 5x5 WEC square array (Figure 5) and a 5x5 WEC offset 

array, which is obtained by using an offset of 2.5D = 78.75 cm 

for the second and the fourth row of the 5x5 square array. 

 

Figure 5: Arrangement of the DHI wave basin and 5x5 WEC stencil 

[8]. 

The optimum power absorption, , of an 

isolated WEC is found for a spring compression increment of 

the four springs on the PTO-system,  = 30.4 mm (Error! 

Reference source not found.). This spring compression 

increment, , is applied on each WEC unit during the WEC 

array tests. 
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Figure 6: Damping optimization curve for an isolated WEC in 

regular waves with wave height,  = 0.074 m and wave period,  = 

1.26 s. 

Analysis of the response of a column of 5 WECs parallel to 

the wave propagation direction indicates limited variations of 

the WEC heave response, , with the position of the WEC 

unit inside the array. Larger variations are found for the total 

absorbed power, , which is maximum for the middle 

WEC of the line array. Compared to an isolated WEC, the 

response of the first WEC is reduced and the response of 

WECs 2 to 5 are comparable. The absorbed power differs by a 

factor of 2.25 between the front WEC and the middle WEC.  



 

 

Figure 7: Capture width of 5 WEC units at 5D spacing aligned with 

the wave direction in regular waves with wave height,  = 0.074 m 

and wave period,  = 1.26 s. Error bars denote standard deviation [8] 

Analysis of the 5x5 WEC square array and the 5x5 WEC 

offset array indicates that the largest power absorptions, 

, are obtained by the WECs in the middle of the 

array, while the WECs in the first and the last row, 

perpendicular to the wave propagation direction, have the 

smallest power output. The behaviour of the 5 columns 

parallel to the wave propagation direction in the 5x5 WEC 

square array is comparable to the behaviour of the 5 WEC line 

array (Figure 7). 

The total power absorption of the entire array, , is 

comparable for the 5x5 WEC square array and the 5x5 WEC 

offset array. The two geometrical configurations show no 

significant difference concerning their power output. The 

interaction effects are constructive for irregular long-crested 

waves, while they are destructive for irregular short-crested 

waves. 

The wave field modifications due to the wave energy 

extraction and the WECs’ motion are quantified. The two 

contributing wave field components are considered: the 

scattered wave field, which is measured when all the WECs in 

the array are held stationary at mean draft, , and the 

combined scattered and radiated wave field or total wave 

field, which is due to the damped WEC response. The radiated 

wave field is then calculated as the difference between the 

measured total wave field and the scattered wave field.  

The scattered wave field shows an increase of wave height, 

, up-wave the WEC arrays and a decrease down-wave. The 

radiation only has a decreasing effect on the wave height, , 

down-wave. This can be visualised by plotting the wave 

spectra for various locations around the array for the incident 

wave only, , the scattered wave only, , and 

combined scattered and radiated wave,  (Figure 8).  

Up-wave the array,  appears to be very similar to 

, showing low impact of the radiated waves on the 

resulting wave spectra. Down-wave,  and  appear 

to be quite similar so nearly all of the transmitted wave 

change is due to radiation at this location. 

To conclude, the wave height, , up-wave the WEC array 

increases due to the scattered waves and the impact of the 

radiated waves is low. The wave height, , down-wave the 

WEC array decreases due to the radiated waves with a 

negligible influence of the scattered waves.  

 

 (a) Up-wave the array 

 

 (b) Down-wave the array 

Figure 8: Spectra of the incident wave only, , the scattered 

wave only, , and combined scattered and radiated wave, 

 up-wave and down-wave the 5x5 WEC square array.  

The largest decrease in wave height, , down-wave the 

WEC array is found for the 5x5 WEC offset array in irregular 

short-crested waves. However, the influence of the WEC 

array configuration on the wave field modifications is small.  

V. CONCLUSIONS 

Large-scale experiments on large WEC arrays are 

performed to study the near-field and far-field wake effects.  

Preparatory research is carried out in order to study the 

behaviour of a single WEC unit and to perform preliminary 

analysis of the power output and wave field modifications of 

WEC arrays. The aim of the preparatory research is also to 

eliminate possible problems with regard to the large-scale 

experiments. The necessity of maintenance on the WEC units 

has become obvious.  

During the large WEC array tests, optimum power 

absorption of a single WEC unit is experimentally derived. 

The power output of different array configurations is 

calculated and the near-field wake effects are quantified. The 

influence of the energy extraction and the WECs’s motion on 

the wave field is analysed and the influence of the WEC array 

configuration on the wave field modifications is checked.  
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WECwakes: Fysische modellering van de 

zogeffecten in een park van golfenergieconvertoren 

Lieselot De Bosscher 

Begeleiders: prof. dr. ir. Peter Troch and ir. Vasiliki Stratigaki

 Samenvatting – In het kader van het Europese HYDRALAB 

IV programma werd het WECwakes project [1] geïntroduceerd, 

om grootschalige experimenten op grote parken van 

golfenergieconvertoren (GECs) uit te voeren met als doel de 

effecten binnen en achter de parken te onderzoeken. Een 

schaalmodel van een point absorber GEC die enkel in de 

verticale richting kan bewegen werd ontwikkeld en 

geoptimaliseerd aan de hand van experimenten in twee golfgoten 

en in een golfbak. Voorbereidend experimenteel onderzoek 

wordt uitgevoerd om het gedrag van een enkele GEC in 

regelmatige golven te onderzoeken en om voorafgaande metingen 

van de interactie tussen de GECs en de veranderingen van het 

golfveld in kleine GEC parken te verkrijgen. Het testen van 

individuele GECs heeft geleid tot de uitvoering van grootschalige 

experimenten op grote GEC parken, bestaande uit maximaal 25 

GECs. Het hoofddoel is om de variaties van het GEC gedrag 

binnen het park te achterhalen en om de wijzigingen van het 

golfveld te bestuderen.  

Trefwoorden – GolfEnergieConvertor, GEC park, zogeffecten, 

WECwakes, grootschalige experimenten, golfenergie, point 

absorber, golfgoot, golfbak.  

I. INLEIDING 

De ontwikkeling van duurzame en hernieuwbare energie 

technologieën heeft aan belangstelling gewonnen door de 

stijgende energievraag, de dalende voorraad aan fossiele 

brandstoffen en de nood om actie te ondernemen tegen de 

uitstoot van broeikasgassen en de klimaatverandering. Energie 

uit oceaangolven heeft het potentieel om in belangrijke mate 

bij te dragen aan de wereldwijde voorziening van 

hernieuwbare energie. Verschillende concepten van conversie 

van golfenergie zijn reeds ontwikkeld, maar geen enkel 

concept heeft zijn meerwaarde ten opzichte van de andere 

bewezen. Een golfenergieconvertor (GEC) is een apparaat dat 

de kinetische en/of potentiële energie van de golven omzet in 

elektriciteit. De belangrijkste types van GECs zijn point 

absorbers, oscillerende waterkolommen en overslaande 

structuren. Een point absorber GEC bestaat uit een boei met 

kleine horizontale afmetingen, vergeleken met de typische 

golflengtes, , die oscilleert in de golven. Door het dempen 

van de beweging van de GEC boei wordt energie 

geabsorbeerd en omgezet in elektriciteit.  

Om een aanzienlijke hoeveelheid vermogen te verkrijgen op 

één plaats, worden de GECs in parken op zee ingeplant. De 

aanwezigheid van een welbepaalde GEC in het park kan een 

positieve of negatieve invloed hebben op de 

vermogensabsorptie van zijn naburige GECs (near-field 

effects). Door de winning van energie en de beweging van de 

GECs, verandert het golfveld in het zog van het GEC park, 
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wat een invloed op andere activiteiten op zee en aan de 

kustlijn met zich meebrengt (far-field effects).  

Verschillende numerieke studies omtrent grote GEC parken 

werden reeds uitgevoerd (b.v. [2], [3]), maar het aantal 

grootschalige experimentele studies is beperkt. De resultaten 

van zulke experimenten zijn nochtans essentieel om de 

numerieke modellen te evalueren en verder te ontwikkelen.  

Het huidige onderzoeksproject WECwakes werd 

geïntroduceerd in het kader van het EU 7
th 

Framework 

Programme HYDRALAB IV. Toegang tot de Shallow Water 

Wave Basin in het Danish Hydraulic Institute (DHI) in 

Denemarken werd verleend voor het uitvoeren van 

grootschalige experimenten op grote GEC parken met 

verschillende lay-outs en tussenafstanden. Het doel is om de 

effecten binnen en achter het GEC park (near-field & far-field 

effects) te onderzoeken.  

II. ONTWIKKELDE GEC 

Om te voldoen aan de vooropgestelde eisen binnen het 

WECwakes project [4] werd een generieke point absorber 

GEC met een enkele vrijheidsgraad ontwikkeld. De GEC 

werd ontworpen en geoptimaliseerd met behulp van proeven 

in de golfgoot van de Universiteit Gent [6], in de golfgoot van 

Flanders Hydraulics Research, in Antwerpen en in de golfbak 

van Queen’s Marine Laboratory van Queen’s University in 

Belfast (UK) [5], [7]. 

De GEC bestaat uit drie hoofdonderdelen: een boei die het 

enige bewegende deel is, een verticale as met zware basis, die 

de dragende structuur vormen, en het power take-off (PTO) 

systeem. De GEC boei (buoy) heeft een hemisferische 

onderkant en heeft een totale hoogte,  = 60.0 cm, een 

diameter, D = 31.5 cm en een diepgang,  = 31.5 cm. De 

droge massa van de GEC boei, , is 20.545 kg en de 

natuurlijke periode, , is 1.176 s. 

De GEC beweegt langs een verticale stalen as met een 

vierkante doorsnede met zijde 40 mm en een gegalvaniseerde 

stalen basis. De horizontale beweging van de GEC, door de 

speling tussen de GEC as en de aslagers, wordt vermeden 

door twee PTFE lagers bovenaan en onderaan in de GEC boei. 

Dit materiaal werd gekozen omwille van de lage 

wrijvingscoëfficiënt, , op staal, zodat de inwendige wrijving 

(internal friction), , beperkt blijft.  

De PTO is gebaseerd op het principe van een mechanische 

rem, waarbij de onttrokken energie verloren gaat door 

wrijving. Deze mechanische rem wordt geïnstalleerd op het 

PVC deksel bovenop de GEC boei en bestaat uit vier veren 

(springs) die een normaalkracht uitoefenen op twee PTFE 

blokken die tegen de GEC as aangedrukt worden. De statische 

en de dynamische wrijvingscoëfficiënten van de staal-PTFE 



 

combinatie zijn weinig verschillend, waardoor stick-slip 

vermeden wordt. 

De dempingkracht uitgeoefend door de PTO, , wordt 

aangepast door de ingedrukte veerlengte, , te wijzigen. De 

normaalkracht, uitgeoefend door de vier veren, , wordt 

berekend als:  

   (1)  

met  de veerstijfheid.  

 

Figuur 1: Dwarsdoorsnede en afbeelding van de ontwikkelde GEC, 

met illustratie van de geometrie, de aslagers en het PTO-systeem [8].  

De dempingkracht die wordt uitgeoefend door de PTO, 

, kan gemodelleerd worden als Coulomb demping [9]: 

  (2) 

met   de verticale snelheid van de GEC.  

Bijkomend bij de kracht van het PTO-systeem, is er de 

inwendige wrijvingskracht, , ten gevolge van de 

wrijving tussen de PTFE aslagers en de stalen GEC as. De 

bijhorende normaalkracht is de absolute waarde van de 

tijdsvariërende horizontale excitatiekracht (surge force), 

. De inwendige wrijving, , wordt eveneens 

gemodelleerd als Coulomb demping:  

  (3) 

De ogenblikkelijke vermogensabsorptie (power absorption), 

, wordt gevonden als het product van de totale 

dempingkracht (damping force), , en de verticale 

snelheid van de GEC, : 

 (4) 

De tijdsgemiddelde vermogensabsorptie door zowel het 

PTO-systeem als de wrijving van de GEC aslagers, , 

is het gemiddelde van formule (4) en wordt berekend als: 

  (5) 

met  de amplitude van de verticale GEC beweging en 

 de gemiddelde amplitude van de tijdsvariërende 

totale dempingkracht, , die de som is  and 

. 

III. VOORBEREIDENDE EXPERIMENTEN 

De laatste voorbereidende fase, voor de uitvoering van de 

grootschalige experimenten in DHI, vindt plaats in de 

golfgoot van Flanders Hydraulics Research (FHR) in 

Antwerpen. Tijdens deze experimenten worden de ontworpen 

GECs getest in verschillende geometrische configuraties, 

gaande van een enkele GEC naar paren van GECs en een 

longitudinale lijn van vier GECs.  

De golfgoot in FHR is 4 m breed en de toegepaste 

waterdiepte, , is ingesteld op 0.70 m, zodat de testruimte een 

vlak deel van 13.25 m bevat, gevolgd door een helling van 

1:35 over 24.5 m (Figuur 2). Testen met individuele GECs, 

paren van GECs met tussenafstand, , gelijk aan 5D, 10D en 

15D, en lijnen van twee tot vier GECs met tussenafstand 5D 

worden beschouwd. De toegepaste golven zijn regelmatig met 

een golfhoogte,  = 0.074 m. Een bereik van golfperioden, , 

gaande van 1.000 s tot 1.300 s, inclusief de resonantieperiode 

van de GEC,  = 1.176 s, wordt beschouwd.  

De verticale verplaatsing van de GEC, , de 

tijdsvariërende horizontale kracht, , en de verheffing 

van het wateroppervlak, , worden gemeten. Een camera 

die de beweging van een kenteken op de GEC boei filmt 

wordt gebuikt tijdens vervaltesten om de natuurlijke periode 

van de GEC, , te bepalen.  

Het doel van de experimenten is om het PTO-system voor 

de toegepaste golfcondities in detail af te stellen door optimale 

gemiddelde vermogensabsorptie, , na te streven. 

Daarenboven worden voorbereidende metingen van de 

invloed van de GEC parkconfiguratie op te totale 

vermogensabsorptie en de veranderingen van het golfveld 

verkregen.  

 

Figuur 2: Bovenaanzicht van de opstelling in de golfgoot in FHR [5]. 

Door het gedrag van een afzonderlijke GEC in detail te 

bestuderen, kunnen enkele belangrijke conclusies met het 

vooruitzicht op de grootschalige experimenten getrokken 

worden. Degelijk onderhoud van de GECs is nodig om een 

herhaalbaar gedrag te bekomen. De GEC assen moeten 

regelmatig gekuist worden om te vermijden dat een residu 

gevormd op het oppervlak van de as. Ondanks de nood voor 

onderhoud, gedraagt de GEC zich toch als verwacht. De 

maximale amplitude van de ongedempte verplaatsing, , 

wordt gevonden voor golfperiodes, , dicht bij de 

resonantieperiode, . De invloed van de externe 

dempingkracht, , op de verticale beweging van de GEC is 

het grootst voor diezelfde periodes, , dichtbij de 

resonantieperiode, . 

Analyse van de vermogensabsorptie van een lijn van 4 

GECs evenwijdig met de richting van de golfvoortplanting 

toont dat de GEC die zich het meest golfopwaarts bevindt de 

grootste vermogensabsorptie, , heeft, terwijl de 

andere GECs een veel kleinere vermogensopbrengst hebben. 

De vermogensopbrengst van de eerste GEC in de lijn 

configuratie is groter dan de vermogensopbrengst van een 

afzonderlijke GEC in dezelfde golfcondities. De 

vermogensopbrengsten van de overige GECs in de lijn 

configuratie zijn kleiner dan the vermogensopbrengst van een 

afzonderlijke GEC (Figuur 3). Deze effecten worden 

gekwantificeerd met behulp van de  factor, welke 



 

negatief is in het geval van destructieve interactie en positief 

in het geval van constructieve interactie.  

De  factor daalt gaande van de eerste GEC tot de 

laatste GEC in de lijn configuratie. Hieruit blijkt dat het 

gebruik van een longitudinaal park met een groot aantal GECs 

niet voordelig is met betrekking tot de totale 

vermogensabsorptie, . De GECs het verst 

golfafwaarts zullen een bijna verwaarloosbaar vermogen 

opbrengen.  

 

Figuur 3: Interactie factor, , voor elke GEC in de lijn 

configuratie met 4 GECs evenwijdig met de richting van de 

golfvoortplanting. De GECs bewegen zonder externe demping in 

regelmatige govlen met golfhoogte,  = 0.074 m, en golfperiode,  

= 1.176 s.  

Analyse van het golfveld toont dat de verstrooide golven 

(scattered waves), die opgemeten worden wanneer de GECs 

stationair gehouden worden op hun evenwichtspositie, een 

stijging van de golfhoogte, , golfafwaarts en een daling 

golfopwaarts veroorzaken. De uitgestraalde golven (radiated 

waves), die het verschil zijn van de totale golven, opgemeten 

wanneer de GECs oscilleren, en de verstrooide golven, 

veroorzaken een daling in golfhoogte, , golfafwaarts en een 

stijging golfopwaartst (Figuur 4). 

 

Figuur 4: Verloop van de verhouding van de opgemeten golfhoogte, 

, tot de invallende golfhoogte, , in de richting van de 

golfvoortplanting voor een test met 3 GECs in een lijn configuratie 

met tussenafstand 5D in regelmatige golven met golfhoogte,  = 

0.074 m, en golfperiode,  = 1.200 s. 

IV. PARK EXPERIMENTEN 

Grootschalige experimenten op grote GEC parken, 

bestaande uit maximaal 25 GECs, worden uitgevoerd in de 

Shallow Water Wave Basin in DHI voor het WECwakes 

project in het kader van het EU HYDRALAB IV programma.  

Verschillend golfcondities en GEC park configuraties met 

variërende tussenafstanden, , worden beschouwd. Het 

hoofddoel is om de parkeffecten op het golfveld en op de 

vermogensopbrengst te onderzoeken [8]. 

De golfbak is 35 m wijd en 25 m lang en de golfschotten 

zijn in staat om 3D golven in verschillende richtingen te 

genereren. Er worden drie types golven beschouwd: 

regelmatige golven en onregelmatige golven met en zonder 

spreiding. De regelmatige golven hebben een golfhoogte,  = 

0.074 m en een golfperiode,  = 1.18 s of  = 1.26 s. De 

onregelmatige golven hebben een golfhoogte,  = 0.104 m en 

een golfperiode,  =1.18 s of  = 1.26 s, om dezelfde 

energiedichtheid te creëren als de regelmatige golven.  

Verschillende GEC park configuraties worden getest, 

waaronder een 5x5 GEC vierkant park en een 5x5 GEC offset 

park, dat verkregen wordt door de tweede en de vierde rij van 

het vierkant park te verschuiven over een afstand 2.5D = 

78.75 cm.  

 

Figuur 5: Schikking van de DHI golfbak met het 5x5 GEC vierkant 

park [8]. 

De optimale vermogensabsorptie, , van een 

afzonderlijke GEC wordt gevonden voor de ingedrukte 

veerlengte,  = 30.4 mm (Error! Reference source not 

found.). Deze ingedrukte veerlengte, , zal toegepast 

worden voor alle GECs tijdens de testen met GEC parken. 
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Figuur 6: Curve voor het bepalen van de optimale demping voor een 

afzonderlijke GEC in regelmatige golven met golfhoogte,  = 

0.074 m en golfperiode,  = 1.26 s. 

Analyse van het gedrag van een kolom met 5 GECs in een 

lijn evenwijdig met de richting van de golfvoortplanting toont 

een kleine variatie van de amplitude van de GEC beweging, 

, in functie van de positie van de GEC in het park. Grotere 

verschillend worden gevonden voor de totale 

vermogensabsorptie, . Deze is maximaal voor de 

GEC in het midden van de lijn configuratie. Vergeleken met 

het gedrag van een afzonderlijke GEC, vertoont de eerste 

GEC in de lijn een kleinere beweging, , terwijl de andere 



 

GECs een vergelijkbaar gedrag vertonen. Het verschil in 

vermogensopbrengst tussen de eerste GEC en de middelste 

GEC verschilt met een factor gelijk aan 2.25 (Figuur 7). 

 

Figuur 7: Verhouding van het geproduceerde vermogen op het 

golfvermogen voor 5 GECs met tussenafstand 5D geplaatst in de 

richting van de golfvoortplanting voor regelmatige golven met 

golfhoogte,  = 0.074 m en golfperiode,  = 1.26 s [8]. 

Analyse van het 5x5 GEC vierkant park en het 5x5 GEC 

offset park toont dat de GECs met de grootste 

vermogensabsorptie zich in het midden van het park bevinden, 

terwijl de GECs op de eerste en de laatste rij, loodrecht op de 

richting van de golfvoortplanting, het kleinste vermogen 

opbrengen. Het gedrag van de 5 kolommen evenwijdig met de 

golfvoortplanting in het 5x5 GEC vierkant park is verglijkbaar 

met het gedrag van de 5 GECs in de lijn configuratie. 

De totale vermogensabsorptie van het gehele park, 

, is vergelijkbaar voor beide 5x5 GEC parken. De 

twee geometrische configuraties vertonen geen duidelijke 

verschillen met betrekking tot hun vermogensopbrengst. De 

interactie effecten in het park zijn constructief voor de 

onregelmatige golven zonder spreiding en destructief voor de 

onregelmatige golven met spreiding, welke het best 

overeenstemmen met de werkelijke situatie op zee.  

De veranderingen in het golfveld ten gevolge van de 

extractie van de golfenergie en de beweging van de GECs zijn 

gekwantificeerd. De twee componenten die bijdragen tot het 

golfveld worden afzonderlijk beschouwd: de verstrooide 

golven en de uitgestraalde golven.  

Het verstrooide golfveld vertoont een stijging van de 

golfhoogte, , golfopwaarts van het GEC park en een daling 

golfafwaarts. De uitgestraalde golven alleen hebben een 

dalend effect op de golfhoogte, , stroomafwaarts. Deze 

resultaten zijn ook te vinden indien de golfenergie spectra 

voor de invallende golf alleen, , voor de verstrooide golf 

alleen, , en voor de gecombineerde totale golf, , 

onderzocht worden voor verschillend locaties rondom het 

GEC park (Figuur 8).  

Golfopwaarts van het park is  zeer gelijkend aan 

, waaruit blijkt dat de uitgestraalde golven weinig 

impact hebben op het resulterend golfspectrum. Golfafwaarts 

van het park vertonen  en  weinig verschillen zodat 

bijna alle invloed op het golfveld afkomstig is van de 

uitgestraalde golf.  

Samenvattend geldt dat de golfhoogte, , stroomopwaarts 

van het GEC park stijgt ten gevolge van de verstrooide golven 

en dat de impact van de uitgestraalde golven klein is. De 

golfhoogte, , stroomafwaarts van het GEC park daalt ten 

gevolge van de uitgestraalde golven met een kleine invloed 

van de verstrooide golven. 

 

 (a) Golfopwaarts 

 

 (b) Golfafwaarts 

Figuur 8: Spectra van de invallende golf, , de verstrooide golf, 

, en de gecombineerde verstrooide en uitgestraalde golf, 

 golfopwaarts en golfafwaarts van het 5x5 GEC vierkant 

park.  

De grootste daling in golfhoogte, , stroomafwaarts wordt 

gevonden voor het 5x5 GEC offset park in onregelmatige 

golven met spreiding. De invloed van de GEC park 

configuratie op de veranderingen van het golfveld zijn echter 

klein.  

V. CONCLUSIES 

Grootschalige experimenten op grote GEC parken werden 

uitgevoerd met als doel de effecten binnen en achter het GEC 

park te onderzoeken (near-field & far-field wake effects) 

Voorbereidend onderzoek werd uitgevoerd om het gedrag 

van een afzonderlijke GEC te bestuderen en om voorafgaande 

metingen van de vermogensopbrengst en de veranderingen in 

het golfveld te verkrijgen. Het doel van deze voorbereidende 

testen was eveneens het vinden van mogelijke problemen met 

het vooruitzicht op de grootschalige experimenten. De 

noodzaak van degelijk onderhoud van de GECs werd aan het 

licht gebracht.  

Tijdens de grootschalige GEC park testen werd de optimale 

vermogensabsorptie van een afzonderlijke GEC bepaald. De 

vermogensopbrengst van verschillende park configuraties 

werd vergeleken en de interactie effecten binnen en achter het 

park werden gekwantificeerd. De invloed van de extractie van 

energie en de beweging van de GECs op het golfveld werd 

onderzocht en de invloed van de GEC park configuratie op de 

veranderingen van het golfveld werden gecontroleerd.  
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1  
Introduction 

This chapter gives an insight in the current situation and concepts of wave energy 

as a renewable energy resource. Several already performed studies concerning 

wave energy converters (WECs) are given and the necessity of experimental 

research with large WEC arrays or farms is pointed out. Consequently, the project 

WECwakes (Stratigaki et al., 2012) is developed. Within this project, the objective 

of this master thesis is found. Finally, an outline of this work is provided. 
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1.1 Current situation and concepts of wave energy 

The development of sustainable and renewable energy technologies is gaining more and more 

importance. The global energy demand is increasing rapidly, while the fossil fuel reserves are 

shrinking. Furthermore, the problems induced by emission of greenhouse gases and the climate change 

require action.  

The decline of primary production of coal, petroleum, natural gas and most recently nuclear energy 

has led to a situation, in which Europe is increasingly dependent on the import of primary energy, 

mostly fossil fuels from potentially politically unstable countries. Driven by these concerns, the 

European Commission set some targets in 2007 to transform Europe into a highly energy-efficient, 

low carbon economy. These targets, known as the ’20-20-20’ targets, set three key objectives for 

2020: a 20% reduction in EU greenhouse gas emissions from 1990 levels, a raise of the share of EU 

energy consumption produced from renewable resources to 20% and a 20% improvement in the EU’s 

energy efficiency. The development and the use of renewable energy resources will enable the 

European Union to reduce greenhouse gas emissions and make it less dependent on imported energy 

(European Commission website). 

Several renewable energy sources, e.g. wind energy, solar power, hydropower and biomass, have been 

studied thoroughly and are being exploited for several years already. They have been contributing to 

an increase in the share of renewable energy in the total energy consumption of the European Union. 

Ocean energy applications belong to the developing renewable energy technologies, including wave 

energy, tidal energy, marine current, temperature gradient and salinity gradient.  

Wave energy has the potential to contribute significantly to the global supply of renewable energy. 

Many concepts for wave energy conversion have already been developed. However, there is not one 

specific concept that has proven to be more successful or economically viable than any other.  

A wave energy converter (WEC) is a device that converts the kinetic and/or potential energy of waves 

into electricity. They can be classified into two major categories: devices based on the overtopping 

principle and devices based on the oscillation principle (Stratigaki et al., 2012). Overtopping devices 

are fixed or slack moored and capture overtopped waves in a basin at a higher level than the 

surrounding sea. The water returns to the sea through low-head turbines. The second category, the 

oscillating devices, comprises different types of floating or submerged bodies and oscillating water 

columns (OWCs). They consist of a body or a water column that oscillates due to the waves. Besides 

absorbing the energy from the waves, they also radiate waves themselves. A point absorber, an 

important subtype of oscillating devices, consists of a buoy with rather small horizontal dimensions, 

which oscillates with one or more degrees of freedom (DOF). The buoy motion is damped by which 

energy is absorbed and converted into electricity. 

1.2 A farm of wave energy converters 

In order to extract a considerable amount of wave power, wave energy converters are arranged in large 

arrays or farms. The WECs will interact with each other and the overall power output will be affected. 
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The operational behaviour of one device in the array may have either a positive or a negative effect on 

the power output of neighbouring devices. These near-field effects will therefore define the total 

power output of the farm. In addition to the near-field effects, the wave height, !, behind the large 

array of WECs is reduced. The influence of this reduction on neighbouring farms, on other users in the 

sea or on the coastline is comprised in the so-called far-field effects. Due to the energy extraction, the 

wave conditions will change and a wake is created behind the farm (Stratigaki et al., 2012).  

The dimensions of the wake depend on the geometrical layout and the in-between distances of the 

WEC array. The importance of these parameters is illustrated in Figure 1-1, where the wave 

propagation model MILDwave (Troch, 1998) has been used to model the wake effects behind wave 

energy converters of the overtopping type. Waves are propagating from the bottom to the top of Figure 

1-1 and the WECs are simulated by the white squares. The wave height reduction is visualised by the 

reduction of the disturbance coefficient, !!, which is equal to the ratio of the local significant wave 

height, !!, to the wave height at the wave generation boundary, !!"#. The clearly visible areas with 

reduced !!values, represented by variable contour lines, show the wake in the lee of the WEC farms. 

Changing the geometrical layout and the number of devices has an important influence on the wake 

dimensions. 

 

(a) 3 WECs with small inter-WEC distances 

 

(b) 3 WECs with larger inter-WEC distances 

 

(c) 9 WECs in aligned grid 

 

(d) 9 WECs in staggered grid 

Figure 1-1: Wake effects behind WEC-farms (WECs of the overtopping type) of (a) 3 WECs, (b) 3 WECs with larger 

inter-WEC distances, (c) 9 WECs in an aligned grid and (d) 9 WECs in a staggered grid (Troch et al., 2010). 
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1.3 Research overview 

1.3.1 Numerical modelling of WEC arrays 

Several numerical studies have been performed on the response of single WECs and on large WEC 

arrays. Boundary Element Methods (BEM), based on potential flow, are used to analyse the 

hydrodynamic interaction of multiple oscillating bodies, in other words the near-field effects, for small 

computational domains. The analysis of far-field effects requires a much larger computational domain. 

Therefore wave propagation models, such as SWAN (Booij et al., 2007) and MILDwave (Troch, 

1998), are employed. In these models, the WEC is represented as a porous structure that extracts wave 

power and exhibits reflection, transmission and absorption of the incoming waves. The time-

dependent mild-slope equation model MILDwave has been used by Beels (2010) to study the optimal 

layout of a farm of wave energy converters and their wake effects in the North Sea. In Troch et al. 

(2010) the wake effects in the lee of a single WEC and multiple WECs of the overtopping type are 

studied and in Stratigaki et al. (2011) the influence of the wind on the wake in the lee of a WEC farm 

is examined. Both studies were conducted using MILDwave. A review of the performed numerical 

modelling on WEC arrays is presented in Folley et al. (2012).  

Babarit (2010) studied wave farms composed of two either surging or heaving wave energy 

converters, using a numerical model with hydrodynamic coefficients that were calculated using the 

BEM based code AQUADYN. The typical dimensions of the considered wave energy converters were 

around 10 m. His aim was to analyse the effect of the separating distance between the two systems and 

the wave direction on the wave interactions in the array and on the wave energy absorption, both in 

regular and irregular waves. He noticed that the usual interaction factor !, which is the ratio of the 

average power output of the array to the total power output of the same number of isolated devices, is 

not sufficient when considering wave interactions in a WEC array, because it hides the real amount of 

absorbed power. Hence, a modified factor !!"# that gives a better indication of the wave interaction 

effect on the wave power absorption was introduced. Based on the calculations of this parameter for 

regular waves, it was noticed that the influence of wave interactions on the absorbed power decreased 

with the square root of the distance, which is consistent with the way wave energy is rebuilt behind the 

first body. This decay is rather slow and results in a still noticeable impact at large distance, e.g. 

maximum 10 to 15 % at 2000 m. The impact on the mean annual absorbed power in irregular waves 

decreases faster with the distance and was found to be less than 10 % at 400 m. The author suggested 

that, for the specific configuration he considered, wave interaction effects for distances greater than 

500 m may be neglected. For distances shorter than 100 m, the wave interactions can be significant 

and should not be neglected. At medium range, for distances between 100 m and 500 m, no 

recommendations were given since the wave interaction can be low or high depending on the 

configuration, especially when the wave direction is not aligned with the array.  

Borgarino et al. (2011) assessed the influence of separating distances between generic point-absorber 

WECs in an array on the overall yearly energy production, based on the numerical model presented in 

Babarit (2010). WEC arrays of 9 to 25 heaving cylinders and surging barges along regular square and 
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triangular grids were considered. The authors found that grouping the devices together into arrays has 

generally a constructive effect. The increase in energy absorption by the diffracted and radiated waves 

in the array is sufficient to overcome the reduction due to masking effects. Choosing square-based 

arrays with very efficient WECs was found to be inappropriate because of the strong masking effects. 

However, the square-based array can give good results for axisymmetric WECs with positive side-side 

interactions. In general, results showed that constructive and destructive interactions compensate each 

other over the considered range of wave periods, !. If the damping of the power take-off (PTO) is 

tuned properly and the WECs have a large bandwidth, the influence of the separating distance can be 

significantly limited. Thus, the designer of the WEC array has more flexibility in the positioning of the 

WECs, permitting to take other issues (mooring, available area, access for maintenance, etc.) into 

account more easily.  

Child and Venugopal (2010) used a method capable of producing the linear wave theory solution to 

arbitrary accuracy to investigate the hydrodynamic interactions occurring in an array of wave energy 

converters. Five identical, vertically floating, truncated cylinders with two different power take-off 

arrangements were considered. By altering the layout of the array, the overall performance of the 

devices was maximised for regular waves with one incident wave frequency and direction. A 

minimisation of the power in order to demonstrate potential array-related losses was also carried out. 

Two different approaches were used in each case: the Parabolic Intersection (PI) method and a Genetic 

Algorithm (GA). The former enables rapid array construction using only simple calculation, while the 

latter requires more computational effort and is therefore much slower. In all problems, the GA 

method achieved a more highly optimised array compared with the PI method. Even though the power 

take-off characteristics influence the optimum layout, the arrays, produced with the GA method, all 

conformed to an almost regular staggered pattern. The authors also analysed all the resulting arrays 

under incident waves of different frequency. Especially in irregular waves, the characteristics of the 

interaction factor as a function of the incident wave number and direction becomes important. The 

resulting behaviour and the modifications in the interaction were interpreted in terms of certain 

geometrical features of the arrangements.  

Wolgamot et al. (2012) considered WEC arrays consisting of oscillating rigid bodies undergoing 

optimum displacements in regular waves. Their aim was to examine the influence of the wave 

direction, for which boundary element hydrodynamic calculations were carried out on a simple three-

member array. A previously published identity concerning the directional behaviour of the interaction 

factor was shown to be valid under more general conditions. Furthermore, the authors found a more 

fundamental result underlying this identity: the maximum power absorbed by a single non-

axisymmetric device, averaged over all directions, is equal to that for an axisymmetric device. It was 

indicated that a peak in the power absorption curve at some incident wave angle must be associated 

with less absorption at other wave headings.  

Oskamp and Özkan-Haller (2012) presented a method for calculating the response of a simplified 

WEC to spectral incident wave conditions. They used an applied PTO force and excitation forces and 

hydrodynamic coefficients calculated by the BEM package WAMIT to predict the response in the 
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frequency domain, which was then used to estimate the power output. The method was applied to an 

idealised non-resonating WEC for a year of hourly spectral wave data from the Oregon coast. The 

power absorption was realised by a passive tuning system, which was tuned at time scales ranging 

from hourly to annually. The authors found a gain in productivity of only 3 % by tuning hourly over 

tuning annually and suggested that the power output of a non-resonating WEC is not very sensitive to 

the value of the power take-off damping. Finally, array interactions were considered for a square array 

of four WECs with 100 m spacing and the annual power output of the array was found to be 5 % lower 

compared to power estimates that assume no interactions. This showed that interactions are minimal 

and may be neglected at first order when the devices are operating away from resonance and are 

placed 10 diameters apart from each other. 

Folley and Whittaker (2010) developed a spectral model suitable for the representation of wave energy 

converters. Such a model is an extension of a frequency-domain model that allows inclusion of non-

linear forces. Thereby improved estimates of WEC performance can be provided without the high 

computational cost of a time-domain model. Numerical simulations were performed for a flap-type 

WEC and showed that a spectral model can accurately model non-linear hydrodynamics even for high 

levels of quadratic damping and wave force decoupling. It was demonstrated that spectral WEC 

models are able to provide a practical and computationally efficient way of determining the dynamics 

and power capture for WEC with realistic nonlinearities. The spectral WEC model can be included in 

spectral wave models and software tools such as SWAN or Mike21 SW, so that tools familiar to the 

industry could be used to determine the environmental impact and energy yield of wave farms 

efficiently.  

Babarit (2013) provides tentative conclusions and guidelines for designing the layout of arrays of 

oscillating wave energy converters. For small arrays of conventional devices (fewer than 10 devices of 

typical dimensions 10 to 20 m) with usual layouts (regular or shifted grids with separating distance of 

order 100 to 200 m), the park effect is negligible. For larger arrays (more than 10 devices), a negative 

park effect is increasingly important with increasing number of rows (the lines of WECs perpendicular 

to the incident wave direction). Therefore, the number of rows should remain as small as possible, 

with a separating distance as large as possible. 

1.3.2 Physical modelling of individual or pairs of WECs 

Many experimental studies have been performed on individual WECs or pairs of WECs and a small 

number of single prototypes of WECs are being tested at sea (Stratigaki et al., 2012). 

Budal et al. (1979) published one of the first papers concerning experimental research on WECs. They 

reported measurements of the free-response amplitude and absorption of a pair of hemispherical ended 

WEC buoys with a diameter, !, of 15 cm and a draft, !!"#$ , of 17.5 cm. Thanks to the rigid 

connection between the two devices, an identical response amplitude and phase could be realised. By 

adjusting the mass and the damping of the device, a resonant response with the incident waves was 

obtained. A good agreement with the point absorber theory was found. 
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Count and Jefferys (1980) conducted a series of tests at the University of Edinburgh. The experiments 

consisted of a linear array of both two and ten devices at different spacing. The measurements of the 

interaction factor, !, showed reasonable agreement with point absorber predictions. 

Vantorre (1985) performed numerical and experimental tests on a 2-body point absorber system. He 

considered the radiation problem for axisymmetric floating or immersed bodies in a forced harmonic 

heave motion of a single frequency by means of a third-order potential theory.  

Vantorre et al. (2004) compared numerical and experimental results of the hydraulic performance of a 

heaving point absorber. Their aim was to evaluate the possibility of wave energy conversion in the 

Belgian coastal area of the North Sea. The numerical modelling, based on linear theory in 

AQUAPLUS, was used to optimise the geometry and dimensions of a heaving point absorber in order 

to obtain maximum power output. The numerical results were evaluated by physical model tests with 

wave conditions based on measurements at the Belgian coast corresponding with the dominant wind 

direction south-west.  

De Backer (2009) continued the experimental research from Vantorre et al. (2004) by performing tests 

on a single buoy. During these experiments, the slamming, stroke and force constraints were taken 

into account. The measurements from the physical tests were used to validate the linear theory to 

describe the behaviour of the point absorber and the fluid. The hydrodynamic parameters were derived 

using the BEM package WAMIT. 

Durand et al. (2007), Gilloteaux et al. (2007) and Babarit et al. (2009) presented validations of linear 

and nonlinear numerical models by experimental results. The experiments were carried out in the 

wave tank at the Ecole Centrale de Nantes with the SEAREV WEC scale model. The device has been 

extensively studied both numerically and experimentally.  

Payne et al. (2008) also performed validation of numerical models by experimental results. BEM 

simulations of the sloped IPS buoy were compared with the results of experimental tests carried out in 

the Edinburgh Curved Tank.  

1.3.3 Physical modelling of WEC arrays 

In contrast to the large number of numerical simulations of WEC arrays and the large body of 

experimental work concerning individual WECs or pairs of WECs, there is only limited published data 

of experimental studies concerning the response and wave changes of WEC arrays (Stratigaki et al. 

2012). 

Experimental measurements of the response of the Wave Star wave energy converter (Marquis et al., 

2010), which is composed of a large number of floating bodies supported by a single structure, have 

been conducted in the last decade. These experiments have led to the construction and testing of a 

prototype at an offshore site near the location of Hanstholm, in Denmark. The several heaving devices 

are installed close to each other, at a spacing of four times the float radius. This type of WEC is 

discussed in Section 1.3.4.  
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Experimental measurements of the response and power output of closely spaced heaving WEC arrays 

were reported by Stallard et al. (2008) and Weller et al. (2009). Due to the small distances between the 

WECs, the response of each WEC unit is influenced by the diffracted and radiated wave field of the 

other WEC units. These effects need to be implemented in numerical models and therefore 

experimental research is necessary.  

Stallard et al. (2009) examined the effect of the array size and configuration on the power output and 

the response of the individual WECs in the array compared to an isolated WEC. Three configurations 

were tested: an array of three WEC units aligned with the wave propagation direction, a square array 

of nine WEC units and an array of three by four WEC units, all with equal spacing of four times the 

device radius.  

Weller et al. (2009) provided experimental measurements of the power output by a two-dimensional 

rectangular array of twelve (4 x 3) heaving devices (Figure 1-2) in both regular and irregular waves. 

Due to the small distances between the devices, the response of each device is influenced by The 

absorbed power by the array was compared to the power absorption of an identical isolated device.  

 

Figure 1-2: Experimental setup used in the research of Weller et al. (2009). 

Thomas et al. (2008) discussed experiments on closely spaced devices and made a comparison to 

numerical predictions that were derived by using WAMIT. They measured the free response from 

rectilinear 5 x 1 arrays of tuned hemispherical heaving WECs with an inter-WEC distance of four 

times the WEC radius (Figure 1-3). 
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Figure 1-3: Experimental setup used in the research of Thomas et al. (2008). 

Alexandre et al. (2009) measured the change of the significant wave height, !!!, and wave spectra 

due to energy extraction by an array under irregular wave attack. The WECs were heaving point 

absorbers based on the principle of the Manchester Bobber (see Section 1.3.4). Two array 

configurations were investigated: a single row of 5 WECs (5 x 1) aligned with the wave crest and a 

double row of 5 WECs (5 x 2) both with an inter-WEC spacing in the order of four times the WEC 

radius.  

 

Figure 1-4: Experimental setup used in the research of Alexandre et al. (2009). 
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Within the UK Supergen Marine and the EU Hydralab III programmes, tests have been conducted 

with a WEC array of five oscillating water columns interconnected by mooring lines. Ashton et al. 

(2009) performed preliminary results analysis. They analysed the variability of the wave field 

surrounding the array. The aim was to determine how well point wave measurements resolve the 

downstream impact of an operating WEC on the propagating wave climate. Measurements of power 

capture and theoretical predictions of wave radiation damping have been made in order to analyse the 

influence of a device on the surrounding wave field. Differences in the wave field across the WEC are 

clearly observable in the frequency domain. However, no clear reduction in wave energy was shown 

in the lee of a WEC.  

1.3.4 Heaving multi-point absorber systems 

Wave energy converters like the Wave Star Roshage WEC (Marquis et al., 2010), the Fred Olsen FO3 

(Leirbukt and Tubaas, 2006) and the Manchester Bobber (Stansby, 2004) consist of a number of 

oscillating devices close to each other and supported from a common structure. Such configurations 

are created from an economical and practical point of view.  

The Wave Star Roshage WEC is a 1:2 scaled WEC that is placed by the Roshage pier near Hanstholm 

at the west coast of Denmark (Figure 1-5). The WEC is used for testing and demonstration. The real 

device will consist of two rows of each 10 round floats with a diameter of 5 m. The test unit has 2 

floats with a diameter of 5 m placed at one side, directed towards the dominant wave direction. The 

floats are connected to a bridge structure by a hinged arm. When the float and the arm move up and 

down in the waves, the energy is transferred to the power take-off system by a hydraulic cylinder.  

The Wave Star WEC prototype is installed in September 2009 and works automatic unmanned since 

May 2010. The power production depends on the wave climate, the control strategy, the part of the 

year, etc. A very simple control strategy is used and measurements showed that the power output is in 

accordance with the predictions. An improved control strategy is under development in order to 

increase the power output.  

The WEC is protected against storms by jacking up WEC to the storm protection level along the four 

legs. This jacking procedure is still operated manually.  
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Figure 1-5: Wave Star 1:2 scale model (Wave Star website). 

The FO3 WEC concept is developed by Fred Olsen Ltd and consists of several heaving egg-shaped 

cylindrical floaters (12 or 21) connected to a large square rig, made out of lightweight composite 

material with a side of 36 m. The vertical motion of the cylinders due to the waves is converted to 

rotational motion of a hydraulic motor, which drives a generator. A first 1:20 scale model was built in 

the Wave tank of the Ocean Basin Laboratory at Sintef in Trondheim, Norway. The positive test 

results concerning the production concept led to the construction of a laboratory rig named Buldra on 

a scale 1:3 at the Brevik shipyard in Norway. The square rig has a side of 12 m and is 8 m high 

(Figure 1-6).  

Tests to improve the FO3 WEC concept are performed within the multidisciplinary European 

SEEWEC-project (SEEWEC website). The research focused on different levels, e.g. new cylinder 

shapes, platform design, use of new materials, etc. An alternative setup, consisting of a single point 

absorber moored directly to the seabed instead of attached to a platform, is suggested. The optimised 

concept, named B1, is visible in Figure 1-7.  
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Figure 1-6: FO3 WEC 1:3 scale model Buldra (Leirbukt and Tubaas, 2006). 

 

Figure 1-7: B1 full prototype at sea (SEEWEC website). 

The Manchester Bobber consists of semi-submerged floating heaving point absorbers with a 

hemispherical base (Figure 1-8). The WEC is designed at Manchester University by professor Peter 

Stansby. The heave motion is converted to a rotational motion of a hydraulic motor, driving a 

generator. The floats are connected to a platform, but only the floats are in contact with water, which 

makes maintenance easier. During a heavy storm, the floats are filled with water in order to reduce the 

magnitude of the oscillations and protect the WEC from damage. The first model on a scale of 1:100 

was developed in 2004. In 2005, a second scale model on a scale of 1:10 was built at NaREC in Blyth. 

Both models have been tested with positive results. The robust nature of the system and the simplicity 

are great advantages in comparison to other WECs.  
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Figure 1-8: Manchester Bobber (REUK website). 

1.4 Need for large scale experiments on WEC arrays 

The focus over the past years has been on numerical modelling of WEC arrays and on experiments 

with individual WECs or pairs of WECs. A few small-scale experiments concerning WEC arrays have 

been performed and mostly they consider small arrays of closely spaced heaving floats. Presently, 

there are no publicly available experimental studies on large WEC arrays detailing response, power 

output and wave field modifications. No experimental studies have been performed for studying wake 

effects caused by large WEC farms. However, such data is essential for evaluation of the accuracy of 

the growing number of numerical studies of these wake effects and for the further development of the 

applied numerical methods. Accurate measurements of individual WEC response, WEC array power 

output and spatial variation of wave conditions in the vicinity of the array are required to improve 

understanding of the fundamental processes influencing wave conditions down-wave and up-wave of 

WEC arrays.  

The results of testing various WEC farm configurations in a large wave basin could lead to the 

optimisations of the farm layout for real applications. The positive or negative effects on the power 

absorption using large numbers of WECs and the dimensions and the impact of the WEC wakes can 

be determined. Furthermore, the effect of changing inter-WEC distances on the power absorption can 

be analysed. Because physical modelling on large WEC arrays can give the answer to these important 

questions, the present research project WECwakes has been introduced within the EU 7th Framework 

Programme Hydralab IV. Innovative large scale experiments with large WEC farms will be performed 

in the Shallow Water Wave Basin of the Danish Hydraulics Institute (DHI) with the objective to cover 

the gap of experimental studies in the literature and to determine near-field and far-field effects of 

large farms of wave energy converters. The tested farms will be composed of devices of the oscillating 

type and several farm configurations and wave conditions will be investigated (Stratigaki et al., 2012). 
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1.5 Objective 

The aim of this master thesis is to study the wake interactions in a farm of wave energy converters. 

The near-field and far-field wake effects of large farms composed of point absorber WECs are 

determined experimentally using different farm configurations and wave conditions. The influence of 

the geometrical layout and the inter-WEC spacing is analysed. 

Preparatory experiments are performed in the wave flume at Flanders Hydraulics Research (FHR) in 

Borgerhout (Antwerp), Belgium. The behaviour of a single WEC unit concerning the heave response 

and the power output is studied in detail. Furthermore, preliminary analysis concerning the WEC 

interactions is performed on small line arrays of up to four WECs. The influence on the total power 

output and the wave field modifications are studied. 

Large-scale experiments with WEC arrays, consisting of up to 25 WEC units, are carried out in the 

Shallow Water Wave Basin at DHI in Denmark. Both the wake effects and the device-device 

interactions are studied for large WEC arrays with different WEC numbers and layout configurations. 

The main objective is to determine the wave field modifications in the vicinity of the WEC farm. 

1.6 Outline 

Chapter 2 provides the reader with a short theoretical background. The linear wave theory is outlined 

and the fundamental principles of a point absorber are explained.  

Chapter 3 gives an introduction to the WECwakes project. The characteristics of the developed WEC 

units and the results from previous experiments are summarised. 

Chapter 4 provides the results of the experimental research performed in the wave flume at FHR. The 

experimental setup and the testing programme are described and the results of the different types of 

tests are given. The response and power output of a single WEC unit are examined in detail. The 

behaviour of a line array of up to four WECs and the influence of the number of WECs and the inter-

WEC spacing on the total power output of the array and the wave field are studied. 

Chapter 5 presents the experimental research in the Shallow Water Wave Basin at DHI. After the 

description of the setup and testing programme, analysis results of WEC response and power output 

are given. The changes of the wave field in the vicinity of several array configurations are examined.  

Chapter 6 highlights the most important findings of this work. Some recommendations with regard to 

further analysis of the large-scale experiments at DHI are provided. 

 



 

 

2  
Theoretical background 

This chapter provides a theoretical background on the linear wave theory to 

describe waves and their available energy. Next, the working principle of a point 

absorber wave energy converter is explained and a mathematical model to 

describe the WEC motion, also according to a linear theory, is given. Finally, some 

aspects of power absorption by a WEC are provided.  
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2.1 Wave theory 

2.1.1 Introduction 

The classification of ocean surface waves is based on different criteria, e.g. the primary disturbing 

force. In the scope of this master thesis, only wind waves, generated by the action of wind on the 

water surface, are considered.  

Another classification of the ocean surface waves is given by Kinsman (1965) and is based on the 

energy content, as a function of the wave period, !, or the wave frequency, ! (Figure 2-1). Gravity 

waves, with a wave period, !, between 1 s and 30 s, have the largest amount of energy. These waves 

are also wind waves and their name is derived from the primary restoring force, which is gravity. 

Because of their high energy level, gravity waves are the most important type of waves concerning 

wave energy conversion.  

 

Figure 2-1: Schematic representation of the energy contained in the surface waves of the ocean (Kinsman, 1965). 

Wind waves are very irregular and hard to put into a mathematical model. Therefore, all mathematical 

models are based upon a periodical and constant wave motion, both in time and in space. Two basic 

forms of wave theories can be distinguished (Coastal Engineering Manual).  

The first type of wave theory considers simple sinusoidal waves and is called the linear theory or the 

small-amplitude theory. A small movement with respect to the still water level is presumed. One of 

the linear wave theories is the Airy theory (Airy, 1845), which does not take into account the mass 

transport in the propagation direction of the waves.  

The second wave type is the non-linear wave theory or the finite amplitude theory. It is used in case 

the ratio of the wave height, !, to the water depth, !, or the ratio of the wave height, !, to the wave 

length, !, is not negligible in relation to the unit.  
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A wave that transfers energy in its propagation direction is called a progressive wave. The 

characteristics of such a wave are illustrated in Figure 2-2. The Airy theory can be used to describe the 

motion of progressive waves, but it gives only an approximation of the real wave mechanism. 

Nevertheless, this theory is sufficient for a large range of practical applications. The best 

approximation is obtained for waves with a small relative wave height, ! (Eq.(2.1)), a small wave 

steepness, ! (Eq.(2.2)) and small elevations relative to the still water surface (SWL), !. 

 

Figure 2-2: Wave characteristics of an elementary sinusoidal progressive wave (Coastal Engineering Manual). 

2.1.2 Regular wave characteristics based on the Airy theory 

A two-dimensional (! and !) sinusoidal progressive wave, as illustrated in Figure 2-2, is considered. 

The vertical !-axis originates at the still water surface and is positive in the upward direction. The !-

axis is positive in the wave propagation direction (Coastal Engineering Manual).  

2.1.2.1 Wave motion 

The wave motion is represented by the free surface elevation, !!!! !!, relative to the still water level, 

at a given time ! and position ! (Eq.(2.3)).  

 
!

!
! ! (2.1) 

 ! !
!

!
! ! (2.2) 
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The wave number, !!, equals !!!! and the pulsation, !, equals !!!!, with ! the wave period.  

The propagation velocity, !, of an individual wave is given by:  

where ! is the gravitational acceleration.  

The velocity of a group of waves, !!, differs from the individual velocity, !. The multiplying factor is 

called the group coefficient, !. The group velocity, !! (Eq.(2.5)), is an important characteristic, since 

wave energy is transferred at this speed.  

2.1.2.2 Water pressure 

The water pressure at a certain water depth ! is influenced by the action of the waves. The total water 

pressure, !!!!, at a particular point in the water column under a wave consists of the hydrostatic 

pressure and the hydrodynamic pressure and is given by: 

where !! is the mass density of water (for salt water, !! = 1.025 kg/m3, for fresh water, !! = 1.000 

kg/m3). The first term, !!!", of Eq.(2.6) represents the hydrostatic pressure, which is independent of 

the waves and caused by the water column above the considered point, while the second term of 

Eq.(2.6) is the hydrodynamic pressure, which is defined by the wave motion and varies with time, !. 

2.1.2.3 Wave energy 

The total wave energy, !, consists of the kinetic energy, !!, and the potential energy, !!. The kinetic 

energy, !!, originates from the velocity of the fluid particles, while the potential energy, !!, is the 

result of the elevation of the free water surface, !. 

The amount of kinetic energy, !!, per unit crest length and per wave length, !, is given in Eq.(2.7). 

The horizontal and the vertical component of the velocity of a fluid particle are denoted as ! and !, 

respectively.  

 !!!! !! !
!

!
!"#!!!!! ! !"! (2.3) 

 ! !
!

!
!
!"

!!
!"#$ !!! (2.4) 

 !! ! !" !
!

!
! !

!!!!
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!"#$ !!!
!"#!!!!! ! !"! (2.6) 
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The amount of potential energy, !!, per unit crest length and per wave length, !, is given in Eq.(2.8). 

The total wave energy, !, per unit of water surface is given by the sum of both components divided by 

the wave length, !! 

2.1.2.4 Wave power 

The wave power, !, is the rate at which wave energy, !, is transported in the wave propagation 

direction per time unit. It equals the product of the dynamic pressure force multiplied by the surface 

area and the horizontal velocity, !, of the fluid particles (Eq.(2.10)).  

2.1.3 Irregular wave characteristics 

Waves in nature are a stochastic phenomenon and are always irregular. In order to describe the wave 

motion, a characteristic wave height, !, and wave period, !, need to be known.  

An irregular wave can be considered as the superposition of a finite number ! of regular sinusoidal 

waves (Coastal Engineering Manual). The elevation of the water surface, ! ! , relative to SWL at a 

time, !, on a certain position is given in Eq.(2.11).  

The parameters !! , !!  and !!  are the wave amplitude, the wave pulsation and the phase shift, 

respectively, of the constituent wave !. 

Two types of analysis can be performed on the wave motion: a time domain analysis or a frequency 

domain analysis, using a Fourier study (Coastal Engineering Manual). 

In the time domain, the wave height, !, is characterised by the significant wave height, !!. This 

equals the arithmetical mean wave height, !, of the highest third of the waves registered during a 

 !! !
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certain time interval, !!, of wave observations. Unlike the mean wave height, !!, the significant 

wave height, !!, does not consider the waves with the smallest wave heights, !.  

The wave period, !, of irregular waves is also variable and can be defined by different characteristics, 

two of which are the mean wave period, !!, and the significant wave period, !!, which is the 

arithmetical mean wave period, !, of the same highest third of waves used to calculate !!. 

In a frequency domain analysis the wave spectrum, !!!!, is used to calculate the characteristics. In a 

wave spectrum, !!!!, the amount of energy is plotted as a function of the wave frequency, !, or wave 

period, !, within the irregular wave train. The significant wave height, !!!, is related to the area 

below the wave spectrum curve, !!: 

The value of !!! is always an estimate, since the multiplying factor depends on the distribution of the 

wave heights, !, and is only exactly equal to 4 for a theoretical Rayleigh distribution. 

One of the characteristic wave periods is the peak period, !!, which corresponds to the frequency, !!, 

with the largest amount of energy in the wave spectrum, !!!!. 

The wave spectrum, !!!!, depends on the characteristics of the waves and thus on the location. For 

design situations, mainly 2 wave spectra are used: the Pierson-Moskowitz spectrum (Pierson and 

Moskowitz, 1964), !!"!!! , and the JONSWAP (Joint North Sea Wave Project) spectrum 

(Hasselmann et al., 1973), !!"#$%&'!!!. The method of Pierson-Moskowitz was developed for the 

northern part of the Atlantic Ocean. However, this spectrum, !!"!!!, can also be used for design 

studies at different locations. The JONSWAP spectrum, !!"#$%&'!!! , was created based on 

observations in the North Sea, but can even so give a good approximation for other locations.  

The JONSWAP spectrum, !!"#$%&'!!!, is given in function of the frequency ! in Eq.(2.13). The 

values of ! and ! are calculated using Eq.(2.14) and Eq.(3.5).  

The peak frequency, !!, is the frequency with the largest amount of energy in the wave spectrum, 

! ! , the peakedness factor, !, is equal to 3.3 for the North Sea and the factor ! is equal to 0.07 for 

frequencies smaller than !! and 0.09 for frequencies larger than !!.  

  

 !!! ! ! !! (2.12) 
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2.1.4 Wave-body interactions 

When a body, such as a point absorber WEC, is floating in ocean waves, the body moves due to the 

water motion and wave-body interactions occur. This results in two problems that need to be 

considered: the radiation problem and the diffraction problem (Falnes, 2002). Waves are radiated 

because the body undergoes a forced harmonic motion in initially still water. The incident waves are 

diffracted in the shadow zone of the body, which can be clearly noticed when the body is kept fixed in 

a regular wave field.  

2.2 Point absorber 

2.2.1 Introduction 

Absorption of wave energy for conversion requires energy to be removed from the waves. A 

cancellation or reduction of the waves, which are passing the wave energy converter or are being 

reflected from it, has to take place. An oscillating body in water, such as a point absorber, produces 

waves, which can oppose the passing and/or reflected waves and thus realise such a cancellation or 

reduction. Falnes (1997) puts this into the paradoxical, but general statement that “to destroy a wave 

means to create a wave”. He illustrates this for an infinite line of oscillating small floating bodies, 

with evenly short interspaces, as shown in Figure 2-3. Curve a represents the undisturbed incident 

wave field. Curve b illustrates symmetric wave generation and curve c asymmetric wave generation on 

otherwise calm water. Curve d, which is the superposition of the aforementioned three waves, 

illustrates complete absorption of the incident wave energy.  

 

Figure 2-3: Wave energy absorption by means of an infinite line (perpendicular to the figure) of oscillating small 

floating bodies, with evenly short interspaces (Falnes, 1997). 

A point absorber WEC by definition has very small horizontal dimensions compared to the wave 

length, !. It can generally oscillate in one or more degrees of freedom. A heaving point absorber, 

which is restricted to up and down motion as a response to incident waves, radiates circular waves 
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away from its immersed surface. These circular waves interfere destructively with the incident plane 

waves, as illustrated in Figure 2-4 (Falnes, 1997). In reality, the incident wave is also subject to 

reflection in front and diffraction behind the device. The superposition of all these components gives 

the resultant wave climate.  

 

Figure 2-4: Wave pattern from the incident plane waves and the point absorber’s radiated circular waves (Falnes, 

1997). 

In order to obtain maximum energy from the waves, the WEC has to oscillate with an optimal 

amplitude, !!, and an optimal phase, ! (Falnes, 1997). For the case illustrated in Figure 2-3, the 

amplitudes of the radiated waves, !!"# (curves b and c in Figure 2-3), have to be exactly half of the 

amplitude of the incident wave, !! (curve a). The optimum phase condition for the two modes of 

oscillations occurs when the two corresponding waves radiated in the propagation direction of the 

incident wave have the same phase, !. Consequently, the two radiated waves in the other direction 

will cancel each other out. Furthermore, the phases of the two oscillations have to be correct with 

respect to the phase of the incident wave. 

In case of a heaving point absorber, the resulting wave corresponds to the superposition of the waves 

corresponding to curves a and b in Figure 2-3. Both the radiated wave in the direction opposed to the 

incident wave propagation and the resulting transmitted wave in the same direction as the incident 

wave propagation have an amplitude, !, equal to half the amplitude of the incident wave, !!. Wave 

energy, !, is proportional to the square of the wave amplitude, !, and therefore 25 % of the incident 

wave energy, !, is reflected, 25 % is transmitted and the remaining 50 % is absorbed by the WEC. 

Note that this value is a theoretical maximum (Falnes, 1997).  

The optimum phase condition for a one-mode oscillating system is found when it is at resonance with 

the wave, meaning that wave frequency, !, is equal to the natural frequency, !!, of the system. In that 

case, the velocity of the oscillatory motion is in phase with the exciting wave force, !!", acting on the 

body. The optimum phase condition is approximately satisfied also for wave frequencies, !, within the 
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resonance bandwidth of the system. This bandwidth is broad for WECs with large geometrical 

extensions, but becomes rather narrow for WEC systems with a smaller physical size. Since point 

absorbers have small horizontal dimensions, they have a narrow resonance bandwidth and thereby 

some form of phase control might be necessary in order to absorb a maximum amount of energy. 

Several principles to phase control an oscillating system exist, one of which is latching phase control 

(Falnes, 1997). This method can be used for wave frequencies, !, lower than the natural frequency, !!, 

of the device. The phase control is obtained by keeping the body fixed at its highest vertical position 

during certain time intervals, !!. The body is released about one quarter of the natural period, !!, 

before the next peak of the wave exciting force, !!", occurs. In this way, the buoy will move up and 

down at the occurrence of a wave crest and wave trough. 

A second phase control method consists of fine-tuning the system by adding a supplementary mass, 

!!"#, in order to adjust the natural frequency, !!, of the system to the incident wave frequency, !.  

In the scope of the WECwakes project, phase control will not be used, since the main purpose is not 

finding the maximum power absorption, !!"#, but examining the wake effects of a WEC farm. A 

simple concept of energy extraction is used to simulate the real impact of a WEC. However, it is 

recommended to find the optimum power absorption, !!"#!!"#, of the device, because in this situation 

a more realistic wake is created.  

The behaviour of a heaving point absorber can be compared to that of a mechanical oscillator, 

composed of a mass-spring-damper system with one DOF, subjected to an external force in the 

direction of the DOF. More details can be found in literature, e.g. Chakrabarti (1987) and Falnes 

(2002).  

2.2.2 Equation of motion of a heaving point absorber 

A freely floating body in ocean waves has 6 degrees of freedom, as illustrated in Figure 2-5. Surge, 

sway and heave are 3 translational modes, while roll, pitch and yaw are 3 rotational modes. 

 

Figure 2-5: Definition of the coordinate system and the 6 degrees of freedom of a freely floating body. 
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The origin of the right-handed coordinate system in Figure 2-5 corresponds to the centre of gravity of 

the body at rest. The !"-plane is the horizontal plane, parallel to the still water level and the !-axis is 

positive in the upward direction and coincides with the body’s axis of symmetry.  

Newton’s second law gives the equation of motion of a freely oscillating point absorber: 

Some structures are not freely floating but are restrained to fewer degrees of freedom. The point 

absorbers used in the WECwakes project are restrained to heave motion only, through their connection 

on a vertical shaft and gravity base. This means that the equation of motion (Eq.(2.16)) can be 

simplified to a one-dimensional equation for vertical translation along the z-axis: 

During the heaving motion, the device with mass, !, and variable position, !, is exposed to a vertical 

total force, !!. This vertical force, !!, working in the same direction as the acceleration, !, is the 

superposition of different components, as given in Eq.(2.18). 

The different components can be described using a linear theory, which is allowed for small 

amplitudes of vertical buoy motion.  

!!" is the exciting wave force due to the incident waves and is in turn the sum of two components. The 

first component is the Froude-Krylov force, !!", or the force experienced by the buoy from the 

incoming wave in case the buoy itself does not disturb the wave field. The second component is the 

diffraction force, !!"#. 

!!"# is the radiation force due to the buoy motion. It equals the component in the !-direction of the 

resultant pressure field on the buoy and it can be decomposed in two terms:  

The first term in Eq.(2.19) is the linear added mass term, which is proportional to the acceleration, !, 

of the device. The proportionality factor, !!!!! , is the added hydrodynamic inertia, which 

corresponds to the volume of water that is moved during the oscillation of the buoy. The second term 

in Eq.(2.19) is the linear hydrodynamic damping term. The buoy undergoes a radiation damping and 

thereby energy is dissipated. The amount of dissipated energy equals the energy transferred to the 

waves that are being radiated. The linear hydrodynamic damping term is proportional to the velocity, 

!, of the buoy with the hydrodynamic damping coefficient, !!!"!!!. 

 ! ! ! ! ! (2.16) 

 ! ! ! ! !! (2.17) 

 !
!
!
!!!!

!!!
! !!" ! !!"# ! !!"# ! !!"#$ ! !!"# (2.18) 

 !!"# ! !!! !
!
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! !

!"!
! !!!" !

!" !

!"
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!!"# is the hydrostatic restoring force and is equal to the resultant of the gravity force, !!, and the 

Archimedes force, !!"#!, which depends on the density of water, !!, and the instantaneous submerged 

buoy volume, !!!!. Eq.(2.20) shows that the hydrostatic restoring force can also be expressed as a 

spring force, !!"#$%&, consisting of the instantaneous vertical displacement of the buoy from its 

equilibrium position, !!!!, multiplied with the linear spring constant, !. 

The linear spring constant, !, also called the hydrostatic restoring coefficient, is expressed as:  

where !! is the waterline area. 

!!"#$ is the external damping force that is exerted by the power take-off (PTO) system and enables 

power extraction. This force is typically non-linear in practical applications, but is for simplicity often 

assumed to be linear in the velocity, with the linear external damping coefficient, !!"# , as 

proportionality factor: 

!!"# is the tuning force applied by adding a supplementary mass, !!"#, in order to phase control the 

buoy. This supplementary mass, !!"#, creates an additional inertia force: 

By combining the aforementioned equations, the equation of motion (Eq.(2.18)) can be rewritten as: 

The maximum power absorption, !!"#, is obtained by optimizing the two external parameters !!"# and 

!!"#. However, in this research, phase control by tuning the natural frequency, !!, of the buoy to the 

frequency, !, of the incident waves will not be considered, as mentioned in section 2.2.1.  

2.2.3 Response of a heaving point absorber 

The behaviour of a heaving point absorber can be compared to that of a mass-spring-damper system 

with one degree of freedom, subjected to an external force, !!", in the direction of the degree of 

freedom. The response of the device can thereby be formulated in the same form as derived for such a 

mass-spring-damper system.  

 !!"# ! !!"#! ! !! ! !!! ! ! !!" ! !!"!!! (2.20) 

 ! ! !!!!! (2.21) 

 !!"#$ ! !!!"#
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The total response, !!!!, is the sum of the free oscillation, !!"##, and the forced or steady-state 

oscillation, !!"#$%& (Eq.(2.25). 

The free oscillation, !!"## ! , is the response to the initial conditions and forms the homogeneous 

solution of Eq.(2.24). The expression of the free response depends on the damping system and thus the 

value of the damping factor, !!. A critically damped system, with !! ! !, will return to its equilibrium 

position in the quickest possible way without oscillating. If !! ! !, the system is overdamped and it 

will return to its equilibrium position without oscillating, but not as quickly as a critically damped 

system. On the other hand, if !! ! !, the system is underdamped, meaning it will undergo an 

exponentially decreasing oscillation around its equilibrium position. Figure 2-6 shows the difference 

in response between the three types of damping system.  

 

Figure 2-6: Motion curves of an underdamped, overdamped and critically damped system. 

A heaving point absorber can generally be considered as an underdamped system. Eq.(2.26) gives the 

position of the buoy, !!"##, relative to its equilibrium position.  

!!" is the amplitude of the vertical motion and !! the phase angle. 

The natural angular frequency, !!, and the damped natural angular frequency,!!!, are linked by 

Eq.(2.27). 

 ! ! ! !!"## ! ! !!"#$%&!!! (2.25) 

 !!"## ! ! !!"!
!!!!!!!"#!!!!! ! !!! (2.26) 



CHAPTER 2: THEORETICAL BACKGROUND  27 

 

According to the mass-spring-damper system, the natural frequency, !!, can be expressed as: 

The amplitude of the vertical motion, !!", and the phase angle, !!, depend on the initial conditions of 

the system, which are the initial position, !!, and the initial velocity, !!:  

The exponential function !!!!!!! in Eq.(2.26) is responsible for the decreasing amplitude effect, 

illustrated by the dotted line in Figure 2-6.  

The forced oscillation, !!"#$%&, of the system is the response to the exciting force, !!", and forms the 

particular solution of Eq.(2.24). This is given by the sinusoidal function in Eq.(2.31). !!" (Eq.(2.32)) is 

the amplitude and !!"# (Eq.(3.5)) the phase angle of the steady-state oscillation, !!"#$%&. 

The complete response, !!!!, of the buoy subjected to a regular external force, !!", is calculated by 

adding the free oscillation, !!"##, and the steady-state oscillation, !!"#$%&, together. If there is no 

exciting force, !!", present, but the buoy has an initial displacement, !!, and/or an initial velocity, !!, 

then its motion consists only out of the free response, !!"##. If the buoy is initially at rest at its 

equilibrium position and is brought to motion by an incident wave, then its position is described by the 

steady-state response, !!"#$%&. 

 !! ! !! ! ! !
!

! (2.27) 
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2.2.4 Power absorption of a point absorber 

The average absorbed power, !!"#!!", over a wave period, !, of a point absorber is equal to the 

average excited power, !!"!!", minus the average radiated power, !!"#!!". 

The average exciting power, !!"!!", for a harmonic oscillating point absorber subjected to a sinusoidal 

exiting force, !!", with amplitude !!"!! and with a sinusoidal velocity, !, with amplitude !! is given 

in Eq.(2.35). The phase shift between the exciting force, !!", and the velocity, !, is given by !. 

The average radiated power, !!"#!!", for the same harmonic oscillating point absorber depends on the 

hydrodynamic radiation damping coefficient, !!!"#, and is given in Eq.(2.36). 

Combining Eq.(2.35) and Eq.(2.36) with Eq.(2.34), the average power absorption, !!"#!!", is given by: 

Alternatively, the average power absorption, !!"#!!", can also be expressed as the power absorbed by 

the power take-off system with external damping coefficient, !!"#: 

2.2.5 Absorption width of a point absorber 

The absorption width or absorption length, !!, is the crest length over which the total available power, 

!!"!#$, corresponds to the absorbed power, !!"#. In other words, !! is the ratio of the absorbed power, 

!!"#, to the average available power, !!"!#$, per unit length of the wave crest (Eq.(2.39)). 

The capture width is similar to the absorption width, but takes into account the useful or produced 

power, !!"#$, instead of the absorbed power, !!"#. It includes the power losses due to friction and 

other dissipative effects and is thus smaller than the absorption width.  

 !!"#!!" ! !!"!!" ! !!"#!!" (2.34) 
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Dividing the absorption width, !!, by the diameter of the point absorber, !, results in the efficiency of 

the device. Note that in this case, the word ‘efficiency’ only refers to the absorption efficiency and not 

to the efficiency during any other conversion step. The absorption efficiency can be very large and can 

even exceed the value of 100 %. This phenomenon is called the ‘point absorber effect’ and is 

explained by the fact that the point absorber is able to absorb a larger fraction of power than what is 

available over its diameter, !. 

Theoretically, based on a linear theory, the maximum absorption width, !!!!"#, of a heaving point 

absorber in a regular wave with wave length ! is equal to the wave length, !, divided by !!.  

Eq.(2.40) was proven independently by different authors, including Budal and Falnes (1975). 

Note that in reality the buoy velocities, !!!!, will be large, so that second order effects will become 

important and a linear theory is no longer valid. Eq.(2.40) is only a theoretical optimum; maximum 

experimental absorption widths, !! are smaller.  
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3  
WECwakes project 

This chapter gives an insight in the WECwakes project. An overview of the 

research objectives and the followed methodology is provided, followed by a 

description of the designed WEC unit. The structural and mechanical design and 

the principle of the PTO-system are outlined. To conclude, an overview of the 

executed experiments for the evaluation of the WEC unit is given. 
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3.1 Introduction 

The WECwakes project has been introduced within the EU FP7 HYDRALAB IV programme to 

perform large-scale experiments on large arrays of point absorber wave energy converters. Access to 

the Shallow Water Wave Basin at the Danish Hydraulics Institute has been granted to study different 

layout configurations and inter-WEC distances in the array (Stratigaki et al., 2012). The main 

objective of this WECwakes project is to determine the near-field and far-field wake effects of large 

farms composed of up to 25 point absorber WECs. The aim is to validate and further develop the 

applied numerical methods, as well as to optimise the geometrical layout for real applications.  

The WECwakes project is funded by the EU FP7 HYDRALAB IV programme and is coordinated by 

Ghent University (Belgium) in a consortium of 7 European partners, including University of 

Manchester (UK), Aalborg University (Denmark), EDF – Laboratoire Saint Venant (France), 

EcoleCentrale de Nantes (France), University of Edinburgh (UK) and Queen’s University Belfast 

(Northern Ireland).  

The construction of the WEC models, including the preparatory experimental research, has been 

funded by the Research Foundation Flanders (FWO). 

3.1.1 Research objectives 

In order to improve the understanding of the wake effects of a farm of wave energy converters due to 

energy extraction, a list of more detailed objectives has been defined (Stratigaki et al., 2012): 

1. To understand the behaviour of a WEC farm under several wave conditions. 

2. To determine the near-field effects between the WECs in the farm: the behaviour of a single 

WEC affecting its neighbours. 

3. To determine the far-field effects: the shadow effects behind a large farm. To measure and 

detect the dimensions of the farm wakes and their impact, e.g. the reduction of the wave 

height, !, in the lee of the WEC farm.  

4. To quantify the effect on the power output by changing the distances between the WECs, by 

changing the number of WECs in the farm and by modifying the geometrical layout.  

5. To compare data with results from the established point absorber theory. 

6. To provide experimental data for validation of numerical models.  

7. To study the modification of near shore wave conditions due to wave energy extraction at an 

offshore location. 

3.1.2 Methodology and technical details of the experiments 

During the experimental research, several idealised wave and wave-devise interaction problems, such 

as reflection, radiation and absorption, are considered for different array configurations and wave 

conditions. The wave conditions are based on theoretical arguments for waves propagating through a 

farm and on the dependence of their transformation on geometrical and operational properties of the 

WECs within the farm. The different farm configurations are subjected to regular and irregular, both 
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long-crested and short-crested, waves. The chosen wave periods, ! , represent wave periods in 

operational conditions and the peak wave period, !!, corresponds to the natural frequency of the buoy. 

At first, the behaviour of a single WEC is experimentally determined. Phenomena such as reflection, 

transmission and absorption are analysed in detail. Afterwards, arrays with a varying number of WECs 

and with different layouts and inter-WEC spacing are considered. In this way, the effect on the wave 

field and on the overall power production by using multiple WECs is investigated. The number of 

WECs, the geometrical layout and the inter-WEC distances have a large influence on the resulting 

wake behind the farm and on the interactions between the WECs and their wave power absorption 

efficiency.  

The primary data output of the large-scale experiments is the wave height, !, both in the vicinity and 

inshore of the WEC farm. Besides the wave field due to the various incident wave conditions, the 

undisturbed wave field needs to be known. Therefore the wave height, !, is measured at a large 

number of points inside and close to the array and at the positions of the wave energy converters 

themselves. The disturbed wave field is measured at the same points in the vicinity of the WECs and 

within the wake behind the array. Additionally, the wave field in front of the farms is measured, 

providing data for the incident wave field.  

3.2 Design of the WEC unit 

The concept of the WECs used in the WECwakes project is based on the point absorber principle and 

is designed to operate in the heave mode only. Each WEC unit consists of a buoy, a vertical 

supporting shaft, a gravity base and a power take-off (PTO) system. Through the PTO-system, power 

is extracted from the waves by the WEC unit. The WEC is designed to oscillate along the vertical 

supporting shaft only and can thus be modelled as a single degree of freedom system (Stratigaki et al., 

2013a). 

3.2.1 Specifications of the scale model 

Since the maximum number of WECs in a farm is large, the complexity and costs for production of 

the devices needs to be limited. Therefore the individual scale models used for the experiments are 

simple regarding both their construction and their operational behaviour.  

The objective of the WECwakes project is to study the wave field in the vicinity of arrays formed by 

both small and larger groups of WECs. The design requirements of the individual WEC units were 

derived within the framework of the project (Stratigaki et al., 2013a): 

1. The WEC needs to be straightforward to manufacture and to facilitate low cost construction of 

25 identical WECs.  

2. The WEC needs to be simple to represent in numerical models. The number of degrees of 

freedom of a response model of the WEC is limited to the number of WEC units in an array 

and thus only single degree of freedom WEC systems are considered. The geometry needs to 

be idealised and simple with straight sides at the water surface. 
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3. The WEC needs to have a simple support system and a simple PTO-system in order to ensure 

repeatable operation of each WEC unit. The PTO damping force, !!"#, needs to be linear to 

allow straightforward representation in a range of models. The surge force, !!"#$%, needs to be 

measured to quantify the non-PTO loads. 

4. The WEC needs to provide sufficient response and power output in order to develop 

measureable changes to the wave field.  

5. The WEC needs to have sufficient dimensions to develop measurable response and energy 

extraction under the tested wave conditions. The measurement of the time varying vertical 

buoy displacement, !!!! , and surge force, !!"#$% , are necessary to quantify the energy 

extraction by the WEC mechanical system.  

6. The repositioning of individual WECs within the wave flume or wave basin needs to be easy 

in order to allow the study of alternative WEC array geometric configurations with a varying 

number of WECs and WEC spacing.  

7. The use of a generic design rather than a commercial WEC system allows developing a widely 

applicable database that can be employed for inter-comparison of numerical models.  

To satisfy these requirements, a generic point absorber with only one degree of freedom has been 

developed. The WEC unit is composed out of three main parts: the buoy, which is the only moving 

part, a vertical shaft with a gravity base, which constitute the support system, and the PTO-system.  

The device has been developed and thoroughly tested in the wave flume at Ghent University and the 

wave basin at Queen’s University in Belfast aiming at the optimisation of the scale model (Stratigaki 

et al, 2013b; Van de Sijpe, 2012).  

3.2.2 Structural and mechanical design 

The WEC buoy consists of a hemispherical bottom part made out of polyurethane cast in a mould and 

a prefabricated cylindrical PVC upper part with a PVC horizontal cover on top (Figure 3-1). It has a 

total height, !!"#$, of 60.0 cm and a diameter, !, of 31.5 cm. The draft of the WEC buoy, !!"#$, is 

equal to its diameter, !, which corresponds to a total mass, !, of 20.545 kg.  
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Figure 3-1: The developed WEC buoy with its lower hemispherical part, its cylindrical vertical part and its top cover . 

The WEC unit is restricted to heave motion along a vertical, square hollow shaft out of stainless steel, 

which is mounted to a heavy steel base plate. The WEC shaft has a side of 40 mm and a thickness of 

3 mm. It passes through a slightly larger shaft bearing inside the WEC buoy, which continues over the 

total height of the buoy, !!"#$, to avoid water infiltration. The WEC shaft bearing has an inner 

diameter of 46 mm and a thickness of 4 mm (Figure 3-2). The square form of the WEC shaft hinders 

the rotation of the WEC buoy around the WEC shaft. The movement of the WEC unit in the horizontal 

plane, due to the margin between the WEC shaft and the WEC shaft bearing, is prevented by two 

PTFE bearings at the top and bottom of the WEC buoy. This material, also known as Teflon, is 

selected because of its low coefficient of friction, !, on steel, which limits the force of the internal 

friction, !!"#!!"#$ of the WEC unit. Due to the fact that the WEC’s bearings are sliding up and down 

the WEC’s fixed vertical steel shaft, there is an internal friction force !!"#!!"#!. The internal friction of 

the system is a source of energy loss and therefore has to be kept as low as possible.  
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Figure 3-2: Technical drawing of the developed WEC buoy (dimensions in [mm]). 

The vertical WEC shaft is installed at the bottom of the wave flume or wave basin using a gravity 

base. This foot consists of a square galvanised steel plate with a side of 50.0 cm and a thickness of 

2.0 cm and an incorporated hollow square shaft at the centre (Figure 3-3). The total mass of the base is 

45.0 kg and it can be loosely placed, without mooring, at the bottom of the wave flume or wave basin. 

The vertical WEC shaft is mounted inside the slightly larger hollow shaft of the WEC gravity base to 

obtain a clamping effect at the bottom.  
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Figure 3-3: The WEC unit with its gravity base as installed in the Shallow Water Wave Basin of DHI, in Denmark.  

3.2.3 Principles of the PTO-system 

The PTO-system is based on the principle of a mechanical friction brake. The mechanical brake is 

installed on top of the PVC cover and consists of four springs that exert normal forces on PTFE blocks 

pressed against the WEC shaft. Energy is extracted from the waves through the PTO-system and is 

dissipated by friction as the WEC unit heaves along the shaft. The four compression springs and the 

two PTFE blocks are installed symmetrically, as seen on Figure 3-4. 

 

Figure 3-4: PTO-system of the WEC on top of the PVC over of the WEC buoy.  
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The springs exert a normal force, !!"#$%&, on the PTFE blocks that are pressed against the WEC shaft, 

which passes through the hole in the top cover of the WEC unit. This normal force, !!"#$%&, represents 

physically the external damping force, !!"#. By adjusting the springs, the external linear damping 

force exerted by the PTO-system, !!"#, is modified. The springs are placed in parallel, so that the total 

force is equal to the sum of the individual spring forces. The total force exerted by the four springs, 

!!"#$%&, is given in Eq.(3.1).  

The spring compression increment, !", is the length over which the spring is compressed and !!"#$%& 

the spring stiffness. 

The external damping force exerted by the PTO-system, !!"#, is tuned experimentally to achieve 

optimum average power absorption, !!"#!!"!!"!!!"#, and varies for each of the tested wave conditions. 

The total average power absorption, !!"#!!"!!"!, of a WEC unit is calculated using the sum of the 

external damping force, !!"#, and the force of the internal friction, !!"#!!"#$, of the WEC unit. To 

simulate a situation without the PTO-system the PTFE blocks are retained from the shaft by metal 

elements, keeping them from contacting each other. In this situation, the WEC heave motion, !!!!, is 

slightly damped due to the internal friction and a small amount of power will be absorbed.  

When two solid surfaces are pressed against each other, a friction force, !!"#$, arises and causes 

damping of the amplitude of the WEC heave displacement, !!. The damping force, !!"#$, can be 

modelled by Coulomb damping:  

where ! is the dimensionless coefficient of friction, !! the normal force acting on the contact surface 

and !!!! the WEC heave velocity.  

The friction force, !!"#$, is parallel to the contact surface and the damping force, !!"#$, has an 

opposite sign with reference to the WEC heave velocity !!!!.  

The damping force exerted by the PTO-system, !!!", can be modelled to a reasonable accuracy by 

Coulomb damping (Bjarte-Larsson, 2007):  

The internal friction force, !!"#!!"#$, is also modelled by Coulomb damping. The normal force, !!, is 

not constant as in the external damping force, !!"#, but is equal to the absolute value of the magnitude 

of the surge excitation force, !!"#$%, which acts on the wetted geometry of the WEC and is transferred 

from the WEC buoy to the WEC shaft. For a sinusoidal wave, the surge force, !!"#$% , is also 

sinusoidal. The internal friction force, !!"#!!"#$, is given in Eq.(3.4).  

 !!"#$%& ! !!!!!"#$%& (3.1) 

 !!"#$ ! !!!"#$ ! !"# ! ! ! !!!! ! !"# ! !  (3.2) 

 !!"# ! !! ! !!"#$%& ! !"#!!!!!! (3.3) 
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The total damping force, !!"#$!!"!, is the sum of Eq.(3.3) and Eq.(3.5). The net power absorption, 

!!"#!!"!, is therefore obtained as: 

3.3 Evaluation of the WEC design 

For the preparation of the large-scale experiments in the large-scale facilities of DHI, tests are 

conducted in four phases (Stratigaki et al., 2013b). In the first phase, the friction of a WEC unit was 

evaluated by ‘dry testing’, conducted using an electromechanical tensile testing machine of Ghent 

University (UGent). In the second phase, the support system and the instrumentation of the WEC unit 

were evaluated by experiments in the narrow wave flume at UGent (Troch, 2000). The third phase 

consisted out of experiments in the 3D wave basin at the Queen’s Marine Laboratory (QML) of the 

Queen’s University of Belfast with the aim to measure and analyse the time varying WEC response, 

!!!!. In the last phase, the surge loading, !!"#$%, on the WECs is measured and preliminary WEC 

array testing is conducted in the wide wave flume at Flanders Hydraulics Research (FHR) in Antwerp.  

3.3.1 Mechanical (dry) test of the WEC unit 

There are two components of the WEC unit that induce friction: the PTO-system and the WEC shaft 

bearings. Both the friction force applied through the PTO, !!"#, and the internal friction force, 

!!"#!!"#$, are dependent on the friction coefficient, !, between PTFE and steel. Physical tests were 

conducted to determine the non-lubricated (dry) and lubricated (wet) static and dynamic friction 

coefficient, ! . Therefore the WEC unit was tested in a tensile testing machine at UGent. The 

difference between the dry and wet friction between the WEC shaft and the WEC bearings was found 

to be negligible, meaning the possibly non-lubricated upper bearing will not cause important 

additional friction. The tests also showed a negligible difference between the static and dynamic 

friction of the steel-PTFE combination of the PTO-system and thus stick-slip is avoided. The value of 

the friction coefficient, !, was found to be strongly dependent on the environmental conditions, e.g. 

the temperature and the humidity. However, all the derived values lie within the theoretical range from 

0.04 to 0.10 for the PTFE-steel combination. The average value of the friction coefficient, !, was 

found to be 0.07.  

3.3.2 Wave loading and response experiments 

The model has been tested under the action of regular and irregular long- and short-crested waves. 

Four different test cases were considered: without the presence of the WEC unit, with the WEC unit as 

a fixed obstacle, with the WEC unit moving without external damping, !!"# = 0, and with the WEC 

unit moving with damping applied through the PTO-system, !!"#. The wave conditions represent 

 !!"#!!!"#!!! ! !! ! !"# !!"#$%!!! ! !"#!!!!!! (3.4) 

 !!"#!!"! ! ! !! ! !!"# ! !!"#!!"#$ !  (3.5) 
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conditions of several European countries, e.g. Belgium, France, Germany, The Netherlands and 

Denmark. Froude scaling of performed wave measurements in front of the coast is used to derive the 

wave characteristics.  

3.3.2.1 Single WEC evaluation: wave flume UGent 

The first series of experiments was carried out in the large wave flume of the laboratory at Ghent 

University (Troch, 2000) for a single WEC. The aim of these tests was to determine the rigidity and 

stability of the WEC supporting shaft and to compare the alternative techniques for measuring the 

WEC heave response.  

The wave flume is 1.0 m wide and 30.0 m long and the water depth, !, during the experiments was 

0.7 m. The experimental setup is shown in Figure 3-5. The structural characteristics of the WEC 

model, such as the rigidity of the WEC shaft, the stability of the WEC gravity base for different 

installation techniques and the internal friction were analysed. The measuring techniques for the WEC 

heave motion, ! ! , were optimised and their influence was determined. The horizontal motion of the 

supporting WEC shaft was analysed using a camera and was found to be limited, indicating a 

sufficient bending stiffness. As a result of this series of experiments, the WEC unit has been 

optimised, including installation and measurement techniques. In this experimental setup, the 

reflection from the sidewalls did not allow investigation of the behaviour of the WEC and the wave 

field because the diameter of the WEC buoy, !, is too large compared to the width of the wave flume. 

 

Figure 3-5: Longitudinal cross section of the wave flume at UGent, showing the experimental setup used for testing a 

single WEC (dimensions in [m]) (Stratigaki et al., 2013b). 

3.3.2.2 Single WEC response: wave basin QML 

The second series of tests was performed in the wave basin at Queen’s University Belfast (Stratigaki 

et al., 2012b) The wave basin is 15.0 m wide and 17.0 m long and the water depth, !, is uniform over 

5.25 m and subsequently slopes at 1/24 to an absorbing beach. The uniform water depth, !, for the 

experiments was 0.61 m. The experimental setup is shown in Figure 3-6 and Figure 3-7. The same 

wave conditions as in the wave flume at UGent were tested. 

The aim of these experiments was to test the hydrodynamic response of a single WEC and to tune the 

power take-off system in order to find the optimum power absorption, !!"#!!"!!"#. The WEC heave 

motion and its influence on the wave field were also investigated. During the tests, the repeatability of 

the WEC motion, both with and without external damping force, !!"#, was confirmed and optimum 
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power absorption, !!"#!!"!!"! , was achieved. This indicates that the developed PTO-system is 

effective.  

 

(a) Plan view. 

 

(b) Detailed view. 

Figure 3-6: Experimental setup used for testing a single WEC at QML (dimension in [cm]) (Van de Sijpe, 2012). 
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Figure 3-7: Experimental setup in the wave basin at QML – side view (Stratigaki et al., 2013b). 

3.3.2.3 Response of up to 4 WECs: wave flume FHR 

A third series of tests is carried out in the wave flume at Flanders Hydraulics Research (FHR) for 

small arrays of up to four WEC models. The objective is to tune in detail the PTO-system for the 

applied wave conditions by aiming at optimum average power absorption, !!"#!!"!!"#. In addition, the 

interaction between the WEC models is investigated for changing longitudinal spacing, !, between the 

WECs and for changing number of WECs in a single line. This experimental research is discussed in 

detail in Chapter 4.  

3.4 Large scale experiments 

Large-scale experiments with large arrays, consisting of up to 25 WECs, are carried out in the Shallow 

Water Wave Basin of DHI, in Denmark. The intention is to study wake effects and device-device 

interactions for large arrays with different WEC numbers and different layouts. The large-scale 

experiments are discussed in Chapter 5. 

 



 

  

4  
Experimental tests 

in FHR wave flume 

This chapter gives an overview of the tests performed in the wave flume at 

Flanders Hydraulics Research in Antwerp. The main purpose of these tests 

is to study the behaviour of an individual WEC unit in detail and the find 

preliminary conclusions on the variation of the response and wave 

conditions in small WEC arrays. The objective of this last phase of 

preparatory research is to fully understand the behaviour of the WEC units 

and to eliminate possible problems with regard to the large-scale 

experiments.  
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4.1 Testing programme 

The last preparation phase for the large-scale experiments in the Shallow Water Wave Basin at DHI is 

carried out in the wave flume at Flanders Hydraulics Research laboratory in Antwerp, Belgium. The 

designed WEC units are tested in several different configurations varying from a single WEC through 

pairs and a line of four WECs. Measurements of the surge loading on the WEC unit(s) and preliminary 

WEC array testing are conducted. The objective of the experiments is to fine-tune the PTO-system for 

the applied wave conditions by aiming at optimum average power absorption, !!"#!!"!!"#. Therefore, 

measurements of the WEC response amplitude, !!, and the surge excitation force, !!"#$%, acting on 

the WEC buoy, are taken using a potentiometer and load cells. In addition, preliminary results of the 

near-field effects, i.e. the variation of the WEC-WEC interactions, are obtained for changing 

longitudinal spacing between the WECs, !, and for changing number of WECs in a single longitudinal 

line. Both the time-varying heave displacement, !!!!, and the free water surface elevations are 

measured (Stratigaki et al. 2013b). 

The experiments are conducted in a constant water depth, ! = 0.70 m. This water depth is equal to the 

design water depth, !, for the large-scale experiments in the DHI wave basin.  

Throughout the experimental research, different wave conditions with wave height, !, and a range of 

wave periods, !, are tested. The resonance period (also called natural period), !!, of the WEC unit is 

also considered. The different wave conditions, with their specific ! and !, are referred to as sea 

states: each sea state corresponds to one a unique wave condition.  

The wave periods, !, which are considered during the experimental research at FHR, are summarised 

in Table 4-1. The value of the theoretically derived natural period using WAMIT is !!!!"#$% = 

1.143 s During decay tests, the value of !! can be experimentally derived. Decay tests performed at 

UGent and QML resulted in a natural period of the WEC unit !!  = 1.176 s and !!  = 1.183 s, 

respectively (Stratigaki et al., 2013b; Van de Sijpe, 2012). All three values of !! are tested in the wave 

flume at FHR.  

Table 4-1: Summary of the tested sea states for regular waves at FHR. 

Wave period 

! [s] 

Wave frequency 

! [Hz] 

Wave height 

! [m] 

1.000 1.000 0.074 

1.050 0.952 0.074 

1.100 0.909 0.074 

1.143 0.875 0.074 

1.176 0.850 0.074 

1.183 0.845 0.074 

1.200 0.833 0.074 

1.250 0.800 0.074 

1.300 0.769 0.074 
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In the wave flume at FHR, only regular waves with one wave height, ! = 0.074 m, are tested. The 

value of ! is chosen based on two criteria. First, the incident wave height, !, is preferably as large as 

possible in order to get a large WEC heave response, !!!!. However, there is an upper limit to ! 

because of the limitations of the testing facility and the water depth, !. The WEC heave displacement, 

!!!!, is limited to a magnitude equal to !. Otherwise, the WEC unit will hit the bottom during the 

experiments. Second, ! is chosen so that the generated waves can be considered as linear waves, 

which corresponds to a wave steepness, !, smaller than 4 %. Linear waves are simple to analyse and 

easy to model. For all the tested wave periods, !, the wave height, !, corresponding to ! = 4 %, is 

given in Table 4-2. The value !  = 0.074 m is chosen as a compromise between the two 

recommendations. In Table 4-2 the value of ! is given per wave period, !, for the chosen wave height, 

!. The 4 % limit of ! is exceeded only for the smallest two values of ! and by less than 1 %, which 

can be accepted.  

Table 4-2: Wave steepness, !, for the tested sea states. 

Wave period 

! [s]!

Wave length 

! [m]!

Wave height  

! [m] 

for ! = 4 %  

Wave steepness 

! % 

for ! = 0.074 m 

1.000 1.551 0.062 4.771 

1.050 1.703 0.068 4.345 

1.100 1.857 0.074 3.985 

1.143 1.992 0.080 3.715 

1.176 2.096 0.084 3.531 

1.183 2.119 0.085 3.492 

1.200 2.172 0.087 3.407 

1.250 2.331 0.093 3.175 

1.300 2.490 0.100 2.972 
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4.2 Experimental setup 

4.2.1 Composition of the wave flume 

The wave flume at FHR is 70.0 m long, 4.0 m wide and 1.4 m deep (Figure 4-1). The sidewalls of the 

wave flume are made out of concrete. At one side, this concrete wall is replaced by glass over a length 

of 31.0 m to have a better view inside the wave flume. However, this glass wall is located further 

away from the wave paddle than WEC positions. (Flanders Hydraulics Research website). 

 

Figure 4-1: Wave flume at FHR. 

The waves are generated at one end of the wave flume by the movement of a wave paddle (Figure 

4-2). This wave paddle is placed transverse to the longitudinal axis of the flume and takes in the full 

cross section. The paddle is a piston type wave generator with a stroke length of 0.6 m, which can 

generate regular monochromatic and irregular spectral waves.  
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Figure 4-2: Wave paddle at one end of the wave flume at FHR (Flanders Hydraulics Research Website). 

4.2.2 Specifications for the present experimental research 

The present experimental research will be carried out while another physical model, “The Wenduine 

Wave Overtopping Model”, will stay in place in the wave flume. The setup of this scale model is 

given in Figure 4-3. The foreshore starts at 13.25 m distance from the wave paddle and has a slope of 

1:35 (Veale et al., 2011).  

 

Figure 4-3: Wenduine sea dike and foreshore as constructed in the large wave flume of FHR  

(Veale et al., 2011). 
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The operating water depth, !, is 0.70 m, such that the test region comprises the flat bed of 13.25 m 

followed by the 1:35 bed-slope over 24.5 m.  

The generated waves are calibrated by measuring the wave height, !, at three positions in the wave 

flume using wave gauges. The input value for the wave generation is adjusting until the measured 

significant wave height, !!, is equal to the target wave height, !!"#$%! = 0.074 m.  

All the measured parameters are registered and processed by the data acquisition system with a 

frequency of 40 Hz.  

4.2.3 Positions of the WEC units and wave gauges 

Several different WEC configurations, varying from single WECs to pairs of WECs and a line of up to 

four WECs, are tested. The time to setup each array configuration is a crucial factor, since the WECs 

are intended to be tested for large configurations of up to 25 WEC units. Rearranging the WECs and 

adding or removing WECs from the array has to be easy and quickly. Since the vertical WEC shaft 

needs to be clamped both at the bottom and at the top in order to have sufficient rigidity (this is 

confirmed by tests in the wave flume (see Section 4.3.2.2)), removing and adding a complete WEC 

unit is not straightforward. Therefore, all the WEC support shafts will stay installed at the same 

location during all the tests and the WEC buoys, which are not included in a specific configuration, 

will be fixed onto the WEC shaft above the water surface. One specific stencil for all the arrays is 

installed and the various sub-arrays are considered.  

A stencil of four WEC support shafts at a constant longitudinal spacing, !, can be used for different 

array configurations: single WEC units, a line of two to four WEC units at spacing !, a line of two 

WEC units at spacing !! and a line of two WEC units at spacing !! (Table 4-3). 

Table 4-3: Possible WEC array configurations for a stencil with longitudinal spacing !. 

Configuration 
Spacing between WECs 

! [m] 

1 WEC - 

2 WECs in a line 

! 

2! 

3! 

3 WECs in a line !!

4 WECs in a line !!

The positions of the four WEC units in the stencil are numbered from 1 to 4, starting closest to the 

wave paddle. The spacing, !, of the stencil has to fulfil several requirements. First, WEC 4 has to be 

placed before the start of the foreshore of the ‘Wenduine Wave Overtopping Model’ because the 

gravity base of the WEC units needs to be as horizontal as possible. Second, there is a minimum 

distance necessary between the wave paddles and WEC 1, because the waves are not yet fully 

developed right in front of the wavemaker. Third, the inter-WEC spacing has to be chosen wisely 

because this parameter has an important influence on the near-field effects between the WEC units. 
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According to Babarit (2013), the wake effects are negligible for an inter-WEC distance larger than 10 

times the typical WEC dimension. Therefore, the inter-WEC distance is chosen smaller than 10!, 

where ! is the WEC buoy diameter. Taking into account these requirements, the stencil spacing is set 

to !! = 1.575 m. The resulting positions of the WEC units are given in Figure 4-4. The tested WEC 

array configurations are given in Table 4-4.  

 

Figure 4-4: Plan view of the WEC unit positions and the network of wave gauges in the wave flume at FHR 

(dimensions in [mm]) (Stratigaki et al., 2013b). 

Table 4-4: Summary of the tested WEC array configurations in the wave flume at FHR. 

Configuration 

Inter-WEC distance 

(centre to centre) 

! !"# 

1 WEC - 

2 WECs in a line 

!! 

!"! 

!"! 

3 WECs in a line !! 

4 WECs in a line !!!

The water surface elevations are measured using a network of 15 wave gauges (WGs) (see Section 

4.2.4.1). Two arrays of 3 WGs, which can be used for reflection analysis, are placed in the same line 

in the wave propagation direction as the WEC units. The first array is placed up-wave WEC 1 and the 

second array is placed down-wave WEC 1. Two pairs of WGs are installed at both sides of WEC 1 

and WEC 2. All the WG positions are shown in Figure 4-4. The distances between the 3 WGs in the 

arrays that can be used for reflection analysis are based on the method of Mansard and Funke (1980), 

as further discussed in Section 4.2.4.1.  

In Figure 4-5, an illustration of the first three WEC units in the wave flume is shown. The waves 

propagate towards the WEC array from the left side to the right side on the picture. Only the second 

WEC buoy is lowered into the water. The other WEC units do not interact with the waves. The 

presence of the WEC shaft and gravity base of these WECs is assumed to have a negligible influence. 

This is proven by analysing the wave field with and without the presence of the WEC shafts (see 

Section 4.3.5.3).  
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Figure 4-5: View from the side of one WEC configuration in the wave flume at FHR. 

4.2.4 Measuring equipment 

4.2.4.1 Equipment related to the registration of the wave motion 

The elevations of the free water surface are measured by wave gauges of the resistance type (Figure 

4-6). These WGs exist of two small bars, which are placed so that they are partially under the water 

surface in all the wave conditions. The variable resistance between the two bars is measured. This 

resistance is linear proportional to the elevation of the water surface. The linear relation is determined 

by a slope, which is found by calibrating the wave gauges in stagnant water.  

Calibration is performed once before the start of the experiments. The water level is lowered and 

raised to five different known levels and each time the offset of the WG measurements are set to this 

correct elevation. The series of tests is used to determine the slope of each WG. Before starting the 

tests in the correct water depth, !, the offset of the WGs is set to zero so that the water surface 

elevations are measured with respect to the still water level.  

All the WGs are connected to a steel frame above the wave flume so that no stands will be put in the 

water. The elevation of the water surface is registered with a frequency of 40 Hz. 



CHAPTER 4: EXPERIMENTAL TESTS IN FHR WAVE FLUME 50 

  

 

Figure 4-6: Resistive type wave gauges used in the wave flume at FHR. 

The significant wave height, !!, is derived from the measured water surface elevations and compared 

to the target wave height, !!"#$%!. Thereby the influence of the presence of the WEC unit(s) on the 

wave field can be checked. The wave field changes due to phenomena such as radiation, reflection, 

absorption, transmission and diffraction.  

A group of three wave gauges is placed in front and behind the first WEC. These groups of WGs can 

be used for reflection analysis. The reflected waves from the talus at the opposite side of the wave 

paddle and from the setup itself should be small so that they have little influence on the incident 

waves. The distances between the group of three WGs are based on the recommendations of Mansard 

and Funke (1980). In one group, WG 1 is closest to the wave paddle and WG 3 furthest. The distance 

between WG 1 and WG 2 is called !!" and the distance between WG 1 and WG 3 is called !!". 

According to Mansard and Funke (1980), these two distances should satisfy the requirements given in 

Eq.(4.1), Eq.(4.2) and Eq.(4.3).  

 !!" !
!

!"
 (4.1) 

 
!

!
! !!" !

!

!
 (4.2) 

 !!" !
!

!
!!"#!!!" !

!!

!"
 (4.3) 
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! is the wave length, which takes into account the water depth, !, and depends on the wave period, !. 

The recommended values for the distances !!" and !!" thus differ depending on the applied waves 

(Table 4-5).  

Table 4-5: Recommended distances between the WGs for reflection analysis in a water depth of 0.70 m according to 

Mansard and Funke (1980). 

! [s] ! [m] !!" [m] 
!!" [m] 

min max ! ! 

1.000 1.551 0.155 0.259 0.517 0.310 0.465 

1.050 1.703 0.170 0.284 0.568 0.341 0.511 

1.100 1.857 0.186 0.310 0.619 0.371 0.557 

1.143 1.992 0.199 0.332 0.664 0.398 0.598 

1.176 2.096 0.210 0.349 0.699 0.419 0.629 

1.183 2.119 0.212 0.353 0.706 0.424 0.636 

1.200 2.172 0.217 0.362 0.724 0.434 0.652 

1.250 2.331 0.233 0.389 0.777 0.466 0.699 

1.300 2.490 0.249 0.415 0.830 0.498 0.747 

Average 0.203 0.330 0.659 
  

The positions of the WGs will not be altered for each test with a different !. The values given in Table 

4-6, which are based on the averages of the recommended values from Table 4-5, are applied for all 

the sea states. The resulting WG positions are indicated in Figure 4-4. 

Table 4-6: Applied distances between the wave gauges for reflection analysis. 

WG group 1 WG group 2 

!!"!"#$ !!"!"#$ !!"!"#$ !!"!"#$ 

0.200 0.500 0.200 0.450 

4.2.4.2 Equipment related to the registration of the WEC response 

The behaviour of the WECs is verified by measuring the vertical heave displacement, !!!!. Hereby the 

repeatability of the motion and the effectiveness of the damping system in the different wave 

conditions can be checked. The measurements can also be used for power absorption calculations, 

since energy is extracted from the waves by damping the WEC heave motion with the PTO-system. 

Furthermore, the experimental results concerning the WEC response can be compared to numerical 

modelling results. 

The measurement instruments for the WEC heave displacement, !!!!, are draw-wire sensors (model 

FD60-500, see also Appendix B). These sensors measure linear movements using a highly flexible 

steel cable or wire. The cable is wound around a drum inside a robust aluminium profile housing and 

the axle of this drum is coupled to a potentiometer. The sensor is placed on the WEC shaft and the end 

of the cable is connected to the WEC buoy. The vertical motion of the WEC is transformed to a 

rotational motion of the drum. This rotational movement is converted to an electrical signal and output 

by the potentiometer. Thanks to the proportionality between the variable resistance and the unwound 
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length of the wire, the signal is converted into the vertical displacement of the end of the wire and 

thereby WEC heave displacement, !!!!. The measuring range is 500 mm with an accuracy of 0.5 mm. 

The wire exerts a recalling force on the device and experiences some friction inside the instrument 

while moving. These two effects are disadvantages of the draw-wire sensor and need to be taken into 

account. Since the potentiometers are always connected during the WEC response tests, the recalling 

force and friction inside the instrument are always present and will therefore be considered as an extra 

internal friction of the WEC unit.  

In Figure 4-7, the potentiometer is secured to the vertical WEC shaft and the end of the wire is 

connected to the WEC buoy.  

 

Figure 4-7: Potentiometer connected to the WEC unit. 

4.2.4.3 Equipment related to the force measurements 

The horizontal surge excitation force, !!"#$%, acting on the wetted geometry of the WEC buoy is 

measured using tension compression load cells with a capacity of 50 kg (see also Appendix D). !!"#$% 

is transferred from the WEC buoy to the WEC shaft and further on to the steel frame above the wave 

flume. However, it is not possible to measure !!"#$%! directly on the WEC buoy or WEC shaft. 

Therefore, the WEC is installed differently by hanging its shaft tightly by a steel wire (Figure 4-8). 

Another shaft is installed further down-wave and connected to the steel frame above the wave flume. 

Both shafts are connected at the top and at the bottom and the load cells are placed in between these 

connections (Figure 4-9). !!"#$%, is then transferred from the WEC shaft to the other shaft and 
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measured by the load cells. Both force measurements, from the top and bottom connection, need to be 

added to calculate the total surge loading on the WEC unit.  

Because the installation technique is not straightforward, the load cells are only present on one WEC 

unit and the values of !!"#$%  will be considered the same for the other WECs. Most tests are 

performed while measuring the forces on WEC 2. In order to analyse the influence of the position in 

the wave flume, !!"#$% is also measured on WEC 3 during some additional tests.  

 

Figure 4-8: !!"#$% measurement technique used in the wave flume at FHR. 

  

Figure 4-9: Load cells at the top and at the bottom of the WEC shaft to measure !!"#$%. 
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The waves also exert a vertical heave force, !!!"#!, on the WEC buoy. This force is measured by 

fixing the WEC buoy at mean draft, !!"#$, with the help of the second shaft and measuring the force 

that is transferred to this shaft using the same type of load cell. The setup is shown in Figure 4-10. The 

heave force measurement technique is difficult to install. Therefore, !!!"#! is only measured on one 

single WEC unit for one series of tests. 

 

Figure 4-10: !!"#$" measurement technique used in the wave flume at FHR. 

4.2.4.4 Other measuring equipment 

Image acquisition to measure the WEC heave motion, !!!!, is not carried out, since this is not possible 

for a large number of WECs. In order to have the same measurement type through the whole test 

series, the WEC heave motion, !!!!, is always recorded using potentiometers.  

A camera and mark are used for decay tests, where no waves are generated by the wave paddles. The 

camera is placed at the side of the wave flume and films a mark put on the WEC buoy. With the aid of 

the programme Marker tracking v5single.vi, written in LabVIEW (Ghent University), the video is 

analysed. The position of the mark is determined in every picture frame with reference to the starting 

position in the first frame. It is difficult to install and operate the camera close to the device, since the 

wall of the wave flume is very high and the distance to the WEC unit is rather large.  

The camera is only used during the decay tests to measure the natural period of the WEC unit, !!. 
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Figure 4-11: Marker used for registering the movement of the WEC using a camera (Stratigaki et al., 2013b). 

4.2.5 Software for analysis 

The analysis of the registered wave motion is performed using WaveLab (WaveLab website), a 

software package for data acquisition and data analysis developed at Aalborg University, Denmark. A 

wave analysis on the measured results can be performed in the time or frequency domain. For regular 

waves, a time domain analysis is executed. The comparison of the analysed data between different 

tests and the graphs are made using Microsoft Excel.  

The WEC response is analysed by subjecting the signal from the potentiometer to a time series 

analysis in WaveLab. The acquired data is processed with Microsoft Excel. 

The analysis of the forces is performed in Microsoft Excel by visualising the signals in graphs. This 

way, the average value is obtained. 

The power absorption calculations are made using Microsoft Excel. 

4.3 Experimental research 

4.3.1 General 

During the experimental research in the wave flume at FHR, only regular waves are tested. All 

performed tests have a duration of 64 s, which includes a start-up time of about 10 to 15 s. The waves 

need this start-up time to fully develop. The data acquisition system starts recording before the first 

wave reaches the WEC setup and keeps recording for about 10 to 20 s after the wave generation 

stopped to measure the fade-out. After each test, a large enough time interval is taken into account 

before the next test starts to ensure the water surface is completely settled. For the different test types, 

only the relevant part of the recorded data is analysed. For regular waves a short time interval is 

sufficient for the analysis, since the water surface elevations and WEC response remain identical once 

regime conditions are reached.  

Five different type of tests are performed: in an empty wave basin, with the WEC units fixed above 

the water surface so that only the WEC shafts are in the water, with the WEC unit(s) fixed at 

equilibrium position and with the WEC unit(s) responding with and without external damping applied 

through the PTO-system, !!"#.  



CHAPTER 4: EXPERIMENTAL TESTS IN FHR WAVE FLUME 56 

  

During the first type of tests, the WECs, including the WEC shafts, are not present in the wave flume. 

The objective is to verify the undisturbed incident wave field and check the accuracy of the wave 

generation. These tests can also be used to determine the reflection from the construction in the back 

of the wave flume.  

During the second type of tests, the WEC array stencil, i.e. the WEC shafts and gravity bases, without 

the actual WEC buoys are present in the wave flume. By comparing this series of tests with the former 

series the influence of the presence of the WEC shafts on the wave field is determined.  

During the third type of tests, the scattered wave field and loading is measured by fixing the WEC 

buoy(s) at equilibrium position, i.e. at mean draft, !!"#$.  

The ‘free’ heave response, !!!!, of the WEC units with zero PTO damping, !!"# = 0, is measured 

during the fourth type of tests. Energy is only lost through internal friction, between the WEC buoy 

and shaft, and by hydrodynamic damping because energy is transferred to the radiated waves. There is 

no power absorption by the PTO-system, !!"#!!"#, since no external linear damping force is exerted, 

!!"# = 0. 

The damped heave response, !!!!, of the WEC units with PTO damping, !!"#, is measured during the 

last type of tests. The WEC heave displacement, !!!!, decreases with the external damping force, 

!!"#, and a certain amount of energy is extracted by the PTO-system. This simulates a real situation 

where energy is extracted from the waves and a realistic wake is created behind the WEC array. 

During these tests, the influence of the WECs on their environment can be observed.  

The last three types of tests are performed on different WEC array configuration and with different sea 

states. The WEC response, !!!!, is measured for all the geometric WEC configurations listed in Table 

4-4. Note that not all the test types and WEC setups are tested for each wave condition. The test matrix 

with the overview of all performed experiments is given in Appendix A.  

A quick decay test is performed to verify the natural period, !!. The derived value is very close to the 

natural period, !!, that was found during the experimental research at UGent and QML. Therefore, no 

further decay tests are carried out.  

4.3.2 Single WEC heave response 

4.3.2.1 Aim and method 

The time-varying heave displacement, !!!!, of the WEC buoy is measured using a potentiometer for 

all the sea states given in Table 4-1. The amplitude of the WEC heave displacement, !!, is determined 

based on a steady state interval. In regular waves, the WEC unit has a regular oscillating motion, 

which is characterised by an average value for the amplitude. At the start of a wave train, there is a 

certain time necessary for the WEC buoy to start moving in a steady state way. The first part of the 

WEC response signal is thus not considered.  

An example of the time-varying WEC heave displacement, !!!!, of WEC 1 responding without 

external damping, !!"# = 0, and with a wave period, ! = 1.200 s is plotted in Figure 4-12. The 
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amplitude of the WEC heave displacement has an average, !! = 11.01 cm. This value is derived with a 

time series analysis in WaveLab. The first and the last part of the signal are cut off and only the 

middle part, which is a more or less steady state interval, is considered.  

 

Figure 4-12: WEC heave displacement, !!!!, of WEC 1 without external damping force, !!"# = 0, and for wave 

period ! = 1.200 s.  

The WEC heave response is used to analyse the behaviour of the WEC unit in different wave 

conditions and for varying damping forces applied through the PTO-system, !!"#. Furthermore, it is 

used to calculate the amount of power that is absorbed by the WEC and to find the optimum power 

absorption, !!"#!!"!!"!. The WEC heave response is also used to determine the influence of the WEC 

shaft installation technique in the wave flume.  

4.3.2.2 Influence of the WEC shaft installation technique 

Clamping the WEC shaft at the top onto the steel frame above the water surface will not be 

straightforward for the tests in DHI with arrays of up to 25 WECs. Therefore, it is important to know 

whether this is really necessary. Tests are performed for two different WEC shaft installation 

techniques: clamped only at the bottom in the gravity base and clamped at the top and at the bottom.  

The experiments are carried out for WEC 1 responding without external damping force, !!"# = 0. 

Different wave periods, !, in the range of 1.000 s to 1.300 s are tested and for some periods more than 

one test is performed.  

The heave displacement, !!!!, of the WEC unit and more specifically the repeatability of !!!! over 

different tests with the same wave condition are analysed. Therefore, the !!!!-signals from the 

identical tests are plotted together. In case of perfect repeatability, the plots would be exactly the same 

and no differences would be noticed. Due to several factors, often related to the testing facility such as 

the accuracy of the wavemaker and the reflection from the sides of the wave flume, perfect 

repeatability is impossible to obtain. Nevertheless, in order to have conclusive results, the 

experimental research has to be repeatable.  
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The measured heave displacement, !!!!, of WEC 1 for repeated tests with ! = 1.143 s is plotted in 

Figure 4-13 (a) for tests with the WEC shaft clamped only at the bottom and (b) for tests with the 

WEC shaft clamped at the top and the bottom. In Figure 4-13 (a), there is a clearly visible difference 

in the !!!!-signal between different tests. There is a difference of up to 1 cm for an average amplitude 

of around 5 cm, which means the variation is up to 20 %. In Figure 4-13 (b), the differences in WEC 

heave displacement, ! ! , are much smaller. There is a better repeatability if the WEC shaft is 

clamped at the top.  

If the WEC shaft is not clamped at the top, it undergoes horizontal displacements because of the 

limited bending stiffness. The resulting non-verticality of the WEC shaft influences the heave motion 

of the WEC unit. Because the wave climate and the WEC motion constantly influence each other and 

because the wave climate is susceptible to small changes in the WEC setup and WEC motion, the 

repeatability is affected, as illustrated in Figure 4-13 (a). In order to reduce these effects, the WEC 

setup has to be as stable as possible and thus the supporting WEC shaft has to be sufficiently rigid. 

Therefore, clamping the WEC shaft at its top has a positive influence on the repeatability of the WEC 

heave motion, as illustrated in Figure 4-13 (b).  

Similar graphs are produced for the other wave periods, !, and the same result is found: clamping the 

WEC shaft at the top gives better repeatability of the WEC heave displacement, ! ! . 
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(a) WEC shaft not clamped at the top 

 

(b) WEC shaft clamped at the top 

Figure 4-13: WEC heave displacement, !!!!, of WEC 1 without external damping force, !!"# = 0, and for wave 

period ! = 1.143 s for repeated tests with two WEC shaft installation techniques. 

For each test, the average WEC heave amplitude, !!, is derived from the WEC heave displacement, 

! ! . In case several identical tests are performed, the considered WEC heave amplitude, !!, is the 

average value of the measured WEC heave amplitudes, !!!!, from the ! repeated tests. In Table 4-7, the 

mean WEC heave amplitude is given for the two WEC shaft installation techniques and for all the 

tested wave periods, !. A lower and upper limit are added. These limits are derived from the tests at 

QML (Van De Sijpe, 2012). The lower limit gives the measured WEC heave amplitude, !!, for the 

wave height, ! = 0.050 m and the upper limit for ! = 0.100 m. Theoretically, the results from the tests 

in the wave flume at FHR, with ! = 0.074 m, should lie in between the upper and lower limit because 

!! increases with increasing !, thanks to the larger amount of energy in higher waves.  

The amplitude of the WEC heave displacement, !!, tends to be larger when the WEC shaft is clamped 

at the top. These larger values give a better agreement with the limits for !! (Table 4-7). In case the 
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WEC shaft is clamped at the top and at the bottom, the WEC heave response is closer to what is 

expected than in case the WEC shaft is only clamped at the bottom.  

Table 4-7: Amplitude of the WEC heave displacement, !!, of WEC 1 without external damping force, !!"# = 0, and 

for wave period !! = 1.143 s for repeated tests with two WEC shaft installation techniques. 

Shaft not clamped at the top Shaft clamped at the top Limits !! [cm] 

! [s] !! [cm] !! [cm] LL UL 

1.050 1.72 2.79 3.37 6.53 

1.100 3.95 5.34 6.33 13.27 

1.143 5.24 5.30 

1.176 9.72 9.77 9.08 13.33 

1.183 10.28 9.98 

1.200 10.56 11.01 7.88 13.32 

1.250 8.87 9.01 7.54 12.21 

1.300 6.67 6.87 11.70 

Because clamping the supporting WEC shaft at the top gives better repeatability and more expected 

results for the WEC heave motion, !!!!, this installation technique has to be used for all the following 

experiments. Both in the wave flume at FHR and in the wave basin at DHI, the WEC shafts will be 

clamped onto a steel frame above the water surface.  

All the following analysis concerns tests performed on a setup with the WEC shafts clamped at the 

bottom and at the top.  

4.3.2.3 Single WEC without external damping force 

A good understanding of the behaviour of a single WEC unit is important, since it forms the reference 

for the WEC array experiments. The single WEC response can be different depending on the testing 

facility because of effects such as reflection from the side walls. Therefore the single WEC reference 

case has to be analysed in detail for each testing facility.  

The location of the WEC unit in the wave flume can play a role in the WEC behaviour. The wave field 

is not constant over the test region and the waves are not yet fully developed right in front of the 

wavemaker (see Section 4.3.5). Therefore, single WEC tests are performed on different WEC 

locations in the wave flume. WEC 1, WEC 2 and WEC 3 are individually tested without external 

damping force applied through the PTO-system, !!"# = 0. For each sea state, more than one test is 

carried out in order to check the repeatability and eliminate possible strange results. The average value 

of the WEC heave amplitude, !!, is calculated with the values found for the identical test. In case 

strange results are measured, the outliers are not used in the calculation of the average !!.  

For WEC 1 and WEC 2, the same series of tests, including repetitions, is carried out on different days 

in order to check repeatability over the whole testing period. Two series are performed on WEC 1 and 

three series on WEC 2. For WEC 3 only one series of tests is carried out. The results are given in 

Table 4-8 for (a) WEC 1, (b) WEC 2 and (c) WEC 3. The average WEC heave amplitude, !
!!!!!!!"#$"!

, 
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is calculated for the repeated tests in the !!! test series and !!!!"#$ is the overall average for the 

considered WEC. 

Table 4-8: Amplitude of the WEC heave displacement, !!, of (a) WEC 1, (b) WEC 2 and (c) WEC 3 without external 

damping force, !!"# = 0, and for varying wave period, !. 

(a) WEC 1 

! [s] !
!!!!"!!"#$"! [cm] !

!!!!"!!"#$"!
 [cm] !!!!"#$ [cm] 

1.050 2.79 4.32 3.55 

1.100 5.34 6.47 5.91 

1.176 9.77 11.97 10.87 

1.183 9.98 11.76 10.87 

1.200 11.01 11.01 11.01 

1.250 9.01 9.22 9.11 

1.300 6.67 6.76 6.71 

(b) WEC 2 

! [s] !
!!!!"!!"#$"! [cm] !

!!!!"!!"#$"!
 [cm] !

!!!!"!!"#$"!
 [cm] !!!!"#$ [cm] 

1.050 1.00 1.00 

1.100 5.68 7.12 7.72 6.84 

1.176 10.22 13.34 13.71 12.42 

1.183 10.54 13.06 13.32 12.31 

1.200 8.52 10.21 10.26 9.66 

1.250 8.51 9.00 8.92 8.81 

1.300 6.39 6.56 6.48 6.48 

(c) WEC 3 

! [s] !! [cm] 

1.050 3.83 

1.100 8.11 

1.176 13.20 

1.183 12.77 

1.200 10.49 

1.250 7.86 

1.300 6.26 

A significant difference is found between the results for the two series performed on WEC 1: the 

variation of the WEC heave amplitude is up to 43.10 % for ! = 1.050 s. For all the wave periods, !, 

the WEC heave amplitude, !!, increases from the 1st series to the 2nd series, but the magnitude of the 

difference is smaller for larger values of !.  

The same trend is noticed for the 1st and the 2nd test series performed on WEC 2. The 2nd and the 3rd 

test series, which were performed on consecutive days, show good agreement. One can conclude that 
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the moment of testing has a significant influence on the behaviour of the WEC units. This is further 

investigated in Section 4.3.2.5. 

Because of the large WEC heave amplitude variation between the test series on different days, the 

overall average value, !!!!"#$, is not used for further analysis. For comparisons it is better to use the 

results of tests performed on the same testing day. In Figure 4-14, a comparison of the WEC heave 

amplitude, !!, as a function of the wave period, !, is given for the 2nd test series on WEC 1, the 2nd test 

series on WEC 2 and the test series on WEC 3, which were all carried out on the same day.  

 

Figure 4-14: Amplitude of the WEC heave displacement, !!, of WEC 1, WEC 2 and WEC 3 without external damping 

force, !!"# = 0, as a function of the wave period, ! (all tests carried out on the same testing day). 

The amplitude of the WEC heave displacement, !!, increases with increasing wave period, !, for ! 

lower than the natural period of the WEC buoy, !! = 1.176 s. For ! larger than !!, !! decreases with 

increasing !. The measured WEC heave amplitudes, !! are maximal around resonance with values of 

almost four times the incident wave amplitude, !! = 3.7 cm, which is equal to half the wave height, ! 

= 7.4 cm.  

The differences in WEC response for the three WEC locations are small and even negligible for WEC 

2 and WEC 3, as illustrated in Figure 4-14. The heave motion of WEC 1 is smaller around the 

resonance period, !!. A possible explanation is found in the fact that WEC 1 is placed close to the 

wave paddle and therefore the wave field is not yet fully developed when it reaches the WEC unit. The 

WEC motion is always most influenced around the resonance period, !!, because the WEC heave 

amplitude, !!, and the WEC heave velocity, ! ! , become large and non-linear effects occur.  

4.3.2.4 Single WEC with external damping force 

An external damping force, !!"#, is applied through the PTO-system. Energy is now extracted from 

the waves by damping the WEC heave displacement, !!!!. The damping force, !!"#, is determined by 

the normal force acting on the PTO-system and the friction coefficient, ! = 0.07, between the PTFE 

blocks of the PTO-system and the steel WEC shaft. The normal force on the PTO is applied by 

adjusting the spring compression increment, !", of the four springs of the PTO-system. !" is the 
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difference between the spring length at rest, !!, which is equal to 80.5 mm, and the applied spring 

length, !. The magnitude of the damping force, !!"#, together with the force of internal friction, 

!!"#!!"#$, and the WEC heave amplitude, !!, determine the total power absorption, !!"#!!"!. The aim is 

to find the optimum power absorption since this situation corresponds to what happens in real 

applications. Therefore, tests with varying external damping forces, !!"#, and thus varying spring 

forces, !!"#$%&, are carried out.  

The spring force of one individual spring, !!"#$%&!!, is calculated with Eq.(4.4). The coefficient !!"#$%& 

is the spring stiffness, which is equal to 0.14 N/mm. The total spring force, !!"#$%&, is the sum of the 

individual spring forces. Since the four spring are always adjusted to the same length, !!"#$%& is given 

by Eq.(4.5). 

The considered spring lengths, !, with the corresponding spring compression increments, !", and the 

resulting spring forces, !!"#$%&, are given in Table 4-9. Not all the sea states are tested for all the 

values of the spring force, !!"#$%&.  

Table 4-9: Tested spring compression increments, !", and resulting spring forces, !!"#$%&. 

! [mm] !" [mm] !!"#$%&!"#$!

20 60.5 33.88 

35 45.5 25.48 

40 40.5 22.68 

45 35.5 19.88 

50 30.5 17.08 

55 25.5 14.28 

58.8 21.7 12.15 

60 20.5 11.48 

67 13.5 7.56 

69 11.5 6.44 

WEC 1 and WEC 2 are individually tested with varying spring forces, !!"#$%&, and for varying wave 

periods, !. The results of the average WEC heave amplitude, !!, of WEC 1 are given in Table 4-10 

and in Figure 4-15. For each spring force, !!"#$%&, more than one tests is performed in order to check 

the repeatability and eliminate possible outlying results. The average value of the WEC heave 

displacement amplitude, !!, is calculated without the outliers.  

In general, the WEC heave amplitude, !! decreases with increasing spring force, !!"!"#$, and thus 

with increasing external damping force, !!"#. However, the points on the graph in Figure 4-15 do not 

 !!"#$%&!! ! !!"#$%& ! !" ! !!"#$%& ! !! ! ! ! !!!" ! !!"!! ! !! (4.4) 

 !!"#$%& ! !!"#$%&!! ! ! ! !!"#$%&!! (4.5) 
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fit a nice decreasing curve and for ! = 1.176 s the decreasing trend is not entirely followed. The WEC 

heave amplitude, !!, is slightly larger for ! = 1.200 s than for ! = 1.176 s, in contrast to the tests 

without external damping force. One can conclude that the damping of the WEC heave motion is more 

accurate at resonance.  

Table 4-10: Amplitude of the WEC heave displacement, !!, of WEC 1 [cm]with varying spring force, !!"#$%&, on the 

PTO-system and for varying wave period, !. 

!!"#$%&!"#$! ! = 1.100 s ! = 1.176 s ! = 1.200 s 

33.88  0.37 0.73 

22.68  1.71 2.58 

17.08 1.19 3.41 3.35 

14.28  2.59 4.68 

12.15  4.74 5.00 

11.48 2.58 5.94 7.39 

7.56 3.58 7.48 7.71 

 

Figure 4-15: Amplitude of the WEC heave displacement, !!, of WEC 1 as a function of the spring force, !!"#$%&, on 

the PTO-system for varying wave period, !. 

The results of the average WEC heave amplitude, !!, of WEC 2 for tests with varying spring force, 

!!"#$%&, applied on the PTO-system and varying wave period, !, are given in Table 4-11 and Figure 

4-16. For each wave period, ! , the WEC heave amplitude, !! , decreases almost linearly with 

increasing spring force, !!"#$%&. The proportionality factor of the linear relation is not the same for the 

different wave conditions. !!"#$%&  has a larger influence on !!  for wave periods, !, close to the 

resonance period, !!. The WEC heave amplitude, !!, is largest for ! = !! = 1.176 s when there is no 

or very little external damping applied through the PTO-system. However, when there is a large 

external damping force, !!"#, the WEC heave amplitude, !!, is smaller for ! = 1.176 s than for the 

larger wave periods. The damping system is thus more accurate when the WEC is resonating with the 

applied waves. 
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Table 4-11: Amplitude of the WEC heave displacement, !!, of WEC 2 [cm]with varying spring force, !!"#$%&, on the 

PTO-system and for varying wave period, !. 

!!"#$%&!"#$ ! = 1.100 s ! = 1.176 s ! = 1.183 s ! = 1.200 s ! = 1.250 s ! = 1.300 s 

25.48      1.43 

19.88    1.09 2.67 2.94 

17.08 0.63 1.76 1.96 1.91 4.03 3.88 

14.28 0.95 3.00 3.50 3.32 5.24 4.33 

11.48 1.17 4.18 4.67 4.11 6.04 4.79 

7.56 2.11 7.29 7.78 6.34 7.37 5.76 

6.44  9.14 9.04 6.61   

 

Figure 4-16: Amplitude of the WEC heave displacement, !!, of WEC 2 as a function of the spring force, !!"#$%&, on 

the PTO-system for varying wave period, !. 

The influence of the position of the WEC unit in the wave flume is checked by plotting the WEC 

heave amplitude, !!, of WEC 1 and WEC 2 together as a function of the applied spring force, !!"#$%&. 

This is shown in Figure 4-17 for (a) ! = 1.100 s, (b) ! = 1.176 s and (c) ! = 1.200 s. For each test, 

WEC 1 has a larger WEC heave amplitude, !!, than WEC 2 and for some tests !! has even doubled.  

As mentioned in Section 4.3.2.3, WEC 1 is placed close to the wave paddle and therefore the wave 

field is probably not yet fully developed when it reaches the WEC unit. This phenomenon can explain 

the bad relation between the WEC heave amplitude, !!, of WEC 1 and the spring force, !!"#$!". For 

WEC 2, which is placed further away from the wavemaker, the results fit a nice decreasing curve. 

However, the differences between the WEC heave amplitude, !!, of WEC 1 and WEC 2 are very large 

and therefore probably caused by another phenomenon, such as the influence of the testing day (see 

Section 4.3.2.5).  

Because the tests on WEC 2 give better results for the !! - !!"#$%& relation (Figure 4-17), this WEC 

unit will be used to determine the optimum damping force, !!"#.  
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(a) ! = 1.100 s 

 

(b) ! = 1.176 s 

 

(c) ! = 1.200 s 

Figure 4-17: Amplitude of the WEC heave displacement, !!, of WEC 1 and WEC 2 as a function of the spring force, 

!!"#$%&, on the PTO-system for (a) ! = 1.100 s, (b) ! = 1.176 s and (c) ! = 1.200 s.   
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4.3.2.5 Influence of the testing day 

As mentioned in Section 4.3.2.3, the WEC heave amplitude, !!, shows significant variations for 

repeated tests on different days. In Figure 4-18, !! of WEC 2 without external damping force, !!"# = 

0, is plotted as a function of the wave period, !, for three test series performed on different days. The 

different testing series are characterised by the number of the testing day on which the tests were 

carried out. Test series ‘Day 9’ was thus performed on the 9th day of the testing period.  

The last two series, which were performed on two consecutive days, show good agreement. During the 

first series, the WEC buoy heaved with a smaller amplitude, !!. Over time, the heave motion of the 

WEC unit becomes less damped, resulting in higher WEC heave amplitudes, !!. Since there is no 

external damping applied, !!"# = 0, this means that something fundamental has changed on the WEC 

setup or that the force of internal friction,!!"#!!"#$, has decreased. However, no changes were made or 

noticed on the WEC setup and the WEC units individually.  

The influence of the testing day is largest for wave periods, !, close to the resonance period, !! = 

1.176 s, and negligible for the smallest and the largest value of !.  

 

Figure 4-18: Amplitude of the WEC heave displacement, !!, of WEC 2 without external damping force, !!"# = 0, for 

three testing series performed on different days.  

The same trend is noticed when an external damping force, !!"#, is applied through the PTO-system. 

In Figure 4-19, the influence of the testing day on the WEC heave amplitude, !!, of WEC 2 is 

illustrated for (a) !!"#$%& = 7.56 N, (b) !!"#$%& = 11.48 N and (c) !!"#$%& = 14.28 N. Again, !! is 

larger when the experiments are performed at a later time in the testing period. For !!"#$%& = 14.28, an 

exception is found for ! = 1.183 s. However, this is not taken into account because it is the only 

exception and probably cause by a mistake during the analysis or by a problem in the wave generation.  

Corresponding to what was found for the tests without external damping, the influence of the testing 

day is largest for values of ! close to !! = 1.176 s. This can be explained by the non-linear effects that 

are generated when the WEC heaves at its natural frequency, !!.  
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(a) !!"#$%& = 7.56 N 

 

(b) !!"#$%& = 11.48 N 

 

(c) !!"#$%& = 14.28 N 

Figure 4-19: Amplitude of the WEC heave displacement, !!, of WEC 2 with (a) !!"#$%& = 7.56 N, (b) !!"#$%& = 11.48 N 

and (c) !!"#$%& = 14.28 N for testing series performed on different days.  
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Environmental conditions, such as temperature and humidity, can play a role in the magnitude of the 

internal friction force of the WEC and can thus influence the WEC heave motion. However, these 

parameters did not show a significant change inside the facility during the complete testing period.  

By inspecting the WECs, it was found that the supporting WEC shafts get dirty over time because the 

water is not completely clean. Some contamination particles inside the water form a residue on the 

WEC shaft. This residue feels oily and makes the WEC shaft more slippery, which causes a decrease 

in the friction between the PTFE, of the bearing inside the buoy and the PTO-system, and the steel of 

the WEC shaft. In order to avoid this, the WEC shaft has to be cleaned regularly so that no residue can 

be formed. A proper maintenance of the WEC units is necessary. 

These conclusions have to be taken into account for the large scale experiments at DHI. Because 

repeatability in the WEC heave motion is very important, especially to compare different WEC 

configurations, the supporting WEC shafts will be cleaned every day before the start of the 

experiments.  

Figure 4-19 also shows that for larger damping forces the highest WEC heave amplitude, !!, is no 

longer found for the resonance wave period, ! = !! = 1.176 s. This corresponds to what was found in 

Section 4.3.2.4: the external damping is more accurate when the WEC unit is resonating. 

4.3.3 Optimum power absorption 

4.3.3.1 Aim and method 

The focus of the experimental research is on the wake effects in a farm of wave energy converters. 

The optimisation of the PTO-system is no main objective. However, the wave field modifications in 

the vicinity of the WEC array are maximised when the absorbed power is maximum.  

In general, the relationship between the damping force, !!"#$, and the total absorbed power, !!"#, can 

be approximated by a parabola, as illustrated in Figure 4-20. This curve shows an almost flat part in its 

top. A variation of the damping force of 20 % results in a variation of the absorbed power of less than 

5 %. The power absorption, !!"# , is less sensitive to the applied damping force, !!"#$, around 

optimum conditions. The practical implementation consists of multiple testing with the same wave 

conditions, but with different damping forces, !!"#$. The results of three tests define the parabola and 

thereby the optimum can be found. 
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Figure 4-20: Experimentally deriving the damping force for optimum power absorption (Van de Sijpe, 2012). 

The total absorbed power, !!"#!!"!, by a WEC unit is due to the total damping force, !!"#$!!"!, and the 

heave velocity, !!!!, of the WEC buoy. !!"#$!!"! consists of the damping force exerted by the PTO-

system, !!"#, and the force of internal friction, !!"#!!"#$. Both components comprise a PTFE block 

sliding on a steel shaft with friction coefficient, !, found to be 0.07. !!"# originates from the normal 

force acting on the PTO-system, which is equal to the spring force, !!"#$%&, and !!"#!!"#$ originates 

from the normal force acting on the supporting WEC shaft bearings, which is the time-varying 

hydrodynamic excitation surge force, !!"#$%. The total damping force, !!"#$!!"! is the sum of both 

components and can be written as: 

The instantaneous absorbed power, !!"#!!"! , is given as the product of the total damping force, 

!!"#$!!"!, and the heave velocity of the WEC unit, !!!!, in Eq.(4.7).  

Experiments are conducted to measure the time-variation of the surge force, !!"#$%, and the WEC 

heave velocity, !!!!, for a range of spring forces, !!"!"#$. The value of !!"#$%& and hence the external 

damping force, !!"#, that is required to maximise the average power output from both the PTO-

system and the internal friction from the WEC shaft bearings is obtained.  

An example of the time-variation of the measured surge force, !!"#$%, and the WEC heave velocity, 

!!!!, is given in the upper part of Figure 4-21 (Stratigaki et al., 2013b). !!"#!" and !!!! are out-of 

phase and !!"#$% exhibits high frequency fluctuations indicating a small amplitude oscillation of the 

WEC buoy around the supporting WEC shaft. A filter is applied to obtain the amplitude of the first 

order component of the surge excitation force, !!"#$%!!"#$, for comparison to numerical predictions and 

evaluation of the time-averaged absorbed power. Both the measured surge force, !!"#$%!!"#$, and the 

 !!"#$!!"! ! ! ! !!"#$%& ! !!"#$% ! ! ! ! ! ! ! !" ! !!"#$% !  (4.6) 

 !!"#!!"! ! ! ! !!"#$%& ! !!"#$% ! !!!! (4.7) 
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filtered surge force, !!"#$%!!"#$, in Figure 4-21 are normalised to the amplitude of the surge force, 

!!"#$%!!"# ! The WEC heave velocity, !!!!, is normalised to the maximum value, !!"#. 

The resultant absorbed power due to the WEC shaft bearings, !!"#!!"#$%&'(, due to the PTO-system, 

!!"#!!"# and the total absorbed power, !!"#!!"!, are given in the lower part of Figure 4-21 (Stratigaki 

et al., 2013b). Both !!"#!!"#$%&'( and !!"#!!"# are normalised to the amplitude of the PTO absorbed 

power, !!"#!!"#!!"#.  

 

Figure 4-21: Example of the time-variation of: (up) the measured surge force, !!"#$%!!"#$, filtered surge force, 

!!"#$%!!"#$, WEC heave velocity, !!!! and (down) resultant absorbed power due to the WEC shaft bearings, 

!!"#!!"#$%&'(, the PTO-system, !!"#!!"# and total, !!"#!!"! (Stratigaki et al., 2013b). 

The WEC heave velocity, !(t), can be derived from the oscillating motion (see Chapter 2) by the 

formulas in Eq.(4.8) and Eq.(4.9). 

The time-averaged power absorbed by both PTO and bearings, !!"#!!"!!"!, is given in Eq.(4.10). This 

is the absolute value of the average power absorption over one period.  

 !!"#$%& ! ! !!"!!"#!!!" ! !!"#! (4.8) 

 ! ! !
!

!"
!!"#$%& ! ! !!"!!!!"#!!!" ! !!"#! (4.9) 

 !!"#!!"!!"! !
!

!
!!"#$!!"! ! ! ! !"

!

!

!
!

!
!!"!!"#$!!"!!! (4.10) 
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!!"#$!!"!!! is the average amplitude of the time-varying total damping force, !!"#$!!"!. The external 

damping force, !!"#, is constant during the whole test. The amplitude of the surge force, !!"#$%, is 

found by analysing the measured data signal. An example is given in Figure 4-22 for the single WEC 

2 without external damping force, !!"# = 0, and for the wave period, ! = 1.176 s. The calculated 

average amplitude of !!"#$% is 38.93 N.  

 

Figure 4-22: Surge excitation force, !!"#$%!!!, on WEC 2 without external damping force, !!"# = 0, for ! = 1.176 s. 

The average power absorption, !!"#!!"!!"!, is determined experimentally for each wave condition and 

for varying external damping forces, !!"#. As !!"#, increases, the WEC heave response amplitude, 

!!, and consequently the WEC velocity amplitude, !!, are reduced so that !!"#!!"!!"# will reach a 

maximum. The time-averaged power due to internal friction of the WEC shaft bearings, 

!!"#!!"!!"#$%&'( is maximum when !!"# is zero, since this corresponds to the maximum amplitude of 

the WEC heave velocity, !!!!"#. Hence, the average total absorbed power, !!"#!!"!!"!, which is the 

sum of !!"#!!"!!"#$%&'( and !!"#!!"!!"#, also reaches a maximum, as illustrated in Figure 4-20. The 

experiments to find the optimum power absorption are carried out on the single WEC 2. 

4.3.3.2 Results 

For each wave condition, the average total absorbed power, !!"#!!"!!"!, is calculated for varying 

external damping forces, !!"#. The average total absorbed power, !!"#!!"!!"!, is plotted as a function 

of the total damping force, !!"#$!!"!, in which the internal friction, !!"#!!"#$, is included. The results 

are given in Figure 4-23 for (a) ! = 1.300 s, (b) ! = 1.250 s, (c) ! = 1.200 s, (d) ! = 1.183 s, (e) ! = 

1.176 s and (f) ! = 1.100 s. The blue rhombic points are the experimentally derived results. In each 

graph, the smallest damping force corresponds to the case without external damping, !!"# = 0, and is 

thus equal to the internal friction force, !!"#!!"#$ , only. A two-dimensional trend line is added, 

according to the parabola in Figure 4-20. The red square points give the top of the parabola and 

represent the optimum power absorption conditions. 
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(a) T = 1.300 s 

 

(b) T = 1.250 s 

 

(c) T = 1.200 s 

 

(d) T = 1.183 s 
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(e) T = 1.176 s 

 

(f) T = 1.100 s 

Figure 4-23: Time-averaged total power absorption, !!"#!!"!!"!, as a function of the total damping force, !!"#$!!"!, for 

(a) ! = 1.300 s, (b) ! = 1.250 s, (c) ! = 1.200 s, (d) ! = 1.183 s, (e) ! = 1.176 s and (f) ! = 1.100 s. 

The optimum total damping force, !!"#$!!"!!!"#, is for all the wave conditions close to the minimum 

tested total damping force, which is without PTO damping, !!"# = 0. The smaller the wave period, !, 

the closer the optimum damping force, !!"#$!!"!!!"#, lies to the damping force without active PTO-

system and thus the internal friction force only, !!"#!!"#$.  

For ! = 1.100 s, no optimum is found because the parabola through all the measured points does not 

show a top. It is expected that optimum corresponds to even smaller damping force, !!"#$!!!", than 

the one obtained by the internal friction force, !!"#!!"#$. However, this is an impossible situation 

because the internal friction is always present. Since no optimum power absorption can be reached, 

this means that the WEC unit, as it is, is not suited to be employed in waves with wave period, !, 

equal to or smaller than 1.100 s. 

The calculated optimum damping forces, !!"#$!!"!!!"# and the corresponding optimum average total 

power absorption, !!"#!!"!!"!!!"#, are given in Table 4-12 for the different wave periods, !. In order to 

know the optimum external damping force applied through the PTO-system, !!"#!!"#, the internal 

friction, !!"#!!"#$, has to be subtracted from the total optimum damping force, !!"#$!!"!!!"#. The 

internal friction is not constant for varying damping since the surge force, !!"#$%, reduces with 
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increasing applied external damping. Therefore, the average value of the internal friction of the two 

tests with absorbed power closest to the optimum is calculated for each wave condition.  

Once !!"#!!"# is known, the optimum spring force, !!"#$%&!!"#, is calculated by taking into account 

the friction coefficient, ! = 0.07, for the friction between the PTFE blocks of the PTO-system and the 

steel WEC shaft.  

The corresponding optimum spring compression increment, !!!"#, is derived in Eq.(3.5). All the 

calculated values are given in Table 4-12. 

The optimum external damping forces, !!"#!!"#, are very small and almost zero for small wave 

periods, !. The internal friction represents the biggest part of the total optimum damping force, 

!!"#$!!"!!!"# . The tests with small external damping forces, !!"# , and even without external 

damping, !!"# = 0 will thus be the most important tests for further analysis, since optimum damping 

conditions create the largest wake behind the WEC array and correspond best to the situation in real 

applications.  

Table 4-12: Optimum power absorption and optimum damping forces and spring lengths for different wave 

conditions. 

! [s] 1.300 1.250 1.200 1.183 1.176 

!!"#$!!"!!!"# [N] 2.587 2.825 2.216 2.704 2.800 

!!"#!!"!!"!!!"#  [W] 0.465 0.752 0.626 0.958 0.974 

!!"#!!"#$!!"  [N] 2.196 2.515 2.184 2.690 2.741 

!!"#!!"#  [N] 0.390 0.310 0.032 0.013 0.059 

!!"#$%&!!"#  [N] 5.576 4.431 0.454 0.189 0.845 

!!!"#  [mm] 9.957 7.913 0.811 0.338 1.509 

It should be noted that the optimum power absorption results can be influenced by the lack of 

maintenance and the hereby formed residue on the WEC shaft (see Section 4.3.2.5). In order to work 

with the correct optimum damping in the wave basin at DHI, the calculations will have to be repeated 

for tests performed on good maintained WEC units in the wave basin. 

4.3.4 Total power absorption 

4.3.4.1 Aim and method 

When multiple WECs are placed in an array, the total absorbed power of the entire array, 

!!"#!!"!!!""!#, is the sum of the absorbed power of the ! individual WECs in the array, !!"#!!"!!!. This 

 !!"#$%&!!"# !
!!"#!!"#

!
!
!!"#$!!"!!!"# ! !!"#!!"#$!!"

!
 (4.11) 

 !!!"#
!
!!"#$%&!!"#

! ! !
!
!!"#$%&!!"#

! ! !!!"
 (4.12) 
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individual absorbed power, !!"#!!"!!!, will not be the same for every WEC in the array due to the near-

field effects. Each single system interacts with all the others by absorbing, radiating and diffracting 

waves. These wave interactions have an impact on the total power absorption. If the absorbed power 

of a particular WEC in the array, !!"#!!"!!!, is larger than the absorbed power of a single isolated WEC, 

!!"#!!"!!!"#$%&'(, in the same conditions, the near-field effects are constructive for this WEC. If the 

absorbed power is smaller, the near-field effects are destructive. It is possible that for some WECs in 

an array the interactions are constructive and for some destructive. The total power absorption of the 

array, !!"#!!"!!!""!#, is thus also influenced. The aim is to find the WEC array configuration with the 

optimum total power absorption, !!"#!!"!!!""!#.  

The effect of array interactions on the total power absorption of the array, !!"#!!"!!!""!#, is quantified 

by the ! factor, which is defined by the ratio of the output power from the array of ! systems to ! 

times the power output of a single isolated system, !!"#!!"!!!"#$%&'( (Eq.(4.13)). The total output power 

from the array is the sum of the absorbed power !!"#!!"!!! from the ! WECs. If ! is smaller than 1, the 

near-field effects have a destructive effect on the total absorbed power, !!"#!!"!!!""!#. If ! is larger 

than 1, the effects are constructive.  

Babarit (2010) found that the ! factor is not sufficient when considering wave interactions in an array 

of WECs because it hides the real amount of absorbed power. He introduced a modified factor !!"#, 

defined as the ratio of the sum of the differences between the power absorbed, !!"#!!"!!!, by the !!! 

system in the array and the power absorbed by an isolated system, !!"#!!"!!!"#$%&'(, in the same wave 

conditions divided by !  times the maximum absorbed power by an isolated system, 

!"#!!!"#$%&'( !  (Eq.(4.14)). If !!"# is positive, the wave interactions have a constructive effect on 

the total power absorption of the array, !!"#!!"!!!""!#. If !!"# is negative, the effect is destructive.  

The !!"# factor can also be calculated for each WEC in the array separately. This way, the knowledge 

of which WECs in the array are constructively affected and which destructively. For the !!!! WEC in 

the array !!"# is calculated in Eq.(4.15). 

The total power absorption, !!"#!!"!!!""!#, is calculated for all the possible geometric configurations in 

the wave flume, as given in Table 4-4. WEC 2 is chosen as the single isolated WEC, which is used as 

 ! !
!!"#!!"!!!

!

!!!

! ! !!"#!!"!!!"#$%&'(

 (4.13) 

 !!"# !
!!!"#!!"!!! ! !!"#!!"!!!"#$%&'(!

!

!!!

! !!"#!!!"#!!"!!!"#$%&'(!!!
 (4.14) 

 !!"#!! !
!!"#!!"!!! ! !!"#!!"!!!"#$%&'(

!"#!!!"#!!"!!!"#$%&'(!!!
 (4.15) 
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reference. Experiments are carried out with and without external damping force, !!"#. For each 

configuration, the ! factor and the !!"# factor are calculated. 

4.3.4.2 Results 

The effect from the interactions between the WECs is visible in Figure 4-24 for a test with all four 

WECs responding without external damping force, !!"# = 0, and for ! = 1.176 s. Graph (a) of Figure 

4-24 shows the WEC heave amplitude, !!, and graph (b) the average total absorbed power, !!"#!!"!!"!, 

for the four WECs individually. The four points, from left to right on the graphs, correspond to the 

four WEC units in a line, starting with the WEC closest to the wave paddle.  

 

(a) WEC heave amplitude, !! 

 

(b) Average total absorbed power, !!"#!!"!!"! 

Figure 4-24: Interaction effects in the line array consisting of four WECs without external damping force, !!"# = 0, 

on (a) the WEC heave amplitude, !!, and (b) the average total power absorption, !!"#!!"!!"!, for ! = 1.176 s. 

Both the WEC heave amplitude, !!, and the average total power absorption, !!"#!!"!!"!, decrease with 

increasing distance from the wave paddle. The !!"# factor is calculated for each WEC (see Figure 

4-25). Since !!"#  is positive for WEC 1, the interaction effects are constructive for the power 

absorption of this WEC. The effects are destructive for the other WECs in the array. These 

observations were predicted by Babarit (2010). For practical applications of WEC arrays, it is 
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important to know the interaction effect, due to the chosen geometric configuration, on the average 

total absorbed power by the entire array, !!"#!!"!!"!!!""!#. For the example of Figure 4-25, the !!"# 

factor for the entire array is -0.24 and the ! factor is 0.76. The overall interaction effect on the array 

are thus destructive.  

 

Figure 4-25: !!"# factor for each WEC in the line array consisting of four WECs without damping force, !!"# = 0, 

for ! = 1.176 s. 

The !  factor and !!"#  factor for the entire array are calculated for all the tested geometric 

configurations and wave conditions. Because Babarit (2010) and Borgarino et al. (2012) found that the 

! factor is not sufficient to consider wave interaction in an array, the focus of the analysis is on the 

!!"# factor. However, the results found with the ! factor do not show large differences compared to 

the results of the !!"# factors. The calculated ! factors are given in Appendix F. 

In Figure 4-26, the !!"# factor is shown as a function of the wave period, !, for a line array consisting 

of 2 WECs placed at a changing inter-WEC spacing, !, and without external damping force, !!"! = 0. 

The most constructive effect on the average total power absorption of the array, !!"#!!"!!"!!!""!#, is 

noticed for ! = 1.200 s. Furthermore, the positive effect is larger if the 2 WECs are placed at the 

smallest distance, ! = 5!.  

In Figure 4-27, the !!"# factor is given as a function of the wave period, !, for the same line arrays of 

2 WECs but with the external damping force applied through the springs of the PTO-system, !!"#$%& = 

11.48 N. The largest constructive interaction effects are again found for ! = 1.200 s, but in this case 

for an inter-WEC distance of 10!.  

For the larger wave period, ! = 1.250 s and ! = 1.300 s, the interaction effects on the total power 

output are small for all the inter-WEC distances. The array has approximately the same power output 

as 2 isolated WECs.  
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Figure 4-26: !!"# factor for a line array consisting of 2 WECs without external damping force, !!"# = 0, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

Figure 4-27: !!"# factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 11.48 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

In Figure 4-28, the !!"! factor is given as a function of the wave period, !, for a line array consisting 

of a changing number of WECs at a constant inter-WEC spacing and without external damping force, 

!!"# = 0. In Figure 4-29, the same setups are considered but an external damping force is applied 

through the PTO-system, !!"#$%& = 11.48 N, for all WECs.  

The WEC interactions have the highest constructive effect on the average total absorbed power by the 

array, !!"#!!"!!"!!!""!#, for ! = 1.200 s. In general, the interaction factor, !!"#, for a line array of 4 

WECs is smaller than the !!"# factor for a line array of 2 or 3 WECs. Adding a 4th WEC to the array 

does not give the same increase in power output as did the 2nd or 3rd WEC. One can conclude that 

continuously adding extra WECs to a line array in the wave propagation direction is not favourable 

concerning the power output.  
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Figure 4-28: !!"# factor for line arrays consisting of a changing number of WECs without external damping force, 

!!"# = 0, at a constant inter-WEC spacing and for varying wave periods, !.  

 

Figure 4-29: !!"# factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#$%& = 11.48 N, at a constant inter-WEC spacing for varying wave periods, !.  

Similar tests and calculations are carried out with different external damping: !!"#$%& = 7.56 N and 

!!"#$%& = 14.28 N. The graphs with the ! factors and !!"# factors are given in Appendix F. 

The influence of the damping force on the average total power absorption, !!"#!!"!!"!!!""!#, for the 

line array consisting of WEC 1, WEC 2 and WEC 3 is given in Figure 4-30 for the wave period, ! = 

1.200 s, which gives the most constructive effects on the power output. 

The power output of the array is maximum when the spring force, !!"#$%&, is zero and thus no external 

damping is applied, !!"# = 0. This result corresponds to what was found for a single WEC in Section 

4.3.3. 
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Figure 4-30: Average total power absorption, !!"#!!"!!"!!!""!#, for the line array consisting of WEC 1, WEC 2 and 

WEC 3 as a function of the spring force, !!"#$%&, applied on the PTO-system for ! = 1.200 s. 

4.3.5 Wave field analysis 

4.3.5.1 Aim and method 

The wave field modifications due to the wave energy extraction and the motion of the WECs is 

quantified. During all types of tests, wave gauges register the elevation of the water surface, !, at the 

different locations in the wave flume, as indicated in Figure 4-4.  

First, the undisturbed wave field is analysed. Experiments are performed without WECs and without 

supporting WEC shafts in the wave flume. By comparing the measured wave height, !!, to the target 

values, !!"#$%!, the accuracy of the generated wave field is checked. The wave characteristics are 

determined by subjecting the WG signals to a time-domain analysis in WaveLab. The significant wave 

height, !! , and the mean wave period, !!!, are used to describe the regular wave motion. The 

measured wave height, !!, is the incident wave height, !!!!, used as reference to calculate the wave 

field modifications.  

Second, the influence of the WEC supporting systems on the wave field is checked by comparing the 

measured wave height, !!, for the tests with and without the presence of the WEC shafts in the water. 

Third, the aim is to identify the influence of the array configuration on the wave field. The power 

absorption and the radiated, reflected and diffracted waves have an influence on the resultant wave 

motion. The ratio of the measured wave height, !!, to the measured incident wave height, !!!!, is 

calculated. Checking these ratios is more accurate than comparing to the target wave height, !!"#$%!. 

Tests with responding WECs give the total influenced wave field, which is the combination of the 

scattered and radiated wave field. The scattered wave field is determined during the tests in which the 

WECs are held fixed at their equilibrium position. The effect of the radiation can be calculated by 

subtracting the scattered wave field from the total wave field. 

The wave field is analysed for tests with wave period, ! = 1.200 s only.  
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4.3.5.2 Performance of the wave flume with regard to generated waves 

Figure 4-31 gives the ratio of the measured significant wave height, !!, to the target wave height, 

!!"#$%! = 0.074 m, for all the wave gauges in the wave flume.  

Plot (a) in Figure 4-31 shows the variation of the !!!!!!"#$% ratio along the longitudinal line of 7 

WGs in the wave propagation direction. The ratio increases with increasing distance from the wave 

paddle and becomes larger than 1: the wave height, !!, is larger than the target wave height, !!"#$%! = 

0.074 m. The measured wave heights, !!, at the locations of the first three WGs, which were used to 

calibrate the wave generation, show a good agreement with the target wave height, !!"#$%!. However, 

the waves grow larger behind these positions. This shows that the first three WGs and thus also WEC 

1 are placed too close to the wavemaker. The wave field is not yet fully developed at these locations.  

Plot (b) in Figure 4-31 shows the variation of the !!!!!"#$%! ratio along the line of 4 WGs next to the 

location of WEC 1 in the direction perpendicular to the wave propagation. The ratio increases from the 

left side to the right side of the WEC, looking from the wave paddle. The wave field is thus not 

constant over the cross section of the wave flume.  

Plot (c) in Figure 4-31 shows the variation similar to plot (b) but for the location of WEC 2. The same 

phenomenon is noticed: the wave height is higher at the right side of the wave flume.  

The variation of the wave height in the direction perpendicular to the wave propagation is possibly due 

to the reflection from the sides of the flume.  
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(a) Longitudinal line of 7 WGs in the wave propagation direction 

 

(b) Line of 4 WGs at the sides of the location of WEC 1 

perpendicular to the wave propagation direction 

 

(c) Line of 4 WGs at the sides of the location of WEC 2 

perpendicular to the wave propagation direction 

Figure 4-31: Ratio of the measured wave height, !!, to the target wave height, !!"#$%! = 0.074 m, for a test without 

WECs and WEC supporting systems in the wave flume.  

One can conclude that for the largest part of the wave flume the generated wave height, !!, is higher 

than the target wave height, !!"#$%! = 0.074 m. In front of the wave paddle, the wave field is not yet 

fully developed and therefore the local wave height, !!, is lower than !!"#$%!. At the location of WEC 

1, the generated wave height, !!, is very close to !!"#$%!. The wave field was calibrated by using the 

wave gauges right in front of this location. However, WEC 1 is too close to the wave paddle because 

the wave field is not yet fully developed and the calibration should have been executed using wave 

gauges further away from the wavemaker. It would have been better if the whole setup was placed 

further away from the wave paddle. Furthermore, effects, such as reflection from the side walls, cause 

a variation of the wave height, !!, along the cross section of the wave flume.  

An illustration of the variations in the wave field is given by the map in Figure 4-32. The ratio of the 

measured wave height, !!, to the target wave height, !!"#$%!, is given in percentage at all the wave 
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gauge locations. Every coloured compartment represents the point measurement of the WG at that 

position. The WGs itself do not have a considerable dimension in reality. However, the compartments 

do have a dimension in order to enable the presentation of the measured value by the considered WG. 

A colour scale is applied to represent visually the change in the wave field. The colour varies from red 

when the wave height, !!, is reduced by 30 % compared to the target wave height, !!"#$%!, over 

yellow for an unchanged wave height, !!, to green for an increase by 30 %. The wave paddle is 

located at the left side of the map and thus the waves propagate from the left to the right. The locations 

of WEC 1 and WEC 2 are indicated by the white squares. It should be noted that Figure 4-32 is a 

representation that can only be used to have a visual idea of the wave field. The !! measurements are 

in reality point measurements and they do not represent an area as illustrated on the map. Furthermore, 

the map is not drawn to scale and thus it can only be used to get a quick idea of how the wave field 

varies.  

 

Figure 4-32: Visual representation of the ratio of the measured wave height, !!, to the target wave height, !!"#$%! = 

0.074, for a test without WECs and WEC supporting systems in the wave flume. 

4.3.5.3 Influence of the WEC supporting system 

The influence of the WEC supporting system is checked by comparing the generated wave field when 

the wave flume is empty and when the supporting WEC shafts and gravity bases are present in the 

wave flume. Therefore the ratio of the measured wave height, !!, with the presence of the WEC 

supporting system to the measured incident wave height, !!!!, in an empty wave flume is calculated. 

The variation of the ratio for all the wave gauges is given in Figure 4-33. Plot (a) shows that the 

increasing trend along the wave propagation direction is still present but less pronounced. Plot (b) and 

plot (c) show that the variation over the cross section of the wave flume is reduced. All the measured 

wave heights, !!, are smaller than the measured incident wave height, !!!!, resulting in ratios smaller 

than 1. This means that the presence of the WEC supporting systems has an influence on the wave 

field. A certain amount of wave energy is lost by the contact with the WEC shafts and therefore the 
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wave height, !! , decreases. However, the influence is rather small, resulting in !!  changes of 

maximum 4 %. The alteration of the wave field is evenly high at all the WG locations: the influence of 

the WEC supporting systems is uniformly distributed over the testing area.  

 

(a) Longitudinal line of 7 WGs in the wave propagation direction 

 

(b) Line of 4 WGs at the sides of the location of WEC 1 

perpendicular to the wave propagation direction 

 

(c) Line of 4 WGs at the sides of the location of WEC 2 

perpendicular to the wave propagation direction 

Figure 4-33: Ratio of the measured wave height, !!, to the incident wave height, !!!!, for a test without WECs and 

with WEC supporting systems in the wave flume.  

A visual representation of the !!!!!!! ratio is given in Figure 4-34. The map is similar to the one 

given in Figure 4-32, except now the indicated values are normalised to the measured incident wave 

height, !!!!, instead of the target wave height, !!"#$%!. A colour scheme is applied and the colour 

varies from red when the wave height, !!, is reduced by 30 % compared to the incident wave height, 

!!!!, over yellow when there is no change to green for an increase of 30 % of the wave height, !!, 

compared to the incident wave height, !!!!. 
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Figure 4-34: Visual representation of the ratio of the measured wave height, !!, to the incident wave height, !!!!, for a 

test without WECs and with WEC supporting systems in the wave flume. 

Since the wave field modifications due to the presence of the WEC supporting systems are small and 

uniform over the considered area of the wave flume, the influence of the presence of the WEC shafts 

can be neglected. 

4.3.5.4 Wave field modifications 

Due to the WEC motion and the power absorption, wave energy is extracted from the waves and the 

wave field is modified. Two components contribute to the wave field modifications: the scattered and 

the radiated wave field. For measuring the scattered wave field, the WEC units are held stationary at 

mean draft, !!"#$, which is the equilibrium position. When the WEC units are moving, the total wave 

field, i.e. the combined scattered and radiated wave field, is measured. The radiated wave field is then 

equal to the difference between the measured total wave field and the measured scattered wave field. 

The total wave field modifications are quantified for both the WEC(s) moving with and without 

external damping force, !!"#. The applied spring force on the PTO-system, !!"#$%&, is for all the tests 

equal to 11.48 N. 

The wave field modifications are quantified by the ratio of the measured wave height, !!, to the 

measured incident wave height, !!!!, in an empty wave flume.  

Figure 4-35 gives the results of the wave field modifications due to the isolated WEC 2. The scattered 

wave field has an increasing wave height, !!, along the wave propagation direction (plot (a) in Figure 

4-35). The WGs closest to the wave paddle measure a wave height, !!, smaller than the incident wave 

height, !!!!, while the WGs further away from the wavemaker measure a wave height, !!, larger than 

!!!!. The last WG, which is placed down-wave WEC 2, measures an increase of the wave height, !!, 

by more than 15 % compared to the measured incident wave height, !!!! , at that location. The 

presence of the stationary WEC thus induces an increase of wave height, !!, in its lee.  
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The total wave field when the WEC is moving without external damping force, !!"# = 0, shows no 

large differences with the wave field when the WEC motion is damped. However, these results are 

expected since the applied external damping force, !!"#, is small and since the optimum damping 

conditions correspond to almost no external damping.  

The total wave field, due to the energy extraction of the WEC unit and the WEC’s motion, has a 

reduction in wave height, !!, up-wave the WEC unit by up to 15 %. The wave height, !!, behind the 

WEC unit is not changed compared to the measured incident wave height, !!!!. The radiated waves 

induce waves a reduction of the incident wave height, !!!!, in the vicinity of the WEC unit.  

Plot (b) and plot (c) in Figure 4-35 show that there is almost no variation of the scattered wave field 

along the cross section of the wave flume. Due to the WEC motion, the total wave field is not 

constant. A possible explanation could be the non-perfect centric position of the WEC in the wave 

flume. Because of this, wave reflect on the two side walls in a different way, resulting in a different 

wave height, !!, at the two sides of the wave flume.  

 

(a) Longitudinal line of 7 WGs in the wave propagation direction 

 

(b) Line of 4 WGs at the sides of the location of WEC 1 

perpendicular to the wave propagation direction 

 

(c) Line of 4 WGs at the sides of WEC 2 perpendicular 

to the wave propagation direction 

Figure 4-35: Ratio of the measured wave height, !!, to the incident wave height, !!!!, for tests with single WEC 2 held 

stationary at its equilibrium position (scattered wave field), moving without external damping force, !!"# = 0 (total 

wave field – no external damping) and moving with external damping force, !!"#$%& = 11.48 N (total wave field – with 

external damping). 

!"#

$"#

%"#

&""#

&&"#

&'"#

&("#

"# ")'# ")*# ')"+!*# ')'+!*# ')*&!*# ()+,!*#

!
"#
!
"$
%&
'(
)&

*%"+,-./&0123&45&6'3)&

-./001213#4/51#67183#

9:0/8#4/51#67183#;<:#

1=012</8#3/>?7<@A#

9:0/8#4/51#67183#;470B#

1=012</8#3/>?7<@A#

!"#

$%%#

$%"#

$$%#

$$"#

$&%#

$&"#

'%()# '%(&"# %(&"# %()#

!
"#
!
"$
%&'
()
&

*%"+,-./&0123&42.,52-&678&9&'3)&

%#

&%#

*%#

)%#

+%#

$%%#

$&%#

$*%#

'%()# '%(&"# %(&"# %()#

!
"#
!
"$
%&'
()
&

*%"+,-./&0123&678&:&'3)&



CHAPTER 4: EXPERIMENTAL TESTS IN FHR WAVE FLUME 88 

  

Similar plots are made for tests with WEC 1 and WEC 2 (Figure 4-36) and WEC 1, WEC 2 and WEC 

3 (Figure 4-37) in the wave flume.  

The scattered wave field always shows the same increasing trend along the wave propagation 

direction. The WGs closest to the wave paddle measure a wave height, !!, smaller than the incident 

wave height, !!!!, while the WGs further away from the wavemaker measure a wave height, !!, larger 

than !!!!. The peak value, measured by the most down-wave WG, increases with an increasing 

number of WECs in the line array. For the setup with WEC 1, WEC 2 and WEC 3, the wave height, 

!!, is increased by more than 40 % compared to the measured incident wave height, !!!!, at the 

location of WG furthest down-wave.  

The total wave field when the WECs are moving without external damping force, !!"# = 0, shows the 

same trend as the wave field when the WECs are moving with external damping force, !!"#, but the 

measured wave height, !!, is in general larger. By damping the WEC heave motion, !!!!, more 

energy is extracted from the waves and thus the wave height, !!, decreases. By comparing the 

scattered and the total wave field, one can conclude that the radiated waves create an increase of wave 

height, !!, up-wave the WEC array and a decrease in the vicinity of the array. 

 
(a) Longitudinal line of 7 WGs in the wave propagation direction 

 

(b) Line of 4 WGs at the sides of WEC 1 perpendicular 

to the wave propagation direction 

 

(c) Line of 4 WGs at the sides of WEC 2 perpendicular 

to the wave propagation direction 

Figure 4-36: Ratio of the measured wave height, !!, to the incident wave height, !!!!, for tests with WEC 1 & WEC 2 

held stationary at their equilibrium position (scattered wave field), moving without external damping force, !!"# = 0 

(total wave field – no external damping) and moving with external damping force, !!"#$%& = 11.48 N (total wave field – 

with external damping).  
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(a) Longitudinal line of 7 WGs in the wave propagation direction 

 

(b) Line of 4 WGs at the sides of WEC 1 perpendicular 

to the wave propagation direction 

 

(c) Line of 4 WGs at the sides of WEC 2 perpendicular 

to the wave propagation direction 

Figure 4-37: Ratio of the measured wave height, !!, to the incident wave height, !!!!, for tests with WEC 1, WEC 2 

and WEC 3 held stationary at their equilibrium position (scattered wave field), moving without external damping 

force, !!"# = 0 (total wave field – no external damping) and moving with external damping force, !!"#$%& = 11.48 N 

(total wave field – with external damping). 

For all geometric configurations, the measured wave field varies along the cross section of the wave 

flume. This can be explained by the fact that the WECs are placed not perfectly in the middle of the 

wave flume. Therefore, the radiated waves from the WECs, the reflected waves from the WECs and 

the reflected waves from the side walls interact in a different way for both sides, which results in a 

different wave height, !!.  

Visual representations, suchlike the one in Figure 4-34, are given in Appendix F. The same colour 

scheme is used: the colour varies from red when the wave height, !!, is reduced by 30 % (and more) 

compared to the incident wave height, !!!!, over yellow when there is no change to green for an 

increase of 30 % (and more) of the wave height, !!, compared to the incident wave height, !!!!. 
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4.4 Conclusions 

The experimental tests in the wave flume at FHR are intended as preparation for the large scale 

experiments in the Shallow Water Wave Basin at DHI. The behaviour of single WECs is studied in 

detail and the optimum power absorption is calculated. Furthermore, preliminary testing with small 

arrays consisting of a line of up to four WECs in the wave propagation direction is carried out. The 

influence of the number of WECs and the inter-WEC spacing in the line array on the total power 

absorption of the array is checked. A first idea of the wave field modifications around an array of 

WECs is obtained.  

The influence of the WEC shaft installation technique is checked by comparing the WEC heave 

motion, !!!!, for tests with the WEC shaft clamped only at the bottom and with the WEC shaft 

clamped at the top and at the bottom. The latter WEC shaft installation technique gives better 

repeatability in the results of the WEC heave amplitude, !! . This conclusion is very important 

considering the large scale experiments in the wave basin at DHI. The WEC shafts will all have to be 

clamped at the top in order to get good repeatable results.  

The behaviour of a single WEC is analysed in detail both with and without external damping force, 

!!"#, applied through the PTO-system. The WECs behaves as expected: the WEC heave amplitude, 

!!, increases with the wave period, !, for ! smaller than the resonance period, !!, and decreases with 

the wave period, !, for ! larger than !!. The highest WEC heave amplitude, !!, is thus found for ! = 

!!, which corresponds to the theoretical behaviour.  

A variation in the WEC heave amplitude, !!, over the different testing days is noticed. The reason for 

this is found in the fact that an oily residue is formed on the WEC shaft, which allows the WEC to 

heave with a higher amplitude, !!. This leads to the important conclusion that maintenance of the 

WECs is necessary. During the experiments in the wave basin at DHI, the WEC shafts need to be 

cleaned at the beginning of every testing day in order to avoid the formation of the oily residue on the 

WEC shaft.  

The behaviour of WEC 1, which is placed closest to the wavemaker, shows bad repeatability in 

comparison to the other WECs. By analysing the measured incident wave height, !!!!, for all the WGs, 

it is noticed that the wave field is not yet fully developed at the location of WEC 1. The WEC is thus 

placed too close to the wave paddle, which results in unexpected behaviour.  

The optimum damping force is experimentally derived by pursuing optimum power absorption, 

!!"#!!"!!"!!!"#, which realises the largest possible wake. Different spring forces, !!"#$%&, are applied to 

the PTO-system and the corresponding total power absorption, !!"#!!"!!"!, is calculated by taking into 

account the WEC heave amplitude, !!, and the surge force, !!"#$%. The optimum power output is 

found for very small external damping force, !!"#, or even without external damping, !!"#, applied 

through the PTO-system. This shows that the internal friction force, !!"#!!"#$, by itself is responsible 

for a large amount of the power absorption, !!"#!!"!!"!. These results have to be used with care, since 

the bad maintenance of the WEC shaft can have an influence on the power output. 
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Preliminary analysis is performed on the influence of the geometric layout configuration of the array 

on the total power absorption, !!"#!!"!!"!!!""!# . In general, the first WEC in the line array is 

constructively influenced by the interactions with the other WECs concerning its power absorption, 

!!"#!!"!!"!. The WEC has a larger power output compared to an isolated WEC in the same wave 

conditions. On the contrary, the interaction effects have a destructive effect on the power output of the 

other WECs in the array. The influence on the total power absorption of the entire array is highly 

dependent on the wave period, !, and on the layout configuration of the array. In general, the 

interactions between the WECs have a constructive effect on average total power absorption, 

!!"#!!"!!"!!!""!# , for the wave period, ! = 1.200 s. Furthermore, adding the fourth WEC to the 

longitudinal line array affects the total power output in a destructive way.  

Wave field analysis is performed to check the accuracy of the generated waves and to determine the 

influence of the supporting WEC systems. The wave height, !!, is reduced due to the presence of the 

supporting WEC systems. However, the wave field modifications are small and uniform over the 

considered area of the wave flume. The influence of the WEC supporting systems can thus be 

neglected.  

A first idea of the effect of the WEC array on the wave field is obtained by analysing the wave field 

modifications for different WEC array layout configurations. The scattered wave field is measured 

while keeping the WEC buoys stationary at mean draft, !!"#$. In general, the scattered waves cause 

an increase of the wave height, !!, in the vicinity of the WEC array and a decrease up-wave the array. 

The total wave field, which is the sum of the scattered and radiated wave field, is measured while the 

WECs are heaving both with and without external damping force, !!"#. In contrast to the scattered 

waves, the radiated waves cause an increase of the wave height, !!, up-wave the WEC array and a 

decrease in the vicinity of the array. A reduction in the wave height, !!, is noticed when an external 

damping force, !!"#, is applied to the WECs compared to when they heave without external damping. 

Due to the PTO damping, !!"#, extra energy is extracted from the waves and thus the wave height, 

!!, decreases. 

 



 

 

5  
Experimental tests 

in DHI wave basin 

This chapter provides an overview of the large-scale experimental research in the 

Shallow Water Wave Basin at DHI for the WECwakes project within the EU 

HYDRALAB IV Programme. The main objective is to study the variation of 

response and wave conditions in large WEC arrays. Optimum power absorption of 

an individual WEC unit is obtained. The near-field and far-field wake effects of 

different array layout configuration are analysed.  
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5.1 Testing programme 

The large-scale experiments on large arrays of the designed WEC units are carried out in the Shallow 

Water Wave Basin at the Danish Hydraulics Institute (Denmark) for the WECwakes project within the 

EU HYDRALAB IV Programme. The objective of this study is to measure the wave field in the 

vicinity of WEC arrays. Several different WEC arrays configurations, consisting of up to 25 WEC 

units, are tested. Measurements of the WEC heave amplitude, !!!!, the surge force, !!"#$%, and the 

water surface elevations, !, are performed during tests with different WEC array layout configurations 

and wave conditions.  

Three types of waves are considered: regular waves, long-crested irregular waves and short-crested 

irregular waves. The regular waves are defined in terms of a wave period, !, and a wave height, ! = 

0.074 m is employed throughout all the regular wave tests. The irregular waves are defined by a 

JONSWAP spectrum, !!"#$%&'!!!, with peak period, !!, = !, and wave height !!! = 0.104 m to 

achieve equivalent energy density to the regular waves. The short-crested irregular waves have a 

directional spread that is defined by a cosine power !! model (Longuet-Higgins et al., 1963). The 

spreading parameter, !, gives the degree of directional energy concentration. The value of ! depends 

on whether wind or swell waves are considered: ! = 10 for wind waves, ! = 25 for swell with short 

decay distance and ! = 75 for swell with long decay distance (Goda and Suzuki, 1975). Short-crested 

irregular waves with ! = 75 and ! = 10 are considered to represent swell and wind seas.  

For the majority of the tests, two wave periods, ! = 1.18 s and ! = 1.26 s, are considered. The wave 

period, ! = !! = 1.18 s coincides with the natural period, !!, of the WEC buoy. The value ! = 1.18 s 

is slightly different from the experimentally derived natural period, !!  = 1.176 s, during the 

preparatory experimental research at UGent (Stratigaki et al., 2013b) and at FHR. However, during 

the experiments at QML (Stratigaki et al., 2012b), a natural period, !!  = 1.183 s was derived. 

Furthermore, the calculation of the natural period, !!, might be influenced by the lack of maintenance 

during this previous experimental research. The chosen wave period, ! = 1.18 s is sufficiently close to 

the natural period, !!, of the WEC unit to obtain an idea of the behaviour of the WEC array in 

resonance conditions. The second wave period, ! = !! = 1.26 s is chosen based on the ratio between 

the wave length, !, and the inter-WEC distance, ! = 5!. 

Since the wave paddles are able to generate waves in multiple directions, regular angular wave attack 

is also considered. In this case, waves are not propagating perpendicular from the wave paddles to the 

WEC array but under an angle of 10° or 20°.  

An extra type of waves is considered: polychromatic waves. These polychromatic waves consist of 

consecutive regular waves with different wave lengths, !. The wave period, !, and wave height, !, 

thus varies during the test. A polychromatic wave can be expanded as a sum of regular 

(monochromatic) waves by the use of Fourier methods.  
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Some additional tests are performed with irregular waves with different wave periods, !, and wave 

heights, !. These experiments are carried out on WEC arrays in which the WECs are held stationary 

at their equilibrium position and can thus be used to study the scattered wave field. The aim is to 

obtain a wider database.  

During the main part of the experiments the DHI wave paddles are operating with the Active Wave 

Absorption Control System (AWACS) on. Additional tests are performed with regular waves without 

the AWACS in order to study in detail the start of the WEC heave motion.  

Every type of wave with its unique characteristics (wave period, !, wave height, !, and other 

characteristic) is one specific sea state. All tested sea states are summarised in Table 5-1. 

Within the scope of this master thesis, the polychromatic waves (sea state 11), the regular waves 

without AWACS (sea states 12 to 17) and the additional irregular waves (sea states 18 to 21) are not 

considered.  

All experiments are carried out with a constant water depth, ! = 0.70 m. 

Table 5-1: Tested sea states in the wave basin at DHI. 

Sea state Wave type ! [m] ! [s] ! [-] Angle [°] 

1 Regular waves 0.074 1.18 99 (long-crested) 0 

2 Regular waves 0.074 1.26 99 (long-crested) 0 

3 Regular waves 0.074 1.18 99 (long-crested) 20 

4 Regular waves 0.074 1.26 99 (long-crested) 20 

5 Regular waves 0.074 1.18 99 (long-crested) 10 

6 Regular waves 0.074 1.26 99 (long-crested) 10 

7 Irregular long-crested 0.104 1.18 99 (long-crested) 0 

8 Irregular long-crested 0.104 1.26 99 (long-crested) 0 

9 Irregular short-crested 0.104 1.26 75 (short-crested) 0 

10 Irregular short-crested 0.104 1.26 10 (short-crested) 0 

11 Polychromatic xx xx 99 (long-crested) 0 

12 Regular-AWACS OFF 0.074 1.18 99 (long-crested) 0 

13 Regular- AWACS OFF 0.074 1.26 99 (long-crested) 0 

14 Regular- AWACS OFF 0.074 1.18 99 (long-crested) 20 

15 Regular- AWACS OFF 0.074 1.26 99 (long-crested) 20 

16 Regular- AWACS OFF 0.074 1.18 99 (long-crested) 10 

17 Regular- AWACS OFF 0.074 1.26 99 (long-crested) 10 

18 Irregular long-crested 0.0749 1.05 99 (long-crested) 0 

19 Irregular long-crested 0.0816 1.10 99 (long-crested) 0 

20 Irregular long-crested 0.104 1.35 99 (long-crested) 0 

21 Irregular long-crested 0.104 1.50 99 (long-crested) 0 
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5.2 Experimental setup 

5.2.1 Composition of the Shallow Water Wave Basin 

The large scale experimental research is carried out in the Shallow Water Wave Basin at DHI, in 

Denmark. The wave basin is 35.0 m long and 25.0 m wide and has an overall depth, ! = 0.8 m (Figure 

5-1). The facility can create both waves and current and is therefore ideal for model testing when the 

effects of combined waves and current are of major importance, for instance scour around structures 

and loads on fixed and floating coastal and offshore structures. Furthermore, wind loading on vessels 

or structures can be simulated by computer-controlled wind fans (HYDRALAB IV website). 

Within the WECWakes project, experimental tests with only waves and no current are performed. 

DHI’s Shallow Water Wave Basin is able to generate 3D waves with a multi-directional segmented 

wavemaker, which consists of 44 paddles, each 0.5 m wide (Figure 5-2). With a paddle height of 

1.20 m, the wavemaker is designed to operate at water depths between 0.2 m and 0.8 m. Spurious 

reflection from the paddles is avoided thanks to the DHI AWACS. The technique allows for full 

control over the incident waves, even when testing highly reflective structures in the basin.  

 

Figure 5-1: Shallow Water Wave Basin at DHI.  
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Figure 5-2: Wave paddles at one end of the Shallow Water Wave Basin at DHI. 

The performance of the wavemaker can be expressed as the maximum wave height, !, versus the 

wave period, !, for a given water depth, !. Figure 5-3 shows the performance for water depths, !, of 

0.7 m (red line), 0.5 m (green line) and 0.3 m (black line). The operational conditions for the 

WECwakes project experiments (! = 0.7 m, ! = 7.4 cm or 10.4 cm and ! = 1.18 s or 1.26 s) are below 

the performance limit of the wave paddles and should thus form no problem.  

 

Figure 5-3: Performance of DHI’ shallow water 3D wavemaker (red: d = 0.7 m, green: d = 0.5 m, black: d = 0.3 m). 
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5.2.2 Specifications for the present experimental work 

The water depth, !, is kept constant throughout the entire testing period at 0.7 m.  

Down-wave, gravel material is used to form an absorbing beach with a slope of about 1/5.59 (Figure 

5-4). This beach has the purpose to reduce the reflection of the incident waves.  

 

Figure 5-4: Absorbing beach at the end of the wave basin opposite to the wave paddles. 

Vertical guide walls, consisting of plywood panels, are used at the sides of the test region (Figure 5-5). 

These walls extended 2.0 m beyond the toe of the absorbing beach, such that directional waves are not 

reflected back to the test area.  

 

Figure 5-5: Vertical guide wall at the left side of the wave basin (looking from the wavemaker).  

The waves are generated and calibrated by software that is especially adjusted to DHI’s Shallow 

Water Wave Basin. The data acquisition system uses the software MIKE ZERO, developed by DHI. 

The measured data is registered and processed with a frequency of 40 Hz. 
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5.2.3 Positions of the WEC units and wave gauges 

The objective of the large scale experiments in the Shallow Water Wave Basin at DHI is to measure 

the wave field modifications in the vicinity of WEC arrays. Several different WEC array 

configurations, consisting of up to 25 WEC units, are tested. Therefore, rearranging the WECs to a 

different configuration and adding or removing WECs from the array has to be easy and quickly. 

Preparatory experiments showed that the WEC shafts need to be clamped at the top (see Chapter 4, 

Section 4.3.2.2). Therefore, a rigid steel frame, on to which the tops of the 25 WEC shafts are 

clamped, is constructed with the consequence that removing a complete WEC unit from the array is 

not possible. The WEC buoys, which do not take part in a particular WEC array, are fixed on the 

WEC shaft above the water surface (Figure 5-6). The 25 WEC supporting systems thus remain in the 

water during all the test series.  

Two different array stencils are considered: a 5 x 5 square stencil and a 5 x 5 offset stencil. The square 

array stencil, which is called stencil 1 (Figure 5-6), consists of 5 columns (parallel to the wave 

propagation directions) and 5 rows (perpendicular to the wave propagation direction). The spacing 

between the WEC units is 5! = 1.575 m, where ! is the WEC diameter. Stencil 1 is used for the main 

part of the tests. The various sub-arrays are considered by fixing WECs onto the WEC shaft above the 

water surface.  

 

Figure 5-6: WEC array stencil 1 - the WECs in column 1 and column 5 are responding, while the other WEC buoys 

are fixed on the WEC shaft above the water surface. 

The offset array stencil, which is called stencil 2, is created from stencil 1 by moving the second and 

the third row over half the inter-WEC distance, 2.5! = 78.75 cm (Figure 5-7). Stencil 2 is only used to 

test the 25 WEC offset array and no sub-arrays are considered.  
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Figure 5-7: WEC array stencil 2 - all 25 WECs are responding. 

The water surface elevations, !, are measured by a network of 41 wave gauges (see Section 5.2.4.1). 

The WGs are distributed over the tested area so that the wave field is measured inside the array and in 

the vicinity of the array. 5 WGs are placed up-wave the WEC array, 8 WGs down-wave the WEC 

array, 4 WGs at each side of the WEC array and 20 WGs in between the WECs inside the array.  

The positions of the WGs are set for all the WEC array experiments. One extra series of tests is carried 

out with the WGs at the positions of the WEC units. Therefore, all the WECs, including the WEC 

support systems, are removed from the wave basin and the WGs are moved to the former positions of 

the centre of the WEC units, both in stencil 1 and stencil 2. These experiments are performed in order 

to have the measurements of the incident wave field at the exact locations of the WECs. Furthermore, 

it is useful to know the incident wave field at as many locations as possible, since the wave gauges 

give only a point measurement. It is possible that the wave height, !, at one point in the wave basin 

shows large differences to the wave height, !, at another nearby point, due to phenomena such as 

reflection from the sides or standing waves in the wave basin.  

In Figure 5-8 the 5x5 WEC square array stencil at 5! spacing (stencil 1) and the locations of the wave 

gauges are presented. The increment of the grid is 1.0 m and the red shaded region along the x-axis 

denotes the extent of the wave paddles. The absorbing beach and the plywood guide walls are also 

indicated (Troch et al., 2013) 

The square 5 x 5 WEC array under wave attack is visible in Figure 5-9. The waves are propagating 

from the left to the right on the picture.  
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Figure 5-8: Arrangement of DHI wave basin and square 5 x 5 WEC array stencil (Troch et al., 2013) 

 

Figure 5-9: Side view of the DHI wave basin with the square 5 x 5 WEC array under wave attack.  
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A line of WECs parallel to the wave propagation direction is called a column. The columns are 

numbered 1 to 5, starting with the most left column, looking from the wavemaker. A line of WECs 

perpendicular to the wave propagation direction is called a row. The rows are numbered 1 to 5, 

starting with the row closest to the wave paddles.  

The WEC units are numbered 1 to 25 with WEC 1 to 5 the WECs in the central column (column 3), 

WEC 6 to 10 in column 4, WEC 11 to 15 in column 2, WEC 16 to 20 in column 5 and WEC 21 to 25 

in column 1, always starting with the WEC closest to the wave paddles. The WECs with their numbers 

are shown in Figure 5-10 for stencil 1. The wavemaker is aligned along the x-axis.  

The WEC numbers for stencil 2 are shown in Figure 5-11. 

 

Figure 5-10: Stencil 1 with WEC numbers. 

 

Figure 5-11: Stencil 2 with WEC numbers 
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5.2.4 Measuring equipment 

5.2.4.1 Equipment related to the registration of the wave motion 

The water surface elevations, !, are measured by resistance wave gauges, similar to the ones used for 

the experimental research at FHR (see Section 4.2.4.1). However, the 41 WGs used in the wave basin 

at DHI are DHI type wave gauges, which means that they work by just plugging them into the DHI 

data acquisition system without further adjustments. The WGs are either connected to stands that are 

placed at the bottom of the wave basin (Figure 5-12) or to the steel support frame above the water 

surface. They are placed so that about half of their length is under the still water level and they are 

partially under water in all wave conditions. The elevation of the water surface, !, is registered with a 

frequency of 40 Hz. 

 

Figure 5-12: Resistance wave gauges of the DHI type used in the wave basin at DHI. 

The calibration of the WGs is performed each day before the start of the experiments by putting them 

one by one on a stand inside a bucket filled with water (Figure 5-13). The stand has two fixed 

positions with a height difference of 10 cm. The WG measurements for both positions are saved and 

the difference in resistance between the two positions is calculated. This difference determines the 

WG calibration factor.  
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Figure 5-13: Wave gauge calibration method. 

The wave paddles are also equipped with wave gauges, which are part of the DHI AWACS. Reflected 

waves re-reflect against the wavemaker and thereby change the incident waves. As a result, an active 

absorption of the returning waves is required. DHI AWACS uses the wave gauges on the paddles to 

get a real-time measurement of the reflected waves in front of the wavemaker. The movement of the 

wave paddles is then automatically corrected, so that the reflected components are absorbed and the 

incident waves remain unchanged.  

5.2.4.2 Equipment related to the registration of the WEC response 

The WEC heave displacement, !!!!!, is measured for all 25 WEC units using potentiometers. Two 

different types of potentiometers are employed.  

The 15 WECs in the three middle columns of stencil 1 are equipped with draw-wire sensors. 14 of 

them are the same model as used during the experiments at FHR (model FD60-500, Appendix B), 

while the one on WEC 15 is another (more expensive) model (model AD160, Appendix C). 



CHAPTER 5: EXPERIMENTAL TESTS IN DHI WAVE BASIN 104 

 

 

Figure 5-14: Potentiometer (draw-wire sensor model FD60-500) connected to a WEC unit. 

The 10 WECs in the two outer columns are equipped with DHI Ship Movement Meters (Appendix E). 

The Ship Movement Meter is based on an ultra low friction potentiometer type transducer by which 

translatory movements are measured as angular displacement in the potentiometer. A light string is 

connected to the WEC unit and wound around the potentiometer wheel of the transducer (Figure 

5-15). The DHI Ship Movement Meter is designed for measuring ship movements but is also 

applicable for a number of other applications in model tests. However, it is not ideal for measuring the 

heave amplitude, !!, of the WEC units because during some tests the wire gets disconnected from the 

potentiometer wheel due to the large WEC movements.  

It should be noted that the DHI Ship Movement Meters do not exert the same recalling force on the 

WEC units as the draw-wire potentiometers and the friction inside the instrument is very low. 

Therefore, the heave motion, !!!!, of the WECs with DHI Ship Movement Meters will be slightly 

larger than the heave motion, !!!!, of the WECs equipped with draw-wire sensors.  
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Figure 5-15: DHI Ship Movement Meter connected to a WEC unit. 

5.2.4.3 Equipment related to the force measurements 

The horizontal surge excitation force, !!"#$%, is measured using tension compression load cells with a 

capacity of 50 kg (see also Appendix D). Because the installation of the force measurement technique 

is not straightforward, !!"#$% is only measured on the 5 WECs of the central column. The surge force, 

!!"#$%, is considered to be the same for all WECs in the same row.  

The load cells are installed in the same way as for the tests in the wave flume at FHR (see Section 

4.2.4.3) One load cell measures the force at the top of the WEC shaft and one at the bottom (Figure 

5-16). The two force measurements need to be added to have the total surge force, !!"#$%, acting on 

the WEC unit.  

The heave force, !!!"#!, is not measured during the experimental research in the wave basin at DHI. 
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Figure 5-16: Surge force, !!"#$%, measurement technique used in the wave basin at DHI. 

5.2.5 Software for analysis 

The analysis of the registered wave motion is performed using WaveLab (WaveLab website). A wave 

analysis on the measured results can be performed in the time or frequency domain. For regular 

waves, a time domain analysis is executed, while for irregular waves, a frequency domain analysis is 

executed. The plots of the wave field are made using MATLAB.  

MATLAB is also used to process the data of the WEC heave response, !!!! and the surge force, 

!!"#$%, and to calculate the power output.  
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5.3 Experimental research 

5.3.1 General 

During the experimental research in the wave basin at DHI, the several types of waves in Table 5-1 are 

considered. The performed tests have a varying duration. In general, the regular waves have a duration 

of 5 min, which is more than sufficient to study the steady state behaviour of WECs under regular 

wave attack. The shortest irregular waves have a duration of 10 min. However, a very large number of 

waves is necessary to study the behaviour of WECs under irregular wave attack. Therefore, the 

important WEC array configurations are tested for irregular long-crested waves with a duration of 

30 min and irregular short-crested waves with a duration of 45 min. The data recording begins before 

the start of the wave attack and ends after the waves have stopped. A sufficient time interval, !!, has 

to be cut at the start and at the end of the data signals (see Section 0).  

The incident wave conditions are determined by subjecting three geometric configurations to all the 

sea states. In the first geometric configuration the wave gauges are at the same locations used during 

the WEC array tests (Figure 5-8). The WEC supporting systems of all 25 WECs are in the wave basin 

and the WEC units are fixed above the water surface. In the second geometric configuration the wave 

gauges are still at the same locations used during the WEC array tests but the WEC units themselves, 

including the WEC supporting systems, are taken out of the water. The tests are performed on an 

empty wave basin with only the wave gauges present. In the last geometric configuration the wave 

gauges are placed at the locations of the WEC shafts, both in stencil 1 and stencil 2. Besides the 

presence of the wave gauges, the wave basin is completely empty.  

Different layout configurations are considered during the WEC array tests. For most WEC array 

layout configurations, tests are performed with the WEC units stationary at their equilibrium position 

and with the WEC units moving. The movement is damped by applying an external damping force, 

!!"#, through the PTO-system. For the majority of the tests, a spring compression increment, !" = 

30.4  mm is employed to all four spring of the PTO-system since this corresponds to maximum power 

absorption, !!"#!!"!!"!!!"# (see Section 5.3.3.2). 

A summary of the most important WEC array configuration is given in Table 5-2. 

Preliminary studies of the wave field and the WEC heave response show that the larger wave period, ! 

= 1.26 s give better results, both for regular and irregular waves. The wave generation is more 

accurate: the difference between the target wave height, !!"#$%!, and the incident wave height, !!, as 

well as the variation over the test area are smaller. Furthermore, the WECs in regular waves with ! = 

1.26 s show a more steady-state behaviour than in regular waves with ! = 1.18 s.  

The analysis is concentrated on sea state 2 for regular waves and sea state 8 and 10 for irregular long-

crested and short-crested waves.  
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Table 5-2: WEC configurations and wave conditions studied in the wave basin at DHI. 

 
Type of tests 

Configuration Regular 

Irregular 

Long-

crested 

Irregular 

Short-

crested 

Scattered Decay !

Waves x x x x (shafts) N/A  

Single WEC x x x x x 

 

2 WEC 

ColumnA x x 
x 

(spacing 5D) 

x 

(spacing 5D) 
x 

 

2 WEC Row x x - 
x 

(spacing 5D) 
- 

 

5 WEC 

ColumnB x x 
x (middle 
column) 

x (middle 
column) 

x (middle 
column) 

 

5 WEC RowC x x - - - 

 

10 WEC 

Column 
x x - - - 

 

5x5 WEC 

Square 
x x x x - 

 

5x5 WEC 

Offset 
x x x x - 

 

3x3 WEC 

Square at 

10D 

x x x - - 

 

3x3 WEC 

Square at 5D 
x x x - - 

 

13 staggered 

WECs 
x x x x - 
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Notes: ASpacing 5D to 20D 

 

 BSpacing 5D to 20D 

 

 

CRepetition on each 

column 
 

5.3.2 Moving window analysis 

The data signal of a test contains the start-up time of the wave and extra time at the end after the wave 

generation stopped. A sufficient number of data points has to be skipped at the start and at the end of 

the time series, because these parts would give a biased analysis result. In order to find a good window 

for the analysis, preferably the same for each wave gauge and each test of the same test type, a moving 

window analysis is performed. During a moving window analysis, short time windows, starting at a 

varying time in the data signal, are analysed. The variation of the analysis results along the time series 

is checked. When consecutive windows give very small or no variations, the time interval, !!, over 

which these windows stretch out, corresponds to regime conditions and can thus be used for the data 

signal analysis.  

The moving window analysis is performed on the signals of the water surface elevations, !. Two WGs 

up-wave and three WGs down-wave of the WEC array are considered.  

For regular waves, the necessary number waves to analyse can be very small. Therefore, a window of 

only 50 seconds is sufficient. An example of a moving window analysis for windows of 50 s is given 

in Figure 5-17. The points in the plot give the measured wave height, !!, for an analysed window of 

50 s starting at the given time in the time series. The moving window analysis shows that the wave 

height, !!, for regular waves does not change much near the end of the time series. The tests have a 

duration of 5 minutes and a recording time of 6 minutes. Therefore, the chosen window for the 

analysis of regular waves starts at the 150th second and ends at the 200th second of the recorded data 

signal. Since the wave height, !, is registered with a frequency of 40 Hz, the number of data points 

skipped at the start of the signals for regular waves is 6000 and at the end 6400.  
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Figure 5-17: Example of a moving window analysis on the measured wave height, !!, in regular waves. 

For irregular waves, the necessary number of analysed waves is preferably as large as possible. 

Furthermore, moving window analysis shows that there are no important variations over the time-

series when 100 s are cut at the start and 200 s at the end of the data signal. The number of data points 

skipped at the start of the signals for irregular is thus 4000 and at the end 8000.  

5.3.3 Single WEC heave response and power output 

5.3.3.1 Aim and method 

The response of a single WEC unit is studied in order to find the optimum power absorption, 

!!"#!!"!!"!!!"#. Under optimum damping conditions, the largest possible wake is created behind the 

WEC unit. Therefore, the WEC array tests will be carried out with the optimum external damping 

force, !!"#, applied on all WECs.  

The WEC heave response, !!!!, and the surge excitation force, !!"#$%, are measured during all tests. 

The total power absorption, !!"#!!"!, of a WEC unit is due to the constant spring force, !!"#$%&, 

applied on the PTO-system and the time-varying surge force, !!"#$%. !!"#!!"! is the sum of the power 

absorbed by the PTO-system, !!"#!!"# (Eq.(5.1)), and the power absorbed due to the friction between 

the WEC shaft bearing and the WEC shaft, !!"#!!"#$%&' (Eq.(5.2)). The WEC heave velocity, !!!!, is 

derived from the WEC heave motion, !!!!.  

The average total power absorption, !!"#!!"!!"!, is calculated as the mean value of the time-varying 

total power absorption, !!"#!!"!.  

The aim is to find the external damping force, !!"#, which corresponds to optimum power absorption, 

!!"#!!"!!"!!!"#. Tests are performed on an isolated WEC unit with varying external damping forces, 
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!!"#. For each damping force, !!"#, the average total power absorption, !!"#!!"!!"!, is calculated and 

plotted. The different points on the plot form a parabola and the top of the parabola corresponds to 

optimum damping conditions.  

The response of the single WEC unit under optimum damping conditions is analysed in detail because 

this forms the reference for all the WEC array tests.  

5.3.3.2 Optimum power absorption 

The optimum power absorption is calculated for the regular with wave height, ! = 0.074 m and wave 

period, ! = 1.26 s (sea state 2). The results are presented in Figure 5-18 as a function of the spring 

compression increment, !". An increasing spring compression increment, !", corresponds with an 

increasing PTO-force, !!"#.  

Figure 5-18 shows the average power absorbed by the PTO-system, !!"#!!"!!"#, by the WEC shaft 

bearings, !!"#!!"!!"#$%&', and by the complete WEC unit, !!"#!!"!!"!. !!"#!!"!!"#, increases with the 

spring compression increment, !", while !!"#!!"!!"#$%&' decreases. The optimum of the total power 

absorption, !!"#!!"!!"!, is found for a spring compression increment, !" = 30.4 mm.  

 

Figure 5-18: External damping optimisation curve for the single WEC 5 in regular waves with wave height, ! = 

0.074 m and wave period, ! = 1.26 s (sea state 2). 

The calculated average power absorption, !!"#!!", together with a comparison to predictions based on 

linear hydrodynamics are given in Figure 5-19 (Troch et al., 2013).  

Numerical prediction of the WEC heave response and the power output are obtained using linear 

hydrodynamics. Since the power absorption is due to a constant spring force, !!"#$%&, applied on the 
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PTO-system and a time-varying surge force, !!"#$%, the WEC response is analysed employing a time-

domain model. The used approach follows Forehand et al. (2013) and is based on the hydrodynamic 

coefficients obtained from the linear frequency-domain code WAMIT. The surge excitation force, 

!!"#$%, is also obtained from WAMIT. Response and power output from the time-domain model are 

shown in Figure 5-19. In part (a), the black line gives the predicted WEC heave amplitude, !!, 

normalised to the wave amplitude, !!. In part (b), the thick dashed line gives the predicted PTO 

power, !!"#!!"!!"#, the thick dash-dot line gives the predicted bearing power, !!"#!!"!!"#$%&'(, and the 

thick solid line gives the predicted total power, !!"#!!"!!"!. All power measurements are normalised to 

the power in the incident wave, !!"#$, per metre width (i.e. per unit wave front) multiplied with the 

friction coefficient, !, so that the capture width is obtained. 

The WEC heave response and the power output from three tests of individual WEC units are also 

shown in Figure 5-19. In part (a), the thin magenta lines with crosses represent the WEC heave 

amplitude, !!, normalised to the measured wave amplitude, !!. In part (b), the thin magenta lines 

with squares give the measured PTO power, !!"#!!"!!"#, the thin red lines with asterisks give the 

measured bearing power, !!"#!!"!!"#$%&'(, and the thin blue lines with circles give the measured total 

power, !!"#!!"!!!", all normalised to !!"#$ multiplied with !. In both part (a) and part (b) of Figure 

5-19, the thin solid lines represent the measurements on the isolated WEC 3, the thin dotted lines on 

the isolated WEC 5 with sweep increasing spring compression increment, !", and the thin dashed 

lines on the isolated WEC 5 with sweep decreasing !". The shaded regions indicate ±10 % variation 

in measured powers.  

The WEC heave response amplitude, !!, is normalised to the wave amplitude measured at the WEC 

shaft location, !!, because the wave amplitude, !, varies with the location within the wave basin.  

The predicted response is in good agreement with the response of WEC 3 but consistently over 

predicts the response of WEC 5. The predicted powers also show good agreement with the 

measurements but again there is an over-prediction which is most evident for WEC 5 (Troch et al., 

2013) 
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(a) Ratio of the WEC heave response amplitude, !!, to the wave amplitude, !! 

 

(b) Ratio of the average power absorption, !!"#!!", to the wave power, !!"#$,  

multiplied with the coefficient of internal friction, !. 

Figure 5-19: WEC heave amplitude, !!, and average power absorption, !!"#!!", as a function of the spring 

compression increment, !" (Troch et al., 2013). 

The power absorption, !!"#!!"!, of a WEC within an array varies with the WEC heave velocity, !!!!, 

and the surge force, !!"#$%. For all multi-WEC tests, the same PTO force, !!"#, is applied to each 

WEC unit for the duration of the test. The spring compression increment, !", is equal to 30.4 mm for 

the majority of the tests since this corresponds to the maximum power absorption, as shown in Figure 

5-18 and Figure 5-19.  
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5.3.3.3 Single WEC response 

WEC 5 is used to study the response of an isolated WEC. In Figure 5-20, the time-variation of the 

surge force, !!"#$%, the WEC heave velocity, !!!!, and all the power absorption components, !!"#, is 

given for the regular sea state 2. The signal is showed for a time interval, !!, of 5 s, which corresponds 

to 4 waves. A limited number of waves is sufficient to study the behaviour of a WEC unit in regular 

waves since a steady state regime is developed.  

Part (a) of Figure 5-20 shows the time-variation of the WEC heave velocity, !!!!, and the surge force, 

!!"#$%, in absolute values. !!"#$% and !!!! are out of phase and the measured surge force, !!"#$%, 

exhibits high frequency fluctuations indicating a small amplitude oscillation of the WEC unit around 

the WEC supporting shaft. A filter is applied to obtain the amplitude of the first order component of 

the surge excitation force, !!"#$%!!"#$, to compare to numerical predictions and for evaluation of time-

averaged absorbed power, !!"#!!".  

Part (b) of Figure 5-20 shows the time-variation of the WEC heave velocity, !!!!, the surge force, 

!!"#$%!!! and the power absorption, !!"#, in relative values. !!!! and !!"#$% are normalised to their 

amplitudes !!"# and !!!"#$!!"#. !!"#!!"#$%&'(, !!"#!!"# and !!"#!!"! are normalised to the maximum 

measured total power absorption, !!"#!!"!!!"#. 

Part (c) of Figure 5-20 shows the time-variation of the power absorption, !!"#, in absolute values. The 

average values of both the power absorption components, !!"#!!"!!"#$%&'( and !!"#!!"!!"#, are also 

given. The average total absorbed power, !!"#!!"!!"! of one WEC unit is 0.3 W, which is the sum of 

!!"#!!"!!"#$%&'( and !!"#!!"!!"#. 
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(a) !!"#$%!!! and !!!! - absolute values 

 

(b) !!"#$%!!!, !!!! and !!"# - relative values 

 

(c) !!"# – absolute values 

Figure 5-20: Time-variation of the surge force, !!"#$%, WEC heave velocity, !!!! and power absorption, !!"#, of 

WEC 5 in sea state 2. 
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The same plots are made for the irregular sea states 8 and 10 in Figure 5-21 and Figure 5-22. The 

necessary time interval, !!, for the analysis of irregular waves is much larger than for regular waves. 

The time interval, !!, used in Figure 5-21 and Figure 5-22 is 360 s, which corresponds to about 285 

waves. 

Figure 5-21 and Figure 5-22 only show the absolute values of the WEC heave velocity, !!!!, the 

surge force, !!"#$%, and the power absorption components, !!"#. The plots with the relative values are 

given in Appendix G. The comparison between the measured surge force, !!"#$%, and the filtered 

surge force, !!"#$%!!"#$, is also given in Appendix G. 

 
(a) !!"#$%!!! and !!!! - absolute values 

 

(b) !!"# – absolute values 

Figure 5-21: Time-variation of the surge force, !!"#$%, WEC heave velocity, !!!! and power absorption, !!"#, of 

WEC 5 in sea state 8. 
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(a) !!"#$%!!! and !!!! - absolute values 

 

(b) !!"# – absolute values 

Figure 5-22: Time-variation of the surge force, !!"#$%, WEC heave velocity, !!!! and power absorption, !!"#, of 

WEC 5 in sea state 10. 

The absolute values of the average total power absorption of the isolated WEC 5 are given in Table 

5-3 for the different wave conditions. The WEC has the largest power output in regular waves. For the 

irregular waves, the power output is larger in case the waves are short-crested.  

Table 5-3: Average total power absorption of the isolated WEC 5 in different wave conditions.  

 !!"#!!"!!"! [W] 

Sea state 2 0.299 

Sea state 8 0.154 

Sea state 10 0.225 
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5.3.4 WEC array power output 

5.3.4.1 Aim and method 

The total absorbed power of an entire array, !!"#!!"!!!""!#, is the sum of the absorbed power of the ! 

individual WECs in the array, !!"#!!"!!!. This individual absorbed power, !!"#!!"!!!, is different for 

every WEC in the array. Each single system interacts with all the others by absorbing, radiating and 

diffracting waves. These wave interactions have an impact on the total power output. If the absorbed 

power of a particular WEC in the array, !!"#!!"!!!, is larger than the absorbed power of a single isolated 

WEC, !!"#!!"!!!"#$%&'(, in the same conditions, the near-field effects are constructive for this WEC. If 

the absorbed power is smaller, the near-field effects are destructive. It is possible that for some WECs 

in an array the interactions are constructive and for some destructive. The total power absorption of 

the array, !!"#!!"!!!""!#, is thus also influenced. The aim is to find the WEC array configuration with 

the highest total power absorption, !!"#!!"!!!""!#.  

The effect of array interactions on the total power absorption, !!"#!!"!!!""!#, is quantified by the ! 

factor, which is defined by the ratio of the output power from the array of ! systems to ! times the 

power output of a single isolated system, !!"#!!"!!!"#$%&'( (Eq.(5.3)). The total output power from the 

array is the sum of the absorbed power !!"#!!"!!! from the ! WECs. If ! is smaller than 1, the near-

field effects have a destructive effect on the total absorbed power, !!"#!!"!!!""!#. If ! is larger than 1, 

the effect is constructive.  

The variation of the WEC heave motion and power output of the individual WECs in a line of 5 WECs 

in the wave propagation direction is analysed. Further, the 25 WEC square array and 25 WEC offset 

array are compared, concerning the power output of the individual WECs and the total power output 

of the array. 

The spring compression increment, !", of the four springs on the PTO-system is equal to 30.4 mm for 

all the WEC units. This corresponds to maximum power absorption as found in Section 5.3.3.2. 

5.3.4.2 5 WEC line array parallel to the wave propagation direction 

The WEC heave response and power output of a column of 5 WECs at 5! spacing aligned with the 

wave direction, more specifically the central column (column 3), for regular waves with ! = 1.26 s 

and ! = 0.074 m, is given in Figure 5-23. Part (a) of Figure 5-23 shows the WEC heave amplitude, !!, 

normalised to the wave amplitude measured at the WEC shaft location, !!, and to the target wave 

amplitude, !! = 0.037 m. Part (b) of Figure 5-23 shows the capture width ratio for the measured wave 

power, !!"#$!!!!, and to the target wave power, !!"#$!!!!. This ratio takes into account the friction 

losses and is thus calculated with the average power absorption, !!"#!!"!!"!, divided by the friction 

coefficient, !.  

 ! !
!!"#!!"!!!

!

!!!

! ! !!"#!!"!!!"#$%&'(

 (5.3) 
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Both the WEC heave amplitude, !!, and the total power absorption, !!"#!!"!!"!, are averaged over 60 

wave periods, !. The error bars denote the standard deviation. 

Figure 5-23 shows a limited variation of response with position but a larger variation of power output. 

Compared to an isolated WEC, the response of the front WEC is reduced and the response of WECs 2 

to 5 are comparable. However, absorbed power, !!"#!!"!!"!, differs by a factor of 2.25 between the 

front WEC (at Y = 0!) and middle WEC (at Y = 10!) (Troch et al., 2013). 

 

(a) Response amplitude operator 

 

(b) Capture width ratio 

Figure 5-23: Response and capture width of 5 WECs at 5! spacing aligned with the wave direction (column 3) and 

averaged over 60 wave periods for sea state 2 (Troch et al., 2013). 
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5.3.4.3 5x5 WEC square array 

The power output of the 25 WEC square array is analysed for irregular long-crested waves (sea state 

8) and irregular short-crested waves (sea state 10) with wave period, ! = 1.26 s. 

The average total power absorption is calculated individually for the 25 WECs in the array. It should 

be noted that the surge force, !!"#$%, is only measured on the 5 WECs of the central column. The 

surge forces, !!"#$%, on the other WEC units in the array are derived by considering that !!"#$%, is the 

same for all WECs in the same row. The absolute values of the average total power absorption, 

!!"#!!"!!"!, for the 25 WEC units are given in Figure 5-24 (a) for sea state 8 and in Figure 5-24 (b) for 

sea state 10. 

For the irregular long-crested waves, the highest power absorption, !!"#!!"!!"!, per column is observed 

for the WEC on the second or the third row. The first and the last two WECs of the column have a 

smaller power output. This corresponds to the behaviour of the 5 WEC line array in the wave 

propagation direction (see Section5.3.4.2, Figure 5-23). The WEC with the highest power absorption, 

!!"#!!"!!"!, of the entire array is WEC 2, which is located in the middle column and the second row. In 

one row, the WEC on the central column has the largest power output, followed by the WECs in the 

outer columns. The smallest power output is realised by the WECs in column 2 and 4.  

For the irregular short-crested waves, the highest power absorption, !!"#!!"!!"!, per column is observed 

for the WEC on the second, the third row or the fourth row. The first and the last row give the smallest 

power output. The WEC with the highest power absorption, !!"#!!"!!"!, of the entire array is WEC 17, 

which is located in the fifth column and the second row. The WEC with the smallest power 

absorption, !!"#!!"!!"!, of the entire array is WEC 1. Due to the spread in the short-crested waves, the 

power output distribution over the array is more random than for the long-crested waves. 

The power output of an isolated WEC in sea state 8 is 0.154 W (Table 5-3). The interaction effects of 

the array have constructive effects on all the WECs on row 2 and 3, since these WECs have an 

average total power absorption, !!"#!!"!!"! , larger than 0.15 W. On row 5 all the WECs are 

destructively affected and on row 1 and 4 the interaction effects are destructive for most WECs. 

The power output of an isolated WEC in sea state 10 is 0.225 W (Table 5-3). The power output of all 

25 WECs in the square array is destructively affected, since the average total power absorption, 

!!"#!!"!!"!, is smaller than 0.19 W for all the WEC units. 
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(a) Sea state 8 

 

(b) Sea state 10 

Figure 5-24: Average total power absorption, !!"#!!"!!"!, [W] for the 25 WECs in the 5x5 WEC square array. 

The average total power absorption of the entire array, !!"#!!"!!"!, is the sum of the power output of 

the individual WECs as given in Figure 5-24. The time-varying total power absorption for the entire 

array, !!"#!!"! , is given in Figure 5-25. The two power absorption components, !!"#!!"#$%&'  and 

!!"#!!"#, are plotted separately and the average values of all the power output components are also 

shown. Figure 5-26 gives the same plot for sea state 10. The plots with the relative values, calculated 

as the ratio to the maximum measured amplitude, are given in Appendix G.  

The results of the average total power absorption, !!"#!!"!!"!, are given in Table 5-4. The interaction 

factor, !, is calculated using the power output of the array and the power output of the individual 

WEC 5. The !-factors are also added in Table 5-4.  

For irregular long-crested waves (sea state 8), the ! factor is approximately equal to 1. This means that 

the power output of the entire array is the same as the power output of 25 isolated WECs. There is no 

resultant interaction effect on the average total power absorption, !!"#!!"!!"!, of the 25 WEC square 

array.  

For irregular short-crested waves (sea state 10), the ! factor has a value smaller than 1. The near-field 

effects are destructive for the average total power absorption, !!"#!!"!!"!, of the array. 

Table 5-4: Average total power absorption, !!"#!!"!!"!, and ! factors for 25 WEC square array. 

 !!"#!!"!!"! 
! factor 

 WEC 5 25 WEC square array 

Sea state 8 0.154 3.958 1.028 

Sea state 10 0.225 3.607 0.641 
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Figure 5-25: Time-variation of the total power absorption, !!"#, of the 5x5 WEC square array in sea state 8. 

 

Figure 5-26: Time-variation of the total power absorption, !!"#, of the 5x5 WEC square array in sea state 10. 

5.3.4.4 5x5 WEC offset array 

The power output of the 25 WEC offset array is analysed for irregular long-crested waves (sea state 8) 

and irregular short-crested waves (sea state 10) with wave period, ! = 1.26 s. 

The average total power absorption is calculated individually for the 25 WECs in the array. It should 

be noted that the surge force, !!"#$%, is only measured on WEC 1 to 5. The surge forces, !!"#$%, on the 

other WEC units in the array are derived by considering that !!"#$%, is the same for all WECs in the 

same row. This is an estimation of the real situation. The absolute values of the average total power 

absorption, !!"#!!"!!"!, for the 25 WEC units is given in Figure 5-27 (a) for sea state 8 and in Figure 

5-27 (b) for sea state 10. 
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Similar to what was found for the 5x5 WEC square array, the WEC unit with the highest power output 

is located in the centre of the array. The average total power absorption, !!"#!!"!!"!, is lowest for the 

WECs in the 5th row, furthest from the wavemaker. The power output of each WEC unit in the 5x5 

WEC offset array is smaller compared to the power output in the 5x5 square array. For the short-

crested waves, the power output of all 25 WECs is destructively influenced.  

 
(a) Sea state 8 

 
(b) Sea state 10 

Figure 5-27: Average total power absorption, !!"#!!"!!"!, [W] for the 25 WECs in the 5x5 WEC offset array. 

The average total power absorption, !!"#!!"!!"!, of the entire array is calculated for both sea states. The 

results, including the interaction factors, !, are given in Table 5-5. The ! factor for sea state 8 is larger 

than 1 and larger than the corresponding ! factor for the 25 WEC square array, while the ! factor for 

sea state 10 is smaller than 1 and smaller than the corresponding ! factor for the 25 WEC square array.  

For irregular long-crested waves, the 5x5 WEC offset array gives the highest power output. The 

interaction effects are constructive: the power output is higher than the power output of 25 isolated 

WEC units. For irregular long-crested waves, the 5x5 WEC square array gives the highest power 

output. However, the interaction effects are destructive: the power output is smaller than the power 

output of 25 isolated WEC units.  

The plots with the time-variation of the power absorption components, !!"#!!"#$%&', !!"#!!"# and 

!!"#!!"!, are given in Figure 5-28 for sea state 8 and in Figure 5-29 for sea state 10. The plots with the 

relative values, calculated as the ratio to the maximum measured amplitude, are given in Appendix G. 

Table 5-5: Average total power absorption, !!"#!!"!!"!, and ! factors for 25 WEC offset array. 

 !!"#!!"!!"! 
! factor 

 WEC 5 25 WEC offset array 

Sea state 8 0.154 4.460 1.158 

Sea state 10 0.225 3.019 0.537 
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Figure 5-28: Time-variation of the total power absorption, !!"#, of the 5x5 WEC offset array in sea state 8. 

 

Figure 5-29: Time-variation of the total power absorption, !!"#, of the 5x5 WEC offset array in sea state 10. 

One can conclude that the 5x5 square array layout configuration is more advantageous than the 5x5 

offset array layout configuration concerning the power output in irregular short-crested waves, while 

the opposite is valid for irregular long-crested waves. However, the near-field effects are destructive in 

both configurations concerning the power output in irregular short-crested waves, in spite of the fact 

that these waves give the most realistic situation. In real applications, when the WEC array is placed at 

sea, it will also be attacked by short-crested waves.  
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5.3.5 Wave field analysis 

5.3.5.1 Aim and method 

The wave field modifications due to the wave energy extraction and the motion of the WECs are 

quantified. The aim is to study the effect of the WEC array layout configurations on the wave field.  

The water surface elevations, !, are measured at different locations inside and in the vicinity of the 

WEC array. 

First, the undisturbed wave field is analysed. Experiments are performed without the presence of the 

WEC units in the wave basin. By comparing the measured wave height, !, to the target wave height, 

!!"#$%! !!the accuracy of the generated wave field is checked. The wave characteristics are determined 

by subjecting the WG signals to a time-domain analysis for regular waves and a frequency-domain 

analysis for irregular waves, both in WaveLab.  

Second, the influence of the presence of the WEC supporting systems in the wave flume is checked by 

comparing the measured wave height, !, for the tests with and without the presence of the WEC 

supporting systems.  

Third, the aim is to identify the influence of the array layout configuration on the wave field. The 

power absorption and the radiated, reflected and diffracted waves have an influence on the resultant 

wave motion. Tests with responding WECs give the total influenced wave field, which is the 

combination of the scattered and radiated wave field. The scattered wave field is determined during 

the tests in which the WECs are held fixed at mean draft, !!"#$. The effect of the radiation can be 

calculated by subtracting the scattered wave field from the total wave field.  

5.3.6 Incident wave field 

The wave height, !, of the incident waves is measured during the tests without WEC units, including 

WEC supporting systems, in the wave basin. Two series of tests have been performed, one with the 

WGs at their locations used during the WEC tests and one with the WGs at the locations of the WEC 

shafts, both in stencil 1 and stencil 2.  

Figure 5-30 (a) gives the variation of the measured wave height, !!, across the test region for regular 

waves with wave period, ! = 1.26 s (sea state 2). Figure 5-30 (b) gives the variation of the measured 

wave height, !!!, for irregular long-crested waves with wave period, ! = 1.26 s (sea state 8). The 

wave height, !, is made non-dimensional by calculating the ratio to the target wave height, !!"!"#$, 

which is 0.074 m for regular waves and 0.104 m for irregular waves. Similar plots are made for the 

other sea states and are given in Appendix G.  

Some variations over the test region are observed. The measured wave height, !! or !!!, is larger at 

X < -5D than at X > 5D. The reason for these variations is possibly the extension to the wave maker. 

The last wave paddles at the left side of the wavemaker are different from the rest. Therefore, it is 

possible that they create waves with slightly different wave characteristics. Furthermore, some of the 

wave paddles near that end of the wavemaker showed a problem at the end of the testing period, 
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during which the tests without WEC units were performed. The wave paddles were no longer perfectly 

aligned.  

 

(a) Hs/Htarget for SS02 

 

(b) Hm0/Htarget for SS08 

Figure 5-30: Variation of the non-dimensional significant wave height across the test region of the basin for (a) sea 

state 2 and (b) sea state 8. 

Repetitions of some wave conditions have been performed, in order to check the repeatability of the 

wave field generation. A variation of up to 3 % is noticed between repetitions of the same regular 

wave conditions (sea state 2). The standard deviation of the measured wave height, !!, from eight 

repeats of the regular waves with target wave height, ! = 0.074 m and wave period, ! = 1.26 s is 

shown in Figure 5-31 (Troch et al., 2013). 

The generated wave field is not very accurate. The variations of the wave height, !, across the test 

region have to be taken into account during the analysis of the wave field modifications.  

The performance of the wavemaker is better for irregular waves, since the variations of the ratio of the 

measured wave height, !!!, to the target wave height, !!"#$%! = 0.104 m are smaller than for regular 

waves. Furthermore, the generated waves of sea state 10 result in a larger wave height, !!!, than the 

target wave height, !!"#$%! = 0.104 m, at all the locations in the wave basin. This is possibly due to a 

problem during the calibration of the waves of sea state 10. However, the variation in wave height, 

!!!, across the test region is very small for these irregular short-crested waves.  
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Figure 5-31: Standard deviation of measured wave height, !!, from eight repeats of regular waves with target wave 

height, !!"#$%! = 0.074 m and wave period, ! = 1.26 s (sea state 2) (Troch et al., 2013). 

5.3.7 Influence of the WEC support structures 

By comparing the results from the tests with and without the presence of the WEC supporting systems, 

the influence of these structures on the wave field can be quantified.  

The differences in wave height, !, normalised to the target wave height, !!"#$%!, between the two 

types of tests are given in Figure 5-32 (a) for regular waves with wave period, ! = 1.26 s (sea state 2) 

and (b) for irregular long-crested waves with wave period, ! = 1.26 s (sea state 8). Similar plots are 

made for the other sea states and are given in Appendix G. 

The difference is calculated by subtracting the wave height, !, measured with the presence of the 

WEC supporting systems from the wave height, !, in an empty wave basin. A positive value thus 

indicates a decrease in wave height, !, due to the presence of the WEC shafts, while a negative value 

indicates an increase.  

A variation of up to 11 % is found for the regular waves with wave period, ! = 1.26 s (sea state 2) and 

8 % for the irregular waves with wave period, ! = 1.26 s (sea state 8). However, the variations are 

randomly distributed across the test region: there is an increase for some points and a decrease for 

other nearby points without a noticeable trend.  

The influence of the WEC supporting systems is therefore considered to be negligible.  
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(a) Sea state 2 

 

(b) Sea state 8 

Figure 5-32: Difference in non-dimensional wave height, !, between tests with and without the presence of the WEC 

supporting systems. 

5.3.8 Wave field modification 

The wave field modifications due to wave energy extraction and the WECs’ motion are quantified. 

Results are presented for the two contributing wave field components: the scattered and the radiated 

wave field. For measuring the scattered wave field only, the WEC units are held stationary at mean 

draft, !!"#$,. For measuring the combined scattered and radiated wave field or else total wave field, 

damping has been applied through the PTO-system, with spring compression increment, !"  = 

30.4 mm used on each WEC unit in the array, to consider optimum damping conditions. The radiated 

wave field is then calculated as the difference between the recorded total wave field and the scattered 

wave field.  

For quantifying the effect of the WEC array on the incident wave field and the effect of radiation due 

to the WECs’ motion, the following difference terms are defined (Troch et al., 2013): 

(a) Difference used for quantifying the effect of the WECs on the recorded incident wave field 

when no WECs or WEC shafts are present (e.g. as a percentage of the empty basin wave 

amplitude), when the WECs are held stationary at mean draft, !!"#$: 
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(b) Difference used for quantifying the effect of radiation due to damped response of the WEC 

units on the combined scattered and radiated wave field: 

Measured change of wave field is presented separately for the scattered wave and for the radiated 

wave. Negative values for the scattered wave indicate an increase of wave height, !!!, compared to 

the incident wave field, while positive values indicate a decrease. For the radiated wave field, negative 

values indicate a decrease of wave height, !!!, compared to the incident wave field, while positive 

values indicate an increase. 

The data have been analysed using WaveLab and the considered window for the data analysis is as 

defined in Section 5.3.2. 

Figure 5-33 shows the measured components of the wave field for the 5x5 WEC square array in 

irregular long-crested waves with !! = 1.26 s and !!"#$%! = 0.104 m (sea state 8). When the WECs are 

held stationary at mean draft, !!"#$, a decrease of wave height, !!! of up to 5.4 % down-wave and 

an increase of 24 % up-wave are observed. When looking at the effect of the WECs on the wave field 

due to radiation only, 16.1 % decrease of wave height, !!!, down-wave and 11.3 % increase up-wave 

are observed. 

 

(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-33: Non-dimensional change of !!" at locations within and around the 5x5 WEC square array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular long-crested 

waves with wave period, !! = 1.26 s (sea state 8). 

Figure 5-34 shows the measured components of the wave field for the 5x5 WEC square array in 

irregular short-crested waves with !! = 1.26 s and !!"#$%! = 0.104 m (sea state 10). When the WECs 
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are held stationary at mean draft, !!"#$, a decrease of wave height, !!! of up to 7.8 % down-wave 

and an increase of 30.8 % up-wave are observed. When looking at the effect of the WECs on the wave 

field due to radiation only, up to 12.2 % decrease of wave height, !!!, down-wave and 1.92 % 

increase up-wave are observed. 

In irregular short-crested waves the wave field modifications due to the scattered wave are higher than 

in irregular long-crested waves. The wave field modifications due to the radiated wave are smaller in 

irregular short-crested waves, compared to irregular long-crested waves. 

 

(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-34: Non-dimensional change of !!" at locations within and around the 5x5 WEC square array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular short-

crested waves with wave period, !! = 1.26 s (sea state 10). 

Similar plots are given for the 5x5 WEC offset array in Figure 5-35 for irregular long-crested waves 

with !! = 1.26 s (sea state 8) and in Figure 5-36 for irregular short-crested waves with !! = 1.26 s (sea 

state 10). 

In both irregular long-crested and short-crested waves, the scattered wave gives a decrease of height, 

!!!, of around 5 % down-wave the WEC array and an increase of height, !!!, of around 34 % up-

wave. When looking at the effect of the WECs on the wave field due to radiation only, 11 to 14 % 

decrease of wave height, !!!, down-wave and 4 to 7 % decrease up-wave are observed. 

Compared to the 5x5 WEC square array, the scattered waves have a larger increasing influence on the 

wave field up-wave for the 5x5 WEC offset array. Due to the radiation, the wave height, !!!, 

decreases both up-wave and down-wave of the 5x5 WEC offset array, in contrast to the 5x5 WEC 

square array, where an increase up-wave is observed. 
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(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-35: Non-dimensional change of !!" at locations within and around the 5x5 WEC offset array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular long-crested 

waves with wave period, !! = 1.26 s (sea state 8). 

 

(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-36: Non-dimensional change of !!" at locations within and around the 5x5 WEC offset array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular short-

crested waves with wave period, !! = 1.26 s (sea state 10). 
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The wave field modifications due to the 13 WEC staggered array are also analysed. The plots for the 

scattered wave and radiated wave are given in Figure 5-37 for irregular long-crested waves (sea state 

8) and in Figure 5-38 for irregular short-crested waves (sea state 10). 

For irregular long-crested waves, the scattered wave give an increase of wave height, !!!, of up to 

27.5 % up-wave and a decrease of about 5 % down-wave. The radiated wave gives an increase of up 

to 8.75 % wave height, !!!, up-wave and a decrease of 5.41 % down-wave. 

For irregular short-crested waves, the scattered wave has a similar influence as for irregular long-

crested waves. The influence of the radiated wave is very small, with a decrease of wave height, !!!, 

of only 1.5 % down-wave of the array and an increase of 6 % up-wave.  

The observed wave field modifications of the 13 WEC staggered array are very similar to those for the 

5x5 WEC square array. 

 

(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-37: Non-dimensional change of !!" at locations within and around the 13 WEC staggered array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular long-crested 

waves with wave period, !! = 1.26 s (sea state 8). 
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(a) Scattered wave 

 

(b) Radiated wave 

Figure 5-38: Non-dimensional change of !!" at locations within and around the 13 WEC staggered array due to 

scattered wave (fixed WECs) and radiated waves (responding WECs with damping applied) for irregular short-

crested waves with wave period, !! = 1.26 s (sea state 10). 

For the 3x3 WEC square array at 10! spacing no tests with fixed WECs are performed. Therefore 

only the combined scattered and radiated waves are measured. The difference between the measured 

total wave field and the incident wave field is calculated and normalised to the target wave height, 

!!"#$%!. The results for irregular long-crested waves with wave period, !! = 1.26  s (sea state 8) and 

for irregular short-crested waves with wave period, !! = 1.26  s (sea state 10) are given in Figure 5-39. 

Negative values indicate an increase of the presented wave field, compared to the incident wave field.  

For irregular long-crested waves, the total wave gives a decrease of up to 7.99 % of the wave height, 

!!!, down-wave the WEC array and an increase of up to 28.6 % up-wave. For irregular short-crested 

waves, the wave field modifications are slightly smaller than for the long-crested waves.  
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(a) Sea state 8 

 

(b) Sea state 10 

Figure 5-39: Non-dimensional change of !!" at locations within and around the 3x3 square array at 10! spacing due 

to the combined scattered and radiated wave. 

One can conclude that both due to the scattered and radiated wave the wave height, !!!, decreases 

down-wave a large WEC array, while the wave height, !!!, increases up-wave  a large WEC array. 

The influence up-wave is mostly due to the scattered wave. The wave field modifications are largest 

for the 5x5 WEC offset array and for irregular long-crested waves.  

In Figure 5-40, the wave spectra are plotted for various locations around the 25 WEC square array for 

the measured incident wave, the diffracted wave and the combined diffracted and radiated wave for 

unidirectional waves of !! = 1.26 s and !!! = 0.104 m (sea state 8). The considered locations are 

given by their coordinates in the plots: (0,-5) up-wave of the array, (0,7.5) at the centre of the array, 

(0,25) down-wave of the array and (15,5) at the side of the WEC column at the right (column 5). The 

change of wave height, !!!, at these location is shown in Figure 5-33. Specifically, spectra of 

incident wave only, !!!!!, scattered wave only, !!!!!, and combined scattered and radiated wave, 

!!!!!!!, are presented. Up-wave of the array, !!!!! appears to be very similar to !!!!!!!, showing 

low impact of the radiated waves on the resulting wave spectra. The same conclusion can be drawn for 

the location at the centre of the array. Down-wave, !!!!! and !!!!! appear to be quite similar so 

nearly all of the transmitted wave change is due to radiation at this location. At the side of the array, 

!!!!!, !!!!! and !!!!!!! appear to be very similar, showing limited effect of the WEC units on the 

resulting wave field at that location (Troch et al., 2013). 
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(a) Location (0,-5): up-wave of the array 

 

(b) Location (0,7.5): centre of the array 

 

(c) Location (0,25): down-wave of the array 
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(d) Location (15,5): at the side of column 5 

Figure 5-40: Spectra of incident wave only, !!!!! (thin line), scattered wave, !!!!! (dashed line), and combined 

scattered and radiated wave, !!!!!!! (thick line), at locations within and around the 25 WEC square array at 5D 

spacing (Troch et al., 2013). 

5.4 Conclusions 

The large-scale experiments in the Shallow Water Wave Basin at DHI are intended to study the near-

field and far-field wake effects of large WEC arrays. Tests with different WEC array configurations, 

consisting of up to 25 WEC units, are carried out. Several wave conditions, including regular waves, 

irregular long-crested waves and irregular short-crested waves are considered.  

The optimum power absorption of an isolated WEC unit is found for a spring compression increment, 

!" = 30.4 mm. This spring compression increment is applied on all the WEC units when considering 

WEC arrays with moving WECs, because in these conditions the largest possible wake is created 

behind the WEC units 

Analysis of the response of a column of 5 WECs parallel the wave propagation direction indicates 

limited variations of response, !!, with the position in the WEC array but larger variation of the total 

absorbed power, !!"#!!"!!"!, which is largest for the middle WEC.  

Analysis of the 5x5 WEC square array and the 5x5 WEC offset array, indicate that the largest power 

absorptions, !!"#!!"!!"!, are obtained by the WECs in the middle of the array, while the WECs in the 

first and the last row have the smallest power output. The total power absorption of the entire array, 
!!"#!!"!!"!, is comparable for the 5x5 WEC square array and the 5x5 WEC offset array. The two 

geometrical configurations have no significant difference concerning the power output, The 

interaction effects are constructive for irregular long-crested waves, while they are destructive for 

irregular short-crested waves. 

The wave field modifications due to the wave energy extraction and the WECs’ motion are quantified 

for the two contributing wave field components: the scattered wave and the radiated wave. For all 

WEC array layout configurations, the scattered wave field shows an increase of wave height, !, up-

wave the WEC arrays and a decrease down-wave. The radiation only has an decreasing effect on the 
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wave height, !, down-wave. The effect of the radiation on the wave field up-wave is either decreasing 

or increasing, depending on the WEC array layout configuration. However, the magnitude of the wave 

field modifications up-wave due to the radiation only is negligible.  

To conclude, the wave height, !, up-wave the WEC array increases due to the scattered wave and the 

impact of the radiated wave is low. The wave height, !, down-wave the WEC array decreases due to 

the radiated waves with a negligible influence of the scattered waves.  

The magnitude of the wave field modifications down-wave are not significantly influenced by the 

layout configuration of the WEC array.  

 



 

 

6  
Conclusions 

This chapter gives a short overview of all results from the performed experimental 

research in the wave flume at FHR and in the wave basin at DHI. 
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Within the HYDRALAB IV European programme, the project WECwakes (Stratigaki et al., 2012) is 

introduced to perform large-scale experiments on large arrays of wave energy converters (WECs) to 

study the near-field and far-field wake effects. A scale model of a heaving point absorber WEC had 

been developed and optimised through experiments in two wave flumes and a wave basin. Further 

preparatory experimental research was carried out to study the behaviour of a single WEC in regular 

waves and to obtain preliminary measurements of the WEC interaction effects and wave field 

modifications in small WEC arrays. The aim of the preparatory experiments was to fully understand 

the response of the WEC units and to eliminate possible problems with regard to the large-scale 

experiments. The testing of single WECs has lead to performing large-scale experiments on large 

WEC arrays, consisting of up to 25 WECs. The main objective is to quantify the variation of WEC 

response in the WEC array and to study the wave field modifications. 

The last phase of preparatory experimental research was conducted in the wave flume at Flanders 

Hydraulics Research (FHR) in Antwerp (Belgium). During these experiments, the designed WEC 

units were tested in several different geometric configurations varying from a single WEC through 

pairs and a line of four WECs. The WEC heave displacement, !!!!, the time-varying surge force, 

!!"#$%, and the water surface elevations, !!!!, were measured for regular waves with a wave height, ! 

= 0.074 m and a range of wave periods, !, from 1.000 s to 1.300 s. The objective of the experiments 

was to tune in detail the PTO-system for the applied wave conditions by aiming at optimum average 

power absorption, !!"#!!"!!"!!!"#. In addition, preliminary measurements of the influence of the WEC 

array configuration on the power output and wave field modifications were obtained. 

By studying the behaviour of a single WEC unit, some important conclusions for the large-scale 

experiments were drawn. 

The influence of the WEC shaft installation technique was analysed by comparing the WEC heave 

motion, !!!!, for tests with the WEC shaft clamped only at the bottom and with the WEC shaft 

clamped at the top and at the bottom. Better repeatability in the WEC response was obtained when the 

WEC shaft is clamped both at the top and at the top. This conclusion was very important considering 

the large scale experiments in the wave basin at DHI. The WEC shafts all had to be clamped at the top 

in order to get repeatable results.  

The necessity of maintenance on the WEC units has become obvious. The WEC shafts need to be 

cleaned regularly to avoid the formation of residue on their surface. The lack of maintenance caused a 

variation in the WEC heave response over different testing days. These results lead to the application 

of proper maintenance during the large-scale experiments at DHI. Here, the WEC support shafts were 

cleaned each day before the start of the tests. 

Regardless of the necessary maintenance, the WECs were found to behave as expected: the maximum 

undamped WEC heave amplitude, !!, was found for wave periods, !, close to the resonance period, 

!!. The influence of the external damping force, !!"#, is largest for periods of the incident waves, !, 

close to the resonance period of the WEC, !!.  
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The optimum damping force was experimentally derived by pursuing optimum power absorption, 

!!"#!!"!!"!!!"# . Different spring forces, !!"#$%& , were applied on the PTO-system and the 

corresponding total power absorption, !!"#!!"!!"!, was calculated. The optimum power output was 

found for very small external damping force or even without external damping, !!"#. However, these 

results were probably distorted by the lack of maintenance, because optimum power output 

calculations during the experimental research in the wave basin at DHI gave different results. 

Preliminary analysis was performed on the influence of the geometric configuration of the array on the 

total power absorption, !!"#!!"!!"!!!""!#. In general, the first WEC in a line array, parallel to the wave 

propagation direction, is constructively influenced by the interactions with the other WECs concerning 

its power output. On the contrary, the interaction effects have a destructive effect on the power output 

of the other WECs in the array, so that their power output is smaller than the power output of an 

isolated WEC in the same wave conditions.  

The influence on the total power absorption of the entire array is highly dependent on the wave period, 

!, and on the geometrical array configuration. In general, the interactions between the WECs have a 

constructive effect on average total power absorption, !!"#!!"!!"!!!""!# , for the wave period, ! = 

1.200 s. Furthermore, adding the fourth WEC to the longitudinal line array parallel to the wave 

propagation direction affects the total power output in a destructive way. The added power output to 

the total power absorption of the array, !!"#!!"!!!"!!""!#, is smaller than the power output of an 

isolated WEC.  

Wave field analysis was performed to check the accuracy of the generated waves and to determine the 

influence of the supporting WEC systems. The wave height, !!, is reduced due to the presence of the 

supporting WEC systems. However, the wave field modifications are small and uniform over the 

considered area of the wave flume. Therefore, the influence of the WEC supporting systems can be 

neglected.  

A first idea of the effect of a WEC array on the wave field was obtained by analysing the wave field 

modifications for different WEC array layout configurations. The scattered wave field was measured 

while keeping the WEC buoys stationary at mean draft, !!"#$. In general, the scattered waves caused 

an increase of the wave height, !!, in the vicinity of the WEC array and a decrease up-wave the array. 

The total wave field, which is the sum of the scattered and radiated wave field, was measured while 

the WECs were heaving both with and without external damping force, !!"#. In contrast to the 

scattered waves, the radiated waves caused an increase of the wave height, !!, up-wave the WEC 

array and a decrease in the vicinity of the array. The results for the scattered waves are different from 

the results obtained during the large-scale experiments in the wave basin at DHI. The difference is 

probably caused by the reflection from the sidewalls of the wave flume. Furthermore, the number of 

WGs used in the wave flume was too small to quantify the wave field modifications.  

By comparing the wave field when the WEC was moving with and without external damping force, 

!!"#, a reduction in the wave height, !!, was noticed when external damping was applied. Due to the 

PTO damping, !!"#, extra energy is extracted from the waves and thus the wave height, !!, decreases. 
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Large-scale experiments on large WEC arrays, consisting of up to 25 WEC units, were carried out in 

the Shallow Water Wave Basin at DHI. The main objective of this WECwakes project is to study the 

near-field and far-field wake effects of large WEC arrays. Several WEC array configurations were 

considered, including a 5x5 WEC square array and a 5x5 WEC offset array, which was obtained by 

using an offset of 2.5D = 78.75 cm for the second and the fourth row of the 5x5 square array. Three 

types of waves were considered: regular waves, irregular long-crested waves and irregular short-

crested waves. 

The optimum power absorption, !!"#!!"!!"!!!"# , of an isolated WEC was found for a spring 

compression increment of the four springs on the PTO-system, !" = 30.4 mm. This does correspond 

to a significant external damping, in contrast to what was found during the preparatory experiments at 

FHR. The shows that the lack of maintenance did have an important influence on the response of the 

WEC unit. The optimum spring compression increment, !" = 30.4 mm was applied on each WEC unit 

during the WEC array tests. 

Analysis of the response of a column of 5 WECs parallel the wave propagation direction indicated a 

limited variations of WEC heave amplitude, !!, with the position in the WEC array but larger 

variation of the total absorbed power, !!"#!!"!!"!. The highest power output was obtained by the WEC 

in the middle of the line array.  

The power output of a 5x5 WEC square array and a 5x5 WEC offset array were analysed. In both 

geometrical configurations, the largest power absorptions, !!"#!!"!!"!, were obtained by the WECs in 

the middle of the array, while the WECs in the outer rows had the smallest power output. The 5x5 

WEC square array and the 5x5 WEC offset array give a comparable total power absorption. The 

power output is for both geometrical configuration larger than the power output of 25 individual WEC 

in irregular long-crested waves, while the power output is smaller in irregular short-crested waves.  

The wave field modifications due to the wave energy extraction and the WECs’ motion were 

quantified for the two contributing wave field components: the scattered wave and the radiated wave. 

For all WEC array layout configurations, the scattered wave gives an increase of wave height, !, up-

wave the WEC arrays and a decrease down-wave. The radiated wave gives a decrease of wave height, 

!, down-wave. Similar results were found for different WEC array geometrical configurations with 

only small differences in the magnitude of the wave field modifications.  

The wave height, !, up-wave the WEC array increases due to the scattered wave and the impact of the 

radiated wave is low. The wave height, !, down-wave the WEC array decreases due to the radiated 

waves with a negligible influence of the scattered waves.  
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Table A - 1: Test matrix for the wave flume – all regular waves with wave height ! = 0.074 m. 

Measurement type Ref. # Configuration !!"#$%& [N] T [s] Remarks 

Only waves 

285 - 291 No WECs – no WEC shafts N/A 1.050, 1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

001 - 002 

No WECS N/A 

1,000 
Calibration target wave height 

for regular waves 

Waves + surge force on 

shaft WEC 2 

032 - 038 

1.000, 1.050, 1.100, 1.176, 1.200, 1.250, 1.300 

 
185 - 191 

 

Waves + surge force on 

WEC 2 

039 - 045 WEC 2 fixed 

 

 
206 - 212 WEC 1 & WEC 2 fixed 

 

213 - 219 
WEC 1 & WEC 2 & WEC 3 

fixed  

Waves + heave forces on 

WEC 2 
199 - 205 WEC 2 fixed 

 

Waves + WEC heave 

motion 

003 - 012 

WEC 1 

1.000, 1.143, 1.105, 1.100, 1.150, 1.176, 

1.183, 1.200, 1.250, 1.300 

WEC shaft only clamped at 

bottom 

003 - 012 
 

089 - 095 

1.050, 1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

096 - 102 WEC 3 
 

130 - 136 WEC 1 & WEC 3 
 

261 - 266 WEC 1 & WEC 4 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

273 - 278 
WEC 1 & WEC 2 & WEC 3 

& WEC 4  

Waves + WEC heave 

motion + surge force on 

WEC 2 

048 - 056 
WEC 2 

1.000, 1.050, 1.100, 1.129, 1.176, 1.183, 

1.200, 1.250, 1.300  

103 - 108 1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

109 - 115 WEC 1 & WEC 2 

1.050, 1.100, 1.176, 1.183, 1.200, 1.250, 1.300 

In test 109 WEC 1 shaft is only 

clamped at the bottom 

116 - 122 WEC 2 
 

123 - 129 WEC 1 & WEC 2 & WEC 3 
 

Waves + WEC heave 

motion + surge force on 

WEC 3 

237 - 242 WEC 1 & WEC 2 & WEC 3 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

249 - 254 WEC 1 & WEC 3 
 



 

 

Waves + WEC heave 

motion 

013, 024, 028 

WEC 1 

11.48 1.200, 1.176, 1.100 
 

014, 025 33.88 
1.200, 1.176  

015, 021 22.68 
 

016, 023, 029 7.56 
1.200, 1.176, 1.100  

017, 026, 027 17.08 
 

018, 022 14.28 
1.200, 1.176  

019, 020 12.152 
 

267 - 272 WEC 1 & WEC 4 11.48 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 

Strange results in test 272: 

WEC 1 is almost not moving 

279 - 284 
WEC 1 & WEC 2 & WEC 3 

& WEC 4 
11.48 

 

Waves + WEC heave 

motion + surge force on 

WEC 2 

030, 

WEC 2 

7.56 1,200 
Friction blocks parallel to wave 

propagation direction. 

031, 046 12.152 1.100, 1.200 
Friction blocks perpendicular 

to wave propagation direction 

047 WEC 1 & WEC 2 12.152 1,200 
Friction blocks perpendicular 

to wave propagation direction 

Waves + WEC heave 

motion + surge force on 

WEC 2 

057 - 062 

WEC 2 

7.56 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 
 

063 - 068 11.48 
 

069 - 074 14.28 
 

075 - 080 17.08 
1.100, 1.176, 1.183, 1.200, 1.250, 1.3001.200, 

1.250, 1.300  

081 - 083 19.88 1.300, 1.200, 1.250 
 

088 25.48 1,300 
 

085 - 087 
6.44 

1.176, 1.183, 1.200 
 

088 
WEC 1 & WEC 2 

1,100 
 

137 - 142 

14.28 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 

 
143 - 148 WEC 2 

 
149 - 154 WEC 1 & WEC 2 & WEC 3 

 
155 - 160 

WEC 1 & WEC 3  
161 - 166 

7.56 
 

167 - 172 WEC 1 & WEC 2 & WEC 3 
 

173 - 178 WEC 2 
 



 

 

Waves + WEC heave 

motion + surge force on 

WEC 2 

179 - 184 WEC 1 & WEC 2 7.56 

1.100, 1.176, 1.183, 1.200, 1.250, 1.300 

 
192 - 197 WEC 1 & WEC 2 & WEC 3 

11.48 

 
198, 232 - 

236 
WEC 1 & WEC 3 

 

220 - 225 WEC 1 & WEC 2 
 

226 - 231 WEC 2 
 

Waves + WEC heave 

motion + surge force on 

WEC 3 

243 - 248 WEC 1 & WEC 2 & WEC 3 
 

255 - 260 WEC 1 & WEC 3 
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Model 614

Technical contact in Americas: lc.usa@vishaypg.com;  
Europe: lc.eur@vishaypg.com; Asia: lc.asia@vishaypg.com

Document No.: 12040
Revision: 25-Jul-2012

Tension Compression Load Cell
FEATURES

Capacities 50–500 kg
Anodized aluminum construction
OIML R60 approved
IP67 protection
For use in tension or compression
6 wire (sense) circuit
Optional 

 ! EEx ia IIC T4 hazardous area approval 

APPLICATIONS
Hopper (Tank weighing)
Hybrid scales
Belt weighing
Lever arm conversions
Material testing machines
Vibrations filling equipment
Dynamometers 

DESCRIPTION 
Model 614 is a tension-compression load cell. Humidity 
resistant coating and shielded cables enable this load cell 

to be used in harsh environments while maintaining its 
operating specifications.

The additional sense wires compensate for changes in 
lead resistance due to temperature change and/or cable 
extension.

Ideally suited for lever conversions, hanging scales, 
force measurement and a wide range of other industrial 
applications.

Model 614 is made from aluminum.

OUTLINE DIMENSIONS in millimeters
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Tension Compression Load Cell
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Model 614

Technical contact in Americas: lc.usa@vishaypg.com;  
Europe: lc.eur@vishaypg.com; Asia: lc.asia@vishaypg.com

Document No.: 12040
Revision: 25-Jul-2012

Tension Compression Load Cell

SPECIFICATIONS
PARAMETER VALUE UNIT

Rated capacity—R.C. (Emax) 50, 100, 150, 200, 300, 500 kg
Accuracy class Non-Approved C3*
Maximum no. of intervals (n) 1000 3000
Y = Emax/Vmin 2500 8000 12000**
Rated output—R.O. 2.0 mV/V
Rated output tolerance 0.2 ±% mV/V
Zero balance 0.02 ±% mV/V
Zero return, 30 min. 0.05 0.017 ±% of applied load
Total error (per OIML R60) 0.05 0.020 ±% of rated output
Temperature effect on zero 0.01 0.0023 ±% of rated output/°C
Temperature effect on output 0.003 0.0012 ±% of load/°C
Temperature range, compensated –10 to +40 °C
Temperature range, safe –30 to +70 °C
Maximum safe central overload 150 % of R.C.
Ultimate central overload 300 % of R.C.
Excitation, recommended 10 VDC or VAC RMS
Excitation, maximum 15 VDC or VAC RMS
Input impedance 415±15 !
Output impedance 350±3 !
Insulation resistance >2000 M!
Cable length 3.0 m
Cable type 6-wire, braided PVC, dual floating screen Standard
Construction Plated (anodized) aluminum
Environmental protection IP67

* 50% utilization
** Y=8000 for capacities 50–200 kg. Y=12000 for capacities 300–500 kg
All specifications subject to change without notice.

Wiring Schematic Diagram

+ve  Input  (Green)

+ve  Output (Red)

–ve   Input  (Black)
–ve   Sense (Brown)

–ve  Output (White)

(Balanced bridge configuration)

+ve  Sense (Blue)

http://www.vpgtransducers.com
http://www.vishaypg.com
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Legal Disclaimer Notice

Disclaimer

Legal Disclaimer Notice

Disclaimer

Document No.: 63999
Revision: 27-Apr-2011

ALL PRODUCTS, PRODUCT SPECIFICATIONS AND DATA ARE SUBJECT TO CHANGE WITHOUT NOTICE.

Vishay Precision Group, Inc., its affiliates, agents, and employees, and all persons acting on its or their 
behalf (collectively, “Vishay Precision Group”), disclaim any and all liability for any errors, inaccuracies or 
incompleteness contained herein or in any other disclosure relating to any product.

The product specifications do not expand or otherwise modify Vishay Precision Group’s terms and 
conditions of purchase, including but not limited to, the warranty expressed therein.

Vishay Precision Group makes no warranty, representation or guarantee other than as set forth in the terms 
and conditions of purchase. To the maximum extent permitted by applicable law, Vishay Precision 
Group disclaims (i) any and all liability arising out of the application or use of any product, (ii) any and 
all liability, including without limitation special, consequential or incidental damages, and (iii) any and 
all implied warranties, including warranties of fitness for particular purpose, non-infringement and 
merchantability.

Information provided in datasheets and/or specifications may vary from actual results in different 
applications and performance may vary over time. Statements regarding the suitability of products for 
certain types of applications are based on Vishay Precision Group’s knowledge of typical requirements that 
are often placed on Vishay Precision Group products. It is the customer’s responsibility to validate that a 
particular product with the properties described in the product specification is suitable for use in a particular 
application.

No license, express, implied, or otherwise, to any intellectual property rights is granted by this document, or 
by any conduct of Vishay Precision Group.

The products shown herein are not designed for use in life-saving or life-sustaining applications unless 
otherwise expressly indicated. Customers using or selling Vishay Precision Group products not expressly 
indicated for use in such applications do so entirely at their own risk and agree to fully indemnify Vishay 
Precision Group for any damages arising or resulting from such use or sale. Please contact authorized 
Vishay Precision Group personnel to obtain written terms and conditions regarding products designed for 
such applications.

Product names and markings noted herein may be trademarks of their respective owners.

http://www.vishayfoilresistors.com
http://www.vishaypg.com
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APPENDIX F: ADDITIONAL TESTS RESULTS FOR FHR WAVE FLUME 163 

 

F.1 Interaction factors 

!!"# = 0 

 

Figure F - 1: ! factor for a line array consisting of 2 WECs without external damping force, !!"# = 0, at a changing 

inter-WEC spacing and for varying wave periods, !. 

 

   Figure F - 2: ! factor for line arrays consisting of a changing number of WECs without external damping force, 

!!"# = 0, at a constant inter-WEC spacing and for varying wave periods, !. 
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APPENDIX F: ADDITIONAL TESTS RESULTS FOR FHR WAVE FLUME 164 

 

!!"#$%& = 7.56 N 

 

Figure F - 3: !! factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 7.56 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

       Figure F - 4: !! factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#$%& = 7.56 N, at a constant inter-WEC spacing for varying wave periods, !. 
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APPENDIX F: ADDITIONAL TESTS RESULTS FOR FHR WAVE FLUME 165 

 

!!"#$%& = 11.48 N 

 

Figure F - 5: ! factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 11.48 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

         Figure F - 6: ! factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#$%& = 11.48 N, at a constant inter-WEC spacing for varying wave periods, !. 
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APPENDIX F: ADDITIONAL TESTS RESULTS FOR FHR WAVE FLUME 166 

 

!!"#$%& = 14.28 N 

 

Figure F - 7: ! factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 14.28 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

        Figure F - 8: ! factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#!"# = 14.28 N, at a constant inter-WEC spacing for varying wave periods, !. 
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APPENDIX F: ADDITIONAL TESTS RESULTS FOR FHR WAVE FLUME 167 

 

F.2 Modified interaction factors 

!!"#$%& = 7.56 N 

 

Figure F - 9: !!"# factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 7.56 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

Figure F - 10: !!!"# factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#$%& = 7.56 N, at a constant inter-WEC spacing for varying wave periods, !. 
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!!"#$%& = 14.28 N 

 

Figure F - 11: !!"# factor for a line array consisting of 2 WECs with external damping force, !!"#$%& = 14.28 N, at a 

changing inter-WEC spacing and for varying wave periods, !. 

 

Figure F - 12: !!"# factor for line arrays consisting of a changing number of WECs with external damping force, 

!!"#$!" = 14.28 N, at a constant inter-WEC spacing for varying wave periods, !. 
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F.3 Visual representation of the measured wave field 

 

(a) Scattered wave field 

 

(b) Total wave field – without external damping force, !!"# = 0 

 

(c) Total wave field – with external damping force, !!"#$%& = 11.48 N 

      Figure F - 13: Visual representation of the ratio of the measured wave height, !!, to the target wave height, 

!!"#$%! = 0.074, for a test with WEC 2. 
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(a) Scattered wave field 

 

(b) Total wave field – without external damping force, !!"# = 0 

 

(c) Total wave field – with external damping force, !!"#$%& = 11.48 N 

       Figure F - 14: Visual representation of the ratio of the measured wave height, !!, to the target wave height, 

!!"#$%! = 0.074, for a test with WEC 2. 
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(a) Scattered wave field 

 

(b) Total wave field – without external damping force, !!"# = 0 

 

(c) Total wave field – with external damping force, !!"#!"# = 11.48 N 

      Figure F - 15: Visual representation of the ratio of the measured wave height, !!, to the target wave height, 

!!"#$%! = 0.074, for a test with WEC 2. 
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G.1 Power output of the isolated WEC 5 

 

 

 

Figure G - 1: Time-variation of the surge force, !!"#$%, WEC heave velocity, !!!! and power absorption, !!"#, of 

WEC 5 in sea state 8 – relative values. 
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Figure G - 2: Time-variation of the surge force, !!"#$%, WEC heave velocity, !!!! and power absorption, !!"#, of 

WEC 5 in sea state 10 – relative values. 
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G.2 Power output of the 5x5 WEC square array 

 

Figure G - 3: Time-variation of the total power absorption, !!"#, of the 5x5 WEC square array in sea state 8 – relative 

values. 

 

Figure G - 4: Time-variation of the total power absorption, !!"!, of the 5x5 WEC square array in sea state 10 – 

relative values. 
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G.3 Power output of the 5x5 WEC offset array 

 

Figure G - 5: Time-variation of the total power absorption, !!"#, of the 5x5 WEC offset array in sea state 8 – relative 

values. 

 

Figure G - 6: Time-variation of the total power absorption, !!"#, of the 5x5 WEC offset array in sea state 10 – relative 

values. 

  

!"" #!" $!! $#! %!! %#! &!! &#!
!

!'#

$

()*+",-.

/
0/
*
12

 

 

3
14-5676

869 3
14-54+1:);<-

869 *+1;83
14-5676

9 *+1;83
14-54+1:);<-

9

!"" #!" $!! $#! %!! %#! &!! &#!
!

!'#

$

()*+",-.

/
0/
*
12

 

 

3
14-53(=

869 *+1;83
14-53(=

9

!"" #!" $!! $#! %!! %#! &!! &#!
!

!'#

$

()*+",-.

/
0/
*
12

 

 

3
14-5676

869 3
14-54+1:);<-

869 *+1;83
14-5676

9 *+1;83
14-54+1:);<-

9

!"" #!" $!! $#! %!! %#! &!! &#!
!

!'#

$

()*+",-.

/
0/
*
12

 

 

3
14-53(=

869 *+1;83
14-53(=

9



APPENDIX G: ADDITIONAL TEST RESULTS FOR DHI WAVE BASIN 177 

 

G.4 Incident wave field 

 

(a) Sea state 1 

 

(b) Sea state 2 

 

(c) Sea state 3 

 

(d) Sea state 4 

Figure G - 7: Variation of the non-dimensional significant wave height across the test region of the basin for sea states 

1 to 4. 
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(e) Sea state 5 

 

(f) Sea state 6 

 

(g) Sea state 7 

 

(h) Sea state 8 

Figure G - 8: Variation of the non-dimensional significant wave height across the test region of the basin for sea states 

5 to 8. 
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(i) Sea state 9 

 

(j) Sea state 10 

Figure G - 9: Variation of the non-dimensional significant wave height across the test region of the basin for sea states 

9 and 10. 
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G.5 Influence of the WEC support structures  

 

(a) Sea state 1 

 

(b) Sea state 2 

 

(c) Sea state 3 

 

(d) Sea state 4 

Figure G - 10: Difference in non-dimensional wave height, !, between tests with and without the presence of the WEC 

supporting systems for sea states 1 to 4. 
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(e) Sea state 5 

 

(f) Sea state 6 

 

(g) Sea state 7 

 

(h) Sea state 8 

Figure G - 11: Difference in non-dimensional wave height, !, between tests with and without the presence of the WEC 

supporting systems for sea states 5 to 8. 
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(i) Sea state 9 

 

(j) Sea state 10 

Figure G - 12: Difference in non-dimensional wave height, !, between tests with and without the presence of the WEC 

supporting systems for sea states 9 and 10
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