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SUMMARY 

The development of renewable energy resources is strongly required due to the 
increasing energy demand, the shrinking reserves of fossil fuels and the effect of 
greenhouse gas emissions on the change of the wave climate. At Ghent University, 
study around the extraction of energy from ocean waves is being performed, more 
specifically with the aid of point absorber wave energy converters (WECs). 

To deliver a considerable amount of energy output at one location, large numbers 
of such devices need to be arranged in arrays or farms at sea. Several performed 
numerical and experimental studies around point absorbers and WEC-arrays are 
mentioned, indicating the knowledge gap of large scale physical model tests on 
WEC-farms, which are necessary to study the near- and far-field effects and to 
verify and improve numerical models. Within the HYDRALAB IV European 
programme in the frame of the project WECwakes, large farms of point absorbers 
will be tested in the Shallow Water Wave Basin of DHI (Denmark). The aim of 
this master thesis is to develop and optimise such a point absorber wave energy 
converter in order to ensure behaviour which is in accordance with the real impact 
of a wave energy converter on the wave climate. 

The developed WEC has a hemisphere-cylindrical shape with a draft equal to its 
diameter. It is restricted to heave motion along a vertical axis connected to a foot. 



 

 

The power take-off is simulated by a mechanical brake, whereby the extracted 
energy is lost through friction. The internal friction within the device, the friction 
coefficient of the damping system and the influence of the measurement 
instrumentation are examined out of the water by tests in the tensile testing 
machine of the Department of Materials Science and Engineering of Ghent 
University. The performance of the foot and axis for several installation techniques 
and of the different measuring instruments is verified through experiments in the 
large wave flume of the Department of Civil Engineering of Ghent University. To 
check the efficiency of the power take-off system and to determine the influence of 
the buoy on the wave field, tests are performed in the wave basin of Queen’s 
University Belfast in Portaferry, North Ireland, as the wave flume is not 
appropriate for tests with a large oscillating device. The buoy motion is in advance 
predicted by using the BEM package WAMIT for deriving the hydrodynamic 
parameters for different incident wave periods and then processing these results by 
linear point absorber theory.  

 

KEY WORDS: heaving point absorber, wake effects of wave energy converters, 
wave flume/wave basin, physical model experiments, wave energy 
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 Abstract – Within the HYDRALAB IV European programme, 
large scale experiments on WEC-farms with heaving point 
absorbers are planned for the project WECwakes [1]  to study 
near- and far-field effects. A scale model of a heaving point 
absorber is developed and optimized through experiments in a 
wave flume and basin. The stability and rigidity of the foot and 
axis, the installation techniques, the influence of the measuring 
instruments, the characteristics of the PTO-system and the 
internal friction are first examined in detail. After verification of 
these features, the buoy motion without and with external 
damping, the reflection coefficient of the device and its influence 
on the wave field is studied.  

Keywords – heaving point absorber, wake effects of wave 
energy converters, wave flume/wave basin, physical model 
experiments, wave energy 

I. INTRODUCTION 
Further research into renewable energy resources is 

necessary to meet the increasing energy demand, as the 
reserves of fossil fuels are shrinking. Extracting energy from 
ocean waves is only one domain within this context that 
encounters a growing interest. Many different concepts of 
wave energy converters (WECs) are developed, like point 
absorbers, oscillating water columns, overtopping devices, 
etc. To deliver a considerable amount of power absorption at 
one location, it is required to arrange large numbers of such 
WECs in arrays or farms at sea. 

The configuration of the devices within an array or farm 
should be determined taking into account near-field effects, 
which include the effect of one device on the power 
absorption of a neighbouring WEC, and far-field effects, 
which comprise the influence of the reduced wave height in 
the wake behind a farm on other activities at sea or at the 
coastline. A lot of numerical studies on WEC-arrays have 
already been performed (e.g. [2],[3],[4],[5]), but large scale 
experimental studies are rather limited.  

Within the HYDRALAB IV European programme, the 
project WECwakes [1] is released to perform experiments on 
WEC-farms with 20 points absorbers for different layouts and 
inter-WEC spacing. The aim is to verify and further develop 
the numerical methods and to optimize the geometrical layout 
of WEC-farms for real applications. A scale model of such a 
point absorber WEC needs to be developed and optimized 
through experiments in order to ensure behaviour that is in 
accordance with the real impact of a WEC on the wave 
climate. The model is simple regarding its construction and its 
operational behaviour to enable production on large scale. 
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II. SCALE MODEL 

A. Geometry and materials 
A principle sketch of the developed scale model is given in 

Figure II-1. The device has a hemispherical bottom, cast in a 
mould out of polyurethane, and a cylindrical prefabricated 
upper part out of PVC with a cover of the same material on 
top, resulting in a total height of 60 cm. The draft of 31.5 cm 
is equal to the diameter, corresponding with a mass of 
20.545 kg. The point absorber has only one degree of 
freedom: it is restricted to heave motion along a vertical, 
square, hollow axis out of stainless steel that is anchored in a 
concrete square foot, which has a total height of 15 cm. The 
axis passes through a slightly larger shaft bearing inside the 
device, which continues over the total height of the buoy to 
avoid water infiltration. The square form hinders rotation of 
the buoy around the spar. The movement in the horizontal 
plane, due to the margin between the axis and shaft bearing, is 
prevented by providing two bearings out of PTFE at the top 
and bottom of the buoy. They are placed with a small margin 
of 0.25 mm to avoid additional internal friction, which is also 
enhanced thanks to the low friction coefficient of the 
steel-PTFE combination [6-8]. 

The power take-off (PTO) is simulated by a mechanical 
brake through which the extracted energy is lost by friction. 
The system consists out of four springs, exerting a normal 
force on two PTFE-blocks on top of the buoy, which are 
pressed against the axis. The external damping force can be 
determined by formula (1) with Fdamp,A the magnitude of the 
force, ! the friction coefficient, Fsprings the spring force and z 
the buoy position. 

!!"#$,!"# = −!!"#$,! ∙ !"#
!"
!" = −! ∙ !!"#$%&! ∙ !"#

!"
!"  (1) 

 
Figure II-1: Principle sketch of the heaving point absorber 
(dimensions in cm). 



B. Friction characteristics 

The device is placed in a tensile testing machine of the 
Department of Materials Science and Engineering of Ghent 
University in order to identify the friction characteristics.  

The internal friction within the device causes undesired 
energy losses and is therefore measured. However, the force 
magnitude seems strongly dependent on the temperature and 
the relative humidity, as a variation of almost 50 % is 
measured for tests on different days. The value is thus not 
accurately known. 

The friction coefficient ! for the steel-PTFE combination of 
the damping system is experimentally derived to enable 
accurate calculation of the damping force for a known applied 
spring force (see Eq.(1)). For static and dynamic friction and 
for wet and dry friction, the measured coefficients show 
negligible differences, indicating that stick-slip is avoided and 
that the possibly non-lubricated upper bearing will not cause 
important additional friction. An averaged value of 0.07, 
derived from the different tests, is used for further research. 
This corresponds well to theoretically predicted values 
between 0.04 and 0.10. 

For the majority of tests, the buoy motion is measured by a 
potentiometer, in which a wire winds and unwinds. Tests in 
the tensile machine show that this wire exerts a recalling force 
on the buoy and experiences additional internal friction within 
the instrument. The first unfavourable effect is largely reduced 
by adding a supplementary mass (0.468 kg) on top of the 
buoy. The desired draft is again reached and the recalling 
force varies little over the total length of the wire. 

III. EXPERIMENTAL RESEARCH 

A. 2D wave flume 
The first series of experiments are performed in the large 

wave flume of the laboratory at AWW, Ghent University, 
which is 1 m wide and has a water depth of 70 cm. The 
applied regular sea states are derived by Froude-scaling of 
measurements at the coastline of several European Countries 
(e.g. Belgium, France). Wave heights of 0.050 m and 0.100 m 
and periods varying from 0.800 s to 1.500 s are considered 
[6-8]. 

The horizontal movement of the axis is limited, indicating a 
sufficient bending stiffness. The best results are achieved 
when the foot is moored, but the results with the foot loosely 
placed on the bottom are still very good. Measurements of the 
undamped buoy motion without and with the presence of the 
potentiometer indicate a smaller influence of this instrument 
in higher waves. 

The setup is not appropriate for accurate measurements of 
the damped buoy motion or of the wave motion when the 
buoy is present, as the device diameter is large compared to 
the wave flume width. The influence of the reflection from the 
sidewalls causes important disturbance, resulting in 
non-repeatable damped buoy motions and irregular water 
surface elevations.  

B. 3D wave basin 
To eliminate the unfavourable influence of the reflection 

from the sidewalls, tests are performed in the wave basin of 
Queen’s University Belfast in Portaferry, North Ireland. 
Regular and irregular wave trains with the same characteristic 
wave height and period are applied [7-8]. The repeatability of 

the damped buoy motion is confirmed, indicating the 
PTO-system can be withheld. 

Optimum power absorption is pursued in regular waves as 
this realizes the largest possible wake. The average power 
absorption by the PTO-system, without considering internal 
friction, is calculated for different external damping forces by 
following formula: 

!!"#,!" =
1
! !!"#$ ∙ !!"#$ ! !!"

!

!
= 4 ∙ 1! ∙ !!" ∙ !!"#$,! (2) 

with Fdamp,A the magnitude of the external damping force, 
zAs the amplitude of the buoy motion and T the corresponding 
period. The result for one sea state is given in Figure III-1 and 
the parabolic trend line indicates that the absorbed power is 
less sensitive for the applied damping force around the 
optimum, as the curve is little steep in its top. 

 
Figure III-1: Average power absorption by the PTO-system as a 
function of the external damping force (sea state: wave height H 
= 0.100 m and wave period T = 1.100 s – water depth d = 0.61 m). 

The influence of the presence of the WEC on the wave field 
is examined by defining the change in the measured wave 
height compared to the incident wave height, derived from ten 
wave gauges placed upwave, downwave and next to the buoy. 
Constructive and destructive interferences of the incident, 
radiated, diffracted and reflected waves are observed at the 
positions of the wave gauges with the spatial pattern 
dependent on the incident wave period. However, the wake of 
one buoy is rather limited and difficult to represent by point 
measurements. The variation of the significant wave height in 
irregular waves is smaller than the mean wave height in 
regular waves. The wave gauges upwave the buoy are used to 
determine the reflection coefficient, which has an average 
value of 0.20. 

IV. COMPARISON WITH NUMERICAL DATA 
The amplitude zAs of the forced buoy motion in regular 

waves is numerically predicted for undamped conditions by 
using the linear point absorber theory: 

!!"(!) =
!!",!(!)

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! !
 (3) 

with ! the incident angular wave frequency, Fex,A the 
amplitude of the heave wave exciting force, k the hydrostatic 
restoring coefficient, m the buoy mass, ma the hydrodynamic 
coefficient of added mass and bhyd the hydrodynamic damping 
coefficient. The external damping coefficient bext and the 
supplementary mass msup both equal zero as no external 
damping and no tuning is applied. k equals !!!!!, with Aw 
the waterline area. The BEM software package WAMIT [9] 
calculated the hydrodynamic parameters ma, bhyd and Fex,A of 
the wave-device interaction for a range of wave frequencies. 

The comparison for the tests in the wave flume in Figure 
IV-1 shows a shift of the experimental results towards larger 
periods, as the measured natural period of 1.176 s is slightly 
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larger than the numerically predicted value of 1.147 s. 
Comparing both curves after shifting the experimental results 
towards left, indicates an acceptable agreement for small and 
large periods, but the measured values are still smaller as no 
internal friction is considered in the numerical model. Around 
the natural period, a non-negligible difference occurs due to 
the large buoy amplitude and velocity which cause a 
non-linear hydrostatic restoring force and viscous losses. Both 
effects are not taken into account in the calculation. For the 
wave height of 0.100 m and the measured natural period, the 
available stroke under water is insufficient and the buoy hits 
the foot during its vertical motion.  

The undamped buoy motion shows in general the expected 
trend, indicating that the influence of the reflection of the 
sidewalls is probably small compared to the other forces. 

 
Figure IV-1: Comparison between measured and calculated values 
for the amplitude of the undamped buoy motion in the wave flume 
(water depth d = 0.70 m) as a function of the incident wave height 
and period. 

V. CONCLUSION 
A generic heaving point absorber WEC is developed in 

view of production on large scale. The friction characteristics 
of the damping system, the influence of the measurement 
instrumentation and the reflection coefficient of the device are 
determined.  

The buoy motion without and with external damping force 
is measured. The undamped motion is compared to numerical 
predictions, showing an acceptable agreement away from 
resonance. For the damped motion, optimum power 
absorption by the PTO-system is experimentally derived in 
regular waves, realizing the largest wake behind the buoy.  

The influence of the presence of the device on the wave 
field is represented by determining the change in measured 
wave height compared to the incident wave height, although 
the wake of one WEC is limited. 
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Ontwikkeling van een point absorber 
golfenergieconverter: realisatie van power take-off, 
optimalisatie van geometrie en installatietechnieken  
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 Samenvatting – In het kader van het project WECwakes [1]  
binnen het Europese HYDRALAB IV programma zijn 
grootschalige experimenten gepland met GEC-parken, bestaande 
uit point absorbers die enkel in de verticale richting kunnen 
bewegen, om effecten binnen en achter de parken te 
onderzoeken. Een schaalmodel van een point absorber is 
ontwikkeld en geoptimaliseerd aan de hand van experimenten in 
een golfgoot en golfbak. De stabiliteit en stijfheid van de voet en 
as, verschillende installatietechnieken, de invloed van de 
meetinstrumenten, de karakteristieken van het PTO-systeem en 
de interne wrijving zijn eerst in detail bestudeerd. Na controle 
van deze eigenschappen zijn de ongedempte en gedempte 
boeibeweging, de reflectiecoëfficiënt van het model en zijn 
invloed op het golfklimaat onderzocht. 

Trefwoorden – point absorber, zogeffecten van 
golfenergieconvertoren, golfgoot/golfbak, fysisch model 
experimenten, golfenergie 

I. INLEIDING 
De ontwikkeling van hernieuwbare energiebronnen is 

noodzakelijk om tegemoet te komen aan de stijgende 
energievraag, aangezien de reserves aan fossiele brandstoffen 
dalen. Het winnen van energie uit oceaangolven is één domein 
binnen deze context, dat aan belangstelling wint. Er zijn veel 
verschillende concepten van golfenergieconvertoren (GECs) 
ontwikkeld, zoals de point absorber, oscillerende 
waterkolommen, overslaande structuren, enz. Opdat het 
geleverde vermogen op één plaats aanzienlijk zou zijn, wordt 
een groot aantal GECs in parken op zee ingeplant.  

Bij de schikking van de convertoren binnen een park wordt 
rekening gehouden met enerzijds het effect van één GEC op 
de vermogensabsorptie van een nabijgelegen apparaat 
(near-field effects) en anderzijds met de invloed van de 
afgenomen golfhoogte in het zog achter een park op andere 
activiteiten op zee of aan de kustlijn (far-field effects). Er is al 
veel numeriek onderzoek uitgevoerd rond GEC-parken 
(b.v. [2],[3],[4],[5]), maar het aantal grootschalige 
experimentele studies is beperkt.  

Binnen het Europese HYDRALAB IV programma is het 
project WECwakes [1] gelanceerd. Fysische proeven met 
GEC-parken bestaande uit 20 point absorbers zullen 
uitgevoerd worden voor verschillende lay-outs en 
tussenafstanden van de GECs. Het is de bedoeling om 
numerieke methoden te controleren en verder te ontwikkelen 
en om de geometrische lay-out van GEC-parken te 
optimaliseren voor reële toepassingen. Een schaalmodel van 
een point absorber GEC moet ontwikkeld en geoptimaliseerd 
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worden, zodat het gedrag in overeenstemming is met de 
werkelijke impact van een GEC op het golfklimaat. Het model 
is eenvoudig wat betreft zijn structuur en operationeel gedrag 
waardoor het gemakkelijk op grote schaal kan geproduceerd 
worden. 

II. SCHAALMODEL 

A. Geometrie en materialen 
Het principe van het ontwikkeld schaalmodel is geschetst in 

Figuur II-1. De point absorber heeft een hemisferisch 
bodemstuk, gemaakt uit polyurethaan dat gestort is in een mal, 
en een cilindrisch geprefabriceerd bovenstuk uit PVC met een 
deksel uit hetzelfde materiaal. Zijn totale hoogte bedraagt 
60 cm. De diepgang van 31.5 cm is gelijk aan de diameter, 
wat overeenstemt met een massa van 20.545 kg. De GEC kan 
enkel in de verticale richting bewegen langsheen een 
vierkante, holle as uit inox, die onderaan verankerd is in een 
betonnen voet van 15 cm dik. Deze vaste as wordt doorheen 
een lichtjes grotere aslager binnenin de boei geplaatst, die 
over de volledige hoogte doorloopt om waterinfiltratie te 
vermijden. Dankzij de vierkante vorm roteert de boei niet 
rondom de as. De beweging in het horizontale vlak, te wijten 
aan de marge tussen de as en de lager, wordt verhinderd door 
twee PTFE-lagers onder- en bovenaan in de boei. Er wordt 
een smalle marge van 0.25 mm voorzien tussen de as en de 
blokjes om bijkomende interne wrijving te vermijden. Dit 
wordt versterkt door de lage wrijvingscoëfficiënt van de 
staal-PTFE combinatie [6-8]. 

 
Figuur II-1: Principeschets van de point absorber (dimensies in cm). 

De power take-off (PTO) is gesimuleerd met een 
mechanische rem, waarbij de onttrokken energie verloren gaat 
door wrijving. Het systeem bestaat uit vier veren, die een 



normaalkracht uitoefenen op twee PTFE-blokjes bovenop de 
boei, die op hun beurt tegen de as worden geduwd. De externe 
dempingskracht kan bepaald worden met formule (1) met 
Fdemp,A de grootte van de kracht, ! de wrijvingscoëfficiënt, 
Fveren de veerkracht en z de boeipositie. 

!!"#$,!"# = −!!"#$,! ∙ !"#
!"
!" = −! ∙ !!"#"$ ∙ !"#

!"
!"  (1) 

B. Wrijvingseigenschappen 

Het schaalmodel is onderworpen aan testen in de 
mechanische trekbank van de afdeling Mechanische 
Constructie en Productie van de Universiteit Gent om de 
wrijvingseigenschappen te bepalen.  

De inwendige wrijving binnenin het model veroorzaakt 
ongewenste energieverliezen en wordt daarom opgemeten. De 
grootte van de kracht blijkt echter sterk afhankelijk van de 
temperatuur en de relatieve vochtigheid, aangezien er een 
variatie van bijna 50 % is opgemeten voor testen uitgevoerd 
op verschillende dagen. De waarde is dus niet nauwkeurig 
gekend. 

De wrijvingscoëfficiënt ! van de staal-PTFE combinatie 
van het dempingssysteem is experimenteel bepaald om de 
dempingskracht, die correspondeert met een aangelegde 
veerkracht (zie Vgl.(1)), nauwkeurig te kunnen bepalen. De 
resultaten tonen verwaarloosbare verschillen tussen de 
wrijvingscoëfficiënten voor statische en dynamische wrijving 
en voor natte en droge wrijving. Stick-slip wordt dus 
vermeden en de mogelijks niet gesmeerde wrijving aan de 
bovenste lager zal geen belangrijke bijkomende wrijving 
veroorzaken. Een gemiddelde waarde over de verschillende 
testen van 0.07 is gebruikt voor verder onderzoek. Dit stemt 
overeen met het theoretische interval van 0.04 tot 0.10. 

Voor het merendeel van de testen is de beweging van de 
boei opgemeten met een potentiometer, waarbinnen een draad 
op- en ontwindt. Testen in de mechanische trekbank tonen aan 
dat deze draad een terugroepende kracht uitoefent op de boei 
en dat er een bijkomende interne wrijving in het 
meetinstrument optreedt. Het eerste ongunstige effect kan 
grotendeels gereduceerd worden door een bijkomende massa 
(0.468 kg) bovenop de boei te plaatsen. De gewenste diepgang 
wordt opnieuw bereikt en de wijziging van de terugroepende 
kracht over de totale lengte van de draad is klein. 

III. EXPERIMENTEEL ONDERZOEK 

A. 2D golfgoot 
De eerste reeks testen is uitgevoerd in de grote golfgoot van 

het laboratorium van AWW, Universiteit Gent. Deze 
opstelling heeft een breedte van 1 m en de waterdiepte 
bedraagt 70 cm. Regelmatige golven worden aangelegd, die 
zijn bepaald op basis van Froude-schaling van metingen voor 
de kust van verschillende Europese landen (b.v. België, 
Frankrijk). Dit resulteert in golfhoogtes van 0.050 m en 
0.100 m en periodes variërend van 0.800 s tot 1.500 s [6-8]. 

De horizontale beweging van de as is beperkt dankzij zijn 
hoge buigstijfheid. De beste resultaten worden bekomen door 
de voet te verankeren, maar de resultaten van testen met de 
voet los op de bodem zijn ook aanvaardbaar. Metingen van de 
ongedempte boeibeweging met en zonder de aanwezigheid 
van de potentiometer tonen aan dat de invloed van dit 
meetinstrument daalt in hogere golven.  

De golfgoot is niet geschikt voor nauwkeurige metingen van 
de gedempte boeibeweging of van de golven wanneer de boei 
aanwezig is. Het schaalmodel heeft een grote diameter ten 
opzichte van de breedte van de golfgoot. Er is een belangrijke 
verstoring door de reflectie van de zijwanden, wat zorgt voor 
niet-herhaalbare gedempte bewegingen van de boei en 
onregelmatige verheffingen van het wateroppervlak.  

B. 3D golfbak 
Experimenten zijn uitgevoerd in de golfbak van Queen’s 

University Belfast in Portaferry om de ongunstige invloed van 
de reflectie van de zijwanden te elimineren. Regelmatige en 
onregelmatige golven met dezelfde golfhoogte en –periode 
worden aangelegd [7-8]. De herhaalbaarheid van de gedempte 
boeibeweging is bevestigd, zodat het PTO-systeem kan 
behouden worden. 

Een optimaal geabsorbeerd vermogen wordt nagestreefd in 
regelmatige golven omdat hierbij het grootste zog wordt 
gerealiseerd. Het gemiddeld vermogen geabsorbeerd door het 
PTO-systeem wordt berekend voor verschillende externe 
dempingskrachten met behulp van formule (2), zonder hierbij 
de interne wrijving in rekening te brengen: 

!!"#,!"# = 1
! !!"#$ ∙ !!"#$ ! !!"

!

!
= 4 ∙ 1! ∙ !!" ∙ !!"#$,! (2) 

met Fdemp,A de grootte van de externe dempingskracht, zAs de 
amplitude van de boeibeweging en T de corresponderende 
periode. Het resultaat voor één golfconditie is gegeven in 
Figuur III-1 en de parabolische trendlijn toont aan dat het 
geabsorbeerd vermogen weinig gevoelig is voor de 
aangelegde dempingskracht rond het optimum, aangezien de 
curve weinig steil is in haar top.  

 
Figuur III-1: Gemiddeld geabsorbeerd vermogen door het 
PTO-systeem in functie van de externe dempingskracht 
(golfconditie: golfhoogte H = 0.100 m en golfperiode T = 1.100 s – 
waterdiepte d = 0.61 m). 

De invloed van de aanwezigheid van de boei op het 
golfklimaat wordt onderzocht door de verandering in 
opgemeten golfhoogte t.o.v. de invallende golfhoogte te 
bepalen, geregistreerd door tien golfhoogtemeters voor, na en 
naast de boei. Zowel constructieve als destructieve 
interferentie van de invallende, geradiëerde, gediffracteerde 
en gereflecteerde golven is waargenomen op de posities van 
de golfhoogtemeters. Het ruimtelijk patroon is afhankelijk van 
de invallende golfperiode. Het zog van één boei is echter 
beperkt en moeilijk voor te stellen door puntmetingen. De 
variatie van de significante golfhoogte in onregelmatige 
golven is kleiner dan van de gemiddelde golfhoogte in 
regelmatige golven. De golfhoogtemeters voor de boei 
worden aangewend om de reflectiecoëfficiënt te bepalen, wat 
resulteert in een gemiddelde waarde van 0.20. 
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IV. VERGELIJKING MET NUMERIEKE DATA 
De amplitude zAs van de boeibeweging in regelmatige 

golven is numeriek voorspeld voor een ongedempte beweging 
door het toepassen van de lineaire point absorber theorie: 

!!"(!) =
!!",!(!)

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! !
 (3) 

met ! de hoekfrequentie van de invallende golf, Fex,A de 
amplitude van de verticale component van de exciterende 
golfkracht, k de hydrostatisch herstellende coëfficiënt, m de 
massa van de boei, ma de hydrodynamisch coëfficiënt van 
toegevoegde massa en bhyd de hydrodynamische 
dempingscoëfficiënt. De externe dempingscoëfficiënt bext en 
de supplementaire massa msup zijn beide gelijk aan nul, 
aangezien er geen externe demping of tuning wordt toegepast. 
k stemt overeen met !!!!!, met Aw de oppervlakte ter 
hoogte van de waterlijn. Het BEM software pakket WAMIT 
[9] berekent de hydrodynamische parameters ma, bhyd en Fex,A 
van de golf-GEC interactie voor verschillende golffrequenties.  

De vergelijking met de testen in de golfgoot in Figuur IV-1 
toont een verplaatsing van de experimentele resultaten naar 
grotere periodes, aangezien de opgemeten natuurlijke periode 
van 1.176 s lichtjes groter is dan de numeriek voorspelde 
waarde van 1.147 s. Wanneer beide curven vergeleken 
worden na het verplaatsen van de experimentele meetpunten 
naar links, blijkt er een aanvaardbare overeenkomst te zijn 
voor kleine en grote periodes. De opgemeten waarden zijn wel 
kleiner, omdat de interne wrijving niet beschouwd wordt in 
het numeriek model. Rond de natuurlijke periode is er een 
niet-verwaarloosbaar verschil, dat te wijten is aan de grote 
amplitude en snelheid van de boeibeweging. Deze 
veroorzaken een niet-lineaire hydrostatisch herstellende kracht 
en viskeuze verliezen. Beide effecten worden niet in rekening 
gebracht in de berekeningen. De beschikbare ruimte onder 
water is onvoldoende voor de test met een golfhoogte van 
0.100 m en de opgemeten natuurlijke periode: de boei raakt de 
voet tijdens de verticale beweging.  

De ongedempte boeibeweging vertoont in het algemeen het 
verwachte verloop, wat erop wijst dat de invloed van de 
reflectie van de zijwanden waarschijnlijk klein is in 
vergelijking met de andere krachten.  

 
Figuur IV-1: Vergelijking tussen de opgemeten en berekende 
waarden voor de amplitude van de ongedempte boeibeweging in de 
golfgoot (waterdiepte d = 0.70 m) in functie van de invallende 
golfhoogte en -periode. 

V. CONCLUSIE 
Een generieke point absorber, die beperkt is tot verticale 

beweging, is ontwikkeld met het oog op productie op grote 
schaal. De wrijvingseigenschappen van het dempingssysteem, 
de invloed van de meetinstrumenten en de reflectiecoëfficiënt 
van de boei zijn bepaald.  

De ongedempte en gedempte boeibeweging zijn opgemeten. 
De ongedempte beweging is vergeleken met numerieke 
voorspellingen en toont een goede overeenkomst, behalve 
rond de natuurlijke periode van de GEC. Voor de gedempte 
beweging wordt op een experimentele manier optimale 
absorptie door het PTO-systeem in regelmatige golven 
nagestreefd, omdat hierbij het grootste zog achter de boei 
gerealiseerd wordt.  

De invloed van de aanwezigheid van de GEC op het 
golfklimaat is voorgesteld door de verandering van de 
opgemeten golfhoogte t.o.v. de invallende golfhoogte te 
bepalen, hoewel het zog van één boei beperkt is. 
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1 

Introduction  
 

 

This chapter starts with indicating the necessity of the further development of 
renewable energy resources in general, since mother earth’s reserves are not 
inexhaustible. In this context, wave energy is a powerful but not yet profitable 
option. Several already performed studies of interest for this thesis are given to 
point out the small number of experimental studies with wave energy converters 
(WECs) in a farm or array. Consequently, the project WECwakes (Stratigaki et al., 
2011a) is developed and within this project, the objective of this thesis can be 
found. To conclude, an outline of this work is given. 
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1.1 Renewable energy 

1.1.1 Europe 2020 

Since humanity keeps expanding – according to the United Nations (UN) the population is expected to 
surpass 9 billion by 2050 – and since the ecological footprint of the Western society has reached such 
a high level, it will be impossible to maintain this lifestyle for many more decades. The energy 
demand is increasing while the reserves of fossil fuels are shrinking. In addition, the effect of the 
greenhouse gas emissions on the change of the wave climate can no longer be neglected. In 
March 2007, the leaders of the European Union (EU) committed Europe to transforming itself into a 
highly energy-efficient, low carbon economy. This requirement is translated into a series of 
demanding climate and energy targets to be met by 2020, known as the "20-20-20" targets. These 
targets demand a reduction in greenhouse gas emissions of 20 % compared to 1990, an amount of 
20 % of the total energy consumption to come from renewable energy resources and an increase of 
20 % in energy efficiency. The development of renewable energy resources will contribute to 
decreasing the EU’s dependence on imported energy and to reducing greenhouse gas emissions. 
Therefore, the EU is mandating increased use of renewable energy sources, such as wind, solar, hydro 
and biomass, and of renewable transport fuels, such as biofuels (European Commission website). 

1.1.2 Wave energy 

Nowadays, there is growing interest in and research into sea waves as source of green energy. A lot of 
study has already been performed in the field of developing wave energy converters, with European 
countries like England and Denmark as pioneers. This has resulted in different concepts, which can be 
classified into two main categories (Stratigaki et al., 2011a). On the one hand, there are overtopping 
devices, which absorb wave energy by capturing the overtopped waves in a basin above sea level. On 
the other hand, there are point absorbers and oscillating water columns (OWCs), which do not only 
absorb the energy from the waves but also radiate waves themselves. Another classification is 
mentioned in Vantorre et al. (2004): there are active devices where the device responds to the wave 
action and produces the mechanical work (floating bodies, e.g. point absorbers) and there are passive 
devices where the WEC remains stationary and the water movement relative to the structure is made 
to work (e.g. OWCs, overtopping devices). 

To deliver a considerable amount of energy output at one location, there are two possibilities. One can 
design large-scale converters with high capacity or one can arrange large numbers of small capacity 
devices in arrays or farms at sea. Pioneer investigators, like Falnes, have promoted the idea of 
WEC-farms. Advantages of this idea are the easier development and the cheaper mass production of 
small absorber units (Falnes, 2000).  

The geometrical layout of such a farm can be determined taking into account the wake effects, which 
are the changes in the wave conditions due to energy extraction by WEC-farms. The near-field effects 
include the effect of the operational behaviour of a single device on the power absorption of the 
neighbouring WECs in the farm, thereby affecting the overall power absorption within a farm. The 
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far-field effects comprise the influence of the reduced wave height in the wake behind a large farm on 
neighbouring farms, on the ecological system and on others activities at sea or at the coastline.  

During the design of a WEC and the layout of the farm, the study can be performed numerically or by 
testing a physical model. According to Falcão (2010), numerical modelling needs to be applied in the 
first stages of the design, but model tests in a wave basin or wave flume are necessary since the 
numerical methods suffer important limitations (e.g. inability to account for losses due to real viscous 
fluid effects). Data from experimental studies can be used to verify the numerical models in order to 
further develop and optimize them.  

1.2 Research overview 

In this section, several important, already executed studies are mentioned. A few numerical models 
and studies concerning WEC-arrays are given, followed by a detailed description of physical 
modelling from the past. The emphasis is on experimental research of heaving point absorbers, since 
this will be the focus of this thesis. The first series of experimental studies focuses on individual or 
pairs of WECs. Secondly, an overview of studies with small arrays of WECs is given. A last part deals 
with heaving multi-point absorber systems, of which some are tested under real sea conditions.  

1.2.1 Numerical modelling of WEC-arrays 

There are several numerical methods developed to predict the behaviour of WECs and to study 
WEC-farms (Stratigaki et al., 2011a). Boundary Element Methods (BEM) based on potential flow can 
be used to study near-field effects for small computational domains. Wave propagation models, such 
as SWAN (Booij et al., 2007) and MILDwave (Troch, 1998), are employed to analyse the far-field 
effects, as a much larger computational domain is required. WECs can be represented by a porous 
structure extracting energy from the waves and thereby influencing the incident wave field by 
reflection, transmission and absorption. The time-dependent mild-slope equation model MILDwave is 
for example used in Troch et al. (2010), in which the wake effects in the lee of a single WEC and 
multiple WECs of the overtopping type are investigated, and in Stratigaki et al. (2011b), in which the 
influence of the wind on the wake in the lee of a WEC-farm is examined. A review of numerical 
modelling on WEC-arrays has been performed in Folley et al. (2012). Only a few recent, important 
studies with the associated model are presented in this section.  

Babarit (2010) made a numerical model with input of hydrodynamic coefficients calculated using the 
BEM based code AQUADYN. The purpose was to study the impact of the separating distance 
between two systems within a wave farm on the power absorption in deep water for both regular and 
irregular waves. Most studies on WEC-arrays considered closely spaced floating bodies, but he 
illustrated that there are still noticeable wave interaction effects at large distance. Two different farms 
were considered: one composed of two heaving, semi-submerged cylinders with diameter and draft of 
10 m and another composed of two surging, semi-submerged rectangular bodies with width and draft 
also equal to 10 m, both with an idealised PTO-system. He did not work with the usual interaction 
factor, which is the ratio of the average power output of arrays to the total power output of the same 
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number of isolated devices, but he introduced a modified interaction factor. Based on the calculation 
of this parameter, it was noticed that the influence of wave interactions on absorbed power decreased 
in regular waves with the square foot of the distance resulting in an impact of 10 to 15 % at a distance 
of 2000 m. The impact in irregular waves was smaller because constructive and destructive 
interactions compensated each other (less than 10 % at 400 m). The author suggested that wave 
interaction effects may be neglected for distance greater than 500 m and must be taken into account 
for distance shorter than 100 m for WECs with typical dimension around 10 m.  

The same WEC-types were studied in Borgarino et al. (2012) by using the BEM software Aquaplus. 
WEC-arrays of 9, 16 and 25 devices, identically in geometry and PTO and placed in a regular square 
and triangular grid, were considered in a parametric study to investigate the influence of the separating 
distance, which takes values from 10 to 50 times the characteristic length of the WEC. Grouping the 
devices into arrays had generally a constructive effect, however, a square grid seemed not appropriate 
for surging bars as strong destructive interference occurred. It was recommended to tune the PTO of 
the WEC to the local wave climate, thereby maximizing the yearly energy production. By using 
large-banded WECs, interactions over a significant part of the wave frequency range were ensured. As 
the negative and positive interactions compensated each other in general, there was some flexibility in 
the positioning of the WECs. 

Oskamp and Özkan-Haller (2012) used the BEM package WAMIT (WAMIT website) to predict the 
response of a wave follower type WEC, which was not designed to resonate. It was a cylinder with a 
diameter of 10 m and a height of 2 m, that had all six degrees of freedom, but only power extraction 
from the heave motion was considered. The predicted response was used to estimate the power output, 
which was maximized by adjusting the damping to one year of hourly wave spectra, measured by a 
buoy located 30 km off the coast of central Oregon. The passive tuning was applied for different time 
scales from hourly to annually. The difference in power output was only 3 %, indicating the 
considered WEC was not very sensitive to the applied damping. A square array of four WECs with 
100 m spacing and annually tuning was also studied, showing the annual power output was 5 % lower 
than for four isolated WECs. This study showed that array interactions may be neglected at first order 
if the WECs are non-resonating and placed at a distance of 10 times the diameter from each other.  

Wolgamot et al. (2012) carried out BEM hydrodynamic calculations with DIFFRACT on 
three-member arrays, namely an array consisting out of heaving hemispheres, one out of surging and 
swaying hemispheres and another one out of a heaving hemisphere, a surging ellipsoid and a swaying 
elliptical cylinder. All rigid bodies underwent optimum displacements in regular waves and the aim 
was to examine the influence of the wave direction. The results for the arrays with axisymmetric 
devices confirmed the identity that the average of the interaction factor over all incident wave 
directions from 0 to 2π is equal to unity. A more fundamental result underlies this identity, namely 
that the maximum power that a single non-axisymmetric device can absorb, averaged over all 
directions, is the same as for an axisymmetric device. This was checked and confirmed for the last 
heterogeneous array. It indicated that the high power absorption for a certain incident wave angle must 
be associated with less absorption at another wave heading.  
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Folley and Whittaker (2010) developed a WEC spectral model which can be included in spectral wave 
models with minimal modification. It is an extension to frequency-domain models that can accurately 
model non-linear forces and reasonable estimate the WEC performance. It assumes that the dynamics 
can be separated into a set of statistically orthogonal frequency components calculating the response 
of a WEC as the sum of the individual frequency responses. The model was applied to two examples, 
namely a flap-type WEC with a quadratic damping term to model the effect of vortex shedding and a 
flap-type WEC with large amplitudes of motion to represent wave force decoupling. Both showed 
similar levels of accuracy as time-domain simulations with less computationally demanding. 

Child and Venugopal (2010) optimized the total power output of a WEC-array by selecting an 
appropriate configuration with the aid of two different methods: the Parabolic Intersection (PI) method 
and a Generic Algorithm (GA). An arrangement of five identical truncated circular cylinders, floating 
vertically in water of constant depth d, was considered. The optimization process was performed for 
regular waves with one incident wave frequency and direction for two different PTO arrangements 
(real and reactively tuned devices). For the array of reactively tuned devices, minimum power output 
was also pursued to demonstrate potential array-related losses. The PI method used the simplest 
calculations and made strong assumptions, which made it much faster than the GA. However, the 
latter one realised better performing arrays by using operators like crossover, which combines positive 
features of individuals to produce a fitter solution. The arrays were also more regular. Regular incident 
waves of different frequency and direction were also applied on the resulting arrays with fixed layout 
and PTO characteristics, resulting in suboptimal conditions. Some of the resulting behaviour was 
interpreted in terms of the geometrical features of the arrangements. In Child (2011), irregular sea 
states were applied to the aforementioned configurations, optimised for regular wave climates. The 
changes in power output of the arrays compared to isolated devices were less significant in irregular 
waves than in regular waves. The GA was then again used to create optimal array layouts for the 
irregular sea states. 

1.2.2 Physical modelling of individual and pairs of WECs 

Budal et al. (1979) published one of the first papers on experimental research of WECs. They used a 
pair of hemispherical ended floats 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. The 
tests were performed in a 1 m wide flume with a water depth of 1.5 m, in which the devices were 
placed at 0.25 m from the edges realising an array of two devices with a spacing of 6.66 times the 
radius along the wave crest. The free-response amplitude and absorption were measured for a wave 
period of 1.5 s. By adapting the mass and damping of the device, they were tuned to attain resonant 
response with the incident wave. A good agreement with the point absorber theory was found since the 
interaction factor increases linearly towards π as the device spacing approaches the wave length (from: 
Stallard et al., 2008 and Thomas et al., 2008).  

Count and Jefferys (1980) performed tests at the University of Edinburgh at a similar time, but 
detailed reports and measurements from this study seem to be lost (according to Stallard et al., 2008 
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and Thomas et al., 2008). The experiments consisted of the measurement of the interaction factor of a 
linear array of two or ten devices at relatively large device spacing (order of 10 times the device 
radius). There was a reasonable agreement with point absorber predictions, though friction on the 
supporting strut presented difficulties during testing. 

More recent research has been performed by Vantorre et al. (2004), who wanted to evaluate the 
possibility of wave energy conversion in the Belgian coastal area of the North Sea. Numerical 
modelling based on linear theory in Aquaplus (by SIREHNA, Nantes, France), was used to optimise 
the geometry and dimensions of a heaving point absorber to obtain maximum power absorption. The 
results of these numerical calculations were afterwards evaluated by physical model tests, performed 
in the wave flume at Flanders Hydraulics Research in Antwerp, Belgium. This flume is 70 m long, 
4 m wide and 1.4 m high. The setup was installed at the centreline at a distance of 15 m from the wave 
paddle and the water depth was held at 1.0 m. The buoy (see 1 on Figure 1-1) was connected to a steel 
rod that could translate vertically, guided by two axial bearings attached to a frame. A supplementary 
mass (see 2 on Figure 1-1) could be added and the damping of the rotation was realised by a 
mechanical system, consisting of two curved elements covered with a felt that could be pressed 
against a wheel, which was attached to one of the guiding pulleys (see 3 on Figure 1-1). Based on 
measurements at the Belgian coast corresponding with the dominant wind direction south-west, nine 
classes of significant wave height and average wave period varying from respectively 0.0 m to 4.5 m 
and 2.5 s to 6.5 s were considered. The effect in both regular and irregular waves was studied. 

 
Figure 1-1: Point absorber WEC used in Vantorre et al. (2004). 

The numerical simulation resulted in a bi-conical buoy shape with top angles of 60° and 120°, which 
had a large wetted area close to the free water surface, making the buoy benefit from higher wave 
excitation forces, while the smaller top cone assured a sufficient draft, reducing the probability of 
slamming (De Backer, 2009). During the physical tests however, the bi-cone buoy shape seemed to 
experience non-linear effects since the waterline area was not constant during the vertical motion. A 
conical shape with top angle of 90° was ought to ensure the optimum hydrodynamic performance by 
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providing a curvature as transition between the conical and cylindrical part to limit hydraulic losses 
caused by vortex shedding. 

In regular waves, the system was first tuned towards the incident wave field by adding an appropriate 
supplementary mass. The measured amplitude of the vertical motion of the buoy was smaller than 
numerically predicted when a low external damping force was applied. The high velocity of the heave 
motion of the buoy caused undesired energy losses due to viscous effects and vortex shedding, which 
were not taken into account in the numerical model. The differences between the measured and 
calculated values decreased with increasing damping. Next, the incident wave period was varied with 
the supplementary mass held fixed. The corresponding power absorption showed a decrease when 
there is discrepancy between the natural frequency ωn of the device and the frequency ω of the 
incident wave. This decline was drastic for long waves (ω < ωn) and quite moderate for short waves 
(ω > ωn). The influence of the incident wave height on the absorbed power was also considered, 
resulting in a power absorption efficiency of maximum 140 % in waves with small amplitude. This 
efficiency decreased with increasing wave height, though more power may be captured in higher 
waves. Over all wave height classes, there was an average efficiency of 60%. In irregular waves, the 
mechanical damping system did not operate as desired since the damping force had a constant absolute 
value regardless the buoy’s velocity. In small waves this caused an overdamping, while in high waves 
the damping was insufficient. During the tests, the device was again tuned in order to obtain 
resonance. Varying damping forces were applied and the power absorption efficiency reached values 
of about 50 %, which could be improved by decreasing the buoy’s draft. Mistuning the device by 
varying the supplementary mass showed a decrease in absorbed power, but the actual decrease, 
measured during the experiments, was less than predicted in the numerical model, marking a second 
difference between the numerical and experimental data, though the effect on the absorber efficiency 
was now positive. 

Validation of numerical models by experimental results is also performed by Durand et al. (2007). 
Experiments were executed with the 1:12 scale model SEAREV_G1 in the wave tank of Ecole 
Centrale de Nantes, which measures 30 m by 50 m and has a depth of 5 m. The device was the first 
shape of the SEAREV WEC, which consists of a closed floating buoy with a large pendulum wheel 
inside (see Figure 1-2). This wheel moves relative oscillatory around a horizontal axis when waves set 
the device into motion, thereby driving hydraulic motors that are coupled to electrical generators. The 
buoy has more than one degree of freedom, as it can move in heave, pitch, sway, etc. The mooring 
was realised by three submerged buoys and six chain mooring lines. Regular and irregular waves with 
wave amplitude of 0.042 m and wave frequencies varying from 0.4 Hz to 0.65 Hz were applied. Two 
numerical models were validated: a fully linear numerical model, which assumed linearity of the 
behaviour of the pendulum and of the fluid, and a non-linear mechanics numerical model, in which a 
non-linear motion of the pendulum was considered. 
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Figure 1-2: Principle scheme of the SEAREV WEC (Durand et al., 2007). 

In regular waves, the correspondence of the measured buoy motion and absorbed power with the fully 
linear theory was bad. A good agreement between the experimental results and the non-linear 
mechanics numerical model was found over the whole frequency range, except between 0.52 Hz and 
0.58 Hz. This discrepancy at the central range was caused by slamming of the buoy around the pitch 
natural frequency of the device, which caused energy dissipation. The numerical derived amplitude 
was therefore higher than the experimentally measured amplitude. Adapting the numerical model by 
adding empirical damping laws to model slamming ensured a good agreement with the experimental 
results over the whole frequency range. In irregular waves, the mean energy production was measured 
and compared with a linear numerical model. When the waves remained small, there was a good 
agreement, but with larger amplitude, non-linear effects such as slamming and roll instabilities limited 
the buoy motion in the vertical plane and the energy absorption decreased. The numerical model did 
not predict these effects. Real time latching of the device by a magnetic brake was also applied and 
improved the energy production in regular waves over practically the whole frequency range by a 
factor from 1 to 10. In irregular waves, the improvement reached values of 50 % to 86 %. 

De Backer (2009) continued the experimental research from Vantorre et al. (2004) by performing tests 
on a single buoy taking into account slamming, stroke and force constraints. The same wave flume of 
Flanders Hydraulic Research in Antwerp, Belgium, was used with an operating water depth of 1 m. 
The device was installed in the first part of the flume at a distance of 12 m from the paddle. Absorbing 
material was placed at the end of the flume to avoid reflection. The model, made on a scale 1:15.9, 
consisted of a floating buoy connected to a rod, oscillating with respect to a fixed structure (see Figure 
1-3). This rod was attached to a rotating belt, which is supported by three bearings and a pulley that is 
connected to a rotating shaft. 

Two buoy shapes were investigated: a cone and hemisphere shape, both with a cylindrical upper part 
and a diameter of 31.5 cm, while the draft varied from 18.90 cm over 22.05 cm to 28.35 cm by 
changing the mass on top of the buoy. The damping force was also realised by a mechanical brake 
made out of a circular element, that was covered by felt at the inside and could be pressed on a wheel 
mounted on the shaft. Regular waves with a wave height varying from 10.4 cm to 14.4 cm and a wave 
period varying from 1.36 s to 1.75 s were applied. Also two sea states of irregular waves were tested: 
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one with a wave height of 6.2 cm and a wave period of 1.59 s, another one with a wave height of 
9.6 cm and a wave period of 1.83 s. These applied sea states were representative for the mild wave 
climate on the Belgian Continental Shelf. 

 
Figure 1-3: Point absorber WEC used in De Backer (2009). 

The linear theory to describe the behaviour of the point absorber and the fluid is validated by 
comparing to measurements from the physical tests. The hydrodynamic parameters were derived 
making use of the BEM package WAMIT. The non-negligible internal friction of the setup is taken 
into account for the comparison. When the buoy operated in regular waves relatively far from 
resonance, the correspondence between the calculated and measured results was very well. When the 
difference between the natural frequency and the frequency of the incident wave decreased, the 
discrepancy increased and became very large for small external damping values. Like in Vantorre et 
al. (2004), the cause was again found in the assumptions of linear theory: the amplitude of the vertical 
motion and the velocity of the point absorber were very large near resonance, especially when the 
damping was low. Therefore, it could not be precisely described by a linear theory due to non-linear 
effects such as viscosity and a non-linear hydrostatic restoring force, that were not taken into account 
in the numerical model. The theoretical efficiencies were overestimated and reached values larger than 
100 %, while the experiments showed maximum values of 60 %. Tests with the irregular waves were 
performed with the cone-cylinder shape for suboptimal tuning. The agreement between experimental 
and numerical results was now very good, since the difference in power absorption did not exceed 
20 %. The linear theory can thus predict the point absorber behaviour in irregular waves for all 
frequencies when the waves and buoy motion are small. 

1.2.3 Physical modelling of small WEC arrays 

A few studies have been performed on closely-spaced arrays of heaving wave energy devices, because 
WECs like the Wave Star and the Manchester Bobber, which are described in Section 1.2.4, are 
composed out of several heaving devices installed close to each other (spacing of four times the float 
radius). Stallard et al. (2008) and Weller et al. (2009) put forward the necessity of experimental 
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research of such arrays, because due to the small distances between the devices, the response of each 
device is influenced by the diffracted and radiated wave field of the other devices and this effect needs 
to be implemented in the numerical models. In both papers, experimental data for development and 
verification of numerical models are provided. Thomas et al. (2008) also performed experiments on 
closely-spaced devices and compared these results to numerical predictions, derived by using 
WAMIT. Alexandre et al. (2009) wanted to determine the change of the wave characteristics due to 
the presence of such an array. A short description of the setup and results of those studies is given. 

Stallard et al. (2008) examined the effect of array size and configuration on the power output and the 
response of individual floats compared to an isolated float. He performed experimental tests in the 
wave flume of Manchester University, which is 5 m wide, 18.5 m long and 45 cm deep. The devices 
had a hemisphere-cylinder shape with a diameter of 15 cm supported by a cable running over a pulley 
to a counterweight (see Figure 1-4). The pulley shaft was connected to a generator shaft through a 
freewheel clutch. A mechanical torque Tm resisted the rotation of the flywheel, thereby applying 
damping on the system and extracting energy. Tethers must ensure only heave motion, but due to the 
weakness of this constraint, surge motion was also allowed in severe conditions in order to avoid large 
horizontal loads on the structure. When comparing these results to numerically derived results, 
attention will need to be given to the non-linear influence of the tethers and the clutch.  

 
Figure 1-4: Point absorber WEC used in Stallard et al. (2009). 

Three configurations were tested: an array of three floats aligned with the direction of wave 
propagation, nine floats in square arrangement and an array of three by four floats, all with equal 
spacing of four times the device radius. Regular waves with a nominal amplitude of 13 mm and 
varying frequency were applied.  

Within the array of three floats with all the same mechanical torque, the magnitude of the power 
generation and the wave length, responsible for the peak absorption, changed with position. The 
middle float had the largest peak due to circular waves radiated by the other floats. The back float had 
a similar peak output as an isolated unit, while the mean output over the frequency range was slightly 
increased. The front float had a lower mean output than the other two devices, but it was quite 
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constant over a range of frequencies around the peak. Within the square array of devices, the output 
was symmetric about the centreline of the array, but the response of each row of three floats differed 
from the aforementioned isolated line. The float in the centre of the front line produced the largest 
power and the mean output was larger than the central float in a 3x1 array thanks to the presence of 
adjacent floats. Through the array, attenuation occurred: the middle and back floats on the centreline 
showed a great reduced response compared to the 3x1 array, although this was not observed for the 
floats on the edges.  

Compared to an isolated device, constructive interactions occurred since the interaction factors were 
greater than unity for all three floats in the front row. With distance through the array, these factors 
decreased resulting in destructive interference at the floats on the back. The mean interaction factor for 
the whole array varied with applied wave period between -25 % and +10 % of the output from an 
isolated device when the mechanical torque had a value of 8 Nm. When the torque increased, the 
interaction factors also increased, in particular for low frequency waves.  

The measurements of the free response of the devices in the square array showed a similar result as for 
the power capture: the maximum response occurred in the front row, where amplitudes of more than 
double the wave amplitude were measured, and the results were symmetric about the central line of 
the floats. In longer waves, all floats oscillated with similar amplitude but the response decreased 
when the wave length increased. Compared to the response of an isolated float, the amplitude 
increased in longer waves while it decreased in shorter waves. 

Weller et al. (2009) provided experimental measurements of the power absorbed by a 
two-dimensional rectangular array of twelve heaving devices (4x3) in both regular and irregular waves 
in a 5 m wide wave flume. The devices were cable supported, axisymmetric floats held in equilibrium 
by a counterweight over a pulley and they were again placed with a centre-to-centre spacing of 
four times the float radius (see Figure 1-5). Regular and irregular waves with amplitudes varying from 
0.0075 m to 0.032 m with frequencies ranging from 0.5 Hz to 1.63 Hz were generated.  

 
Figure 1-5: Experimental setup used in the research of Weller et al. (2009), 

left: point absorber WEC – right: flume configuration. 
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Average values of the capture width for rows in regular waves indicated that this width was similar for 
all rows at low frequencies, but for higher frequencies, this similarity between the row behaviour 
disappeared and the non-similarity increased with frequency. The results matched also well for all 
columns at low frequency, but again at higher frequencies, differences occurred. The central column 
had lower average capture widths possibly due to destructive interferes of radiated waves from the 
floats located in the outer columns. 

The power absorbed by the array was also compared with an identical isolated device, which was 
located at the centreline of the wave flume. In general, the row and column averaged factors were 
close to unity across the frequency range. The natural frequency of each device (1.2 Hz) was high 
compared to the tested range of frequencies. The same tests were therefore performed with twelve 
floats with a lower natural frequency (0.9 Hz) resulting in larger array averaged interaction factors. 
For low frequencies, the ranking of absorbed power per row was dependent on incident wave 
frequency. For higher frequencies, attenuation could be noticed. Less power was absorbed by rows 
further away from the paddles and this attenuation across the array became more pronounced with 
increasing frequency. The central column of devices produced on average less power than the outer 
columns. The calculated interaction factors thus appeared to vary with both incident wave conditions 
and device location within the array. 

In irregular waves, all central devices produced less power than the outer devices on the same row and 
the outer columns averages were generally well matched for all applied frequencies. The interaction 
factors associated with the lower significant wave height were higher, meaning the destructive 
interferences increased with wave height. The ratio of the power absorbed in irregular waves to those 
absorbed in regular waves declined with increasing peak frequency and is almost consistently higher 
for the isolated device case than the array average case. 

Thomas et al. (2008) measured the free response amplitude from rectilinear 5x1 arrays of tuned 
hemispherical floats with a distance of four times the radii between each other. The tests were 
performed in a 5 m wide flume with shallow draft heaving floats of diameter 1.5 m and supported by a 
pulley and counterweight (see Figure 1-6). Small scale monochromatic waves with a wave amplitude 
of 0.013 m and wave frequencies varying from 0.75 to 1.75 Hz were applied. The incident wave angle 
has values of 0° (head sea) and 90° (beam sea). 

Significant interactions within the array were observed for the closely spaced bodies, since the mean 
response amplitude was greater than a similar device in isolation for an incident wave period larger 
than the natural period. Within a head sea, the response of devices was asymmetric and attenuation 
was observed for example for a wave frequency of 1.44 Hz as the response of the front float was three 
times that of the back float. The experimental measurements were used to compare to the numerical 
predictions, derived using WAMIT and considering small-amplitude assumptions. The agreement was 
good, expect when predictions exceeded four times the incident wave amplitude. The small-amplitude 
assumptions were then no longer valid. At low frequencies, the measured responses were higher than 
predicted which could be due to the reduced waterline area for amplitudes larger than the float radius, 
which was not considered in the numerical prediction. 
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Figure 1-6: Experimental setup of Thomas et al. (2008) - left: float - right: flume configuration. 

The change of the wave characteristics due to the presence of a WEC-array was determined in 
Alexandre et al. (2009). Experiments were performed in the flume of Manchester University (like in 
Stallard et al., 2008). The WECs were heaving point absorbers based on the principle of the 
Manchester Bobber. Each device was made out of a float with a diameter of 15 cm and a mass of 
1.8 kg, which was partially supported by a counterweight of 0.4 kg. The vertical motion of the float 
was translated into the rotation of a flywheel via a pulley and a clutch. A dynamometer was used to 
model the generator, applying a load to represent full-scale power outputs of 300 kW and 600 kW per 
device, which corresponded with normal operating conditions. Two array configurations were 
investigated: a single row of 5 devices (5x1) aligned with the wave crest and a double row of 5 devices 
(5x2). The spacing was again in the order of four times the device radius. Irregular waves with a 
significant wave height of 2.7 m and a peak period of 10.7 s at full scale were applied. The water 
surface elevation was measured before and during the deployment of the arrays by three wave gauges 
up- and downwave the array (Figure 1-7). 

 
Figure 1-7: Experimental setup of Alexandre et al. (2009). 
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The measurements showed a reduction of the significant wave height across the array in all cases, with 
a maximum reduction of 14 % in the case of the 5x2 array and the largest reduction across the 
centreline of the array due to the symmetric position of the wave gauge. The magnitude of reduction 
varied with the number of devices installed and the rated power of the devices. The latter had a 
non-linear influence on the reduction. For a 5x1 array, the reduction was smaller with increased rated 
power, corresponding to a larger energy extraction despite the smaller change of wave height. This 
could be explained by the higher reduction of the float motion, resulting in a smaller amplitude of the 
radiated waves. For a 5x2 array, the measurements at the centreline and one side of the array showed a 
larger reduction of the significant wave height with increasing rated power, while the other wave 
gauge registered a decrease of the reduction. 

Also the spectral density variation across a WEC array was measured for a 5x2 array with power 
extraction of 600 kW. The presence of the WEC installation caused a slight reduction of the wave 
energy measured by the upwave gauges near the peak frequency and an increase over other frequency 
ranges. This was due to the radiated waves sent out by the WECs and the reflection of the incident 
waves from the WEC. The wave gauges downwave showed that the array caused changes in the wave 
spectrum that were frequency dependent. In two distinct regions, the energy reduction was largest: 
near the peak frequency of 0.1 Hz of the irregular waves and near the natural frequency of 0.15 Hz of 
the devices. 

1.2.4 Heaving multi-point absorber systems 

Wave energy converters like the Wave Star Roshage WEC (Marquis et al., 2010; Kramer et al., 2011), 
the Fred Olsen FO3 (Leirbukt and Tubaas, 2006) and the Manchester Bobber (Stansby, 2004) consist 
of a number of oscillating bodies installed close to each other, for economical and practical reasons, 
and supported from a common structure.  

The Wave Star Roshage WEC is a 1:2 scaled test and demonstration WEC by Roshage pier near 
Hanstholm at the west coast of Denmark (see Figure 1-8). The real device will have two rows of each 
10 round floats with a diameter of 5 m. The test unit at Roshage has 2 floats with a diameter of 5 m 
placed at one side, directed towards the dominant wave direction. These floats are hinged on a bridge 
structure, which consists of a main tube containing all equipment and stands on the seabed supported 
by four individual steel piles cast into concrete foundations. A hydraulic cylinder transfers the energy 
to the power take-off system when the float and arm move up and down by the waves. The maximum 
water depth in extreme conditions is 8 m and the maximum allowed wave height for operation is 6 m. 
When higher waves occur, the jacking sections at the end of the main tube lift this tube along the four 
legs up to the storm protection level.  

The structure is installed in September 2009 and works automatic unmanned since May 2010 (except 
for the jacking procedure, which is still operated manually). Since the installation, several storms have 
passed without any damage, proving the storm protection strategy. The power production depends on 
the wave climate, the control strategy, the part of the year, etc. Using a very simple control strategy, 
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the measurements showed that the power absorption is in accordance with the predictions. An 
improved control strategy is under development in order to increase the harvested power. 

 
Figure 1-8: Wave Star prototype (Marquis, 2010; Kramer et al., 2011). 

The FO3 WEC-concept (see left part of Figure 1-9) is developed by Fred Olsen Ltd. Several heaving 
egg-shaped cylindrical floaters (12 or 21) are connected to a large square rig, made out of lightweight 
composite material with a side of 36 m. The vertical motion of the cylinders caused by the waves is 
converted to rotational motion of a hydraulic motor, which drives a generator. A first model on a scale 
1:20 was built in the Wave tank of the Ocean Basin Laboratory at Sintef in Trondheim, Norway. The 
test results were positive concerning the production concept and the excellent properties of the 
structure in the sea. It led to the building of a laboratory rig named Buldra on a scale 1:3 (12 m x 12 m, 
8 m high) at the Brevik ship yard in Norway (see right part of Figure 1-9).  

 
Figure 1-9: WEC platform concept (left) - Buldra 1:3 scale research platform (right) (Leirbukt and Tubaas, 2006). 

Within the multidisciplinary European SEEWEC-project (SEEWEC website), tests are performed to 
improve the FO3-concept. This research has focused on several different levels, e.g. new cylinder 
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shapes, platform design, use of new materials, etc. The research suggested an alternative consisting of 
a single point absorber moored directly to the seabed instead of attached to a platform. This resulted in 
an optimized concept, named the B1 (see Figure 1-10). 

 
Figure 1-10: B1 full prototype at sea (SEEWEC website). 

A last example discussed here is the Manchester Bobber (see Figure 1-11). It is designed at 
Manchester University by professor Peter Stansby. It consists of semi-submerged floating heaving 
point absorbers with a hemispherical base moving up and down with the passing of waves. This 
vertical motion is again converted to a rotational motion driving a generator. The floaters are 
connected to a platform, which contains all mechanical and electrical components and is placed on a 
sufficient height above sea level. Only the floats are in contact with water, which makes maintenance 
easier. By filling the floats with water in heavy storm, the magnitude of the oscillations reduces and 
the system is protected from damage. The first scale model was developed in 2004 on a scale of 1:100. 
In 2005, a second scale model on a scale of 1:10 was built at NaREC in Blyth. Both models have been 
tested and the results were positive. Especially the robust nature of the system and its simplicity are 
great advantages in comparison with other wave energy converters.  

 
Figure 1-11: Manchester Bobber (REUK website). 
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1.3 Knowledge gap 
As illustrated above, the focus over the past years had been on numerical modelling of WEC arrays 
and on experimental studies of individual WECs or pair of WECs. Experimental research concerning 
WEC-arrays or -farms is limited and mostly considers small arrays of closely-spaced heaving floats. 
The wake effects of large WEC-farms are not yet experimentally investigated. This can be due to the 
fact that testing with a large number of scale models is time-consuming and expensive. A knowledge 
gap needs to be filled, as the experimental data are necessary to verify numerical studies. 

Within the HYDRALAB IV European programme in the frame of the project WECwakes 
(Stratigaki et al., 2011a), pioneering research on large scale experiments to determine the near-field 
and far-field effects from WEC-farms will be performed in the Shallow Water Wave Basin of DHI 
(Denmark). The aim is to verify and further develop the numerical methods and to optimize the 
geometrical layout of WEC-farms for real applications. The tested devices will be of the oscillating 
type – more specifically point absorbers with one degree of freedom or heaving buoys. 

Different steps will be carried out. First, the incident wave field in the basin will be measured without 
the presence of the WECs. Secondly, one single WEC will be tested to determine the reflection, 
transmission and absorption of a single WEC. Finally, more WECs will be added to form the large 
farm. A total of 15 to 20 devices will be arranged with different layouts and inter-WEC spacing. Each 
configuration will be investigated for several wave conditions to determine the near- and far-field 
effects from large WEC-farms.  

1.4 Objective 
The aim of this master thesis is to develop and optimize a scale model of a point absorber wave energy 
converter in order to ensure behaviour that is in accordance with the real impact of a wave energy 
converter on the wave climate. To limit the complexity and costs for production of the buoy, a simple 
WEC regarding its construction and its operational behaviour is required. 

The geometry and principle of the WEC are defined within the project WECwakes (Stratigaki et al., 
2011a). Several other features will be checked and optimized through tests with this single buoy in the 
tensile testing machine of the Department of Materials Science and Engineering of Ghent University 
(Belgium), in the large wave flume of the Department of Coastal Engineering, Ghent University 
(Belgium) and in the wave basin of the Queen’s Marine Laboratory, Queen’s University Belfast 
(North Ireland). 

First, characteristics of the device itself, namely the used material, the power-take off system and the 
internal friction, are examined in detail. Next, the experimental setup is improved by verifying the 
installation technique and stability of the foot and the axis and by determining the influence and 
accuracy of the measuring instruments. Finally, once an acceptable, realistic behaving model is 
unfolded, the reflection, absorption and transmission features are derived experimentally through the 
measurements in the wave flume and wave basin. 



CHAPTER 1: INTRODUCTION   18 

 

1.5 Outline 
Chapter 2 provides the reader with a short theoretical background around the linear wave theory and 
the linear point absorber theory. The principle of a heaving point absorber and its power absorption are 
also explained. 

Chapter 3 describes the first scale model and its shortcomings, which are then further investigated to 
design the optimized model. This model is tested in a tensile testing machine at the Department of 
Materials Science and Engineering of Ghent University to determine the characteristics of the 
damping system and the internal friction. 

In Chapter 4, a numerical simulation of the WEC is made in WAMIT to derive the hydrodynamic 
parameters of the wave-device interaction. These results are processed by using the formulas of the 
linear point absorber theory to predict the undamped buoy motion on the one hand and the conditions 
of optimum power absorption on the other hand. The numerically predicted results are later used to 
compare to the experimentally measured amplitudes. Therefore, the differences between the numerical 
model and the real setup are listed at the end of this chapter. 

Chapter 5 presents the experimental research performed in the large wave flume of the laboratory of 
Ghent University. After the description of the experimental setup, results are given for different types 
of tests. The performance of the wave flume, the horizontal movement of the axis and foot, the 
influence of the measuring instruments, the undamped and damped buoy motion, the reflection 
coefficient of the device and its influence on the wave field are examined. 

The results of the experimental research in the wave basin of Queen’s University Belfast in Portaferry 
are provided in Chapter 6. The setup is again described and series of similar tests as in the wave flume 
are performed. The performance of the wave basin, the undamped and damped buoy motion, the 
reflection coefficient of the device and its influence on the wave field are again studied. The results 
are also compared to those from the wave flume. 

To conclude, all results are summarized in Chapter 7. Some recommendations with regard to the large 
scale tests in DHI, Denmark, are provided. 



 

 

 

 

 
 

2 

Theoretical background 
 

 

In this chapter, a short description of the linear wave theory to describe waves and 
their available energy is provided. Next, the working principle of a point absorber 
wave energy converter is explained. This is followed by a mathematical model to 
describe the buoy motion, also according to a linear theory. To conclude, some 
aspects of power absorption by a WEC are given. 
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2.1 Wave theory 

2.1.1 Introduction 

A classification of different types of waves is given by Kinsman (1965), based on the amount of 
energy as a function of the frequency. He considered tidal waves, gravity waves, capillary waves, etc. 
In the context of this master thesis, only gravity waves are considered, which have a period between 
1 s and 30 s and contain the largest amount of energy. This wave energy is an indirect form of solar 
energy, since gravity waves are produced by wind action and wind arises through conversion of heat 
energy supplied by the sun. However, wave energy is more spatially concentrated than wind or solar 
energy (Falcão, 2010). 

The wave characteristics of a progressive wave are illustrated in Figure 2-1. Such a wave travels in a 
particular direction and transfers energy. Its wave motion can be described by the Airy theory. This is 
a linear wave theory, which assumes waves with a small wave steepness s (see Eq.(2.1)) and a small 
relative wave height (see Eq.(2.2)). The elevations relative to the water surface at rest are also small 
(the small amplitude wave theory) and forces due to surface tension are assumed to be negligible. 

 ! = ! ! << 1 (2.1) 

 ! ! << 1 (2.2) 

 
Figure 2-1: Wave characteristics used in the Airy theory (not drawn to scale). 

The Airy theory is only an approximation of the real wave mechanism, but it has proven to be 
sufficient for a wide range of engineering applications. A short background of the linear potential 
theory, which forms the base of this wave theory, is given (Troch, 2007) to provide insight in the 
different formulas. 
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2.1.2 Linear potential theory 

2.1.2.1 Boundary conditions problem for a regular wave 

The motion of a fluid is described by the equation of continuity (conservation of mass) and the 
Navier-Stokes equations (conservation of momentum). When an incompressible, inviscid fluid and an 
irrotational, two dimensional flow are assumed, those equations can be written in a simplified 
linearized form, respectively the Laplace equation (Eq.(2.3)) and Bernoulli’s equation (Eq.(2.4)).  

 !!!
!!! +

!!!
!!! = 0 (2.3) 

 − !"!" +
!
! + !" = 0 (2.4) 

!  is the velocity potential of the incident regular progressive wave, p is the pressure, g the 
gravitational acceleration and ! is the water density. The coordinates x and z are indicated in Figure 
2-1, while the parameter t represents time. To derive the velocity potential !, several boundary 
conditions need to be required. The dynamic boundary condition on the free surface states that the 
pressure is equal to the atmospheric pressure. The kinematic boundary expresses that there is no 
transport of fluid through the free surface by demanding a vertical velocity component of a fluid 
particle equal to the vertical velocity of the free surface. Transport of fluid is also not allowed through 
the seabed, resulting in a kinematic boundary condition of a normal velocity component of a fluid 
particle equal to zero. 

2.1.2.2 Velocity potential of the incident wave 

A solution for the velocity potential and the corresponding boundary conditions can be found based on 
the method of separation of variables and is given by following formula: 

 
! !, !, ! = − !"!

cosh !! ! + !
cosh !!!

sin!(!!! − !") (2.5) 

The wave amplitude ! equals ! 2, the wave number !! can be written as 2! ! and the pulsation ! 
as 2! !. T is the wave period and equals the inverse of the wave frequency f, while d is the water 
depth. 

2.1.2.3 Wave motion 

The equation of the wave motion is given by the elevation ! on the free surface relative to the still 
water level (SWL) and equals: 

 ! !, ! = !
2 cos!(!!! − !") (2.6) 

It is a two dimensional sinusoidal wave, periodic in time and space. The velocity C is expressed as: 

 ! = !
! =

!"
2! tanh !!! (2.7) 
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This is the velocity of an individual wave. Another parameter is the group velocity, which differs most 
often from the individual velocity. It is the velocity of a group of waves, which consists of the 
superposition of a finite number of regular waves. It is given by following formula: 

 !! = ! ∙ ! = 1
2 1 + 2!!!

sinh!(2!!!)
∙ ! (2.8) 

2.1.2.4 Pressure 

The total pressure in a particular point in the water consists of the hydrostatic pressure and the 
hydrodynamic pressure, represented respectively by the first and second term in Eq.(2.9). The 
hydrostatic pressure is caused by the water column above the considered point, while the 
hydrodynamic pressure is associated with the acceleration of the fluid particles. 

 
! ! = !" −! + !"!2

cosh !! ! + !
cosh !!!

cos!(!!! − !") (2.9) 

2.1.2.5 Energy 

The total energy consists of two components: the kinetic energy !!, due to the velocity of the fluid 
particles, and the potential energy !!, due to the elevation of the free water surface. The kinetic 
component can be calculated based on the horizontal and vertical velocity component of a fluid 
particle, respectively u and w. The amount per unit of crest length is given by Eq.(2.10).  

 
!! =

1
2 ! !! + !! !!"!!" =

!

!!

!

!

1
16 !"!

!! (2.10) 

The elevation ! relative to SWL is considered to determine the potential energy per unit of crest 
length: 

 !! =
1
2 !" !!

!

!
!" = 1

16 !"!
!! (2.11) 

The total energy is the sum of both components and is given in Eq.(2.12) per unit of water surface. 

 ! = !! + !!
! = 1

8 !"!
! (2.12) 

2.1.2.6 Power 

The power is the amount of energy transported per time unit by the wave. It is calculated by the 
product of a force and a velocity through a surface perpendicular on the wave propagation (De Rouck, 
2011). The force is equal to the dynamic pressure multiplied by the section and the velocity equals the 
horizontal velocity of the fluid particles. 

 
! = 1

! ! + !"# !!!!"!!" =
!

!!

!

!
!"! (2.13) 
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2.1.2.7 Irregular waves 

Thanks to the linear theory, the elevation ! relative to SWL of irregular waves in nature at a time t on 
a certain position can be described by the superposition of a finite number N of regular sinusoidal 
waves (De Rouck, 2011): 

 ! ! = !!
!

!!!
cos!(!!! − !!) (2.14) 

The parameters !!, !! and !! are respectively the wave amplitude, the wave pulsation and the phase 
shift of the compounding wave i. 

The wave motion is described by a characteristic wave height and wave period. In the time domain, 
the significant wave height Hs equals the arithmetical mean of the third highest wave heights 
registered during a certain time interval of wave observation. Different characteristic wave periods are 
used, like the mean wave period Tm of all observed waves or the significant wave period Ts. The latter 
is the mean period of the same waves used to calculate Hs. In the frequency domain, the significant 
wave height Hm0 is related to the area below the wave spectrum. This wave spectrum gives the amount 
of energy as a function of the frequency within the irregular wave train. The characteristic wave period 
is often the peak period Tp, which corresponds with the frequency that has the largest amount of 
energy in the wave spectrum. 

2.1.2.8 Wave-body interactions 

When a body is placed in the waves, wave-body interactions will occur (De Backer, 2009). Besides 
the velocity potential of the incident waves, there are two additional problems that need to be 
considered: the radiation problem and the diffraction problem. 

The radiation problem is related to the forced harmonic motion of the body in initially still water. 
During this motion, waves are radiated and the corresponding flow is described by the radiation 
potential. The diffraction problem is noticed when the body is kept fixed in a regular wave field. The 
incident waves are diffracted in its shadow zone and those diffracted waves are described by the 
diffraction potential. The total velocity potential is the linear sum of the incident, radiated and 
diffracted potential. 

The extra potentials need to satisfy two additional boundary conditions. The first condition is on the 
body: a fluid particle on the submerged surface of a moving body is not able to go through or come 
out of the body boundary. This means that the normal velocity component of a fluid particle equals the 
normal velocity component of the body at its surface. The second boundary condition expresses the 
conservation of energy at infinity. 
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2.2 Point absorber  

2.2.1 Introduction 

A WEC has to remove energy from the incident waves. Three conversion steps can be considered 
(Falnes, 2007). The primary conversion includes the energy transfer from the sea to the WEC. 
Mechanical energy in the form of kinetic and/or potential energy captured in the WEC is then 
converted to more useful energy by means of conversion machinery (e.g. turbine, motor). An electric 
generator completes the power train by a tertiary conversion step into electric energy. 

An oscillating device, like a point absorber, generates waves and when those waves interfere 
destructively with the incident waves, the latter ones are reduced or – in optimum conditions – 
eliminated. Falnes (1995) summarizes this in a paradoxical statement that “to destroy a wave means to 
create a wave”. He illustrates the principle for an infinite line of oscillating small bodies, evenly 
interspaced a short distance as shown in Figure 2-2. The undisturbed incident wave field is given by 
curve a. When the bodies oscillate in heave, a symmetric wave is generated (curve b). Asymmetric 
wave generation is given in curve c. If those three waves occur simultaneously, the resultant wave is 
given by the superposition represented in curve d, which illustrates 100 % absorption of wave energy. 
This maximum energy capture is only possible when the devices oscillate with an optimal amplitude 
and phase. For the specific case mentioned there, the generated waves in b and c need to have an 
amplitude of half the incident wave amplitude from a and the same phase, which is in turn correct with 
respect to the phase of the incident wave. 

 
Figure 2-2: Wave energy absorption by an infinite line (perpendicular to the figure)  

of oscillating small floating bodies, evenly interspaced a short distance (Falnes, 1995). 

The situation in the experimental research of this master thesis consists of one point absorber, which is 
a WEC-type characterized by small horizontal dimensions compared to the incident wave length. 
Generally, a point absorber can oscillate in one ore more degrees of freedom. The movement here is 
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restricted to oscillation in heave: as a response to incident waves, the device moves up and down. 
Circular waves are radiated away from the immersed surface by this motion and they interfere with the 
incident plane wave. The wave pattern is given in Figure 2-3 (Falnes, 1995). In addition, incident 
waves are also reflected in front of the buoy and diffracted behind the buoy. The resultant wave 
climate is determined by the superposition of all these components. Damping the buoy motion by a 
PTO-system absorbs its energy, which can then be converted into electricity by a generator.  

 
Figure 2-3: Wave pattern from the incident plane wave and the radiated circular wave (Falnes, 1995). 

An oscillating system is considered as an efficient absorber when its natural frequency coincides with 
the frequency of the incident waves, since operating at near-resonance conditions ensures the largest 
power absorption. Then, the body velocity is in phase with the excitation force from the waves. For a 
heaving buoy, this force is approximately in phase with the water surface elevation of the incident 
wave (Falnes, 1995). Two important issues have to be considered when applying this requirement to a 
real situation (Falcão, 2010). First of all, the oscillation frequency of the device is very often too high 
compared with typical ocean-wave frequencies. Secondly, real waves are not single-frequency, but 
they are irregular waves, which cover a range of frequencies and wave heights characterized by a peak 
frequency and a significant wave height. 

For frequencies within the resonance bandwidth, optimum phase condition is also satisfied 
approximately (Falnes, 1995). Since point absorbers have small horizontal dimensions, they have a 
rather narrow resonance bandwidth, so phase control is important. There are several principles to 
phase control the oscillating system in order to absorb a maximum amount of energy. A first 
possibility contains tuning of the system by adding a supplementary mass in order to adjust the natural 
frequency of the system to the incident wave frequency. In irregular waves, each individual wave is 
characterized by its own frequency, making it impossible to tune the device to all components. 
Therefore, a constant optimal value for the supplementary mass is used, experimentally derived 
depending on the applied wave class. A second method is latching phase control (Falnes, 1995), which 
can be used when the wave frequencies are lower than the natural frequency of the device. Optimum 
phase can be approximately achieved by locking the device at the largest deflection where the velocity 
becomes zero. A clamping mechanism is therefore used, which releases the device a certain time 
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(about one quarter of the natural period) before the next peak of the wave exciting force occurs. The 
principle is illustrated in Figure 2-4. Curve a gives the elevation of the water surface due to the 
incident wave. Curve b gives the vertical position of a device operating at resonance, meaning its 
natural frequency equals the incident wave frequency and optimum power absorption occurs. Curve c 
gives the vertical position of a device with a higher frequency that is phase controlled by keeping it in 
a fixed vertical position during certain time intervals. In practice, the wave force needs to be known a 
certain time into the future to enable latching phase control. Irregular waves have a stochastic 
distribution of the time interval between crests and troughs, so input signals from sensors measuring 
the waves and forces are necessary. 

 
Figure 2-4: Principle sketch of phase control by latching (Falnes, 1995). 

Other possible methods to phase control a point absorber are an additional spring term with negative 
spring coefficient and freewheeling (Nolan et al., 2005). In the latter principle, the device moves 
undamped between its extrema building up its velocity, until a limit value of the velocity is exceeded 
and damping is applied. 

None of the methods shortly described before is used in the concept of the WEC in this project. The 
aim is namely not on maximum power absorption, but on examining the wake effects of a WEC-farm. 
The design needs to simulate the real impact of a WEC on the wave climate by a simple concept of 
energy extraction. Adding phase control to each of the 20 buoys would be too expensive. However, it 
should be noticed that pursuing optimum power absorption would realise a more realistic wake. 

2.2.2 Equation of motion 

The equation of motion of a point absorber is given by Newton’s second law: 

 ! ∙ ! = ! (2.15) 

Generally, a freely floating body in ocean waves has six degrees of freedom: 3 translational modes 
(surge, sway and heave) and 3 rotational modes (roll, pitch and yaw) as illustrated in Figure 2-5. The 
xy-plane of the right-handed coordinate system is the horizontal plane, parallel to the still water 
surface. The z-axis is positive in the upward direction and coincides with the axis of symmetry of the 
device, while the origin point corresponds to the centre of gravity.  
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Figure 2-5: Six degrees of freedom of a freely floating structure in ocean waves (De Backer, 2009). 

The point absorber considered here is restricted to heave motion only. The vectorial Eq.(2.15) can be 
reduced to a one-dimensional equation for the vertical translation along the z-axis. 

 ! ∙ ! = !! (2.16) 

The device with mass ! has a position z from its equilibrium position during its heaving motion. 
Simultaneously, it encounters a total force Fz in the direction of the degree of freedom, which is 
composed of different components. These components are given in Eq.(2.17) (De Backer, 2009).  

 
! !!!(!)

!!! = !!" + !!"# + !!"# + !!"#$ + !!"# (2.17) 

To describe the different components, a linear theory is applied which is allowed when the amplitude 
of the vertical motion of the buoy is small. 

!!" is the exciting wave force due to incident waves, which equals the sum of the Froude-Krylov force 
and the diffraction force. The first component is the force experienced by the body as if there was no 
disturbance of the incident wave field by the body. The second component is linked to the diffraction 
problem: when the floater is held fixed in a wave, it causes diffraction of the incident waves in its 
shadow zone. The resultant of the hydrodynamic pressure field represents the vertical wave action on 
the device. 

!!"# is the radiation force due to the buoy motion. It is associated with the radiation problem, 
concerning the hydrodynamic pressure field that arises when a floater is forced to move in a harmonic 
oscillation in initially still water. It equals the component according to the z-direction of the resultant 
pressure field on the buoy. It can be decomposed in two terms with the aid of the linear theory: a linear 
added mass term and a linear hydrodynamic damping term: 

 
!!"# = −!! ! !!!(!)

!!! − !!!" ! !"(!)
!"  (2.18) 
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The first term is proportional to the acceleration of the buoy with the hydrodynamic coefficient of 
added mass !! !  as proportionality factor, which corresponds to a volume of water that is moved 
when the buoy is oscillating. This term thus accounts for the inertia of the water surrounding the buoy 
and is a hydrodynamic inertia force. The second term is a hydrodynamic damping force, which 
accounts for the radiation damping. The energy dissipated due to this damping equals the energy 
transferred to the waves radiated away. It is proportional with the velocity according the 
hydrodynamic damping coefficient !!!" ! . 

!!"# is the hydrostatic restoring force and is equal to the resultant of the Archimedes force !!"#! and 
the gravity force !!. The force is connected to the geometry of the buoy and its instantaneous vertical 
displacement from its equilibrium position according following formula: 

 !!"# = !!"#! − !! = !!! ! ! −!" = −!"(t) (2.19) 

!! is the density of water and ! !  is the instantaneous submerged buoy volume. The linear spring 
constant or hydrostatic restoring coefficient k is expressed as follows, in which !! is the waterline 
area: 

 ! = !!!!! (2.20) 

The energy absorption by the PTO-system is simulated by an external damping force !!"#$. In 
practical applications, this force is typically non-linear, but for simplicity, it is often considered as 
proportional to the velocity. The proportionality factor is the linear external damping coefficient !!"#.  

 !!"#$ = −!!"#
!"(!)
!" ! (2.21) 

!!"# is the tuning force to phase control the buoy by adding a supplementary mass !!"#, which 
corresponds to an additional inertia force. 

 !!"# = −!!"#
!!!(!)
!!!  (2.22) 

As mentioned before, phase control by tuning the natural frequency of the device to the frequency of 
the incident waves is not considered within this research.  

Compared to Eqs.(1.54 – 1.55) from De Backer (2009), a minus sign is added in Eqs.(2.21 – 2.22) in 
order to achieve Eq.(2.23) by substituting the aforementioned equations into Eq.(2.17). Eq.(2.23) 
corresponds then to Eq.(1.56) from De Backer (2009). 

! +!! ! +!!"#
!!!(!)
!!! + !!!" ! + !!"#

!"(!)
!" + !" ! = !!"(!, !) (2.23) 

All parameters are dependent on the buoy geometry, while !!, !!!" and !!" also depend on the 
frequency ! of the incident wave. !!" is in addition linked to the wave amplitude. 
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The total response !! !  is the sum of the free response and the forced oscillation or steady-sate 
oscillation (Loccufier, 2011): 

 !! ! = !!"##(!) + !!"#$%&(!) (2.24) 

The free oscillation is the response on the initial conditions and it forms the homogeneous solution of 
Eq.(2.23). It can be mathematically expressed by Eq.(2.25) for an underdamped system, which is 
generally the case for a heaving point absorber.  

 !!"## ! = !!" ∙ exp!(−!!!!!) ∙ sin!(!!! + !!) (2.25) 

In this equation, !!"## gives the buoy position relative to its equilibrium position. !!" is the amplitude 
of the vertical motion, !! the phase angle, !! the damping factor and !! the damped natural angular 
frequency, which is related to the natural angular frequency !! by following equation: 

 !! = 1 − !!! ∙ !! (2.26) 

The amplitude !!" and phase angle !! can be calculated with the aid of the angular frequencies !!and 

!!, the damping factor !! and the initial conditions of the system, namely the initial position !! and 
the initial velocity !!. 

 !!" = !!! + (!! + !!!!!!)! ∙
1
!!!
! (2.27) 

 !! = arctan !!
1
!! ∙ (!! + !!!!!!)

 
(2.28) 

Based on the damping in the system, the oscillations fade exponentially and eventually disappear after 
a certain time. The envelope can be mathematically described as: 

 !!"#!$!"# ! = !!" ∙ exp −!! .!!. !  (2.29) 

Both the motion curve and the envelope are illustrated in Figure 2-6.  

 
Figure 2-6: Exponential extinguishing decay curve of an underdamped system. 
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The steady-state oscillation of the device is the response on the exciting force when it has no initial 
divergence from its equilibrium position and no initial velocity (!!"## = 0). This particular solution of 
the differential equation (Eq.(2.23)) is a sinusoidal function: 

 !!"#$%& ! = !!" ∙ sin!(!" + !!"#) (2.30) 

!!" is the amplitude of the steady-state oscillation and !!"# is the phase angle. They can be expressed 
by following formulas: 

!!"(!) =
!!",!(!)

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! !
 

(2.31) 

!!"# = !!"# − arctan!
!!!" ! + !!"# ∙ !

! − ! +!! ! +!!"# ∙ !!  (2.32) 

In the decay test in Chapter 5 and Chapter 6, the buoy position is described by the free oscillation 
formulas. There is no exciting force present, meaning !!" equals zero and thus !!"#$%& too. During the 
other tests, the buoy is brought in motion by the incident waves. Its initial position !! and velocity !! 
are equal to zero since the buoy starts from its equilibrium position at rest. Therefore, !!" equals zero 
and thus !!"## too. Its motion is then described by the steady-state oscillation. 

The behaviour of a heaving point absorber shows good agreement with a mass-spring-damper system 
with one degree of freedom subjected to an external force in the direction of the degree of freedom. 
The formulas mentioned before have the same form. The natural frequency !! of the system can also 
be calculated as for a mass-spring-damper system: 

 !! =
!

!!"!
= !

! +!! ! +!!"#
 (2.33) 

2.2.3 Power absorption 

2.2.3.1 Definition 

The average absorbed power over a period T of a point absorber equals the difference between the 
average excited power and the average radiated power (De Backer, 2009). 

 !!"#,!" = !!",!" − !!"#,!" (2.34) 

The power can be calculated as the product of the velocity and the force. A point absorber subjected to 
a sinusoidal force with amplitude Fex,A undergoes a harmonic oscillation with a sinusoidal velocity 
with amplitude vA. The average exciting power is given by Eq.(2.35) with ! the phase shift between 
the force and the velocity. 
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 !!",!" =
1
2!!",!!!cos! (2.35) 

The average radiated power depends on the hydrodynamic radiation damping coefficient !!!"#: 

 !!"#,!" =
1
2 !!!"#!!

! (2.36) 

The average power absorption can also be expressed as the power absorbed by the PTO-system: 

 !!"#,!" =
1
2 !!"#!!

! (2.37) 

2.2.3.2 Efficiency 

The absorption width !! is defined as the width of the wave front that contains the same available 
power as the power absorbed by the device in the wave field. It is equal to the ratio of the absorbed 
power to the average available power per unit width of the wave front. 

 

!! = !!"#
!!"!#$

= 2 ∙ !
! . !!!" ! ∙ !!"# ∙ !!

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! ! 
(2.38) 

The capture width includes the power losses due to friction and other dissipative effects. It represents 
the useful or produced power, which equals the absorbed power minus the losses, and is thus smaller 
than the absorption width. 

The absorption efficiency is calculated as the ratio of the absorption width to the diameter of the point 
absorber. This efficiency can exceed the value of 100 %, meaning that the absorbed power can be 
larger than the available power over the device diameter. This phenomenon is called the point 
absorber effect. 

Different authors, among them Budal and Falnes (1975), have proven on the base of a linear theory 
that the maximum energy that can be absorbed by a heaving point absorber in a regular wave with 
length L is equal to the available wave energy in the incident wave front of width L divided by 2!. 

!!,!"# =
!

2 ∙ ! (2.39) 

This is only a theoretical optimum, since second order effects become important for large buoy 
velocities. The linear theory is then no longer valid. 



 

 

 
 

3 

Scale model  
 

 

This chapter describes the design process of the scale model of the point absorber. 
The device needs to fulfil specific requirements to allow the production on a large 
scale and establish a reliable testing. Based on these economic and physical 
demands, a first scale model has been designed and submitted to basic tests. 
Through visual detection, problems are identified and then analysed in further 
detail to improve the design. This research has led to an optimized model, which is 
verified during an extensive testing programme in a wave flume and a wave basin 
described in following chapters. Tests are also performed with the device out of 
water to determine the friction characteristics. 
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3.1 Requirements 
The requirements for the scale model are prescribed in Stratigaki et al. (2011a). To limit the 
complexity and costs for production of the devices, the WEC has been constructed in a simple way 
and the operation of the device has been kept easy and straightforward. It is a point absorber with only 
one degree of freedom: it can perform a heaving motion, while the other movements are obstructed as 
much as possible. 

The device has the shape of a cylindrical axisymmetric buoy with a spherical bottom. It moves up and 
down on a rigid spar, led by a shaft bearing connected to the buoy itself. The spar is vertically placed 
according to the bottom of the wave flume or basin with the aid of a foot in which it is anchored. A 
principle sketch is given in Figure 3-1. 

 
Figure 3-1: Principle sketch of the heaving point absorber – 

front view (left) and top view (right) (Stratigaki et al., 2011a). 

The power take-off (PTO) is modelled by using an external damping system, which extracts the 
energy from the waves by damping the movement of the buoy. This energy will not be converted into 
electricity by a generator, but will be lost through friction. This simulates the power absorption in real 
WECs, so that the effect of energy extraction on the wake beyond the point absorber can be studied.  

The cylindrical part of the buoy consists of a prefabricated PVC pipe, while the spherical bottom is 
made out of polyurethane cast in a mould. The upper part of the buoy will be composed of a horizontal 
PVC cover. 
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To ensure a relatively smooth heaving motion of the buoy, it is necessary that the total system of buoy, 
axis and foot remains stable during the testing. Two requirements must be fulfilled. On the one hand, 
the section of the axis needs to have a sufficient stiffness. A large horizontal movement of the axis 
with regard to the foot would make it more difficult for the buoy to move into the vertical direction. A 
spar out of stainless steel with large bending stiffness will be used. On the other hand, the 
displacement of the foot needs to be limited or eliminated, because movement of the total device will 
also hinder the heaving motion of the buoy, and of course, the device needs to stay in place while 
operating. The foot will thus be heavy or moored at the bottom of the wave flume or basin. In 
addition, limiting the movement of axis and foot will also reduce the internal energy losses. 

Through experiments, the model will be improved until the behaviour is in accordance with the real 
impact of a wave energy converter on the wave climate. A chronological overview of the optimization 
of the model is given below. 

3.2 First scale model 

Based on the aforementioned requirements, a first design has been made and tested in the large wave 
flume of the laboratory of Ghent University. The construction of this device is described and problems 
occurred during the testing are listed. No description of the tested sea states has been provided since 
the tests are intended to visually notice possible deficiencies. A detailed description of the laboratory 
and its equipment can be found in Chapter 5. 

3.2.1 Construction 

The buoy has a diameter of 25 cm and a total height of 60 cm. It has a mass of about 12.70 kg, which 
corresponds to a draft of 30 cm (Stratigaki et al., 2011a).  

The vertical spar out of stainless steel has a compact round cross section with a diameter of 20 mm. 
The bending stiffness EI has a value of 1 532 Nm2. The axis is clamped in a foot that is composed of a 
small block out of polyurethane, connected to a metal frame which is anchored in the bottom of the 
wave flume. The axis moves freely through a little larger round shaft bearing, casted in the spherical 
bottom, but continued over only half the height of the buoy. The inner diameter of this shaft bearing is 
22 mm. The experimental setup of the buoy is given in Figure 3-2. 

An external mechanical damping system is installed at the top of the buoy simulating the power 
take-off system (see Figure 3-3). It is composed of two linear compression springs, each exerting a 
normal force on PVC blocks, which are covered by felt at the inner side. These blocks are pulled 
against the axis causing damping of the buoy motion by friction. The friction force is constant during 
the test: it is a block signal with constant amplitude. Compared to Eq.(4.2) from De Backer (2009), a 
minus sign is added in Eq.(3.1) as the friction force has an opposite sign with reference to the velocity. 

 !!"#$ = −!!"#$,! ∙ !"#
!"
!"  (3.1) 
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Figure 3-2: Experimental setup of the first scale model in the large wave flume of Ghent University. 

 
Figure 3-3: Damping system of the first scale model. 
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By adjusting the compressed length ∆!! of the springs or the number of compressed springs, the 
exerted damping force changes. The springs are placed in parallel so the total force Fsprings is equal to 
the sum of the individual spring forces Fspring i. The coefficient c in Eq.(3.2) is the spring stiffness. 

 !!"#$%&!! = ! ∙ ∆!! (3.2) 

 !!"#$%&! = !!"#$%&!! (3.3) 

The used compression springs have following characteristics: 

d 0.63 mm 
Dm 8.00 mm 
L0 80.50 mm 
Ln 20.60 mm 

Axis 6.80 mm 
Bus 9.40 mm 

Fn 8.33 N 
c 0.14 N/mm 

Fn = force with fully compressed length (N) 
c = spring stiffness (N/mm) 

Figure 3-4: Characteristics of the compression springs (Alcomex website). 

Due to wear of the blocks pressed against the axis, the compressed length of the springs can vary 
during the experiments. This variation ∆! will lead to only a small variation of the applied spring force 
thanks to the low value of the spring stiffness c, thereby ensuring a quite constant damping force for a 
certain range of compressed lengths. 

3.2.2 Problems 

Several problems have been visually detected during the tests in the large wave flume, making it clear 
that this model is not sufficient. To start, the axis is not stiff enough and a lot of lateral movement 
occurs, which makes it harder for the buoy to perform its heaving motion. The axis is therefore also 
clamped at the top to enable further testing and problem notification. This is realized by placing a bar 
over the wave flume carrying a profile with an opening little larger than the axis (approximately 
20.5 mm) through which this axis can be placed (see Figure 3-5). 

There is also too much margin between the spar and the shaft bearing, so that motion in the horizontal 
plane is not totally avoided. In addition, due to the round form of the axis and bearing, there is a 
possible rotation of the buoy around the axis. Another problem is water infiltration inside the buoy, 
since the shaft bearing does not continue over the total height of the buoy. This additional water 
influences the mass of the device and thus the natural frequency and the response to the sea states. 
Further, since the small foot is not able to stand on its own and needs to be anchored, there are only a 
limited number of possible installation techniques available to install the foot on the bottom of the 
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wave flume. Finally, the buoy moves rather shocking, caused by stick-slip between the PVC blocks 
with felt of the damping system and the axis. This phenomenon is explained in Section 3.3.1.2.  

 
Figure 3-5: Bar with profile to clamp the axis at the top. 

3.3 Optimized scale model 
Optimization of the point absorber will be possible only after additional examination of the appeared 
friction during the movement of the device. Therefore, at first, a brief explanation is given about the 
theoretical background of the relevant types of friction with special attention to the phenomenon of 
stick-slip and the choice of material to avoid this. Next, the theory is applied to the specific case of a 
heaving point absorber followed by practical solutions. Finally, the improved device is described in 
detail. 

3.3.1 Friction 

3.3.1.1 Types of friction 

Dry friction – also named Coulomb friction – arises between solid surfaces, when these surfaces are 
pressed against each other. The friction force !!" !tries to resist the relative motion between the two 

surfaces in contact. The magnitude can be derived from the dimensionless coefficient of friction ! and 
the normal force !!, exerted by the surfaces on each other (Jewett and Serway, 2008). 

 !!" = ! ∙ !! (3.4) 

The friction force is parallel to the contact surface, oppositely directed to the (tendency of) movement 
and so causing a negative acceleration when moving.  
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The value of the coefficient of friction depends on the materials in contact. For a lot of combinations 
of materials, this coefficient is listed in tables. Nevertheless, because of the variation of the value 
along the changing circumstances, experiments are the most accurate method to determine the 
magnitude. Factors such as temperature, humidity, pollution, etc. are strongly influencing. 

Two types of dry friction can be distinguished: static friction and dynamic friction. 

1. Static friction occurs between objects stationary relative to each other. The friction force has 
the same magnitude but opposite direction as the driving force !!"#$. The static coefficient of 
friction !! gives the maximum friction force that can occur between the two surfaces. The 
driving force needs to exceed this value to allow relative motion. As long as there is no mutual 
movement, the friction force will comply with following equation: 

 !!" = !!"#$ ≤ !! ∙ !! (3.5) 

2. Dynamic or kinetic friction occurs between objects in contact that move relative to each other. 
The magnitude is determined by the dynamic coefficient of friction !!, which is usually less 
than the static coefficient of friction.  

Smoothening of the surfaces can reduce friction, since hooking of the contact surfaces due to the 
roughness will be limited or even avoided. Only friction as a result of molecular attraction remains. 
Further reduction can be realised by a liquid film between the two solid surfaces, such as an oil or 
water film, which has the function of lubrication. Lubricated friction is a form of fluid friction: the 
pressure, generated in the fluid due to the viscous resistance to motion, carries the load. The thickness 
of the layer depends on the pressure, which depends on the contact surface. A small contact surface 
causes large pressure so the fluid can be easily squeezed away. 

The last relevant form of friction is the skin friction, which arises against the skin of an object moving 
through a fluid. Viscous drag occurs in the boundary layer between the object and the fluid. The 
magnitude is directly related to the dimension of the contact surface and is proportional to the square 
of the velocity. Adapting the shape of the object to a hydrodynamic favourable shape can reduce the 
friction. 

3.3.1.2 Stick – slip 

The phenomenon of stick-slip is caused by dry friction. Static friction will occur as long as there is no 
movement between two surfaces in contact. Once relative motion arises, there is a transition from 
static to dynamic friction, which is usually smaller and can depend on the velocity as shown in Figure 
3-6. However, the dynamic coefficient of friction can be approximately considered as constant once 
the buoy is in motion. 

At the transition between the two types of friction, the movement will be composed of little forward 
jumps (shocking motion). The driving force is larger than the dynamic friction force, since it had to 
exceed the static friction. The object gets an additional acceleration, which can no longer be followed 
by the driving force. The latter disappears and the object stagnates. The same scenario is then 
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repeated: the object sticks till the static friction is overwon and then it slips. This effect can be limited 
by using a combination of materials with negligible difference between the static and dynamic friction. 
However, it cannot be totally eliminated by the material’s choice. Other factors, such as the stiffness 
of the total device, also have their influence. 

 
Figure 3-6: Coefficient of friction as a function of the relative velocity. 

3.3.1.3 Polytetrafluorethylene (PTFE) 

Polytetrafluorethylene (PTFE) or Teflon is a polymer, which has the lowest friction coefficient of all 
plastics. The static friction is only marginally higher than the dynamic friction, so no stick-slip will 
occur, which is one of the most important features. The difference between non-lubricated and 
lubricated friction is also negligible. As a consequence, a value for ! between 0.04 and 0.10 is 
accepted for all types of friction between steel and PTFE. This value will be experimentally verified in 
Section 3.4. Important material characteristics are listed in Table 3-1. 

Table 3-1: Characteristics PTFE. 

Density 2200 kg/m3 
Young’s modulus 0.5 GPa 

Yield strength 23 MPa 
Coefficient of friction 0.04 – 0.10 - 

3.3.2 Practical solutions 

3.3.2.1 Friction between the buoy and the axis 

The shaft bearing inside the buoy is little larger than the vertical spar. When no measures are taken, 
the margin between the two rods is quite large causing a movement of the buoy in the horizontal plane 
in addition to the heaving motion. To avoid this horizontal motion, blocks can be placed inside the 
shaft bearing, thereby providing better guidance of the buoy during its vertical movement along the 
spar. Furthermore, by using a square tube instead of a round axis, the rotation of the buoy around the 
spar can be avoided. 
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The disadvantage of this solution is the friction occurring between the blocks and the spar, influencing 
the movement of the buoy and causing absorption of energy due to internal friction. By using Teflon 
blocks, this internal friction can be limited, as indicated by the low coefficient of friction between 
PTFE and steel. In addition, the risk of stick-slip is significantly decreased. 

Attention needs to be given to the implementation of the blocks on the axis. First of all, the surface of 
the axis needs to be sufficiently smooth. It is appropriate to use an extruded spar, as the spar will not 
contain bumps due to welds. Secondly, it is important not to clamp the blocks around the axis, because 
this would raise the friction. A small margin of a few tenths of a millimetre should be provided. 
Thirdly, the spar needs to have rounded corners in order to avoid high contact pressures, which could 
damage the Teflon blocks. Finally, it is better to provide two small contact points between the shaft 
bearing and the axis over the height of the buoy than one larger point at the centre. The external force 
exerts a moment on the device, which is divided over the two most extreme contact points. Placing 
one block halfway the shaft bearing results in two large forces at the contact points, since the lever 
arm is small. Therefore, it is useful to keep the two blocks separated from each other as much as 
possible. Thanks to the larger lever arm, the forces are smaller for the same moment, which 
corresponds to a smaller friction and less wear (see Figure 3-7). 

 
Figure 3-7: Contact forces for two largely separated Teflon blocks (left) and for one central Teflon block (right). 

High pressures can occur in the contact surface between the axis and the Teflon blocks – even when 
two contact points are provided – which need to be absorbed by the material. The waves cause a quite 
uniform pressure, but the hindering of the rotation causes an additional moment, which influences the 
pressure distribution as shown in Figure 3-8. The total horizontal force can be calculated by 
integrating the pressure over the contact surface. This force is not constant, but varies in time during a 
test with a particular sea state and depends also on the applied sea state. When the strength of the 
material is insufficient to resist this force, deformations will occur. After long-period use of several 
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years, serious wear of the PTFE can occur. Since the devices are only purposed for testing during 
several weeks, this phenomenon is not feared. 

 
Figure 3-8: Contact pressure between the axis and the Teflon blocks. 

The buoy moves in and out of the water, so the contact surface at the lower side is lubricated by water, 
while the contact point at the upper side stays dry. Friction is reduced thanks to lubrication, but as 
indicated before, the difference between the friction coefficient for dry and lubricated friction is 
negligible for the steel-PTFE combination. Therefore, the non-lubricated friction at the upper side will 
probably be no issue. Nevertheless, it will be useful to verify this experimentally (see Section 3.4). 

3.3.2.2 Friction caused by the damping system 

The combination of a spar out of stainless steel and PVC blocks with felt cannot be used, due to the 
high risk of stick-slip. Another material combination like Teflon-steel would give better results, since 
stick-slip is then reduced as much as possible and a smooth motion can be realised. To obtain the same 
friction force and taking into account the lower friction coefficient, a higher normal force exerted by 
the springs will be necessary. 

3.3.3 Improved device 

The second device has a diameter of 31.5 cm and a height of 60 cm. These values are derived within 
the framework of the project WECwakes (Stratigaki and Troch, 2012; Stratigaki et al., 2012a). There 
is also decided to take a draught equal to the diameter. To ensure this, a mass of 20.545 kg is needed, 
realized by adding blocks out of polyurethane inside the buoy. The problems of the first device are 
eliminated as much as possible by appropriate measures taking into account the practical solutions 
mentioned in Section 3.3.2. 

The foot is an individual heavy stand, made out of concrete with square form of 45 cm wide and 
10 cm high (see Figure 3-9). For the tests in the wave flume of Ghent University, a foot out of classic 
concrete is used. For the tests in the wave basin of Queen’s University Belfast, a foot out of barite 
concrete is used improving the stability. This material has a larger density by replacing an amount of 
sand (ρ = 1600 - 1800 kg/m3) by Barite (ρ = 4480 kg/m3). The effect is strengthened by also using 
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heavier granulates, which results in a foot of 49.5 kg instead of 45 kg. Since the foot is stable on its 
own, mooring to the bottom of the wave flume or basin is not the only possible installation technique. 
Different methods will be studied in Chapter 5. 

A hollow, square tube that moves through a square shaft bearing, replaces the original round 
component thereby avoiding rotation of the buoy. The axis is also made out of stainless steel and has a 
side of 40 mm and a thickness of 3 mm increasing the bending stiffness by a factor 
of 13 (EI = 19 885 Nm2) compared to the previous axis. It is at the bottom placed in a slightly larger, 
hollow, square axis that is incorporated in the centre of the foot. This element reaches 5 cm above the 
top surface of the foot (see Figure 3-9). The shaft bearing inside the buoy has an inner diameter of 
46 mm and a thickness of 4 mm. To reduce the margin between the two bars, Teflon blocks are placed 
at the top and bottom of the buoy, replacing a part of the shaft bearing. Over a height of 20 mm, as 
shown in Figure 3-11 (right), there is an opening of only 0.25 mm, which ensures a better guidance of 
the buoy during its heaving motion without causing large additional friction. 

A shaft bearing, which continues over the total height of the buoy, is used to reduce the infiltration of 
water. There is still a possibility that water enters at the bottom between the shaft bearing and the 
spherical bottom, but the risk is very small since the shaft bearing is placed in the mould while casting 
the polyurethane of the bottom part. 

The external damping system consists of 4 compression springs of the same type as for the first scale 
model (see Figure 3-4), which are symmetrically placed at two sides of the axis. Teflon blocks replace 
the PVC blocks with felt, thereby reducing stick-slip (see Figure 3-10). 

Figure 3-11 gives a detailed view of the construction of the buoy with a photo of the real scale model 
at the left and a technical drawing specifying the dimensions (in mm) at the right. This version of the 
device is the final one used for the purpose of this master thesis. The analysed tests are all performed 
with this model and described in following chapters. 
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Figure 3-9: Foot out of barite concrete. 

 

 

 
Figure 3-10: Damping system of the optimized scale model. !
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Figure 3-11: Optimized scale model (left) and technical drawing (right – dimensions in mm).
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3.4 Friction characteristics of the device and the damping system 

Experiments are conducted with the device out of the water pursuing two goals: determining the loss 
of energy due to internal friction and verifying the non-lubricated (dry) and lubricated (wet) static and 
dynamic friction coefficient of the damping system in order to enable accurate calculation of the 
applied damping force. 

3.4.1 Experimental setup 

The tests are performed at the Department of Materials Science and Engineering of Ghent University. 
The buoy is mounted in an electromechanical INSTRON 5800R tensile testing machine with a 
FastTrack 8800 digital controller (see Figure 3-12). The measured friction forces are expected to be in 
the order of magnitude of maximum 10 N, but due to the large weight of the device, a load cell of 
±1 kN is used. The axis is placed through the buoy and fastened at its bottom in a foot which rests on 
the lower part of the machine to which it is connected with bolts. 

 
Figure 3-12: Experimental setup in the electromechanical tensile testing machine. 

Since it is wanted to measure the transition from static to dynamic friction, it is better not to lose time 
at the start of the test by straightening and stretching cables of the suspension. Therefore, as rigid as 
possible connection elements are used. Three bars pass through the cover of the buoy and are clamped 
in the polyurethane of the bottom part. They are connected to each other with a wooden plate, which is 
in turn connected to the load cell by a hanger (see Figure 3-13). The friction of the device will now be 
measured immediately from the start, as the elongation of the connection elements will be negligible. 
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Figure 3-13: Rigid connection between the buoy and the load cell avoiding elongation during test. 

Before starting the tests, the load is balanced in order to neutralize the own weight of the buoy and 
register the friction force only. This measure is necessary, otherwise the friction force will be located 
in the noise of the signal, since it is expected to not exceed 10 N and the own weight causes already a 
tension force of about 200 N. The buoy is held stationary and the lower part of the machine moves 
with a constant velocity according to a triangular time-displacement-curve (see Figure 3-14 for a 
triangular movement with amplitude a of 5 mm and velocity v of 10 mm/min). This curve is an 
approximation of the real sinusoidal heaving movement of the buoy in waves. It is not possible to 
impose a sinusoidal motion, since this is characterized by a non-constant velocity, which cannot be 
simulated by the electromechanical tensile testing machine. A positive amplitude corresponds with a 
downward movement of the axis, a negative amplitude with an upward movement. 

 
Figure 3-14: Triangular displacement of the axis (amplitude a = 5 mm; velocity v = 10 mm/min). 

For the registration of the tensile data, a combination of a National Instruments USB 6251 data 
acquisition card and the SCB-68 pin shielded connecter are used. The load and displacement, given by 
the FastTrack controller, are sampled on the same time basis and registered with a frequency of 10 Hz. 
An overview of all performed tests is given in Table A.1 from Appendix A. 
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3.4.2 Parameters of the vertical motion 

During the first series of tests, three types of experiments are performed to define the parameters of 
the vertical motion for further testing. First, it is checked if a steady-state situation occurs after several 
periods to determine the duration of one test. Secondly, the influence of the velocity is determined. 
Finally, the test is performed over a greater part of the axis to verify the influence of the examined part 
of the surface. All these tests are performed under dry conditions and the vertical movement of the 
axis is only hindered by the internal friction between the PTFE blocks inside the buoy and the axis. 
The acting forces are shown in Figure 3-15. u gives the vertical position of the axis relative to its 
starting position. When the alignment of the setup would be perfect, no force should be measured 
thanks to the small margin between the PTFE-blocks and the axis. In practice, it is not possible to 
ensure this and the buoy will rotate until it is supported at the upper and lower bearing, leaving a 
margin at the opposite side. In the real setup, the forces of the waves on the buoy will ensure this 
contact.  

 
Figure 3-15: Forces acting on the buoy when the axis moves downward. 

When the axis moves downward, it encounters an oppositely directed friction force in the contact 
surface with the bearings. Based on the law of action-reaction, this results in a downward directed 
friction force on the bearings. This friction force is measured by the load cell as a positive tensile 
force. The opposite phenomenon occurs when the axis moves upward, resulting in a negative 
compression force.  

3.4.2.1 Steady-state situation 

During the first test, the axis moves up and down with an amplitude a of 5 mm and a velocity v of 
10 mm/min. The measured force as a function of time is given in Figure 3-16. This test is continued 
for six periods and shows the appearance of a steady-state situation after the first two periods with an 
average value of 2.25 N for the friction force. During following tests, the steady-state situation seems 
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to occur immediately. However, to ensure representative measurements, the first period is always 
neglected and the test is continued for several periods to verify the repeatability of the measured 
values. 

3.4.2.2 Influence of the velocity of the vertical motion 

According to Figure 3-6, the friction has a constant value regardless the velocity of the movement 
though with a possible transition zone between static and dynamic friction at lower velocities. To 
verify this statement, three tests are performed with a triangular displacement amplitude a of 5 mm 
and a varying velocity v, given in Table 3-2. As shown in Figure 3-17, the influence of the velocity is 
negligible since during the three tests, an average value of 2.25 N is again measured for the internal 
friction. It is therefore sufficient to perform the different tests with one constant velocity. 

Table 3-2: Testing programme for influence of the motion velocity. 

a (mm) v (mm/min) T (s) f (Hz) 
5 10 120 0.00833 
5 20 60 0.01667 
5 40 30 0.03333 

3.4.2.3 Influence of the tested part of the axis 

It is expected that the tested part of the axis will not have an important influence on the measured 
friction force, since it is a standardized extruded profile. The surface can contain impurities, which 
cause a local higher value of the friction force but with only little effect on the motion. Nevertheless, 
two tests are performed for a triangular motion with amplitude a of 5 mm and 10 mm for verification 
of this assumption and the results are given in Figure 3-18. This curve is to be read clockwise, as 
indicated with the arrows. 

During the first period of the test with the large amplitude, a small jump in the friction force is noticed 
when the vertical motion reaches the value of +5 mm or -5 mm. The higher friction is caused by the 
impurities that are not yet removed from the axis since this part has not been tested before. During the 
following periods, this increase is not longer noticeable and the same friction force as during the test 
with smaller amplitude is measured. Therefore, it is assumed that performing tests on a randomly 
chosen, short part of the axis, will give representative values for the whole stroke. 

The magnitude of the friction force differs from previous tests. A value of 1.15 N is measured, which 
is almost 50 % lower than the force of 2.25 N mentioned before. An explanation can be found in the 
moment of testing, since the previous tests are performed on a different day. The buoy is stored and 
transported in a relatively humid environment between the two series of tests. This indicates that 
parameters like temperature and relative humidity seem to have a rather important influence on the 
magnitude of friction. Therefore, it is important to notice that the measured values only give an idea of 
the order of magnitude and should not be considered as absolute accurate values. In addition, in the 
real setup, the wave forces on the buoy can cause a higher internal friction as they also exert forces 
normal on the axis. 
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Figure 3-16: Measured force during triangular movement (a = 5 mm; v = 10 mm/min) to verify steady-state situation. 

 
Figure 3-17: Measured force during triangular movement (a = 5 mm) for different velocities v.  

 
Figure 3-18: Measured force during triangular movement (v= 10 mm/min) for different amplitudes a. 
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3.4.2.4 Conclusion 

Based on the results of the aforementioned tests, the parameters are defined for further testing. Every 
test is continued for four periods, but only the last three periods are considered. To confirm the 
repeatability of the measurements and eliminate accidental results, the measured force during these 
three time-intervals should be equal. The velocity of the vertical motion is most accurately determined 
at low values. The increase from zero to maximum velocity and the transition from downward to 
upward velocity (and vice versa) are then best realised, enabling the visualisation of the possible stick-
slip effect. Therefore, the tests are performed with a constant velocity of 10 mm/min. A triangular 
displacement with an amplitude of 5 mm is applied, because larger amplitudes are not possible due to 
time restraints. This results in a period of 120 s for the vertical motion and a time-duration of 480 s for 
every test. 

3.4.3 Internal friction 

Three tests are performed to define the internal friction between the PTFE-blocks inside the buoy and 
the axis. The first test is performed with a dry contact surface at the lower and upper bearing. During 
the second test, the upper bearing is held dry, but the lower bearing is wet. This situation occurs in the 
real setup in a wave flume or basin, since the bottom part of the buoy is submerged. For the last test, 
the two bearings are wet, since the upper part can also come into contact with water due to water risen 
in the shaft bearing inside the buoy or due to overtopping high waves. Wetting is realised by 
sprinkling the axis before every test with wet friction, thereby providing a water film on the surface. 
The results are given in Figure 3-19. 

 
Figure 3-19: Measured force during triangular movement (a = 5 mm; v = 10 mm/min)  

for dry and wet friction at the bearings. 

!1.5#

!1.0#

!0.5#

0.0#

0.5#

1.0#

1.5#

!6# !5# !4# !3# !2# !1# 0# 1# 2# 3# 4# 5# 6#

Fo
rc
e&
(N
)&

vert.&displacement&(mm)&

dry#friction#at#both#bearings#
dry#friction#at#upper#bearing#!#wet#friction#at#lower#bearing#
wet#friction#at#both#bearings#



CHAPTER 3: SCALE MODEL   51 

 

This series of tests is accomplished on the second day, considering a dry internal friction of 1.15 N. As 
expected, the friction is decreased with the wet lower bearing, but the difference is very small. When 
both bearings are wet, the friction seems to be equal to the dry friction, but higher than with one wet 
bearing. This is opposite to the theory, but the differences are so small, that it can be neglected. In 
addition, the way of wetting the contact surface is not standardized, causing possible differences 
during the tests. One can conclude that the possibly non-lubricated contact point at the upper bearing 
will not cause considerable additional friction, as the difference between dry and wet friction is 
negligible. 

3.4.4 Damping system 

Three different spring forces of 25.20 N, 29.12 N and 31.92 N are applied on the device by adjusting 
the compressed length of the four springs of the damping system. This causes an additional friction 
force compared to Figure 3-15, as indicated in Figure 3-20. The measured force equals the internal 
friction between the bearings and the axis and the applied damping force according to following 
formula: 

!!"#$%&"' = !!"#$ + !!"#$%"&'!!"#$%#&' = ! ∙ !!"!"#$% + !!"#$%"&'!!"#$%#&' (3.6) 

The contact surface at the bearings inside the buoy and the blocks of the damping system are held dry 
during a first series of tests and wet during the second series. To make accurate measurements 
possible, the damping force should be high enough. Since the friction coefficient ! is expected to be 
low, the applied spring forces are therefore rather high. The graphs in Figure 3-21 and Figure 3-22 
show the measured results for respectively dry and wet friction and for the three spring forces. The 
results from the tests without external damping force are also provided. 

 
Figure 3-20: Forces acting on the buoy with an external damping force when the axis moves downward.
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(a) spring force = 25.20 N. 

 
(b) spring force = 29.12 N. 

 
(c) spring force = 31.92 N. 

Figure 3-21: Measured force during triangular movement (a = 5 mm; v = 10 mm/min) for dry friction.  
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(a) spring force = 25.20 N. 

 
(b) spring force = 29.12 N. 

 
(c) spring force = 31.92 N. 

Figure 3-22: Measured force during triangular movement (a = 5 mm; v = 10 mm/min) for lubricated friction. 
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Based on the value of 1.15 N for the internal friction, derived during previous tests, the friction 
coefficient can be calculated based on Eq.(3.6). At the point where the vertical movement inverses, the 
buoy holds still for a moment and static friction occurs. Once back in motion, the dynamic friction is 
measured. At these points of inversion, a difference in force of 0.5 N to 0.75 N is measured. Based on 
these peak values, the coefficient of static friction can be calculated. The coefficient of dynamic 
friction is derived from the value of the horizontal part of the curve. The calculated friction 
coefficients are given in Table 3-3 and Figure 3-23. As expected, the difference between static and 
dynamic friction is negligible, avoiding stick-slip. The difference between dry and wet friction is also 
small. For each applied spring force, the lowest friction occurs when the contact surfaces are wet and 
the buoy is in motion. The non-lubricated dynamic friction is also higher than the lubricated static 
friction, as can be seen in Figure 3-23. For further applications, an average value of the experimentally 
derived friction coefficients will be used, which corresponds with 0.07. This value lies nicely between 
the boundaries of the theoretical range 0.04 - 0.10 given in Section 3.3.1.3. 

Table 3-3: Experimentally derived values for the friction coefficient. 

Fsprings (N) Type of friction Fmeasured (N) ! (-) 

25.20 
dry 

static 3.50 0.09 
dynamic 3.00 0.07 

wet 
static 2.90 0.07 

dynamic 2.40 0.05 

29.12 
dry 

static 4.50 0.12 
dynamic 3.75 0.09 

wet 
static 3.50 0.08 

dynamic 3.00 0.06 

31.92 
dry 

static 4.00 0.09 
dynamic 3.25 0.07 

wet 
static 3.10 0.06 

dynamic 2.50 0.04 

 
Figure 3-23: Experimentally derived friction coefficient for different applied spring forces. 
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An important note should be made considering the internal friction. The value of 1.15 N is measured 
when no external damping force is applied. This means that the buoy has more freedom during its 
vertical motion. By clamping the PTFE blocks of the damping system around the axis, the alignment 
of the setup is improved as the buoy is put in a more fixed position. It is therefore possible that a lower 
internal friction occurs. However, even when the internal friction halves, the average friction 
coefficient increases to a value of 0.09 which means the influence is rather small. 

The previous experiments in the tensile testing machine show differences compared to the real setup in 
the wave flume or basin. The vertical movement is displacement-controlled with a constant 
displacement speed, while in a simulated sea state, the motion of the buoy is force controlled. This 
results in a sinusoidal motion as explained in Chapter 2, which differs from the triangular motion 
applied here. In addition, the operating velocity is much lower than in waves. Nevertheless, the 
aforementioned values give a first indication of the internal friction and they also confirm the 
theoretically predicted characteristics of the steel-PTFE combination. 

3.5 Conclusion 

The scale model of the point absorber WEC is presented in this chapter. The optimized model consists 
of a hemispherical bottom part out of polyurethane, cast in a mould, and a prefabricated cylindrical 
upper part out of PVC with a PVC cover on top. The device is 60 cm high, has a diameter of 31.5 cm 
and an equal draft, which corresponds to a mass of 20.545 kg. A prefabricated square axis out of 
stainless steel is placed in a concrete foot and passes through a little larger shaft bearing inside the 
buoy. The WEC is only able to move in heave along this axis. To avoid movement of the buoy in the 
horizontal plane, bearings are placed inside the shaft bearing at the top and bottom of the buoy 
reducing the margin between the two rods. The bearings consist out of PTFE-blocks and are placed 
with a small margin to avoid additional friction. The square form of the axis hinders rotation of the 
buoy around the spar. The shaft bearing inside the buoy continues over the total height, thereby 
avoiding water infiltration. The PTO-system is simulated by a mechanical brake on top of the buoy, 
consisting of four springs that exert normal forces on PTFE-blocks pressed against the axis.  

The friction between the axis and the bearings is measured in the tensile testing machine and indicates 
a negligible difference between dry and wet friction, meaning the possibly non-lubricated upper 
bearing will not cause important additional friction. The difference between static and dynamic 
friction of the steel-PTFE combination of the PTO-system is also negligible, indicating that stick-slip 
is avoided. An average value for the friction coefficient of 0.07 is used for further research, which 
corresponds well to the theoretical values. The magnitude of the internal friction is also measured 
during tests in the tensile testing machine, but the value is strongly dependent on the environment and 
thus not accurately known.  

The construction of the scale model is thus quite simple and repeatable, resulting in relatively low 
costs for the production in large number. 



 

 

 
 

4 

Numerical modelling 
 

 

In this chapter, the BEM software package WAMIT is used to determine the 
interaction between the buoy and the incident waves. The linear point absorber 
theory is then applied to these results to calculate the undamped buoy motion and 
the required external damping for optimum power absorption. This gives a first 
idea of the buoy motion to be expected in the experiments. Important differences 
between the numerical model and the real setup are also mentioned, since these 
must be taken into account when the results are compared. 
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4.1 WAMIT 

4.1.1 General 

The Boundary Element Method (BEM) software package WAMIT (WAMIT website) is used to 
analyse the wave interaction with the WEC based on a linear potential theory. The velocity potential 
and the fluid pressure on the submerged surface of the body are solved with the aid of the panel 
method. The solutions of the diffraction and radiation problem are then used to calculate the first order 
hydrodynamic parameters for the given geometry and a range of wave periods. There is also a version 
available for a second-order, non-linear analysis, but this option is not considered for the purpose of 
this master thesis.  

4.1.2 Input 

Five input files are generated to run WAMIT. The first file is the filenames list (fnames.wam), which 
specifies the names of the four other input files that are used by the software package, namely the 
configuration file (.cfg), the force control file (.frc), the potential control file (.pot) and the geometry 
data file (.gdf). 

The configuration file contains various parameters and options for the computation. The force control 
file is used to enter the centre of gravity of the body, the body inertia matrix, etc. The hydrodynamic 
parameters, which need to be calculated, are also indicated here. The potential control file contains 
information about the number of bodies, the water depth, the configurations of the different bodies (if 
more bodies are present), the DOF of the body, the incident angle of the waves, etc. For this 
application, there is only one degree of freedom, namely the translation in the z-direction, since the 
buoy can only move in heave. Thanks to the axisymmetric geometry of the buoy, only one incident 
wave angle needs to be considered with a value of 0 degrees. A list of the wave periods of interest is 
also defined in this file.  

The last input file is the geometry data file, which contains the geometrical description of the body. 
This geometry is described in Chapter 3 and corresponds to a hemisphere-cylinder buoy with a 
diameter of 31.5 cm and an equal draft. The under water part of the WEC is modelled in Multisurf 
(Multisurf website), a CAD package to create body surfaces. Relevant point coordinates are 
determined to describe one curve on the surface to be rotated around the central axis of symmetry to 
create a body of revolution. The discretization is carried out according to the low-order method, which 
approximates the surface with small quadrilateral panels. In each panel, the velocity potential is 
assumed constant. The resulting geometry and the generated mesh on this surface are shown in Figure 
4-1. The upper surface corresponds with the water surface.  

The calculation is carried out for two water depths, since the experimental tests are executed in two 
locations with different water depth. The first series of tests is performed in the laboratory of Ghent 
University, where the water depth equals 0.70 m. For the second series, the wave basin in the Queen’s 
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Marine Laboratory of Queen’s University Belfast is used. The water depth there is held at 0.61 m.  
More details about these experiments are given in Chapter 5 and Chapter 6. The wave periods of 
interest vary from 0.300 s to 2.500 s with steps of 0.020 s in order to cover a large range of periods. 

 
Figure 4-1: Geometry of the under water part (left) and generated mesh (right) (Multisurf). 

4.1.3 Output 

The useful parameters evaluated by WAMIT include the hydrodynamic coefficient of added mass !!, 
the hydrodynamic damping coefficient !!!" and the amplitude of the exciting force !!",! for heave 
mode. Those quantities are given in a non-dimensional form (indicated with a bar) making use of the 
water density ! (1026 kg/m3), the acceleration of gravity g (9.81 m/s2), the incident wave amplitude 
!! , the frequency ! (= 2! !) and the length scale LW (which equals 1). For a point absorber 
restricted to heave motion, following relations are used: 

 !! =
!!
!!!!

 (4.1) 

 !!!" =
!!!"
!!!! !

 
(4.2) 

 !!",! =
!!",!

!"!!!!!
 

(4.3) 

By using a Matlab script (dataverwerking.m), the output given by WAMIT is converted into the 
dimensional parameters and captured into practical Microsoft Excel-tables. Figure 4-2 gives the results 
for the three parameters as a function of the incident wave period T.  
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(a) Hydrodynamic coefficient of added mass. 

 
(b) Hydrodynamic damping coefficient. 

 
(c) Amplitude of the heave wave exciting force per unit wave amplitude. 

Figure 4-2: Hydrodynamic parameters in different water depths as a function of the incident wave period. 
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The amplitude of the heave wave exciting force is given per unit wave amplitude ! = ! 2 = 1!!. 
This parameter increases for longer waves. As mentioned in De Backer (2009), the force amplitude 
approaches the hydrostatic force per unit displacement !!!!! for the zero frequency limit, which 
amounts 784.38 N/m for this device. The value is not yet reached in graph (c) from Figure 4-2, as the 
applied periods are not large enough. 

There is hardly any difference between the values of !! and !!",! for the two water depths. For larger 
wave periods, the difference between the values of !!!" for the two water depths is noticeable, though 
very small and negligible. This is confirmed in the following sections, where the output from WAMIT 
is processed and this difference is no longer visible. 

4.2 Natural period 

The natural period of the device can be determined theoretically, based on results from the simulation 
in WAMIT for a wave period T0 of 0.000 s. No waves are present and the buoy oscillates freely in 
initially stagnant water.  

As given in Eq.(2.33) of the linear point absorber theory, the natural angular frequency of the system 
depends on the total mass consisting of !, !!! and !!"# and the hydrostatic restoring coefficient k, 
which equals !!!!! with !! the waterline area. 

 
!! =

!
! +!! ! +!!"#

 (4.4) 

The value for ma can be calculated by using Eq.(4.1) and the non-dimensional value !! given by 
WAMIT for the period T0. The supplementary mass !!"# equals 0 kg, since no additional mass to 
tune the point absorber is added. The mass m of the device is calculated based on the equilibrium 
between the gravitational force and the Archimedes force when the device is floating: 

 !! ∙ !!"#$%&'%( ∙ ! = ! ∙ ! (4.5) 

The submerged volume is calculated in WAMIT based on the geometry. To determine the value of k, 
a small amplitude of the vertical movement of the buoy is assumed so that the waterline area Aw is 
constant and equals the cross section of the cylinder.  

 
! = !!!!! = !!!

!!!
4  (4.6) 
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The results from this calculation are given in Table 4-1. 

Table 4-1: Calculation of theoretical natural period making use of WAMIT results. 

d (m) !! (-) Vsubmerged (m3) Aw (m2) !! (kg) m (kg) k (kg/s2) wn,WAMIT (rad/s) Tn, WAMIT (s) 
0.70 0.0049 0.02038 0.0779 5.03 20.91 784.38 5.499 1.143 
0.61 0.0050 0.02038 0.0779 5.13 20.91 784.38 5.489 1.145 

The theoretical natural period is used as incident wave period during the experimental tests. The 
applied value is Tn,WAMIT = 1.147 s, which differs slightly from the values in Table 4-1, since it was 
derived approximately based on a previous numerical modelling with a draft of 0.300 m and 0.350 m 
by taking the weighted average. Nevertheless, since the difference is very small (a few thousands of 
seconds), the results are still representative. 

4.3 Buoy heave motion 

The hydrodynamic parameters derived from the calculation in WAMIT are used to predict the motion 
of the device due to regular incident waves with a wave amplitude of 1.00 m and a varying wave 
period. The formulas of the linear point absorber theory from Chapter 2 are again used. The high 
values for the buoy response are due to the large applied waves. As will be explained in the testing 
programme in Chapter 5, much smaller waves – with wave heights in the order of magnitude of 
100 mm – will occur in the experimental setup.  

4.3.1 Undamped response 

The amplitude of the undamped response of the buoy to incident waves is determined based on 
Eq.(2.31) from Chapter 2. Since there is no external damping force applied, !!!" equals zero. The 
values for k and m are given in Table 4-1 and are used together with the output from WAMIT for !!, 
!!!" and !!",! to calculate the amplitude with the adapted formula given in Eq.(4.7): 

!!"(!) =
!!",!(!)

! − ! +!! ! ∙ !! ! + !!!" ! ∙ ! !
 (4.7) 

The results for the two water depths are given in Figure 4-3. For small periods  !!"#!$%"& <
!!,!"#$% , the amplitudes are small and approach to zero for very high frequencies. More specifically, 
the construction is not able to follow the excitation, as the exciting force varies very rapidly compared 
to the natural frequency of the system. For large periods !!"#!!"#$ > !!,!"#$% , the amplitude 
decreases to a horizontal asymptote at 1.00 m. This means that the amplitude of the buoy motion 
equals the amplitude of the incident waves, when the exciting force varies rather slowly compared to 
the natural frequency. The largest movement occurs at resonance !!"#!$%"& = !!,!"#$% , where the 
amplitude of the buoy motion can reach values of several times the incident wave amplitude. 
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Figure 4-3: Amplitude of the undamped buoy motion as function of the incident wave period per unit wave amplitude. 

4.3.2 Optimal power absorption 

The average power absorption of the PTO-system can be calculated with Eq.(2.37) from Chapter 2, 
where is it expressed as a function of the linear external damping coefficient !!"# and the amplitude of 
the velocity !!. Based on Eq.(2.30) of the forced oscillation, the velocity can be expressed as:  

 !!"#$ ! = !!!"#$%& !
!" = !!" ∙ ! ∙ cos!(!" + !!"#) (4.8) 

The amplitude !! thus equals !!" ∙ !. Taking the output from WAMIT for !!, !!!" and !!",! into 

account and considering Eq.(2.31), the only unknown parameter to determine !!" for the different 
incident wave periods is !!"#. This means that the average power absorption is only dependent of !!"# 
for which an optimum value can be calculated by demanding maximum power absorption:  

 !!!",!"#
!!!"#

= 0 (4.9) 

The optimal value for !!"# is given in part (a) of Figure 4-4. This parameter is independent of the 
incident wave height, but does vary with incident wave period. Part (b) gives the corresponding 
amplitude of the damped buoy motion calculated with the aid of Eq.(2.31), while (c) shows the 
average optimum power absorption based on Eq.(2.37). These parameters are dependent on both the 
incident wave height and period. It is theoretically confirmed that the performance is most profitable 
at resonance, as the largest average power absorption is achieved when the incident wave period 
equals the natural period of the device. The required linear external damping coefficient has the lowest 
value and equals !!!". However, De Backer (2009) mentioned that in practice, a higher value for !!"# 
will be necessary for optimum power absorption in order to avoid high buoy velocities which are 
responsible for unwanted energy losses. 
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(a) Linear external damping coefficient. 

 
(b) Amplitude of the damped buoy motion. 

 
(c) Average power absorption. 

Figure 4-4: Parameters for optimum power absorption as function of incident wave period per unit wave amplitude.
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4.4 Differences between numerical and experimental model 

Both the linear potential theory of the software package and the linearized equation of buoy motion 
include some assumptions, which are not always fulfilled in the real setup. It is useful to give some 
attention to the most important differences between the numerical and experimental model. These 
effects should be taken into account when comparing the results. 

First, the most decisive difference is the implementation of the damping force. As explained in 
Chapter 2 with Eq.(2.21), the damping force is linear proportional to the buoy velocity with the 
proportionality factor !!"#. This results in a sinusoidal damping force that is adapted to the buoy 
velocity, by applying a large damping force for high velocities, but reducing the damping force for 
smaller velocities. The damping force in the scale model (see Eq.(3.1) from Chapter 3) is a block 
signal with constant amplitude and an opposite sign compared to the velocity. As the damping force is 
independent of the magnitude of the velocity, this would result in a non-constant value for !!"#. 
Next, the internal friction within the device causes a non-useful energy dissipation, resulting in a 
smaller buoy motion. This will not be predicted by the numerical model, as the additional friction is 
not taken into account for the calculation.  

Further, the linear theory assumes an inviscid or ideal fluid, which means that there is no internal 
friction in the fluid. Energy losses due to viscous effects are not considered. However, when high 
velocities occur, these energy losses can become important. 

Another effect not taken into account in the linear theory is the effect of a non-linear hydrostatic 
restoring force with a high motion amplitude of the buoy. The hydrostatic restoring force is calculated 
as the product of the amplitude z and the linear spring constant k, which is a function of the waterline 
area Aw as given in Eq.(2.20). This area is assumed to be equal to the section of the cylinder, but when 
the amplitude of the buoy motion exceeds the radius of the device, the waterline area decreases and 
becomes dependent on the buoy position, as the hemispherical part reaches out of the water. 

Finally, the numerical predictions will be calculated based on the target wave height, which does not 
always agree with the generated wave height as the accurate generation of the waves depends on the 
performance of the experimental setup. 

It is already clear that the numerical model will give better results for the power absorption, as it 
leaves internal friction and non-linear effects out of consideration. The model would be more 
accurately by implementing the internal friction and the adapted expression for the external damping 
force (see Eq.(3.1)). The internal friction can, like the damping force, be expressed as a block signal 
with the force magnitude as amplitude and an opposite sign compared to the velocity: 

 !!"#$%"&'!!"#$%#&' = −!!"#$%"&'!!"#$%#&',! ∙ !"#
!"
!"  (4.10) 
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However, as noticed in Chapter 3, the absolute value of Finternal friction, A cannot be accurately determined 
as the environment has an important influence. In addition, implementation of a block signal requires a 
model in the time domain, as these forces are non-linear. This implementation is not part of the 
purpose of this master thesis and only calculations in the frequency domain are carried out.  

4.5 Conclusion 

The numerical simulation in WAMIT results in the hydrodynamic parameters for the interaction 
between the device and the waves for different incident wave periods. These parameters are processed 
with the aid of the analytical formulas of the linear point absorber theory to predict the natural period 
of the buoy and the buoy motion for undamped and optimum power absorption conditions in incident 
regular waves with a wave amplitude of 1.0 m. However, due to the large amount of differences 
between this model and the real setup, a non-negligible deviation from the measured results is 
expected. This will be examined in Chapter 5 and Chapter 6. 

 



 

 

 

 

 
 

5 

Experimental tests 
in a wave flume  

 

 

This chapter gives an overview of the tests performed in the large wave flume of 
the laboratory of Ghent University. The main purpose of these tests is to make sure 
all deficiencies of the scale model are excluded. Installation techniques of the foot 
in the wave flume are examined and the stiffness of the axis is checked. The 
possible measuring systems for the buoy motion and the efficiency of the damping 
system have also been tested. Finally, the reflection characteristics of the buoy and 
its influence on the wave climate in the flume are described. 
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5.1 Testing programme 

5.1.1 Scaling of the measured sea states 

The testing programme is based on measured sea states in several European countries. Information 
found in Beels (2010), Mattarolo et al. (2009) and Rusu et al. (2008) has led to the ranges for the wave 
height and period given in Table 5-2, measured by a buoy on a location with a water depth d. These 
sea states have an occurrence probability larger than 10 %.  

The measured wave height and period are scaled to model sea states according to Froude. The 
prototype and the scale model should have the same shape. This geometrical similarity defines the 
multiplication factor !: 

 ! = !!
!!

 (5.1) 

L refers to a characteristic geometrical dimension (e.g. the device diameter). The subscript P stands for 
the prototype and the subscript S for the scale model. The requirement in Eq.(5.1) does not only apply 
to the structure, but also to the environment. The value ! is therefore determined on the base of the 
water depth of 0.70 m in the experimental setup and the depth d of the location where the sea states are 

measured (! = ! 0.70!!). This multiplication factor can be used to scale the wave height and the 
square root of this factor is used to scale the wave period. An overview is given in Table 5-1 and the 
result of the scaling is shown in Table 5-2. The diameter of the prototype is calculated based on the 
scale model diameter of 31.5 cm, which also corresponds to the draft of the device. 

Table 5-1: Froude scaling table. 

Physical 
parameter 

Unit 
Multiplication 

factor 
Length (m) ! 
Time (s) ! 

5.1.2 Tested sea states 

The tested sea states are derived from the scale model sea states and are given in Table 5-3. The wave 
period T varies from 1.000 s to 1.300 s for tests where the buoy is present. More extreme values of the 
period (T = 0.800 s and T = 1.500 s) are also applied during tests without the presence of the buoy. 
The aim is to check the performance of the equipment for small and large waves. Two natural periods 
are tested: the theoretical value Tn,WAMIT, derived with the aid of WAMIT (see Chapter 4) and the 
experimental value Tn, measured, measured during the decay test (see Section 5.3.2). At the latter period, 
three wave heights of 0.050 m, 0.070 m and 0.100 m are tested. Only two wave heights (0.050 m and 
0.100 m) are examined for the other periods. All tests are performed with regular long-crested waves. 
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Table 5-2: Measured and scale model sea states for several European Union countries (scaling according to Froude) 
(Stratigaki et al., 2011a; Stratigaki and Troch, 2012; Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

Country 

Measured sea states 

! 

Scale model sea states 

Diameter  

prototype (m) 
Hmeasured (m) Tmeasured (s) d (m) Location Hscaled (m) Tscaled (s) 

Lower 
limit 

Upper 
limit 

Lower 
limit 

Upper 
limit   Lower 

limit 
Upper 
limit 

Lower 
limit 

Upper 
limit 

Belgium1 0.00 2.00 2.50 6.50 28.8 Westhinder 41.14 0.000 0.049 0.390 1.013 12.96 

The Netherlands1 0.50 2.50 4.72 6.44 26.0  37.14 0.013 0.067 0.774 1.057 11.70 

Germany1 0.75 2.25 4.67 6.21 27.0  38.57 0.019 0.058 0.752 1.000 12.15 

Denmark1 1.00 3.00 4.84 7.11 39.0  55.71 0.018 0.054 0.648 0.953 17.55 

Norway1 0.50 2.50 7.13 8.20 200.0  285.71 0.002 0.009 0.422 0.485 90.00 

United Kingdom1 0.50 2.50 5.39 7.17 57.0  81.43 0.006 0.031 0.597 0.795 25.65 

France2 0.50 4.50 4.00 12.00 32.0 Ille d'Yeu 45.71 0.011 0.098 0.592 1.775 14.40 

 0.25 1.00 4.50 5.50 17.0 Le Havre 24.29 0.010 0.041 0.913 1.116 7.65 

     38.0 Les Minquiers 54.29 0.010 0.055 0.500 1.000 17.10 

     110.0 Quessant 157.14 0.000 0.049 0.390 1.013 49.50 

Portugal3 1.00 5.50 5.00 10.00 100.0 deepwater 
location 100.00 0.013 0.067 0.774 1.057 31.50 

1Beels (2010), 2Mattarolo et al. (2009), 3Rusu et al. (2008)  
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The range of wave heights and periods is chosen to cover the sea states of as many countries as 
possible (Stratigaki et al., 2011a). The testing programme is not representative for the United 
Kingdom and Norway, but, although large prototypes are sometimes required (e.g. in France 
(Quessant) and in Portugal), it does agree with the real conditions in the other countries (Belgium, The 
Netherlands, Germany, Denmark, France and Portugal). 

Table 5-3: Tested sea states 
(Stratigaki et al., 2011a; Stratigaki and Troch, 2012; Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

T (s) f (Hz) H (m) 
0.800 1.000 0.050  0.100 
1.000 0.952 0.050  0.100 
1.050 0.909 0.050  0.100 
1.100 0.872 0.050  0.100 

Tn,WAMIT fn,WAMIT 0.050  0.100 
Tn, measured fn, measured 0.050 0.070 0.100 

1.200 0.833 0.050  0.100 
1.250 0.800 0.050  0.100 
1.300 0.769 0.050  0.100 
1.500 0.667 0.050  0.100 

5.2 Experimental setup 

5.2.1 Composition of the large wave flume 

The tests are carried out in the large wave flume of the Department of Civil Engineering (Afdeling 
Weg- en Waterbouwkunde, AWW) of Ghent University, Belgium (Troch, 2000). The facility is 30 m 
long, 1 m wide and 1.2 m high. This flume is designed for a maximum water depth of 0.80 m in which 
waves with a maximum height of 0.35 m can be generated. 

The sidewalls of the wave flume are made out of concrete. At one side, this concrete wall stretches out 
over the total length, while at the other side, the concrete is replaced by 30 mm thick glass over a 
length of 15 m (see Figure 5-1). This glass wall makes it possible to see the setup and generated 
waves. 

On one side of the wave flume, the wave motion is generated by the movement of a wave paddle, 
which is placed transverse to the longitudinal axis of the flume and takes in the full cross section (see 
Figure 5-2). The paddle is a piston type paddle which is driven by a stepping motor with the aid of a 
spindle. This drive mechanism converts the rotating movement of the motor into a linear movement of 
the paddle. The maximum stroke length is 1.5 m and both regular and irregular waves are possible. 
The generated waves have a uniform velocity profile over the water depth. 
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Figure 5-1: The large wave flume at AWW, Ghent University. 

 
Figure 5-2: Wave paddle of the large wave flume at AWW, Ghent University. 

5.2.2 Equipment related to registration of the wave motion 

The operating software has been developed in the programming language LabVIEW (Troch, 2000; 
Troch and Versluys, 2004). This software has a fourfold task, including (i) the generation of the 
incident waves, (ii) the control of the stepping motor, (iii) data acquisition of the wave gauges (WGs) 
and (iv) wave analysis.  
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For the first task, the required amplitude of the movement of the wave paddle needs to be determined 
to create the prescribed waves. The relation between this movement and the resulting wave amplitude 
is expressed by the Biésel transfer function. More details can be found in Appendix E of Troch (2000). 
With a frequency of 40 Hz, the new position of the wave paddle is passed on to the driving of the 
stepping motor, which passes this signal on to the motor (task (ii)). 

Wave gauges of the resistive type (see Figure 5-3) can be used to determine the elevation of the water 
surface at certain locations in the wave flume. The variable resistance is measured between two small 
bars, which are placed so that they are partially under the water surface in a wave train. This resistance 
is linear proportional to the elevation of the water surface. The relation can be determined by 
calibrating the wave gauges in stagnant water before performing the tests. The method for this 
calibration is given in Troch and Versluys (2001). The wave gauges are connected to a steel frame 
placed over the wave flume. They are put in the middle of the flume, so that the influence of the 
reflection from the sidewalls is as small as possible. The elevation of the water surface is registered 
with a frequency of 40 Hz (task (iii)). 

The last aspect of the software tasks makes it possible to perform a wave analysis on the measured 
results in the time or frequency domain. 

 
Figure 5-3: Wave gauges. 

Special attention needs to be given to the Active Wave Absorption (AWA) system in the wave flume, 
based on the AWASYS system of Aalborg University, Denmark (Frigaard and Christensen, 1994). 
Reflected waves re-reflect against the wave paddle and thereby change the incident waves. 
Consequently, an effective absorption of the returning waves is required. AWASYS uses digital 
filters, which realise a real-time identification of the reflected waves in front of the wave paddle. A 
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correction for the movement of the wave paddle can be calculated by using digital filtering and 
superposition of two measurement of the water surface elevation close to the wave paddle. The 
reflected component is absorbed and the incident waves remain unchanged. 

The positions of the two wave gauges AWA1 and AWA2 are determined by two requirements. First, 
there needs to be a minimum distance of three times the water depth between the wave paddle and 
AWA1. During the wave generation in the physical wave flume, not only progressive waves are 
present, but also standing waves at the position of the wave paddle, which slowly extinguish and 
disappear after a distance larger than 3 times the water depth. In this area, there is no measurement 
possible with wave gauges, unless one takes this near field explicitly into account. Secondly, the 
distance between the WGs needs to lie between following boundaries to eliminate singularities (with 
Ln the wave length): 

 0.05 ∙ !! < ∆! < 0.45 ∙ !! (5.2) 

5.2.3 Specifications for the present experimental work 

5.2.3.1 General 

For the purpose of this research, the operating water depth is 0.70 m. There is an absorbing beach 
composed of pebbles at the opposite side of the wave paddle (see Figure 5-4). The purpose of this 
construction is the reduction of the reflection of the incident waves. There is space left under this talus 
to enable the pumps to drain away the water. 

 
Figure 5-4: Absorbing beach at the end of the large wave flume at AWW, Ghent University. 

5.2.3.2 Wave motion 

The two WGs of the AWASYSTEM are always present to ensure the active wave absorption. Table 5-4 
gives the recommended positions for the AWAs for the different wave periods from Table 5-3. To 
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avoid the time-consuming task of replacing the wave gauges for different sea states, the distance 
between the wave paddle and AWA1 is chosen to be 3.00 m, while ∆! has a value of 0.22 m. This 
setup is given in Figure 5-5 and meets the requirements mentioned before. 

Table 5-4: Recommended positions for AWA1 and AWA2. 

T (s) d (m) Ln (m) ! ∙ ! (m) 
∆! (m) 

min max 
0.800 0.70 1.00 2.10 0.05 0.45 
1.000 0.70 1.55 2.10 0.08 0.70 
1.050 0.70 1.70 2.10 0.09 0.77 
1.100 0.70 1.86 2.10 0.09 0.84 
1.147 0.70 2.00 2.10 0.10 0.90 
1.176 0.70 2.10 2.10 0.10 0.94 
1.200 0.70 2.17 2.10 0.11 0.98 
1.250 0.70 2.33 2.10 0.12 1.05 
1.300 0.70 2.49 2.10 0.12 1.12 
1.500 0.70 3.12 2.10 0.16 1.40 

 
Figure 5-5: Position of AWA1 and AWA2. 

Other wave gauges are used to measure the water surface elevation at certain positions in the flume. 
The wave height can be derived from those measurements and compared to the incident wave height, 
thereby checking out the influence of the presence of the buoy on the wave field. Specifically, the 
wave height will change due to phenomena like radiation, reflection, absorption, transmission and 
diffraction. Wave gauges upwave can be used to determine the reflection, while wave gauges 
downwave record the size of the wake and the wave height reduction behind the WEC.  

Different setups for the buoy and the wave gauges are used depending on the purpose of the type of 
test. Detailed figures of the configurations in the wave flume are given in Appendix B. A reference to 
the appropriate setup is given in every section that deals with the analysis of a certain series of tests. 

5.2.3.3 Motion of the buoy and the axis 

Not only the wave motion, but also the vertical motion of the buoy and the horizontal movement of the 
axis will be registered (Stratigaki and Troch, 2012). The latter needs to be recorded in order to verify 
the stability and rigidity of the supporting system consisting of the square axis and foot. The first is 
measured to verify the behaviour of the WEC. As an example, the repeatability of the motion and the 



CHAPTER 5: EXPERIMENTAL TESTS IN A WAVE FLUME  74 

 

effectiveness of the damping system can hereby be checked. These measurements also enable power 
absorption calculations, since energy is extracted from the waves by damping the buoy motion by the 
PTO-system. Further, the experimentally derived results concerning the buoy motion can be compared 
to the numerical modelling results from WAMIT (WAMIT website). 

A camera is used to register the displacement of the axis. For the vertical movement of the buoy, 
different measuring instruments can be employed such as a camera, a potentiometer and a Linear 
Variable Differential Transformer (LVDT). The different methods are described here shortly and their 
influence on the buoy motion is further examined in Section 5.3.5. 

 Camera 

A camera placed at the side of the wave flume is filming a mark put on the axis or buoy see (Figure 
5-6). With the aid of the programme Marker tracking v5single.vi, written in LabVIEW (Ghent 
University), the video is analysed (see Figure 5-7). The position of the mark is determined in every 
picture frame with reference to the starting position in the first frame. The results contain three 
aspects: the horizontal movement and vertical movement of the mark and a score of the measurement. 
The measuring point can be considered as a high quality measurement and will be withheld when this 
score exceeds the value of 900. Results with a lower score will be eliminated. 

  
Figure 5-6: View with the camera for a mark on the axis (left) and the buoy (right). 

 
Figure 5-7: User's screen Marker tracking v5single.vi. 
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 Potentiometer 

The potentiometer (see Figure 5-8) is a rotary potentiometer (model FD60-500, see also Appendix C) 
consisting of a wire which can wind and unwind. It is placed on the axis and connected to the top of 
the buoy by the wire. This wire follows the vertical motion of the buoy. During the rotational motion 
inside the potentiometer, the variable resistance changes proportional to the unwound length of the 
wire. This signal is then converted into the vertical displacement of the top of the wire, which is 
measured with an accuracy of 0.5 mm. The wire exerts a recalling force on the device, similar to a 
spring, and experiences some friction in the instrument when moving. These two effects are 
non-negligible disadvantages of this measuring instrument and are further on investigated in detail. 

 LVDT 

A linear variable differential transformer (see Figure 5-8) can be used to measure linear displacements. 
It consists of a cylindrical ferromagnetic core that is attached to the buoy and moves up and down in a 
larger tube which is connected to the axis. Three coils surround this tube: the primary coil in the centre 
and two secondary coils at each side. An alternating current in the primary coil induces a voltage in 
the secondary coils, which changes when the core moves. Out of the registered change in voltage, the 
displacement of the core – and thus the buoy – can be derived. During its movement, the central core 
does not touch the outer tube, so the internal friction is zero ensuring accurate measurements. Due to 
the limited stroke, no large amplitudes of the vertical motion can be measured. 

 
Figure 5-8: Potentiometer and LVDT connected to the buoy. 

5.2.3.4 Software for analysis 

The analysis of the registered wave motion is performed in WaveLab (WaveLab website), a software 
package for data acquisition and data analysis developed at Aalborg University, Denmark. The graphs 
are made using Microsoft Excel.  

The analysis of the motion of the buoy and axis is performed in Microsoft Excel by visualising the 
measurements in graphs. 
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5.3 Experimental research 

5.3.1 General 

All performed tests have an average duration of 165 s. This time-interval includes an entry time of 
about 15 s to 20 s, during which the waves can develop. The actual test lasts for about 85 to 90 s, after 
which 60 s is taken into account before the next test can start to ensure settling of the water surface. 
For the different types of tests, only the relevant part of the results is analysed. Since the water surface 
elevation and the point absorber response in regular waves remain identical once regime conditions 
are reached, a short time frame is sufficient for the analysis. 

First, a decay test is performed to determine the natural period of the device experimentally. Secondly, 
the stability and rigidity of the foot and axis are verified and thirdly, the influence of the measuring 
instruments is checked. The latter two series of tests are performed for only a limited number of sea 
states. Finally, the whole testing programme is applied in four types of tests. 

During the first type of tests, the buoy is not present in the wave flume. These tests have a dual 
function. On the one hand, they are used to determine the reflection from the absorbing construction in 
the back of the wave flume. On the other hand, the undisturbed incident wave field can be measured 
since there is no interruption by equipment in the wave flume. In this way, the input of the test can be 
verified. 

The second type consists of tests in which the buoy is held fixed at its equilibrium position. The 
reflection from the buoy can be measured by WGs upwave and the diffraction behind the buoy can be 
observed visually. These two phenomena are not influenced by radiated waves, since the movement of 
the buoy is hindered. 

The undamped response of the device is measured during the third type of tests. As no external 
damping force is applied, no power absorption by the PTO-system appears. Energy is only lost 
through internal friction between the buoy and the axis, and by hydrodynamic damping, since energy 
is transferred to the radiated waves. 

During the last test type, a constant external damping force is applied. The amplitude of the vertical 
buoy motion decreases and energy is extracted from the waves by the PTO-system. This simulates a 
real situation and a realistic wake is created. A first indication of the influence of a heaving buoy on its 
environment can be observed here. 

The first three test types are reference cases, which can be used to verify numerical models since no 
external damping system is used. The last series depends on the power take-off system and is therefore 
less generic. An overview of all performed tests is given in Table A.2 from Appendix A. 

5.3.2 Decay test 

During a decay test, the buoy is immersed in originally still water to an initial position different from 
its equilibrium position and then released. The motion of the marker on the buoy is recorded with a 
high-resolution camera that is placed outside the wave flume and acquires data with a frequency of 
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23.6 Hz. The decay curve measured during this test gives a first indication about the hydrodynamic 
behaviour of the buoy, since the natural angular frequency !! and the damping factor !! can be 
derived. 

The buoy undergoes a damped free oscillation in the absence of incident waves. This oscillation can 
be mathematically expressed according Eqs.(2.25-2.28) from Chapter 2, which are listed below. 

 !! ! = !!" ∙ exp!(−!!!!!) ∙ sin!(!!! + !!) (5.3) 

 !! = 1 − !!! ∙ !! (5.4) 

 
!!" = !!! + (!! + !!!!!!)! ∙

1
!!!
! (5.5) 

 !! = arctan !!
1
!! ∙ (!! + !!!!!!)

 (5.6) 

During the decay test, the system oscillates with the damped natural frequency !!. This frequency can 
be determined by a frequency domain analysis in the software LabVIEW (see Figure 5-9). A peak 
period Tp of 1.176 s is given, which corresponds to a damped natural frequency !! of 5.343 rad/s.  

 
Figure 5-9: Output LabVIEW from frequency domain analysis for the decay test in the wave flume. 

A point absorber is typically an underdamped mechanical oscillator, from which the decay can be 
characterized by a logarithmic decrement Λ. This decrement is the ratio of two random successive 
amplitudes X1 and X2 in the same direction (Loccufier, 2011). When weak damping occurs, the 
difference in amplitude between two successive oscillations may be small. A more accurate result can 
be obtained by taking two amplitudes X1 and Xn that are separated by n-1 periods. Taking Eq.(5.3) into 
account, the logarithmic decrement can be described as: 
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 ! = !" !!!!
= ! 1
! − 1 . !"

!!
!!

= 2.!. !!
1 − !!!

 (5.7) 

By using Eq.(5.7) the damping factor !! can be calculated and used to determine !! with the aid of 
Eq.(5.4). 

The decay curve extinguishes exponentially and the envelope can be mathematically described 
according Eq.(2.29) from Chapter 2. 

 !!"#!$%&! ! = !!" ∙ exp −!! .!!. !  (5.8) 

Other parameters to describe the underdamped system are the critical damping coefficient bc (see 
Eq.(5.9)) and the damping coefficient bd, which are related by the damping factor !! as shown in 
Eq.(5.10) 

 !! = 2 ∙! ∙ !! = 2 !" (5.9) 

 !! =
!!
!!

 (5.10) 

The aforementioned method is applied to the green full line in Figure 5-10, which represents the 
measured decay curve. Two amplitudes X1 and X11 separated ten periods from each other are read 
from the curve. The initial position !! before releasing equals the value of the first measuring point 
and its initial velocity !! is zero. The results are given in Table 5-5 and Table 5-6. Since the damping 
factor !! is smaller than unity, the point absorber is indeed an underdamped system. 

Table 5-5: Measured and calculated characteristics of the underdamped system for the decay test in the wave flume. 

!! 134.04 mm  !! 0.023 - 
!! 0.00 mm/s  bd 4.96 kg/s 
X1 126.10 mm  bc 219.59 kg/s 
Xn 30.50 mm  zAf 134.08 mm 
n-1 10 -  !! -1.55 rad 
ωd 5.343 rad/s     

Table 5-6: Measured natural period, angular frequency and frequency for the decay test in the wave flume. 

ωn,measured 5.344 rad/s 
Tn,measured 1.176 s 
fn,measured 0.850 Hz 
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Figure 5-10: Position of the buoy relative to its equilibrium position during the decay test in the wave flume. 

Two extra curves are added in Figure 5-10. The red full line is the envelope based on Eq.(5.8) and the 
black dotted line gives the decay curve calculated with the aid of Eq.(5.3). A good fit is found between 
the measured and the calculated curve and also the covering of the experimental curve by the envelope 
fits well. The agreement declines slightly at the end of the free oscillation. This can be due to the small 
movement of the buoy, which is difficult to measure accurately with the used measurement 
instrumentation. 

The natural period Tn, measured is used as incident wave period in the experimental tests to describe the 
behaviour at resonance. The agreement with the theoretically derived value Tn, WAMIT of 1.143 s (see 
Chapter 4) is quite good, considering the shortcomings of the numerical model. 

5.3.3 Stability and rigidity of the axis and the foot 

5.3.3.1 Aim and method 

This series of tests is intended to verify that the horizontal movement of the axis remains limited with 
regard to the foot and that the foot remains in its position. Different installation techniques in the wave 
flume are investigated (Stratigaki et al., 2012a):  

(i) the foot is loosely placed on the bottom of the wave flume; 
(ii) a rubber mat is placed between the foot and the bottom of the wave flume and the foot is 

loosely placed on the rubber mat; 
(iii) the foot is moored to the bottom of the wave flume by means of four screws through the 

corners of the foot. 
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The first installation technique is the easiest one to execute, especially regarding the planned tests in 
DHI with different geometrical layouts and inter-WEC spacing. When this method is not sufficient, 
the movement of the foot may be reduced by friction with the rubber mat. The worst-case scenario 
would be the necessity to supply anchoring, because this will be very time consuming. On the other 
hand, it will ensure a stable device on condition that the bending stiffness of the axis is sufficient. 

The setup for this series is given in Figure B.1 from Appendix B. Besides the AWAs, there is only one 
wave gauge used to control the input. Two remarks need to be made. First, at the end of the wave 
flume opposite to the wave paddles, the absorbing beach as mentioned before is not yet finished. This 
will cause a lot of reflection due to the absence of absorption by the talus. Secondly, the buoy has a 
mass of only 17.2 kg and a draft of 28 cm instead of the normally used 20.545 kg and 31.5 cm. Since 
the aim is not on registering the wave climate or the movement of the buoy, this will not be an issue.  

The test is performed for different sea states, selected from the list in Table 5-3, so that a range of 
periods is checked (see Table 5-7). For the theoretically determined resonance period of 1.147 s, a 
higher wave height of 0.150 m is also considered, since this sea state will cause a larger movement 
and thus forms an additional check for the stability.  

Table 5-7: Tested sea states for the stability and rigidity of the axis and foot (1) (Stratigaki et al., 2012a). 

H (m) T (s) 
0.050 1.000 
0.050 1.147 
0.100 1.000 
0.100 1.147 
0.100 1.250 
0.150 1.147 

5.3.3.2 Results 

The graphs in Figure 5-11 and Figure 5-12 give the horizontal movement of the axis relative to its 
starting point as a function of time. After controlling the input with the measured signal of the WG, 
the test for the first sea state with the foot placed on a rubber mat seemed to be carried out with a wave 
height of 0.100 m instead of the provided wave height of 0.050 m. This test is no longer useful in the 
comparison with the other installation techniques and the result is therefore not considered.  

The rubber mat does not have the expected effect, since the total horizontal movement is the largest 
for all sea states. In further testing, this type of installation technique is no longer regarded. The 
horizontal movement has the smallest amplitude when the foot is anchored in the bottom of the wave 
flume. The movement is only due to displacement of the axis relative to the foot, since the latter 
remains in the same position at all times. As the total absolute horizontal displacement is limited to 
1.0 - 1.5 mm, the bending stiffness of the axis is sufficient. The motion is also stable: the same 
amplitude is maintained throughout the test. This installation technique can be considered as very 
appropriate. 
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(a) H = 0.050 m – T = 1.000 s. 

 
(b) H = 0.050 m – T = 1.147 s. 

 
(c) H = 0.100 m – T = 1.000 s. 

Figure 5-11: Horizontal movement of the axis expressed as the horizontal displacement relative to the starting 
position (mm) without the talus in the wave flume and a smaller buoy draft than prescribed (1) 
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(d) H = 0.100 m – T = 1.147 s. 

 
(e) H = 0.100 m – T = 1.250 s. 

 
(f) H = 0.150 m – T = 1.147 s. 

Figure 5-12: Horizontal movement of the axis expressed as the horizontal displacement relative to the starting 
position (mm) without the talus in the wave flume and a smaller buoy draft than prescribed (2).
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When the foot is loosely placed on the bottom of the wave flume, there is movement due to the 
displacement of the axis relative to the foot, but there is also a displacement of the foot itself, since it 
is not connected to the bottom of the wave flume. For this reason, the total horizontal movement is 
larger than in the previous case. In addition, the amplitude is not as stable as with the moored foot. 
The larger movement of the axis will cause a smaller amplitude of the vertical motion of the buoy, 
because it is harder for the buoy to perform its heaving motion on a skew axis. Nevertheless, the total 
absolute horizontal displacement of the spar does not exceed the value of 3.0 mm, so this installation 
technique can still be considered as stable enough. 

The horizontal movement is also influenced by the applied sea state. With the same wave period and 
an increasing wave height, the displacement becomes larger, although the difference is rather small. 
With constant wave height, there is hardly any difference in horizontal movement with changing wave 
period. One can conclude that due to the larger amount of energy in higher waves (see Eq.(2.12) in 
Chapter 2), the horizontal movement increases, but that nevertheless, the movement is limited for all 
sea states of interest. 

5.3.3.3 Additional tests 

The same type of test is repeated after finishing the talus in the wave flume and adapting the mass of 
the buoy to 20.545 kg, which corresponds to a draft of 31.5 cm as prescribed in Chapter 3.  

There are some adjustments compared to the previous section. First, the tests with the rubber mat are 
not repeated, since the inefficiency of this installation technique is already demonstrated. Secondly, 
the sea state with the wave height of 0.150 m and the wave period of 1.147 s is not considered, since 
the buoy hits the foot during the test due to the larger draft. The wave height needs to be limited to 
0.125 m when combined with the natural period. This is thus the maximum wave condition that can be 
applied. An overview of the tested sea states is given in Table 5-8. Thirdly, there are WGs placed in 
front of and behind the buoy to control the input. Two setups are used and can be found in Figure B.2 
and Figure B.3 from Appendix B. The first setup mentioned is used for the tests with the not moored 
foot, the latter one for the tests with the moored foot. They differ in position of the buoy, but this will 
not influence the conclusions concerning the horizontal movement of the axis. 

The results are given in Section D.1 from Appendix D. The same conclusions can be drawn as for the 
tests without the talus and with the smaller draft of the buoy: the horizontal movement of the axis is 
larger and less stable with a not moored foot and with a higher wave, while the influence of the wave 
period is rather limited. 

The difference between the two series of tests is the absolute value of the horizontal movement, which 
is higher with the finished talus and the heavier buoy. This can be due to the reduction of reflection 
and to the larger submerged part of the buoy affected by the waves. Nevertheless, the total horizontal 
movement of the axis for the two installation techniques is still small enough for the purpose of the 
planned tests, as it does not exceed 6.0 mm. For further testing in the wave flume, the foot is moored 
to the bottom by means of four screws, since there is no need to relocate the device during the 
experiments. 
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Table 5-8: Tested sea states for the stability and rigidity of the axis and foot (2) (Stratigaki et al., 2012a). 

H (m) T (s) 
0.050 1.000 
0.050 1.147 
0.100 1.000 
0.100 1.147 
0.100 1.250 
0.125 1.147 

5.3.4 Reflection tests 

5.3.4.1 Aim and method 

The reflection tests are performed to determine the reflection from the talus, which is placed in the 
wave flume at the opposite side compared to the wave paddle (Stratigaki et al., 2012a). The purpose is 
to have low reflection, which means there is a lot of absorption by the beach. The reflected waves are 
then small and have little influence on the incident waves. 

A reflection analysis in the time domain has been carried out with WaveLab according a 3-point 
method, which uses a least square analysis for decomposing the measured spectra into incident and 
reflected spectra. The device is removed from the wave flume and a group of three wave gauges is 
placed in front of the reflecting structure (see Figure 5-13) based on the recommendations of Mansard 
and Funke (1980): 

 !!" =
!!
10 (5.11) 

 !!
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3  (5.12) 
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10 !(!!) (5.13) 

 
Figure 5-13: Position of the wave gauges in the flume for the reflection analysis. 
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According to Klopman and van der Meer (1999) a minimum distance x of 0.4 Ln between the wave 
gauges and the intersection of the reflecting structure with SWL is required, with Ln the wave length 
taking into account the water depth at the position of the wave gauges.  

The recommended values for the distances x12 and x13 differ depending on the applied wave period and 
are given in Table 5-9. It would be time-consuming to replace the wave gauges for every test. 
Therefore, the values given in Table 5-10 are applied for all sea states, which meet the 
recommendations quite well. The setup is visualized in Figure B.4 from Appendix B. 

Table 5-9: Recommended distances between the wave gauges in a water depth of 0.70 m 
according to Mansard and Funke (1980) and Klopman and van der Meer (1999). 

T (s) d (m) Ln (m) x12 (m) 
x13 (m) 

xmin (m) 
min max ≠ (i) ≠ (ii) 

1.000 0.70 1.55 0.16 0.26 0.52 0.31 0.47 0.62 
1.050 0.70 1.70 0.17 0.28 0.57 0.34 0.51 0.68 
1.100 0.70 1.86 0.19 0.31 0.62 0.37 0.56 0.74 
1.147 0.70 2.00 0.20 0.33 0.67 0.40 0.60 0.80 
1.176 0.70 2.10 0.21 0.35 0.70 0.42 0.63 0.84 
1.200 0.70 2.17 0.22 0.36 0.72 0.43 0.65 0.87 
1.250 0.70 2.33 0.23 0.39 0.78 0.47 0.70 0.93 
1.300 0.70 2.49 0.25 0.41 0.83 0.50 0.75 1.00 
1.500 0.70 3.12 0.31 0.52 1.04 0.62 0.94 1.25 

Table 5-10: Applied distances between the wave gauges for the reflection analysis (Stratigaki et al., 2012a). 

x12 (m) x13 (m) x (m) 
0.20 0.50 0.94 

5.3.4.2 Results 

The reflection analysis in WaveLab gives the reflection coefficient Cr, which is determined as the ratio 
of the wave height of the reflected wave to those of the incident wave.  

 !! =
!!
!!

 (5.14) 

Table 5-11 and Figure 5-14 show the reflection coefficient in function of the wave height and period 
of the tested sea states. The measuring points are rather randomly spread, but all values are situated 
between 4.22 % and 12.26 %, which corresponds with low reflection. The beach works absorbent and 
the reflection from the talus can be neglected for the present experimental work. 
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Table 5-11: Reflection coefficient for the reflection from the talus in the wave flume. 

T (s) 
H (m) 

0.050 0.070 0.100 0.150 

1.000 0.0482 
 

0.0576 
 

1.050 0.0768 
 

0.1127 
 

1.100 0.1122 
 

0.1151 
 

1.147 0.0582 
 

0.0508 0.0708 
1.176 0.1196 0.1109 0.0844 

 
1.200 0.1226 

 
0.0517 

 
1.250 0.0642 

 
0.0422 

 
1.300 0.0757  0.0666  
1.500 0.0575  0.1182  

 
Figure 5-14: Reflection coefficient for the reflection from the talus in the wave flume. 

5.3.5 Influence of the measuring instruments 

As mentioned in Section 5.2.3.3, three different measuring instruments can be used to record the 
vertical motion of the buoy. The disadvantage of the method with the camera is the necessity of one 
camera for every buoy, placed in close proximity of the device. This will not be possible when a 
WEC-farm will be tested in the wave basin in DHI. The disadvantages of the LVDT are the high cost 
and the limited stroke, which makes it impossible to measure large amplitudes of the vertical 
movement of the buoy. The potentiometer is the only possibility left, but it has the largest influence on 
the buoy motion, since it exerts a recalling force on the buoy and causes additional internal friction. 
This results in a smaller draft and a larger damping of the buoy. Those effects are examined in detail 
by on the one hand, measuring the total force experienced by the device when the potentiometer is 
connected and by, on the other hand, comparing the buoy motion when the potentiometer is present to 
the motion when no potentiometer is attached. During the latter tests, the buoy motion is measured by 
the camera. Therefore, the accuracy of this measuring instrument is first examined. 
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5.3.5.1 LVDT versus high speed camera 

The LVDT is the most reliable measuring instrument, since no internal friction occurs unlike the 
potentiometer and since it is not dependent on the quality of images unlike the camera. The results 
obtained with the LVDT are therefore considered as the reference and used to determine the accuracy 
of the camera. The difference between the two systems is quantified during two tests with different sea 
states given in Table 5-12. These sea states are supposed to cause limited movement of the buoy, since 
the measuring range of the LVDT is restricted by its stroke. No external damping force is applied and 
the setup is given in Figure B.3 from Appendix B. The WGs are again used to verify the input. 

Table 5-12: Tested sea states to determine the accuracy of the camera (Stratigaki et al., 2012a). 

H (m) T (s) 
0.050 1.050 
0.100 1.000 

The vertical movement of the buoy is measured by the camera and by the LVDT. The results are given 
in Figure 5-15. The first test indicates a maximum difference of 0.984 mm for an amplitude of 
22.6 mm, while in the second test a difference of 0.878 mm is measured for an amplitude of 21.0 mm. 
The difference is smaller than 1.0 mm, which corresponds with less than 5 % of the amplitude of the 
vertical motion of the buoy. Thanks to this negligible difference, the camera can also be considered as 
a reliable measuring instrument, although measuring errors cannot be excluded when small amplitudes 
need to be measured. 

 
(a) H = 0.050 m – T = 1.050 s. 

 
(b) H = 0.100 m – T = 1.000 s. 

Figure 5-15: Vertical movement of the buoy relative to its equilibrium position measured with LVDT and camera. 
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5.3.5.2 Influence of the potentiometer 

Quantitative approach 

Additional tests are performed at the Department of Materials Science and Engineering of Ghent 
University, where the buoy is placed in a tensile testing machine. The experimental setup is already 
described in Section 3.4 from Chapter 3. As shown in Figure 5-16, the potentiometer is fixed around 
the axis and follows its vertical motion. The top of the wire is connected to the bottom part of the 
buoy, which is held in place during the test. The total force including internal friction and the recalling 
force of the potentiometer (see Figure 5-17 with u the vertical position of the axis relative to its 
starting position) is registered for three different tests. The own weight is neutralized by balancing the 
load prior to testing. 

 !!"#$%&"' = !!"#$%"&'!!"#$%#&' + !!"#$%#&"'$#$( (5.15) 

During the first test, both bearings are held dry, while during the second test, the contact surface of the 
lower bearing is kept wet. For the last test, both bearings are lubricated. It is expected that the 
influence of the potentiometer is independent of the lubrication of the contact surfaces. These three 
tests should, therefore, give the same results concerning the potentiometer force, thereby confirming 
the repeatability of the measurements. The same parameters for the vertical movement of the axis as 
mentioned in Chapter 3 are used, comprising a triangular motion with an amplitude a of 5 mm and a 
velocity v of 10 mm/min, resulting in a period T of 120 s. The test is again continued for four periods, 
from which only the last three are included.  

 
Figure 5-16: Potentiometer attached to the axis – wire connected to the bottom part of the buoy. 
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Figure 5-17: Forces acting on the buoy when the axis moves downward. 

The results are given in the graphs of Figure 5-18 which show the measured force during the triangular 
motion for the three types of test with and without potentiometer. The latter tests are already described 
in Section 3.4 from Chapter 3. Three effects are noticed for every test. First of all, when the direction 
of vertical motion inverses, the measured force does not change from a positive to a negative value. 
Instead, it fluctuates around a positive constant force F0. This force F0 is the initial recalling force 
exerted by the potentiometer and is directed downward. It has a value around 6.1 N for all three 
performed tests, which lies in the theoretical interval of the potentiometer force of [6.0 N;7.5 N], given 
in Appendix C. In the setup in the wave flume (see Figure 5-8), this initial recalling force, which is 
then directed upward, is experimentally neutralized by adding an additional mass of 0.468 kg in order 
to again achieve the desired draft of 31.5 cm: 

 !!,!"" = !!"" ∙ ! = 4.6!!" (5.16) 

This value does not lie in the interval [6.0 N;7.5 N] of the technical fiche, indicating that the force of 
the potentiometer is not totally neutralized. This can be due to measuring errors, as the difference 
between the additional weight and the boundary forces of the interval, namely 1.4 N and 2.9 N, 
correspond with a difference in draft of respectively 1.8 mm and 3.8 mm. The measurement of the 
draft is not accurate enough to register this.  

The second effect can be derived by comparing the red and blue curve of the graphs in Figure 5-18. If 
the potentiometer is present, a larger jump in the measured force of about 3 N is registered at the point 
where the movement inverses. This corresponds to an internal friction of about 1.50 N. Previous tests 
in Chapter 3 give an internal friction of the device of 1.15 N, measured on the same day. This 
indicates an additional loss of energy due to internal friction in the potentiometer. 
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(a) dry friction at both bearings. 

 
(b) dry friction at upper bearing – wet friction at lower bearing. 

 
(c) wet friction at both bearings. 

Figure 5-18: Measured force during triangular movement (a = 5 mm; v = 10 mm/min)  
with and without potentiometer. 
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The last effect concerns the shape of the curve. The rectangular trend of the force-displacement curve 
without potentiometer is replaced by a parallelogram curve. The measured force is thus no longer 
constant during an up- or downward movement, but varies proportional with the variation ∆!!"# of the 
unrolled length of the wire as given in Eq.(5.17). cpot is the spring stiffness of the (un-)winding of the 
wire in the potentiometer. 

 ∆! = !!"# ∙ ∆!!"# (5.17) 

When the amplitude varies from -5 mm to +5 mm, the axis moves downward, which corresponds with 
an increasing unrolled length and thus an increasing recalling force. The friction force on the buoy 
during the downward motion is also directed downward so it superposes with the recalling force. 
When the vertical motion inverses, the unrolled length decreases resulting in a decreasing recalling 
force of the potentiometer. The friction force is then oppositely directed to the recalling force and the 
measured force is lower than F0. The aforementioned theory is presented in Figure 5-19. This figure is 
clearer than the experimentally derived curves due to the small amplitude of the vertical motion. The 
unrolled length varies little, resulting in a small variation of the recalling force. Measuring errors are 
not excluded since the variation can be located in the noise of the signal.  

 
Figure 5-19: Principle course of the measured force when the potentiometer is attached. 

As an additional check, a test is performed with only the potentiometer in the tensile testing machine. 
The wire is unwinded over its total length of 500 mm with a velocity of 100 mm/min. The result is 
given in Figure 5-20. The measured initial force has a value of about 6.35 N, which is slightly larger 
than the aforementioned value of 6.1 N for the initial recalling force. This is probably due to the 
internal friction in the potentiometer, which is not included in the value of 6.1 N, but is yet measured 
at all times in this test. Five bumps are registered, each of them at the same position of one rotation of 
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the wire in the potentiometer. Likely, this is due to the internal structure and the unwinding method, 
which cause a local increase of the force. In general, after reaching the initial value of 6.35 N and 
neglecting the bumps, the force increases linear with the unrolled length, even at the peaks of the 
bumps. This increase can be characterized by a slope, namely the spring stiffness cpot, which then has a 
value around 0.002 N/mm. All measured forces do lie in the interval of [6.0 N;7.5 N], but the variation 
of the force over the unrolled length is maximum 1.05 N, which is even smaller than the value from 
the technical fiche (1.5 N). The influence of the recalling force of the potentiometer can thus be 
largely reduced by adding an additional mass, but it is however recommended to use 0.688 kg which 
corresponds to the mean theoretical potentiometer force of 6.75 N. 

 
Figure 5-20:Measured force of the potentiometer as function of the unrolled length of the wire (v = 100 mm/min) 

Qualitative approach 

The second attempt to determine the influence of the potentiometer is by comparing the buoy motion 
with and without the presence of this instrument. Two tests performed for each sea state from Table 
5-13. In the first test, the potentiometer is attached to the buoy and the additional mass of 0.468 kg is 
placed on top of the buoy. In the second test with the same wave conditions, there is no potentiometer 
or additional mass present. The buoy motion is registered with the camera, since it has proven to be a 
good measuring instrument in Section 5.3.5.1 and because the motion is then not restricted to small 
amplitudes, unlike with the LVDT. The only requirement is to keep the marker within the recorded 
frame. The camera acquires data with a frequency of 60 Hz and no external damping system is used. 
The setup is given in Figure B.1 from Appendix B. The talus is not yet finished and the buoy has a 
mass of 17.2 kg with a draft of 28 cm. The absolute values of the results, shown in Figure 5-21, are not 
considered for further research since the buoy does not have the desired mass and draft.  

Table 5-13: Tested sea states to determine the influence of the potentiometer (Stratigaki et al, 2012). 

H (m) T (s) 
0.050 1.000 
0.100 1.147 
0.100 1.250 
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The amplitude of the vertical movement of the buoy is reduced when the potentiometer is present due 
to the recalling force and the internal friction. The maximum difference varies from 2.3 mm over 
2.6 mm to 0.9 mm for the three tested sea states. This corresponds with about respectively 20 %, 
7.5 % and 5 % of the amplitude of the vertical motion. The effect of the potentiometer seems to be 
larger for small periods and softer for large periods. Due to the limited number of tested sea states, it is 
not possible to assign this difference to the period. The test with the small period also has a smaller 
wave height, causing a smaller amplitude of the buoy motion. These smaller amplitudes are more 
difficult to measure with the camera so the cause can also be found in the measuring system. 
Nonetheless, it is likely that the effect of the potentiometer will be smaller for larger wave heights. 
Those waves contain a larger amount of energy, so the influence of the extra damping by the 
potentiometer is limited.  

 
(a) H = 0.050 m – T = 1.000 s. 

 
(b) H = 0.100 m – T = 1.147 s. 

 
(c) H = 0.100 m – T = 1.250 s. 

Figure 5-21: Buoy position (mm) measured with camera with and without the presence of the potentiometer. 
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5.3.6 Buoy motion without external damping 

5.3.6.1 Aim and method 

During different tests with the sea states given in Table 5-3, the vertical motion of the buoy is 
measured with the help of the camera and mark. No external damping force is applied so the buoy is 
able to move freely up and down. The only loss of energy is due to radiated waves and internal 
friction, but no power take-off occurs. The experimental setup is given in Figure B.3 from 
Appendix B. The WGs are again used to control the input.  

5.3.6.2 Results 

Since regular waves are applied, the motion of the buoy is also regular in regime conditions. Some 
small disturbance can occur due to reflected waves, but nevertheless, the average amplitude of the 
vertical motion can be derived from the time-displacement curves. An example is given in Figure 5-22 
for the sea state with a wave height of 0.100 m and a wave period of 1.147 s. A large part of the 
measuring points with negative amplitude have an insufficient quality and are therefore removed. 
Only the positive measured values are considered and give an average amplitude of 18.6 cm. The 
same principle is applied for the other sea states and the results are given in Table 5-14 and Figure 
5-23.  

 
Figure 5-22: Measured positive buoy position (cm) – regular wave: H = 0.100 m – T = 1.147 s. 

As explained in Section 4.3.1 from Chapter 4 and confirmed in Figure 5-23, the amplitude of the 
vertical undamped movement increases with increasing wave period for a constant wave height for 
periods lower than the natural period of the device. Once the latter one is exceeded, the amplitude 
decreases with increasing wave period. The measured amplitudes are maximal around resonance, with 
values of more than three times the incident wave amplitude. With constant wave period, the 
amplitude increases with increasing wave height, thanks to the larger amount of energy in higher 
waves. Except at resonance, the amplitude is more than doubled when the wave height increases from 
0.050 m to 0.100 m. At resonance, the amplification is smaller than 100 %. The difference between 
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the amplitude of the buoy motion for different wave heights at this period also becomes smaller when 
the wave height increases. The expected peak at resonance even seems to be flattened for the wave 
height of 0.100 m. The cause is found in the limited available stroke for the buoy motion under water. 
The device hits the foot during the test, thereby making it physically impossible to achieve the 
normally expected higher amplitude. In addition, the smash is associated with dissipation of energy, 
which is no longer available for driving the buoy in its vertical movement. 

Table 5-14: Measured amplitude of the vertical movement of the buoy (cm) without external damping. 

T (s) 
H (m) 

0.050 0.070 0.080 0.090 0.100 

1.000 1.1 
   

2.5 
1.050 2.1 

   
4.6 

1.100 4.2 
   

10.1 
1.147 8.8 

   
18.6 

1.176 12.7 17.4 19.6 19.8 19.9 
1.200 10.9 

   
19.7 

1.250 7.2 
   

15.5 
1.300 5.4    11.8 

 
Figure 5-23: Measured amplitude of the vertical movement of the buoy (cm)  

without external damping force in regular waves. 

5.3.6.3 Comparison with numerical results 

The amplitude of the undamped vertical motion of the buoy is numerically calculated in Chapter 4 per 
unit wave amplitude. The values are adapted for a wave height of 0.050 m and 0.100 m and the results 
are given in Figure 5-24. The graph also contains the experimental results from previous section. 

The peak amplitude occurs at the resonance period, which differs in the numerical model 
(Tn,WAMIT = 1.147 s) slightly from the measured value (Tn, measured = 1.176 s). The experimental derived 
curve is therefore shifted towards higher periods compared to the numerical prediction. To compare 
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the absolute values of the amplitude, the experimental curve should be shifted towards left making 
coincide the resonance periods of numerical and experimental curve. The agreement is then quite good 
for small periods and even better for large periods, but the measured values are still smaller than the 
numerically predicted amplitudes. Specifically, the internal friction is not implemented in the 
numerical model, which results in more available energy to provoke a higher vertical motion of the 
buoy. The accordance around resonance is less good, because the amplitude and the velocity of the 
vertical movement become large. The linear theory is then no longer suitable to give correct 
predictions about the buoy behaviour, as a non-linear hydrostatic restoring force and viscous losses 
occur. The first effect occurs during the tests with a wave height of 0.100 m and a period between 
1.147 s and 1.200 s, since the measured amplitude exceeds 15.75 cm and the waterline area reduces 
when the hemispherical part arises out of the water. A constant waterline area Aw corresponding with 
the section of the cylindrical part is however assumed to calculate the numerical curve. In addition, the 
flattening of the peak at resonance for the wave height of 0.100 m due to the limited available stroke is 
not considered in the numerical model. To end, the numerical results are calculated based on the target 
wave height, which is not always in accordance with the measured wave height, as will be described in 
Section 5.3.9. All these reasons can explain the difference between the numerical and experimental 
results.  

 
Figure 5-24: Numerically and experimentally derived amplitude of the vertical motion of the buoy (cm)  

without external damping force in regular waves. 

It should be noticed that the device has a large diameter compared to the width of the wave flume, as it 
takes almost one third of the available width. There is thus influence of the reflected waves from the 
sidewalls when the device is present in the wave flume. However, this influence on the buoy motion 
seems to be limited when the buoy moves undamped. The registered signals from the camera show a 
quite regular amplitude as illustrated in Figure 5-22 and the experimental results follow the expected 
trend predicted by the numerical modelling as shown in Figure 5-24. It is thus likely that the force of 
the reflected waves is small compared to the other present forces. 
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5.3.7 Damping system 

5.3.7.1 Aim and method 

The same sea states as mentioned in the previous section are applied, but energy is now extracted from 
the waves by damping the vertical motion of the buoy. The method to determine the applied damping 
force is based on the theoretical background of a point absorber system. At resonance, the power 
absorption is maximal when damping halves the amplitude of the vertical motion of the buoy without 
external damping. This can be proven based on the formulas of the linear theory given in Chapter 2. 

At resonance, the angular frequency ! of the incident waves equals the natural angular frequency !! 
of the device: 

 
!! =

!
! +!! ! +!!"#

= ! (5.18) 

The amplitude of the vertical motion of a point absorber is given by following formula: 

!!(!) =
!!",!(!)

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! !
 (5.19) 

The first term under the square root in the denominator is equal to zero since Eq.(5.18) is valid. 
Between the amplitudes of the movement without and with damping, following relationship counts by 
applying the correct damping force: 

 !!,!"!"#$ !! = 1
2 !!,!"#!!"#$%!(!!) (5.20) 

The parameters !!, !!",! and !!!" remain unchanged when external damping is applied, only the 

value for !!"# is different. For the test without damping, !!"# equals zero, while for the test with 
damping, the value has to be determined taking into account Eq.(5.20). Substituting Eq.(5.19) into 
Eq.(5.20) results in following formula: 

!!,!"#!!"#$%!(!!)
!!,!"#$%!(!!)

!
= 2! = !!!" !! + !!"# ∙ !!

!

!!!" !! ∙ !!
!  (5.21) 

Further elaboration of Eq.(5.21) shows that in this situation the hydrodynamic damping coefficient 
!!!" !!  and the linear external damping coefficient !!!" are equal. 

!!!" !! = !!"# (5.22) 
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According Eq.(2.38), the absorption width is expressed as: 

!! = !!"#
!!"!#$

= 2 ∙ !
! . !!!" ! ∙ !!"# ∙ !!

! − ! +!! ! +!!"# ∙ !! ! + !!!" ! + !!"# ∙ ! ! 
(5.23) 

Substituting Eq.(5.22) into Eq.(5.23) gives: 

!! =
!

2 ∙ ! (5.24) 

This is theoretically the maximum absorption width of a heaving point absorber in a regular wave with 
wave length L (Budal and Falnes, 1975), so the aforementioned statement is proven.  

The numerical model from Chapter 4 confirms that halving the amplitude of the buoy motion without 
damping realizes optimal absorption at resonance, but also shows that this is not valid for other 
frequencies as illustrated in Figure 5-25. This graph gives the comparison between the undamped 
response of the buoy and the response when an optimal linear external damping coefficient bext is 
applied. The peak at resonance is halved by applying optimal external damping, but the values at other 
frequencies are less reduced. 

 

Figure 5-25: Amplitude of the vertical motion of the buoy (m) per unit wave amplitude 
and a water depth of 0.70 m (numerically modelled with the aid of WAMIT). 

Although the power absorption is maximal only at resonance, this method is used as a guideline for all 
sea states. The focus here is primarily on verifying the efficiency of the damping system and not on 
extracting a maximum amount of energy. The target amplitude of the vertical motion with damping is 
derived by halving the measured amplitudes from Section 5.3.6. It is important to notice that the 
undamped motion is measured with a camera, while the damped motion is registered with the 
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potentiometer. This also means that in the latter tests, an additional mass of 0.468 kg is present on top 
of the buoy. At the natural period, the tests with damping are performed twice and the motion is 
registered once by the potentiometer and once by the camera.  

The setup is given in Figure B.3 from Appendix B. The damping force is applied by adjusting the 
compressed length of one, two or four springs, depending on the required magnitude of the damping 
force. Through trial and error, the necessary spring force is determined for every sea state and with 
this presumable force, the test is performed several times to verify the repeatability. 

5.3.7.2 Results 

Figure 5-26 gives the result for the sea state with a wave height of 0.100 m and a wave period of 
1.176 s, where a target amplitude of 9.95 cm is pursued. The measured amplitude of the vertical 
motion of the buoy is given as a function of the applied spring force and the horizontal curve 
represents the target amplitude. From this graph, it is clear that the repeatability of the measurements 
cannot be ensured. For the same spring force, different amplitudes of the vertical movement are 
measured. The results for the other sea states are given in Section D.2 from Appendix D and they 
confirm the non-repeatability of the measurements. In addition, the expected declining trend of the 
curve with increasing spring force does not always occur. Some graphs show larger measured 
amplitudes for larger spring forces. 

 
Figure 5-26: Measured amplitude of the vertical motion of the buoy for different spring forces  

(sea state: H = 0.100 m and T = 1.176 s). 

The spread is calculated as the ratio of the difference between the maximum and minimum measured 
amplitude for the required spring force to the target amplitude and is given in Table 5-15 for all sea 
states. This spread reaches a maximum value of almost 90 % for the sea state with a wave height of 
0.050 m and a wave period of 1.050 s. This extreme value is probably due to measuring errors, since 
very small amplitudes of the vertical motion occur. The same is noticed for a wave height of 0.050 m 
and a wave period of 1.000 s. For larger amplitudes of the vertical motion, the maximal spread is 
around 20 %, which is smaller but still not negligible. A likely explanation can be found in the 
influence of the reflected waves from the sidewalls of the flume. This influence is expected to be 
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larger for the damped buoy motion than for the undamped (see Section 5.3.6), as the measured 
amplitudes are smaller in the first case. The reflected waves cause an additional non-constant force on 
top of the constant friction of the damping system and of the internal friction as illustrated in Figure 
5-27. This uncontrollable extra force is probably responsible for the quite randomly measured values.  

Performing the tests in a wave basin may give better results, since the device is much smaller 
compared to the width of the basin and the reflection from the sidewalls is then prevented. If not, it 
may be necessary to switch to another damping system. This aspect is examined in Chapter 6.  

Table 5-15: Spread in the measured amplitude for tests with the same sea state and same external damping force. 

T (s) 

H (m) 
0.050  0.070 0.100 

target zA 

(cm) 
Δ zA 

(cm) 
spread 

(-) 
target zA 

(cm) 
Δ zA 

(cm) 
spread 

(-) 
target zA 

(cm) 
Δ zA 

(cm) 
spread 

(-) 
1.000 0.53 0.23 43.4% 

   
1.23 0.13 10.6% 

1.050 1.05 0.93 88.6% 
   

2.31 0.10 4.3% 
1.100 2.08 0.38 18.3% 

   
5.05 0.15 3.0% 

1.147 4.42 0.52 11.8% 
   

9.31 0.19 2.0% 
1.176 6.37 0.80 12.6% 8.69 1.90 21.9% 9.95 2.10 21.1% 
1.200 5.43 0.57 10.5% 

   
9.83 1.43 14.5% 

1.250 3.60 0.00 0.0% 
   

7.76 0.24 3.1% 
1.300 2.70 0.10 3.7% 

   
5.91 0.01 0.2% 

 
Figure 5-27: Friction forces and possible influence of reflected waves  

during the upward vertical movement of the buoy. 
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Though, some general conclusions may be drawn from the summarizing graph in Figure 5-28. This 
graph contains the required spring force for the different sea states, derived from the tests with the 
potentiometer. It shows that with a constant wave period, the required damping force increases with 
increasing wave height as expected, since higher waves contain a larger amount of energy. The 
difference at smaller periods is however very small. With constant wave height, the required damping 
force increases with increasing wave period. The test with a wave height of 0.050 m and a wave 
period of 1.176 s (see part (e) from Figure D.5 in Appendix D) deviates from this trend. This can be 
due to the asymmetrical damping force, as the force is realized by one spring. This causes more 
internal friction since the buoy may be thrown slightly out off balance, so a smaller external damping 
force is sufficient to achieve the target amplitude. 

 
 Figure 5-28: Required spring force to half the amplitude from the tests without damping as a function of the wave 

height and wave period – values with reservation due to the non-repeatability of the measurements. 

The required spring force at the natural period derived with the different measuring systems is given in 
Figure 5-29 for the three tested wave heights. This graph shows an expected trend: the necessary 
spring force to attain the target amplitude is smaller when the potentiometer is used. The recalling 
force and the amount of energy lost in the potentiometer reduce the amplitude of the buoy motion. 
Also the extra mass on top of the buoy influences the damping force, since a larger total mass needs to 
be brought in heaving motion with the same target amplitude, requiring a smaller damping force. 
Nevertheless, since the extra mass of 0.468 kg is small compared to the buoy mass of 20.545 kg, this 
influence is small. 

It should be noticed that the non-repeatability of the tests with the external damping system includes 
that the measuring points may not be representative for the amplitude of the buoy motion at that 
specific spring force. The aforementioned general conclusions are therefore with reservation and 
further research in a more appropriate setup will be necessary to draw a more detailed relationship 
between the damping force and the amplitude of the vertical motion for different sea states.  
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Figure 5-29: Required spring force to achieve the target amplitude for different measuring instruments  

at the resonance period - values with reservation due to the non-repeatability of the measurements. 

5.3.8 Reflection from the buoy 

5.3.8.1 Aim and method 

The tests in which the buoy is held stationary at its equilibrium position, can be used to determine the 
reflection coefficient of this device. The method of Mansard and Funke (1980), which is explained in 
Section 5.3.4, is applied on the measurements of three additional wave gauges in front of the buoy. 
They are placed at the same spacing as given in Table 5-10 for the reflection from the talus. The setup 
for these tests is given in Figure B.5 from Appendix B. 

To apply the method of Mansard and Funke (1980), the three WGs need to be on a line parallel to the 
direction of wave propagation. Waves reflected from the hemisphere-cylinder buoy are spread out 
radially, which means the WGs have to be placed on the centre line of the flume, which also contains 
the centre point of the buoy. On this line, the waves incident perpendicular on the buoy surface and are 
sent back in their initial direction as illustrated in Figure 5-30.  

 
Figure 5-30: Waves reflected from the WEC. 
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Both the incident and reflected waves propagate then parallel with the three WGs. The method will 
probably not give the same level of result accuracy then for a straight structure that fills the whole 
width of the flume. In the latter case, all incident waves are reflected in their incident direction. Here, 
the measurement will probably be influenced by the waves reflected towards the sidewalls and then re-
reflected into the wave flume. However, it is assumed that the values give a first indication of the 
reflection coefficient of the buoy. 

5.3.8.2 Results 

The reflection coefficient Cr is again calculated by a reflection analysis in the time domain in 
WaveLab. Table 5-16 and Figure 5-31 show the results as a function of the wave height and period. 
The influence of the wave height is rather limited, since the largest variation of Cr for a constant wave 
period and a varying wave height is 0.03. The wave period has a higher influence, with a maximum 
variation of 0.16 for Cr with a constant wave height and a varying period. All values lie between 0.20 
and 0.40 and an average of 0.30 for the reflection coefficient of the buoy can be considered. 

Table 5-16: Reflection coefficient for reflection from the buoy in the wave flume. 

T (s) 
H (m) 

0.050 0.070 0.100 

1.000 0.3192 
 

0.3265 
1.050 0.3261 

 
0.2944 

1.100 0.3650 
 

0.3885 
1.147 0.3321 

 
0.3329 

1.176 0.2216 0.2223 0.2271 
1.200 0.3098 

 
0.2830 

1.250 0.2870 
 

0.3082 
1.300 0.2266  0.2520 

 
Figure 5-31: Reflection coefficient for reflection from the buoy in the wave flume 

for different wave heights as a function of the wave period. 
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The diffraction of the incident waves behind the buoy is visually noticed during these tests. When the 
incident wave meets the device, the energy in the wave is transported along the wave crest resulting in 
diffracted waves with reduced wave height in the shadow of the device. Those waves have circular 
wave crests with the top of the obstacle as centre point and wave radii through this top (see Figure 
5-32). The diffracted waves arise around both outer sides of the buoy with regard to the incident 
waves and propagate towards each other. During some tests with the large wave height of 0.100 m, the 
water surface rises quite high along the backside of the buoy, caused by superposition of the diffracted 
waves from both sides and the reflected waves from the sidewalls. 

 
Figure 5-32: Diffraction pattern behind a short barrier (De Rouck, 2011). 

5.3.9 Wave motion 

5.3.9.1 Aim and method 

During the four types of tests mentioned in Section 5.3.1, WGs register the elevation of the water 
surface at different locations in the wave flume as indicated in the experimental setups from 
Appendix B. First, it is checked how accurate the input is realized in the wave flume by comparing the 
target wave height and period to the generated ones. The characteristics of the generated incident 
waves are determined during the tests without the presence of the buoy with the aid of the reflection 
analysis (see Section 5.3.4). Next, the registered WG signals as a function of time are examined in 
order to verify if no unexpected effects occur. Then finally, the measured signals are subjected to a 
time-domain analysis in WaveLab and characterized by a mean wave height Hm and a mean period Tm 
which are sufficient to describe the regular wave motion. The aim is to identify the influence of the 
buoy on the wave field, as the resultant wave motion will be influenced by the power absorption and 
the radiated, reflected and diffracted waves. Therefore, the ratio of the measured wave height to the 
measured incident wave height is calculated. This is more accurately than comparing to the target 
wave height. 

For the tests without and with external damping, two WGs determine the wave height in front of and 
behind the buoy (see Figure B.3 in Appendix B). During the test with the buoy held fixed, more WGs 
are present as shown in Figure B.5 in Appendix B. The results from WG1 and WG4 are considered to 
determine respectively the up- and downwave water surface elevation. It should be noticed that the 
WG downwave is placed at the same position for all tests, but that the WG upwave is a distance of 
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8.08 m from the wave paddles in the tests with a moving buoy, while the distance is 10.0025 m in the 
tests with the buoy held fixed. 

5.3.9.2 Results 

Performance of the wave flume with regard to generated waves 

The reflection analysis identifies that the generated wave period of the incident waves approximates 
the target period very well, as the deviation is less than 1 % for all applied periods, regardless the 
required wave height. The realisation of the wave height is less accurate as can be seen in Figure 5-33, 
in which the ratio of the measured wave height to the target wave height is expressed as a function of 
the input wave period. The generated waves are never larger than the input due to friction losses (e.g. 
wall friction). However, the deviation does not exceed 10 % so one can conclude that the wave 
paddles at the large wave flume generate the desired input quite well. In practice, the input can be 
adjusted until the generated output corresponds to the target values. 

 
Figure 5-33: Accuracy of the generated wave height in the wave flume for different target wave heights and periods. 

Regularity of the measured signals from the WGs 

Figure 5-34 shows the water surface elevation measured by the WG downwave as a function of time 
during the four types of tests for a wave height of 0.100 m and a wave period of 1.147 s. The signal 
from graph (a) of the test without the presence of the buoy is uniform, as there is no disturbance due to 
the buoy. Graph (b) shows a large irregularity as the buoy is allowed to move freely without external 
damping force, thereby inducing large radiated waves, which are reflected from the sidewalls. Those 
reflected waves influence the signal and make it impossible to reach the regime conditions that are 
expected in regular waves. The signal in graph (c) where the buoy is damped, is also irregular, though, 
the disturbance is less explicit. The buoy motion is restrained and therefore, the radiated waves are 
reduced. When the buoy is held fixed (see graph (d)), there are no radiated waves so there is no 
influence from the reflection of these waves from the sidewalls. However, there is still influence from 
the diffracted waves, which are in turn reflected. It is clear that it is not possible to draw conclusions 
from the measured WG signals during the tests with the buoy.  
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(a) without presence of the buoy in the wave flume – 

incident wave field. 
(b) buoy in the wave flume without external damping. 

 
(c) buoy in the wave flume with external damping. (d) buoy held fixed in the wave flume. 

Figure 5-34: Registered water surface elevation (m) from the WG downwave  (1 m behind the buoy) 
for sea state H = 0.100 m and T = 1.147 s as a function of time. 

Influence on the wave field 

Table 5-17 and Table 5-18 give the mean wave height of the WG signals up- and downwave for an 
incident wave height of respectively 0.050 m and 0.100 m. The values in italics indicate the different 
position of the WG upwave compared to the other tests, as mentioned before (10.0025 m from the 
wave paddles instead of 8.08 m). The range of colouring indicates the change of the measured wave 
height in that type of test compared to the measured incident wave height. The colour varies from 
orange, when the wave height is halved, over yellow for an unchanged wave height to green for a 
wave height increased with 50 %. 

Theoretically, the measured wave height upwave is the combination of incident and radiated waves 
and the waves, reflected from the device. Downwave, the measurement is determined by the diffracted 
and radiated waves. The resulting measured wave height is dependent on the position of the WG in 
relation to the wave length, whereas this determines the constructive or destructive interference of the 
superposing waves. The influence of the incident wave height on the relative wave height is limited, as 
the range of colouring corresponds quite well between Table 5-17 and Table 5-18.  
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Table 5-17: Mean wave height in front of and behind the buoy analysed  
by a time series analysis in WaveLab for sea states with H = 0.050 m. 

!
T (s) Hi,m (m) 
1.000 0.045 
1.050 0.045 
1.100 0.047 
1.147 0.046 
1.176 0.046 
1.200 0.047 
1.250 0.046 
1.300 0.048 

(a) without presence of the buoy in the wave flume – incident wave field. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.045 0.99 0.045 0.99 
1.050 0.061 1.34 0.040 0.88 
1.100 0.031 0.65 0.038 0.80 
1.147 0.060 1.30 0.031 0.67 
1.176 0.067 1.46 0.029 0.63 
1.200 0.059 1.26 0.032 0.68 
1.250 0.044 0.96 0.040 0.87 
1.300 0.043 0.90 0.045 0.94 

(b) buoy in the wave flume without external damping. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.044 0.97 0.046 1.02 
1.050 0.061 1.34 0.041 0.90 
1.100 0.034 0.72 0.042 0.88 
1.147 0.052 1.13 0.038 0.82 
1.176 0.064 1.40 0.035 0.77 
1.200 0.062 1.33 0.035 0.75 
1.250 0.047 1.03 0.040 0.87 
1.300 0.039 0.82 0.044 0.92 

(c) buoy in the wave flume with external damping. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.058 1.28 0.047 1.04 
1.050 0.043 0.95 0.049 1.08 
1.100 0.032 0.67 0.044 0.93 
1.147 0.040 0.87 0.043 0.93 
1.176 0.043 0.94 0.048 1.05 
1.200 0.051 1.09 0.042 0.90 
1.250 0.057 1.25 0.046 1.01 
1.300 0.059 1.24 0.049 1.03 

(d) buoy held fixed in the wave flume. 
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Table 5-18: Mean wave height in front of and behind the buoy analysed  
by a time series analysis in WaveLab for sea states with H = 0.100 m. 

 
T (s) Hi,m (m) 
1.000 0.091 
1.050 0.090 
1.100 0.094 
1.147 0.094 
1.176 0.091 
1.200 0.091 
1.250 0.092 
1.300 0.095 

(a) without presence of the buoy in the wave flume – incident wave field. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.074 0.81 0.084 0.92 
1.050 0.136 1.50 0.093 1.03 
1.100 0.068 0.73 0.078 0.83 
1.147 0.119 1.26 0.060 0.64 
1.176 0.126 1.39 0.084 0.93 
1.200 0.117 1.29 0.064 0.70 
1.250 0.089 0.97 0.078 0.85 
1.300 0.090 0.95 0.091 0.96 

(b) buoy in the wave flume without external damping. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.073 0.80 0.084 0.92 
1.050 0.133 1.47 0.096 1.06 
1.100 0.073 0.78 0.089 0.95 
1.147 0.100 1.06 0.072 0.76 
1.176 0.134 1.48 0.074 0.82 
1.200 0.129 1.42 0.085 0.93 
1.250 0.093 1.01 0.082 0.89 
1.300 0.082 0.87 0.087 0.92 

(c) buoy in the wave flume with external damping. 

T (s) Hm,upwave (m) Hm,upwave/Hi,m (-) Hm,downwave (m) Hm,downwave/Hi,m (-) 
1.000 0.111 1.22 0.087 0.96 
1.050 0.099 1.09 0.102 1.13 
1.100 0.066 0.70 0.102 1.09 
1.147 0.078 0.83 0.087 0.92 
1.176 0.090 0.99 0.094 1.04 
1.200 0.112 1.23 0.103 1.13 
1.250 0.110 1.20 0.092 1.00 
1.300 0.122 1.29 0.094 0.99 

(d) buoy held fixed in the wave flume.  
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However, the influence of the reflection from the sidewalls is important in this setup and disturbs the 
measured signals as indicated in previous section. Using the results from the tables above is not 
designated without further research. Therefore, experiments are performed in a wave basin, where the 
reflection from the sidewalls is largely reduced.  

5.4 Conclusion 

Experimental tests are performed in a wave flume with the main purpose to exclude structural 
problems of the scale model. The performance of the wave flume is examined through reflection tests, 
which indicate that the generated waves approach the input quite well and that the talus works 
absorbent. The stability and rigidity of the axis and foot have proven to be sufficient as the horizontal 
movement is small enough. Also two installation techniques for the foot meet the requirements, 
namely when the foot is loosely placed on the bottom of the wave flume and when it is moored with 
four screws. 

Different measuring instruments are used to determine the buoy motion, namely the camera, the 
potentiometer and the LVDT. As the potentiometer will be used when performing tests in a wave 
basin, this device is tested in detail in the tensile testing machine. It appeared to have an influence on 
the buoy motion by a recalling force and internal friction. By adding an additional mass on top of the 
buoy to achieve the desired draft, the effect of the recalling force is largely reduced. In addition, the 
influence becomes smaller in higher waves. 

By holding the device at its equilibrium position and subjecting it to incident waves, the reflection 
from the buoy and the diffraction behind it can be noticed. The reflection coefficient of the device has 
an average value of 0.30 for the applied sea states. 

The response of the buoy without external damping is measured and compared to numerically 
predicted values. The similarity is quite good for large and small periods, taking into account the 
differences between the experimental setup and the numerical model. Around resonance, the buoy 
amplitude and velocity become large and non-linear effects occur, causing less good agreement. 

Due to the large diameter of the oscillating device compared to the width of the wave flume, the 
purpose is not on measuring waves. The reflection of the radiated waves from the sidewalls causes too 
much disturbance, so the influence of the buoy on the wave climate cannot be investigated in detail. 

In addition, the measurements of the buoy motion are no longer repeatable when an external damping 
force is applied. Different amplitudes occur for the same sea state and the same spring force. The 
damping system does thus not work optimally in the small wave flume, which is probably also due to 
the influence of the reflection from the sidewalls. 

One can conclude that another experimental setup is required to perform accurate measurements of the 
buoy motion with external damping and of the wave climate in its vicinity. Therefore, tests are 
performed in a wave basin and described in Chapter 6. As the tests related to the installation 
techniques and the measuring instruments give good results in the wave flume, no further research of 
these aspects is necessary in the wave basin.  



 

 

 

 

 
 

6 

Experimental tests 
in a wave basin 

 

 

This chapter gives an overview of the tests performed in the wave basin of Queen’s 
Marine Laboratory (QML) in Portaferry, North Ireland. The main purpose is to 
reduce the unfavourable influence of reflection from the sidewalls as noticed in the 
wave flume. In this more appropriate setup, the repeatability of the damping 
system is verified and a proper damping force is found by pursuing optimum power 
absorption by the PTO-system. Further, the same four types of test and 
corresponding analysis as previous in the wave flume are conducted for the 
different sea states. 
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6.1 Experimental setup  

6.1.1 Composition of the wave basin 

The wave basin is situated in Queen’s University Marine Laboratory (QML) in Portaferry, North 
Ireland, and it is property of Queen’s University Belfast (QUB) (O’Boyle et al., 2011). The 
construction is 17 m long, 15 m wide and 1.2 m deep. Waves are generated on one side of the basin by 
a 12 m wide bank of 24 top hinged, force feedback, sector carrier wave paddles. Each paddle is 0.6 m 
high and 0.5 m wide and can move independently (see Figure 6-1). 

 
Figure 6-1: Wave paddles at one side of the wave basin. 

The desired water depth is 0.70 m, since this is the operating water depth used for the tests in the 
laboratory of Ghent University and it will also be used in the final tests in the wave basin in DHI, 
Denmark. It is possible to raise the water depth to 0.70 m, but the staff could only assure the 
operability of the wave paddles for a maximum depth of 0.625 m. 

The eventually operating depth for the present experimental work is 0.610 m, due to a leakage during 
the preparations of the tests. This depth is only obtained in the first 5.25 m in front of the paddles, 
where the basin has a constant bed level. Further on, the bed has a mild slope of 1:24, reducing the 
water depth to a minimum of about 0.200 m at the opposite end. There is an absorbing beach, formed 
from folded geo-textile material, to minimise the longitudinal reflection of wave energy in the wave 
basin (see Figure 6-2).  

Absorption of directional and transverse waves is provided by means of a slope, designed to dissipate 
wave energy by inducing wave breaking (see Figure 6-3). This slope is realized by using stones. Any 
overtopping waves will spill into the trough running along the sides of the basin behind the stone 
construction. 
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Figure 6-2: Absorbing beach at the other side of the wave basin. 

 
Figure 6-3: Slopes at the left and right side of the wave basin. 

The design water depth for these slopes is 0.500 m. Due to the higher operating water depth, the water 
level reaches above the top of the slopes so the efficiency of the wave breaking structure is reduced. 
Since there is no hollow trough anymore behind the stone construction, there is reflection on the 
vertical side walls of the basin which will influence the wave pattern around the buoy (see Figure 6-4). 
According to the wave basin designers, this should not be a great problem. However, it would be 
preferable to lower the water level below the crest of the slopes. Reducing the water depth to the 
design depth of 0.500 m would reduce the stroke length of the buoy motion on the axis to 3.5 cm, 
since it has a draught of 31.5 cm and a 15 cm high foot element. This amplitude will not be enough to 
test the given sea states and the buoy will hit the foot during its vertical motion. For this reason, the 
water depth will be held at 0.610 m, but only the first part of the tests will be withheld, since the 
disturbance by the reflected waves is then still small at the location of the buoy. 
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Figure 6-4: Reflection from the vertical sidewalls of the wave basin. 

6.1.2 Configuration of the buoy and WGs 

As confirmed in Section 5.3.3 from Chapter 5, the device stands stable enough when the foot is 
loosely placed on the bottom, so this installation technique is used in the wave basin. Due to the slope 
of the bed, the buoy cannot be placed further away from the paddles than 5.25 m, because the axis has 
to be as vertical as possible with regard to the horizontal water surface enabling the heaving motion of 
the buoy without additional friction. There is also a minimum distance necessary between the buoy 
and the wave paddles, so that the waves are fully developed when reaching the buoy. These two 
requirements result in the position of the buoy as indicated in Figure 6-5. 

Wave gauges can only be placed in the immediate surrounding of the bridge over the wave basin, as 
they have to be connected to rods and the cables have to be led to the side of the basin. Therefore, the 
WGs are placed at a rather short distance in front of, behind and next to the buoy. The required 
distances for a reflection analysis by the method of Mansard and Funke (1980) determine the distances 
between the wave gauges upwave the buoy (see Section 6.3.4). One of the wave gauges downwave the 
buoy is at a distance of 1.0 m to fit in with the setup in the wave flume of the laboraty of Ghent 
University and to enable comparison. The other intermediate distances behind and next to the buoy are 
in the first instance estimated at 30 cm so that enough data can be collected to gain insight in the effect 
of the buoy on the wave field in the basin. The positions of the wave gauges can be adjusted after 
performing the first tests (see Section 6.3.3). The setup is given in Figure 6-5 and in Figure 6-6. 

6.1.3 Measuring instruments 

The resistive wave gauges, which register the water surface elevation, are based on the same principle 
as those used in the large wave flume of the laboratory of Ghent University. The data acquisition from 
these WG is realised by using software in LabVIEW and data is collected with a frequency of 128 Hz. 

Image acquisition to measure the buoy motion is not possible from the sides of the wave basin, 
because the distance to the buoy is too large. The camera cannot be installed and operated close to the 
device, since this would interrupt the wave motion. Therefore, the vertical motion of the buoy is 
registered by the potentiometer and the additional mass on top of the buoy is provided. The camera 
and mark are only used for the decay test where no waves are generated by the wave paddles. During 
other tests, the camera is useful to record phenomena which can be spotted by the human eye. 
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(a) plan view. 

 
(b) detailed view. 

Figure 6-5: Position of the buoy and the wave gauges in the wave basin (dimensions in cm). 
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Figure 6-6: Experimental setup in the wave basin – side view. 

6.1.4 Software for analysis 
The same software is again used for the analysis of the measured results. A time or frequency domain 
analysis in WaveLab (WaveLab website) gives the relevant characteristics of the wave motion. Graphs 
with these characteristics are then made by using Microsoft Excel. The latter programme is also used 
to represent the buoy motion and determine its amplitude. 

6.2 Testing programme 

The scale model sea states from previous chapter are derived based on a multiplication factor !, which 
equals the ratio of the depth d of the location where the sea states are measured to the water depth in 
the experimental setup (see Section 5.1 in Chapter 5). As the water depth is decreased from 0.70 m to 
0.61 m, the scaling should be adapted. However, since the difference is small, the same tested sea 
states are considered. Only the sea states with wave heights of 0.050 m and 0.100 m are applied (see 
Table 6-1), but the testing programme is extended by sea states with irregular waves (Stratigaki et al., 
2012a; Stratigaki et al., 2012b). They are characterized by a significant wave height Hm0 and a peak 
period Tp, which have the same values as for the regular waves. Only four wave periods are tested, but 
they are chosen to cover the entire range of relevant wave periods (see Table 6-2). Those irregular 
waves are generated based on the Bretschneider spectrum, which is equivalent to a JONSWAP 
spectrum with a peak enhancement factor γ of 1.0. 

Table 6-1: Tested sea states with regular waves (Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

 T (s) f (Hz) H (m) 

re
gu

la
r 

w
av

es
 

1.000 0.952 0.050 0.100 
1.050 0.909 0.050 0.100 
1.100 0.872 0.050 0.100 

Tn,WAMIT fn,WAMIT 0.050 0.100 
Tn, measured fn, measured 0.050 0.100 

1.200 0.833 0.050 0.100 
1.250 0.800 0.050 0.100 
1.300 0.769 0.050 0.100 
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Table 6-2: Tested sea states with irregular waves (Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

 Tp (s) fp (Hz) Hm0 (m) 

ir
re

gu
la

r 
w

av
es

 

1.050 0.909 0.050 0.100 
1.100 0.872 0.050 0.100 

Tn, measured fn, measured 0.050 0.100 

1.300 0.769 0.050 0.100 

6.3 Experimental research 

6.3.1 General 

From the moment the wave paddles are in operation, the system starts collecting data during 64 s for 
regular waves and during 128 s for irregular waves. After every test, there is about 1 min needed for 
the water surface to settle. The analysis for the regular waves takes only the measuring points of the 
first 30 s into consideration with a cut off at the start of about 8 s to enable wave generation. This short 
time frame is enough as regime conditions are reached when the regular waves are fully developed. A 
cut off at the end after 30 s is not possible for irregular waves, since the whole spectrum has not yet 
appeared then and no regime conditions occur in the varying wave train. The wave would be 
characterized by another Hm0 and Tp and the results would not be useful. Therefore, not only the first 
part of the results, but the whole signal is considered assuming the influence of the reflected waves 
will be small. 

First, a decay test is again executed to confirm the natural period of the system measured in the wave 
flume. Next, the configuration of the different WGs is examined and, if necessary, adjusted. Finally, 
the whole testing programme is applied for the same four types of tests as mentioned in Section 5.3.1 
from Chapter 5: tests without the presence of the buoy, with the undamped buoy motion, with the 
damped buoy motion and with the buoy held fixed. The tests in which the buoy motion is damped by 
the PTO-system are not performed for irregular waves. An overview of all performed tests is given in 
Table A.3 from Appendix A. 

It is not possible to accomplish a detailed study of the buoy motion for every sea state from Table 6-1 
and Table 6-2 due to time restraints for test performing in QML. The repeatability of the 
measurements regarding the buoy motion without and with external damping is verified for three sea 
states with regular waves, while the tests with the other sea states are only once performed. The same 
three sea states are also profoundly examined to determine the damping force, as will be explained in 
Section 6.3.7. Those sea states are selected on the base of several criteria and cover a certain range of 
periods. The larger periods are not retained because such large waves only appear in few countries, 
such as the UK and France (see Section 5.1 from Chapter 5). The smallest periods are no longer 
considered because these small waves induce too small amplitudes, which are difficult to measure 
accurately. For the same reason, only the wave height of 0.100 m is withheld. The large wave height 
also permits to avoid static friction problems, since waves with small wave heights may contain an 
insufficient amount of energy to overcome the static friction. No motion of the buoy will occur in such 
situation. These criteria have led to the first two sea states listed in Table 6-3. The third sea state is 
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characterized by the natural period of 1.176 s and a wave height of 0.050 m. A larger wave height 
cannot be used due to the risk for the buoy to hit the foot.  

Table 6-3:  Three chosen sea states with regular waves (Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

 H (m) T (s) 
sea state 1 0.100 1.050 
sea state 2 0.100 1.100 
sea state 3 0.050 1.176 

6.3.2 Decay test 

The natural period of the device is already determined experimentally in the wave flume in the 
laboratory of Ghent University, but the reflection from the sidewalls could have had an influence. 
Therefore, the decay test is again performed in the wave basin. The potentiometer and the additional 
mass are removed from the setup. 

The buoy is immersed to an initial position different from its equilibrium position and then released. 
The damped free oscillation is measured optically by registering the mark on the buoy with the 
camera, which is placed on a little scaffolding in the water in the immediate vicinity of the buoy. Data 
is acquired with a frequency of 60 Hz and the measured signal is then again processed in the software 
LabVIEW by a frequency domain analysis, resulting in a peak period Tp of 1.182 s, which corresponds 
to a damped natural frequency !! of 5.316 rad/s. 

 
Figure 6-7: Output LabVIEW from frequency domain analysis for the decay test in the wave basin. 

The other characteristics to describe the damped free oscillation are calculated based on the green 
curve in Figure 6-8 and the method and formulas described in Section 5.3.2 from Chapter 5. The 
results are given in Table 6-4 and Table 6-5. 

The natural period of 1.183 s is slightly larger than measured in the wave flume (Tn = 1.176 s). Also 
the damping factor has a larger value of 0.035 than the previous determined factor of 0.023. However, 
as almost the same natural period is measured, one can conclude that the influence of the reflection 
from the sidewalls in the wave flume was negligible in this type of test. The sea state with the 
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measured natural period Tn,measured will, therefore, still be characterized by the previous determined 
period of 1.176 s. 

The numerically derived natural period has a value of 1.145 s, which shows again an acceptable 
agreement with the experimental value of 1.186 s taking into account the differences between the 
numerical and experimental model (see Chapter 4). 

Table 6-4: Measured and calculated characteristics of the underdamped system for the decay test in the wave basin. 

!! 126.31 mm  !! 0.035 - 
!! 0.00 mm/s  bd 7.62 kg/s 
X1 114.73 mm  bc 218.29 kg/s 
Xn 30.74 mm  zAf 126.39 mm 
n-1 6 -  !! -1.54 rad 
ωd 5.316 rad/s     

Table 6-5: Measured natural period, angular frequency and frequency for the decay test in the wave basin. 

ωn,measured 5.312 rad/s 
Tn,measured 1.183 s 
fn,measured 0.846 Hz 

Figure 6-8 shows the comparison between the experimentally measured curve and the theoretically 
calculated curve. The agreement is less good than in the wave flume. This can be due to the 
incapability of the camera to register small amplitudes accurately or to disturbance by the operator, 
who is present in the water to immerse the buoy. 

 
Figure 6-8: Measured and calculated position of the buoy relative to its equilibrium position  

during the decay test in the wave basin. 
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6.3.3 Improvement of the setup 

The position of the wave gauges is estimated in the first instance as mentioned in Section 6.1.2. 
However, it may be necessary to adjust the setup and therefore, three tests are performed in regular 
waves characterized by the sea states given in Table 6-6. The buoy is able to move freely along its axis 
as no external damping force is applied.  

Table 6-6: Tested sea states to improve the setup (Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

H (m) T (s) 
0.100 1.000 
0.050 1.176 
0.100 1.250 

The camera is placed on top of a vertical rod, which is connected to the bridge over the wave basin. In 
this way, images can be made from above the setup. The video covers the area around the buoy 
enabling detection of the diffraction pattern and wakes behind the buoy. During these tests, there is no 
data acquisition by the WGs or the potentiometer.  

It is important to notice that the interest lies in measuring the propagating waves, as they influence 
other WECs within the farm (near-field effects) and the wave conditions behind the farm (far-field 
effects), and not in measuring local phenomena in the immediate vicinity of the buoy perimeter. 

Part (a) of Figure 6-9 gives the area covered by the camera and clarifies the view of the images in part 
(b) to (d). Three snap-shots are taken during the passage of one wave with wave height of 0.050 m and 
wave period of 1.176 s.  

Different phenomena are noticed in the video and they are represented as well as possible by the 
images. The circular waves characterized by a wave length of the same order of magnitude as the 
incident waves are the radiated waves, sent out these waves during its heaving motion. They reduce 
the incident waves, thereby absorbing energy. There are also small, short waves with a much smaller 
wave length than the incident waves, which are therefore not able to reduce the latter ones. These high 
frequency waves seem to be ripples, possibly caused by the friction between the buoy and the water 
during the up- and downward movement. This local effect is not propagating behind the buoy, so there 
is no use for measuring this. The zone shortly behind the buoy is disrupted by diffraction of the 
incident waves in the shadow of the buoy. The diffraction occurs at both sides of the buoy and those 
diffracted waves move to each other (see also Section 5.3.8 from Chapter 5). 

It is not useful to place a wave gauge closer to the buoy, as local effects will influence the 
measurements. It is also expected that the influence of one buoy on the wave climate will be rather 
limited, so placing a wave gauge at larger distance is not required. This setup can therefore be 
considered as sufficient for the purpose of this series of tests. 
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(a) plan view for indicating the camera view. 

 

(b) snap-shot 1. 

 

(c) snap-shot 2. 

 

(d) snap-shot 3. 

Figure 6-9: Snap-shots during the wave passage – regular wave: H = 0.050 m and T = 1.176 s. 

6.3.4 Reflection tests 

6.3.4.1 Aim and method 

The reflection tests without the device in the basin are again performed to determine the influence of 
the reflection from the beach in the wave basin at the end opposite to the wave paddles. As explained 
in Section 5.3.4 from Chapter 5, the reflection analysis according the method of Mansard and Funke 
(1980) requires three WGs in front of the reflecting structure. The recommended distances between 
the WGs in a water depth of 0.61 m are based on Eq.(5.11-5.13) and the results are given in Table 6-7. 
As the difference in water depth is small compared to the wave flume, the same distances can be used 
(see Table 6-8).  
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Klopman and van der Meer (1999) only require a minimum distance between the WGs and the 
reflecting structure, which includes that it is not necessary to place three wave gauges close to the 
absorbing beach. By placing the three wave gauges upwave the buoy at the required minimum 
distance x from this device, the same set of WGs can be used to determine the reflection from the 
buoy (see Section 6.3.9). 

Table 6-7: Recommended distances between the wave gauges in a water depth of 0.61 m 
according to Mansard and Funke (1980) and Klopman and van der Meer (1999). 

T (s) d (m) Ln (m) x12 (m) 
x13 (m) 

xmin (m) 
min max ≠ (i) ≠ (ii) 

1.000 0.61 1.54 0.15 0.26 0.51 0.31 0.46 0.62 
1.050 0.61 1.69 0.17 0.28 0.56 0.34 0.51 0.67 
1.100 0.61 1.83 0.18 0.31 0.61 0.37 0.55 0.73 
1.147 0.61 1.97 0.20 0.33 0.66 0.39 0.59 0.79 
1.176 0.61 2.06 0.21 0.34 0.69 0.41 0.62 0.82 
1.200 0.61 2.13 0.21 0.35 0.71 0.43 0.64 0.85 
1.250 0.61 2.28 0.23 0.38 0.76 0.46 0.68 0.91 
1.300 0.61 2.42 0.24 0.40 0.81 0.48 0.73 0.97 

Table 6-8: Applied distances between the wave gauges for the reflection analysis  
(Stratigaki et al., 2012a; Stratigaki et al., 2012b). 

x12 (m) x13 (m) x (m) 
0.20 0.50 0.94 

In case of irregular waves, the recommended distances are calculated based on the peak period Tp. As 
the considered peak periods are equal to some of the periods for regular waves, the same values as 
given in Table 6-7 are valid. 

The reflection analysis has been carried out with WaveLab. The results from the time domain have 
been considered for regular waves, while the results from the frequency domain are more appropriate 
for irregular waves. 

6.3.4.2 Results 

The reflection analysis returns the reflection coefficient Cr and the results are given in Table 6-9, 
Figure 6-10 and Table 6-10, Figure 6-11 for respectively regular and irregular waves. The reflection 
coefficient does not exceed the value of 7 % in regular waves and 14 % in irregular waves, indicating 
the reflection is limited and the absorbing beach is fulfilling its task quite well.  
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Table 6-9: Reflection coefficient for the reflection of regular waves from the beach in the wave basin. 

T (s) 
H (m) 

0.050 0.100 
1.000 0.0588 0.0390 
1.050 0.0470 0.0524 
1.100 0.0341 0.0369 
1.147 0.0689 0.0374 
1.176 0.0557 0.0421 
1.200 0.0347 0.0318 
1.250 0.0410 0.0468 
1.300 0.0446 0.0448 

 
Figure 6-10: Reflection coefficient for the reflection of regular waves from the beach in the wave basin. 

Table 6-10: Reflection coefficient for the reflection of irregular waves from the beach in the wave basin. 

Tp (s) 
Hm0 (m) 

0.050 0.100 
1.050 0.1051 0.1318 
1.100 0.1008 0.1198 
1.176 0.0931 0.1090 
1.300 0.0816 0.1042 

 
Figure 6-11: Reflection coefficient for the reflection of irregular waves from the beach in the wave basin. 
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6.3.5 Buoy motion without external damping 

6.3.5.1 Regular waves 

The undamped response of the buoy to regular incident waves is measured with the potentiometer for 
different sea states. The regular oscillating buoy motion in regime conditions is characterized by an 
average value for the amplitude, which is determined based on the time-displacement curves. An 
example is given in Figure 6-12 for the sea state with wave height 0.100 m and wave period 1.100 s, 
which induces an average amplitude of 13.27 cm for the buoy motion. 

 
Figure 6-12: Measured buoy position (cm) – regular wave: H = 0.100 m - T = 1.100 s. 

The tests with the three sea states from Table 6-3 are performed twice to verify the repeatability of the 
measurements. The results are given in Table 6-11 and show a negligible difference between the 
results of the two tests, indicating that the used equipment and setup in the wave basin satisfy the 
demand of repeatability. 

Table 6-11: Measured amplitude of the vertical movement of the buoy without an external damping force. 

 zA at 1st test (cm) zA at 2nd test (cm) zA,mean (cm) 
sea state 1 6.37 6.69 6.53 
sea state 2 13.22 13.31 13.27 
sea state 3 9.15 9.01 9.08 

The other sea states are applied once to determine the amplitude of the buoy motion. The results are 
given in Table 6-12 and presented in Figure 6-13. The graph also contains the numerically derived 
curve from Chapter 4. The two effects noticed in the wave flume are here also visible (see 
Section 5.3.6.3): there is a shift of the experimental values towards larger periods compared to the 
numerical results and the absolute measured values (after shifting the experimental curve towards left) 
are lower than numerically predicted. The agreement is again quite acceptable for small and large 
periods, but not around the natural period. The expected peak at resonance for the wave height of 
0.050 m does not occur, which can be due to the slightly larger natural period in the wave basin of 
1.183 s than the tested one of 1.176 s. The peak is rather narrow, so additional measurements around 
resonance could result in a larger amplitude. However, it is expected that this peak will still be smaller 
than the numerically predicted value, because the linear theory is no longer suitable around resonance 
due to the large buoy motion and velocity. For the sea states with the wave height of 0.100 m, the 
flattened curve at resonance can be explained by the limited available stroke, causing the buoy to hit 
the foot during its movement. 
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Table 6-12: Measured amplitude of the vertical movement of the buoy (cm)  
without external damping for regular waves. 

T (s) 
H (m) 

0.050 0.100 
1.000 1.64 3.43 
1.050 3.37 6.53 
1.100 6.33 13.27 
1.147 8.76 13.40 
1.176 9.08 13.33 
1.200 7.88 13.32 
1.250 7.54 12.21 
1.300 6.87 11.70 

 
Figure 6-13: Amplitude of the vertical motion of the buoy (cm) in regular waves without external damping – 

comparison between numerical and experimental results. 

Figure 6-14 gives the measured amplitude of the vertical buoy motion without external damping in the 
wave flume and the wave basin for different wave heights as a function of the period. The numerically 
derived amplitude of the undamped buoy motion does not differ much for the different water depths 
(see Chapter 4), so a good agreement is expected between the measured amplitudes. For small periods, 
the amplitude measured in the wave flume is smaller than for the analogous situation in the wave 
basin. The difference is around 35 % for a wave height of 0.050 m and around 25 % for 0.100 m. The 
opposite occurs around resonance, as the expected peak of the buoy motion is flattened in the wave 
basin as explained before. For larger periods, the similarity is again better, but seems to depend on the 
wave height. The differences between the results in the wave flume and basin may be partially 
attributed to the performance of the equipment with regard to the generated waves. In Section 5.3.9, it 
is already mentioned that the generated waves in the wave flume have a smaller wave height than the 
target height. In Section 6.3.10, the performance of the wave basin will be verified and indicate that 
the generation of the wave height in regular waves is less accurate with a deviation at the upper side 
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for most sea states. Those higher generated waves can be responsible for the higher measured 
amplitudes in the wave basin. 

 
Figure 6-14: Measured amplitude of the vertical movement of the buoy in the wave flume (d = 0.70 m)  

and in the wave basin (d = 0.61m). 

6.3.5.2 Irregular waves 

The buoy motion in irregular waves is also irregular and does not reach regime conditions as in regular 
waves. Therefore, a time series analysis is applied on the measured signal of the buoy motion, 
resulting in a mean and significant amplitude. The significant value is calculated as the arithmetical 
mean of the third highest amplitudes. In addition, the maximum amplitude is also determined to 
indicate that larger amplitudes than the significant value occur. The results are given in Table 6-13.  

The given amplitudes characterize the irregular motion, but they are not able to describe this motion 
entirely. Therefore, graphs over a time-interval of 50 s are made which represent the measured buoy 
motion from the tests without external damping and the water surface elevation from the tests without 
the buoy (see Section 6.3.4). Since there is no WG placed at the buoy position during those tests, the 
measured signals from the nearest WGs at both sides of the buoy are used. Those two WGs are placed 
at the same distance from the wave paddles as the buoy and symmetrically with regard to this device. 
However, as the wave generation is not homogeneous in the wave basin (see Section 6.3.10), the 
measured signals of those WGs are not identical. Therefore, a mean value of both measurements is 
taken, but it should be noticed that this is only an approximation. The graph for the sea state with 
Hm0 = 0.050 m and Tp = 1.176 s is given in Figure 6-15 and the results for the other sea states are given 
in Section E.1 from Appendix E. 

The graphs illustrate that the amplitude of the buoy motion is strongly dependent on the period of the 
incident wave component. When this period approaches the natural period of the device, the buoy 
motion amplitude can be several times the wave amplitude as illustrated by the maximum value in 
Table 6-13. For periods further away from resonance, the motion decreases to amplitudes equal or 
smaller than the wave amplitude. A larger wave height also results in a larger buoy motion amplitude.  
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Table 6-13: Characteristic measured amplitudes of the buoy motion in irregular waves without external damping. 

tested sea state 
zAs,mean (cm) zAs,sig (cm) zAs,max (cm) 

Hm0 (m) Tp (s) 
0.050 1.050 1.55 2.69 4.78 
0.050 1.100 1.84 3.06 5.43 
0.050 1.176 2.23 3.63 6.13 
0.050 1.300 2.71 4.23 6.69 
0.100 1.050 3.58 5.89 10.33 
0.100 1.100 4.09 6.66 11.55 
0.100 1.176 4.74 7.71 13.38 
0.100 1.300 5.54 8.71 14.06 

 
Figure 6-15: Wave and buoy motion for sea state Hm0 = 0.050 m and Tp = 1.176 s with irregular waves. 

6.3.6 Efficiency of the damping system 

As illustrated in the previous chapter, the damping system does not work optimally in a wave flume. 
The tests are not repeatable: the same wave conditions and damping force result in different measured 
amplitudes of the vertical motion of the buoy. This can be due to the experimental setup (e.g. 
reflection from the sidewalls) or to the damping system itself. To determine the source of this 
inefficiency, tests with an external damping force are performed in the wave basin where reflection 
from the sidewalls is largely reduced.  

Only the three sea states with regular waves from Table 6-3 are again examined in detail. The series 
consists of seven tests for each sea state with different spring force as indicated in Table 6-14. Every 
test is performed twice to check the repeatability. The measured amplitudes of the buoy motion for the 
different spring forces and for the two tests are given in Table 6-15, which also contains the mean 
amplitude. This mean amplitude as a function of the spring force is shown in Figure 6-16. The 
difference between the results of the two tests is negligible for the three sea states and the seven spring 
forces, pointing out that also the damped motion is repeatable. The results do show an irregularity at 
the transition from a PTO realized by two springs to one realized by four springs. The damping force 
increases, while the amplitude of the vertical movement of the buoy also increases. This irregularity 
can be due to the fact that there is only force exerted at one side of the axis when two springs are 
applied, causing an asymmetrical damping force.   
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Table 6-14: Applied spring forces to verify the repeatability of the damping system. 

 # springs (-) !!"#$%&! (N) 
Test 1 2 4.20 
Test 2 2 6.16 
Test 3 4 8.40 
Test 4 4 10.64 
Test 5 4 20.16 
Test 6 4 29.12 
Test 7 4 34.72 

Table 6-15: Measured amplitude of the vertical movement of the buoy  
for the three sea states and the different spring forces. 

# springs (-) !!"#$%&! (N) zAs at 1st test (cm) zAs at 2nd test (cm) zAs,mean (cm) 
2 4.20 6.00 6.05 6.02 
2 6.16 4.97 5.30 5.14 
4 8.40 6.08 5.99 6.04 
4 10.64 5.89 5.97 5.93 
4 20.16 4.25 4.43 4.34 
4 29.12 2.67 3.09 2.88 
4 34.72 2.09 2.21 2.15 

(a) sea state 1: regular – H = 0.100 m – T = 1.050 s. 

# springs (-) !!"#$%&! (N) zAs at 1st test (cm) zAs at 2nd test (cm) zAs,mean (cm) 
2 4.20 11.94 11.74 11.84 
2 6.16 10.93 10.88 10.91 
4 8.40 11.83 12.05 11.94 
4 10.64 11.80 12.16 11.98 
4 20.16 9.52 9.69 9.60 
4 29.12 6.72 6.09 6.41 
4 34.72 5.17 5.13 5.15 

(b) sea state 2: regular – H = 0.100 m – T = 1.100 s. 

# springs (-) !!"#$%&! (N) zAs at 1st test (cm) zAs at 2nd test (cm) zAs,mean (cm) 
2 4.20 7.25 7.27 7.26 
2 6.16 5.52 5.39 5.45 
4 8.40 6.65 6.59 6.62 
4 10.64 6.42 6.34 6.38 
4 20.16 3.69 3.61 3.65 
4 29.12 1.09 1.13 1.11 
4 34.72 0.56 0.52 0.54 

(c) sea state 3: regular – H = 0.050 m – T = 1.176 s. 
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(a) sea state 1: regular – H = 0.100 m – T = 1.050 s. 

 
(b) sea state 2: regular – H = 0.100 m – T = 1.100 s. 

 
(c) sea state 3: regular – H = 0.050 m – T = 1.176 s. 

Figure 6-16: Measured amplitude of the vertical movement of the buoy  
as a function of the spring force for the three sea states. 

It can be avoided by using four springs in all tests, so that the axis is clamped between the two Teflon 
blocks. Therefore, only the tests in which the PTO is realized by four springs will be withheld. In this 
series of tests, the expected relationship occurs: the amplitude decreases when the damping force 
increases. 

One can conclude that the cause of the irregular results in the wave flume must be found in the large 
diameter of the heaving device compared to the flume width, since the same device with the identical 
damping system does perform successfully in a wide wave basin. For further testing, the damping 
system will be retained, but the small wave flume in Ghent is considered as not suitable to draw 
conclusions due to the influence of the reflection from the sidewalls. 
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6.3.7 Optimum power absorption 

6.3.7.1 General 

During the tests in the wave flume of the laboratory of Ghent University, the required spring force was 
determined by demanding that applying damping halved the amplitude of the vertical movement of the 
buoy without damping. This created power absorption that is only optimal at resonance. The focus of 
the present research is not on optimizing the power take-off, but on the effect of extracting energy 
from the waves on the wake. Yet, the pursuit of optimum power absorption would realize an as large 
as possible wake. Furthermore, a parabola can approximate the relationship between the damping 
force and the absorbed power as illustrated in Figure 6-17. This curve is little steep in its top: a 
variation of the damping force of about 20 % would result in a variation of the power absorption of 
less than 5 %. Thus, the power absorption is less sensitive for the applied damping force around the 
optimum conditions. For these reasons, the damping force in the wave basin is determined by 
demanding optimum power absorption. 

A numerical simulation could bring solution to identify the required damping force, but there are a lot 
of elements that cannot be charged, such as the influence of the temperature, the humidity, etc. In 
addition, numerical models assume a linear relationship between the velocity and the damping force, 
which is not fulfilled in practice. The best solution is to perform physical tests with the device and the 
applied wave conditions. 

The practical implementation consists of multiple testing with the same wave conditions, but with 
different damping forces. This damping force varies from a very small value, causing a lot of motion 
of the buoy, to a very large damping force, holding the buoy almost stationary. In theory, the results of 
three tests define the parabola, but to exclude the risk of measuring errors and to increase the accuracy 
of the derived optimum, minimum four tests are generally performed in practice as indicated in Figure 
6-17.  

 
Figure 6-17: Experimentally deriving the damping force for optimum power absorption. 
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Since the buoy describes an oscillating motion (see Chapter 2), the amplitude and the velocity are 
given by following formulas. 

 !!"#$%& ! = !!" ∙ sin!(!" + !!"#) (6.1) 

 !!"#$ ! = !
!" !!"#$%&(!) = !!" ∙ ! ∙ cos!(!" + !!"#) (6.2) 

The damping force is a block signal with constant force amplitude and an opposite sign compared to 
the velocity. 

 !!"#$,!"! = −!!"#$,!"!,! ∙ !"#
!"
!"  (6.3) 

The absolute value of the average power absorption over one period is calculated as the product of the 
damping force and the velocity of the buoy.  

 
!!!",!" =

1
! !!"#$,!"! ∙ !!"#$ ! !!"

!

!
= 4 ∙ 1! ∙ !!" ∙ !!"#$,!"!,! (6.4) 

During every test, the vertical motion of the buoy is registered by the potentiometer. The amplitude 
and the period of the motion can be derived from this signal. The total damping force consists of two 
components: the external damping force exerted by the PTO and the internal friction of the system. 
The first component is linear proportional to the normal force exerted by the springs with as 
proportionality factor the coefficient of friction !.  

!!"#$,!"!,!! = !!"#$,!"#,!! + !!"#$%"&'!!"#$%#&' = ! ∙ !!"#$%&! + !!"#$%"&'!!"#$%#&' (6.5) 

The value of this friction coefficient is 0.07, as experimentally derived in Section 3.4 from Chapter 3. 
The internal friction is measured in the same series of testing in Chapter 3, but the value seems to be 
strongly influenced by the environment. Thus, it is not exactly known which value should be used in 
the wave basin. In addition, the friction tests were not yet performed when the tests in the wave basin 
were conducted. This component is therefore not further considered in the calculation. This means that 
not the total power absorption, but only the power absorption by the PTO-system is optimized. 

6.3.7.2 Three sea states in detail 

The aforementioned experimental method to determine the optimum damping force is applied to the 
three sea states from Table 6-3, without considering the internal friction. The mean values of the buoy 
motion amplitude from the tests where the PTO is realized by four springs, given in Table 6-15, are 
used and the blue rhombic points in the graphs from Figure 6-18 are the results. A two-dimensional 
trend line is drawn through these points. The average power absorption is larger for the higher waves 
and increases with increasing wave period. The latter is valid as long as the period does not exceed the 
natural period of the device, as can be seen in Figure 4-4 from Chapter 4. Once this period is 
exceeded, the average power absorption is expected to decrease. 
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(a) sea state 1: regular – H = 0.100 m – T = 1.050 s. 

 
(b) sea state 2: regular – H = 0.100 m – T = 1.100 s. 

 
(c) sea state 3: regular – H = 0.050 m – T = 1.176 s. 

Figure 6-18: Average power absorption by the PTO-system  
as a function of the external damping force for the three sea states. 
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For the first two sea states, a damping force of about 1.75 N, which corresponds to a spring force of 
25 N, creates optimum power absorption. At resonance the optimum damping force has a lower value. 
Due to the lack of time, the optimum force could not be determined for all sea states and therefore, an 
average spring force of 25.2 N is applied during the series of tests with damping for all sea states with 
regular waves (see Section 6.3.8). The red square points in the graphs give the result from these tests 
for the specific sea state. There is a good agreement between this measured point and the trend line. 

In Section E.2 from Appendix E, the experimental method is again applied on the same results of the 
buoy motion with the internal friction taken into account. The red square points in the graphs for sea 
state 1 and 2 from Figure E-3 show that the assumed spring force of 25.2 N does no longer ensure 
optimum power absorption, but that the optimum is characterized by a lower value. It is thus important 
to remind that the absorbed power in the present section only refers to the power absorption by the 
PTO-system and not to the total absorbed power. In addition, conversion losses are not considered 
here, so the calculated values do not equal the produced power. 

6.3.8 Buoy motion with external damping 

6.3.8.1 Aim and method 

A spring force of 25.2 N is applied for all sea states with regular waves, resulting in a damping force 
of 1.76 N using the friction coefficient of 0.07. The applied damping force is close to optimal for the 
sea states with wave height of 0.100 m and wave period of 1.050 s and 1.100 s, as indicated in 
previous section. The buoy motion is measured with the potentiometer and can be characterized by the 
amplitude and period, which are used to calculate the power absorption by the PTO-system with the 
aid of Eq.(6.4), without considering internal friction.  

6.3.8.2 Results 

The measured amplitude is given in Table 6-16 and presented in Figure 6-19. Figure 6-20 shows the 
measured power absorption. The numerically derived curves for optimum power absorption 
conditions, calculated in Chapter 4, are also provided in both graphs. A shift from the experimental 
curve towards left to make the numerical and experimental natural period coincide, is again assumed 
for comparison. For the two aforementioned sea states (H = 0.100 m – T = 1.050 s/1.100 s), the 
measured amplitude is smaller than the numerical value, but the agreement is much better than for the 
power absorption. This absorption is about 5 times larger in the numerical model compared to the 
experimental results. The differences will be for the greater part attributed to the different applied 
damping force, namely a block-signal in the experiments versus a linear damping force in the 
numerical model. In addition, only power absorption by the PTO-system is calculated in the 
experimental results. The movement of the buoy however is also restricted by the internal friction and 
the corresponding undesired energy dissipation, which results in non-useful power absorption. 

The constant damping force of 1.76 N does not realize optimum conditions for the other sea states. 
This is illustrated by comparing the shape of the numerical and experimental curve of the buoy motion 
amplitude for an incident wave height of 0.100 m (red curve in Figure 6-19). Around resonance, a 
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much higher amplitude is expected so a smaller damping force is necessary. This is confirmed by the 
results from previous section, in which a smaller optimum damping force for sea state 3 is derived. For 
larger periods, a higher damping force is required, as the tail of the experimentally curve now 
increases, while it is expected to decrease according to the numerical predictions. 

For the incident wave height of 0.050 m and small periods, the applied damping force is rather high. 
During the tests with wave period of 1.000 s and 1.050 s, no movement of the buoy is registered. 
Those small waves do not contain enough energy to win over the static friction inside the device and 
at the brake system. Consequently, there is also no power absorption in these conditions. The 
numerical model does not account for internal friction and therefore, it does predict a buoy motion and 
corresponding power absorption. 

Table 6-16: Measured amplitude of the vertical movement of the buoy (cm)  
with external damping for regular waves. 

T (s) 
H (m) 

0.050 0.100 
1.000 0.00 1.20 
1.050 0.00 3.10 
1.100 1.06 7.60 
1.147 1.59 8.64 
1.176 2.05 9.26 
1.200 1.61 8.33 
1.250 3.83 10.70 
1.300 3.41 10.14 

 
Figure 6-19: Numerically and experimentally derived amplitude of the vertical motion of the buoy (cm)  

with an external damping force in regular waves. 
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Figure 6-20: Calculated power absorption (W) based on numerically and experimentally derived parameters 

with an external damping force in regular waves. 

6.3.8.3 Remarks 

This first experimental approach for pursuing optimum power absorption clarifies that the required 
damping force is strongly dependent on the characteristics of the setup (e.g. internal friction) and the 
incident waves (wave height and period). A profound prior examination of the sea states of interest is 
required, as illustrated in Section 6.3.7. In addition, for irregular waves, it will be impossible to realize 
maximum power absorption with a constant damping force for all compounding waves. Overdamping 
will occur in small waves, while the damping will be insufficient in high waves (Vantorre et al., 
2004). An average optimum value of the damping force for the whole spectrum should therefore be 
derived through experiments.  

6.3.9 Reflection from the buoy 

The reflection coefficient of the device is determined with the aid of the results, measured during the 
tests with the buoy held stationary. As mentioned in Section 6.3.4, the WGs in front of the buoy are 
placed at the recommended distances from the reflecting structure and from each other. Furthermore, 
the line of the three WGs is parallel to the wave direction and coincides with the centre point of the 
buoy, meaning the incident waves on that line are directed back in their initial direction and the 
method of Mansard and Funke (1980) can be applied. The results from the time domain analysis in 
WaveLab are withheld for regular waves and from the frequency domain for irregular waves, given in 
respectively Table 6-17, Figure 6-21 and in Table 6-18, Figure 6-22.  

From Figure 6-21 for regular waves, it is clear that the influence of the wave height is rather 
non-existing as there is hardly any difference between the values for a wave height of 0.050 m and 
0.100 m. There is an exception to this observation for the small period of 1.000 s, but this can be due 
to the incapability of accurate measuring of small waves. The influence of the wave period is larger 
and shows a decreasing value for the reflection coefficient with increasing wave period. The values 
vary from about 0.13 to 0.28 and are thus smaller than in the wave flume, where values between 0.20 
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and 0.40 are measured. The influence of the reflected waves from the sidewalls is probably 
responsible for the larger measured reflection coefficient in the flume. 

Table 6-17: Reflection coefficient for reflection from the buoy in the wave basin with regular waves. 

T (s) 
H (m) 

0.050 0.100 
1.000 0.2780 0.2258 
1.050 0.2240 0.2379 
1.100 0.1865 0.1919 
1.147 0.1971 0.1716 
1.176 0.1528 0.1481 
1.200 0.1660 0.1608 
1.250 0.1419 0.1492 
1.300 0.1286 0.1395 

 
Figure 6-21: Reflection coefficient for the reflection from the buoy in the wave basin with regular waves. 

Also in the irregular wave trains, the significant wave height has a negligible influence on the 
reflection from the buoy as can be seen in Figure 6-22. The same declining trend with increasing peak 
period can be noticed as for regular waves and the values for Cr lay around 0.20. This value can be 
considered as the average reflection coefficient of the device, as it also matches well with the mean 
value from the tests with regular waves. 

Table 6-18: Reflection coefficient for the reflection from the buoy in the wave basin with irregular waves. 

Tp (s) 
Hm0 (m) 

0.050 0.100 
1.050 0.2280 0.2410 
1.100 0.2227 0.2305 
1.176 0.2086 0.2185 
1.300 0.1837 0.1939 
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Figure 6-22: Reflection coefficient for the reflection from the buoy in the wave basin with irregular waves. 

6.3.10 Wave motion 

6.3.10.1 Aim and method 

The same three aspects as mentioned in Section 5.3.9 from Chapter 5 are examined for the 
measurements from the WGs in the wave basin. First, it is checked how accurately the target wave 
height and period are generated. The incident characteristics are again derived from the results of the 
reflection analysis in WaveLab applied on the WG measurements from the tests without buoy (see 
Section 6.3.4). Regular waves are characterized by the mean incident wave height Hm and mean period 
Tm from the time-domain, irregular waves by the significant wave height Hm0 and peak wave period Tp 
from the frequency domain. Next, the measured signals from the WGs in function of time for regular 
waves are investigated to make sure no irregularities occur, like noticed before in the wave flume (see 
Figure 5-34). Finally, the influence of the buoy on the incident wave field is determined for the 
different types of tests. When the buoy is present in the wave basin, the resultant waves are influenced 
by the incident, radiated, reflected and diffracted waves and by the power absorption of the WEC. The 
resultant wave height is determined by the superposition of those different components. Therefore, the 
measured signals from the WGs are characterized by a mean wave height Hm for regular waves and by 
a significant wave height Hm0 for irregular waves by respectively a time-domain and a 
frequency-domain analysis in WaveLab. The measured wave height during tests with the buoy is then 
compared to the measured wave height (Hm,i or Hm0,i) from the test without the presence of the buoy, 
which represents the undisturbed wave field at each WG. This is more accurate than comparing the 
measured wave characteristics to the target characteristics, as they do not always correspond well to 
the generated ones. 

6.3.10.2 Results 

Performance of the wave basin with regard to generated waves 

Figure 6-23 gives the ratio of the measured wave characteristic to the target one as a function of the 
target wave period. Part (a) and part (b) show the results concerning respectively the wave height and 
the wave period for regular (left) and irregular (right) waves. 

From the results of the wave height in regular waves, one can conclude that the generated wave height 
is in general higher than the target wave height. Only for two wave periods (T = 1.000 s and 
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T = 1.200 s), the measured wave height does not exceed the input. The same ratio is found for the two 
target wave heights for most wave periods. In irregular waves, the accuracy decreases as the target 
wave period increases: the measured wave height corresponds well to the target wave height for small 
periods, but becomes larger for increasing wave period. The relative wave height is also larger for 
smaller target wave heights, since the blue rhombic points of H = 0.050 m lie consequently higher than 
the red square points of H = 0.100 m. The difference decreases for increasing wave period. 

 
(a) Ratio of measured to target wave height in regular (left) and irregular (right) wave train. 

 
(b) Ratio of measured to target wave period in regular (left) and irregular (right) wave train. 

Figure 6-23: Performance of the wave basin with regard to generated regular and irregular waves. 

In the graphs from part (b), only one series of measurement points is given, because there is no 
difference between the results for the two target wave heights. The generated wave period in regular 
waves corresponds very well to the target wave period, as the difference is smaller than 1 % for all 
applied sea states. The performance in irregular waves is less good, especially for the largest peak 
period, where a large deviation of about 30 % occurs. 

In general, the performance of the wave basin is less accurate than the wave flume, where the 
deviation for both wave height and period does not exceed 10 %. This is expected, as a larger setup is 
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more difficult to work in. The input is usually adjusted until the desired output is generated, but again 
due to time restraints, this method is not applied in the present experimental work. 

The large deviation for irregular waves can also be due to the short analysed signal. The measured 
signal lasts 128 s and a cut off at the start of 8 s is considered for the analysis in WaveLab. The 
reliability of the wave data analysis decreases for a small number of waves. 

Regularity of the measured signals from the WGs 

The measured signal from the WG at a distance of 1.0 m behind the buoy for the sea state with a wave 
height of 0.100 m and a wave period of 1.147 s is represented in Figure 6-24. This corresponds with 
the situation given in Section 5.3.9 from Chapter 5 making comparison possible. The graphs give the 
water surface elevation as a function of time for the four types of test. As expected, these graphs give a 
more regular signal than in the wave flume and regime conditions are reached for all types of test, 
regardless the presence of the (moving) buoy. This confirms the reliability of the measurements, as 
there is no large disturbance by reflected waves from the beach or sidewalls. 

 
(a) without presence of the buoy in the wave flume – 

incident wave field. 
(b) buoy in the wave flume without external damping. 

 
(c) buoy in the wave flume with external damping. (d) buoy held fixed in the wave flume. 

Figure 6-24: Registered water surface elevation (m) from the WG downwave (1.0 m behind the buoy) 
for H = 0.100 m and T = 1.147 s as a function of time. 
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One can already conclude from these graphs that the influence of the buoy on the measured signal at 
the present WG is rather small. There is hardly any change noticed in the mean wave height. Since the 
presented sea state contains the largest wave height and a period close to resonance, the induced buoy 
motion is however quite large. It is therefore expected that the influence of one buoy on the wave field 
will be small at a certain distance behind the buoy. This is investigated in detail in the next section. 

Influence on the wave field 

The pictures in  Figure 6-25 represent the influence of the buoy on the wave field in its immediate 
vicinity for the three sea states from Table 6-3. Part E.3 from Appendix E gives the same figures for 
all tested sea states with regular and irregular waves. Every figure consists of four subfigures, which 
represent the same part of the wave basin, more specifically the part with the wave paddles, the buoy 
and the ten surrounding WGs. Every coloured compartment represents the point measurement of the 
WG at that position. The distance between the compartments is drawn to scale and corresponds with 
the distances between the WGs as indicated in Figure 6-5. The WGs itself do not have a considerable 
dimension in reality. However, to enable the presentation of the measured value by the considered 
WG, the compartments do have a dimension on the figure. Every subfigure gives the results of another 
type of test. The subfigure in the top left corner of each figure gives the measured wave height during 
the test without the presence of the buoy. This value is used as reference for the incident wave field. 
The results from the tests with the undamped and damped buoy motion are given in respectively the 
top and bottom right corner. The left bottom corner represents the results from the tests with the buoy 
held fixed at its equilibrium position. For the last three types of tests, the ratio of the measured wave 
height to the reference value from the first subfigure is given for each WG. Furthermore, a colour 
scale is applied to represent visually the change in the wave height. The colour varies from orange 
when the wave height is reduced with 30 %, over yellow for an unchanged wave height to green for an 
increase of 30 %. This visual representation can be used to compare to numerical models which try to 
predict the change in wave height due to the presence of a WEC. 

Regular waves 

Figuur E-4 up to Figuur E-9 give the results in regular waves. The influence from the target wave 
height is negligible, as approximately the same ratios appear in the figures of H = 0.050 m and of 
H = 0.100 m for the different wave periods. Some exceptions may occur, but they are probably due to 
measuring errors. The influence from the wave period is determining and the noticed trends are 
discussed. 

The waves in front of the buoy are the result of the superposing of incident and radiated waves (if the 
buoy is moving) and waves reflected from the device. The interference at the considered WG is 
constructive or destructive dependent on the position of the WG in relation to the wave length. The 
magnitude of the increase or decrease in wave height is thus dependent on the wave period, which 
determines the wave length, and on the type of test, as a larger motion of the buoy induces larger 
radiated waves. The maximum increase is 29 %, the maximum decrease 23 %. 
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(a) sea state 1: regular - H =0.100 m – T = 1.050 s. 

 
(b) sea state 2: regular - H =0.100 m – T = 1.100 s. 

 
(c) sea state 3: regular - H =0.050 m – T = 1.176 s. 

 Figure 6-25: Absolute measured wave height of incident wave field (left upper corner) – relative wave height (other).  
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The radiated and diffracted waves determine the wave field immediately behind the buoy. The wave 
height variation is smaller for the damped buoy motion (maximum 10 %), than for the undamped buoy 
motion (maximum 14 %) as the radiated waves are larger in the latter case. The results from the test 
when the buoy is held fixed, show a small variation in the wave height (maximum 7 %), indicating 
that the diffraction pattern may have limited influence. The result for the sea state with H = 0.050 m 
and T = 1.000 s does not follow the above described trend, as the deviation is larger (about 7 to 12 %). 
This may be due to measuring errors, since the measured wave height, given in the left top corner, is 
very low compared to the other tests.  

The WGs next to the buoy measure the superposition of mainly incident and radiated waves. The 
increase or decrease of the measured wave height is again dependent on the relation between the WG 
position and the wave length. The change in wave height varies between a decrease of 25 % and an 
increase of 27 %. It is remarkable that the measurements for some sea states do not show symmetry 
around the line through the centre point of the buoy, parallel to the wave propagation. It would be 
expected to get the same results for the WGs at the left and right side of the buoy. A possible 
explanation could be the non-perfect centric mounting in the wave basin (see Figure 6-5). The cause 
can also be found in the used equipment. O’Boyle et al. (2011) mapped the wave climate within the 
wave basin. The paper indicated that there is a significant variation in the measured wave height in the 
wave basin in longitudinal, transverse and diagonal direction. The pattern of the measured variation is 
defined for different frequencies and showed an average variation over all frequencies of ± 43 %. 
Though the same processes occur for each wave frequency, the resulting pattern is related to the wave 
length. This non-homogeneity can explain the asymmetrical results from the WG at both sides of the 
buoy for some sea states. 

The results from the wave basin are compared to the previous measurements in the wave flume for the 
situation of an undamped buoy and the WG behind the buoy at a distance of 1.0 m (see Table 5-17 and 
Table 5-18). This WG gives a maximum variation of the measured wave height in the wave flume for 
the sea state with H = 0.050 m and T = 1.176 s. A decrease of 37 % is noticed, while the same 
situation gives a decrease of 1 % in the wave basin. The maximum variation in the wave basin occurs 
for H = 0.050 m and T = 1.000 s, where an increase of 12 % is registered. The experiments in the 
wave flume give a decrease of 1 % for that test. This illustrates that there is no agreement between the 
measurements of the water surface elevation in the wave flume and basin. The variation of the 
measured wave height in the wave flume is in general larger than in the wave basin, as the wave 
climate is strongly influenced by the reflected waves from the sidewalls. That phenomenon is largely 
reduced in the wave basin and ensures more reliable results. 

Irregular waves 

Figuur E-10 and Figuur E-13 give the results in irregular waves. The test with the damped buoy 
motion is not performed for these sea states, so only three subfigures are present. The influence from 
the target wave height is again negligible. 
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The WGs in front of the buoy show an increase in the measured significant wave height for the 
smallest three periods (maximum 7 %) and an invariant wave height for the largest period for the two 
types of test. The increase in wave height does not differ much between the three WGs, but there is a 
small decreasing in the variation when the WG is placed further away from the buoy. Behind the buoy, 
the variation in wave height does not exceed 5 % and is thus very small for all three WG and for the 
two types of tests. The WGs next to the buoy show a larger variation, which decreases with distance 
from the buoy. The WGs closest to the buoy show a maximum increase of 15 %, while for the WGs 
further this increase is only 7 %. The symmetry between the WGs left and right of the buoy is better 
realized than in regular waves. 

In general, one can conclude that the influence in irregular waves is smaller than for the regular sea 
states with the same wave height and period. This can be due to the method of characterisation of the 
irregular waves. The significant wave height Hm0 does not describe the variation in the wave motion, 
but summarizes the total motion. Within the wave spectrum, the wave height of the different 
components may vary, but when analysing the whole time signal, the variations can cancel each other. 
This results in a small change of the significant wave height. 

It should be noticed that the wake of one WEC in the wave basin is rather small and thus difficult to 
register. In addition, it is difficult to represent this with only a few point measurements around the 
buoy. This issue is already mentioned in Ashton et al. (2009) and O’Boyle et al. (2011), as they 
indicate that the spatial pattern around WECs cannot be well resolved by point measurements. 

6.4 Conclusion 

The experimental tests in the QUB wave basin in Portaferry are intended to enable testing without the 
unfavourable influence of waves, reflected from the sidewalls as noticed in the wave flume. The 
performance of the equipment is tested through reflection tests to determine the generated wave field 
and the absorption by the structure at the opposite side compared to the wave paddles. The target wave 
characteristics are not as well generated as in the wave flume, but the deviation is still acceptable. The 
measured WG signals during the tests with presence of the buoy do not show disturbance, indicating 
the influence from reflection is largely reduced.  

No tests are performed to verify the performance of the foot and axis or of the measuring instruments, 
as this is already confirmed in the wave flume. The focus is on verifying the efficiency of the 
PTO-system. Three sea states, representing the most significant wave conditions, are first investigated 
in detail and after that, the four general tests are performed for the other sea states.  

In both cases of the undamped and damped buoy motion, the measurements are repeatable for the 
three sea states. This indicates that the unexpected results from the wave flume when an external 
damping force is applied (see Section 5.3.7) are not due to the damping system. The PTO-system can 
thus be withheld, but it should be noticed that it is not appropriate to test an oscillating device with 
such a large diameter in a small wave flume. It is also suggested to realize the damping with four 
springs to avoid an asymmetrical damping force. Otherwise, the buoy motion amplitude may increase 
for an increasing damping force at the transition from two to four springs, which is not wanted. 
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The agreement between the undamped buoy motion and the numerically predicted values is again 
quite good for small and large periods, but not at resonance due to the non-linear effects. At the 
natural period of the device, the measurements with the largest wave height are not useful since the 
limited available stroke under water hinders the buoy motion, causing a flattening of the expected 
peak amplitude at resonance. 

The damping force is experimentally derived by pursuing optimum power absorption which realizes 
an as large as possible wake. Different spring forces are applied and the corresponding power 
absorption is calculated based on the measured buoy motion. This method is elaborated for the same 
three sea states, without considering internal friction. 

The reflection of the buoy is again measured and gives a smaller value than in the wave flume as 
expected, since there is no influence from the reflection from the sidewalls. An average value for Cr of 
0.20 is registered, instead of the 0.30 from the wave flume. 

Ten WGs are placed in the immediate vicinity of the buoy to determine the influence of this device on 
the wave field. The WGs are spread upwave, downwave and next to the buoy. The results indicate 
variations in the measured wave height dependent on the wave period, as this parameter defines the 
wave length. However, the influence of one WEC is rather limited and difficult to represent with the 
aid of point measurements.  



 

 

 

 

 
 

7 

Conclusion 
 

 

This chapter gives a short overview of all results from the experimental research 
within the framework of this master thesis. To conclude this dissertation, 
recommendations with regard to the large scale tests in DHI, Denmark, are 
provided. 
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7.1 Achievements 

Within the HYDRALAB IV European programme, the project WECwakes (Stratigaki et al., 2011a) is 
released to perform physical modelling of wake effects of wave energy converters (WECs). Large 
scale experiments with WEC-farms, consisting out of 15 to 20 points absorbers with different layouts 
and inter-WEC spacing will be performed in the Shallow Water Wave Basin of DHI (Denmark) to 
study the near-field effects between the different devices within the farm and the far-field effects on 
neighbouring farms, on the ecological system and on others activities at sea or at the coastline. The 
aim is to verify and further develop the numerical methods and to optimize the geometrical layout of 
WEC-farms for real applications. A scale model of such a point absorber WEC is developed and 
extensively tested in this master thesis in order to ensure behaviour that is in accordance with the real 
impact of a WEC on the wave climate. 

The device has a hemisphere-cylinder shape of 60 cm high and 31.5 cm width. It has a mass of 
20.545 kg, resulting in a draft equal to the device diameter. The hemispherical bottom part is moulded 
out of polyurethane and the cylindrical part consists of a prefabricated PVC tube with a cover out of 
the same material. The WEC has only one degree of freedom: it can move in heave along a 
prefabricated square hollow axis out of stainless steel with a side of 40 mm and a width of 3 mm. The 
axis is placed in a concrete foot at its bottom and passes trough a shaft bearing inside the buoy, which 
is also a prefabricated square hollow axis with a slightly larger side. The square form hinders rotation 
of the buoy around the spar. To avoid movement of the buoy in the horizontal plane due to the margin 
between the two rods, bearings are placed inside the shaft bearing at the top and bottom of the buoy. 
The bearings consist out of PTFE-blocks and are placed with a small margin of 0.25 mm to limit 
additional friction. Water infiltration is avoided by continuing the shaft bearing over the total height of 
the buoy. The PTO is simulated by a mechanical brake, whereby the energy, extracted from the waves, 
is lost through friction. Two PTFE-blocks are placed on top of the buoy and pressed against the axis 
by four springs. The presented PTO-system is inexpensive, making it appropriate for production on 
large scale, and it is easy to operate. The behaviour of the steel-PTFE combination inside the device 
and in the PTO-system is examined in detail through tests in the tensile testing machine of the 
Department of Materials Science and Engineering of Ghent University. The internal friction is not 
accurately determined, as it seemed to be strongly dependent on the environment. The coefficient of 
friction from the PTO-system is measured for static, dynamic, wet and dry friction and showed a small 
difference for all cases, indicating that PTFE in combination with steel does not exhibit stick-slip and 
that the non-lubricated bearing at the upper side will not cause significant additional friction. An 
average value of 0.07 for the friction coefficient is withheld for further research, which corresponds 
well with theoretically predicted values (0.04 - 0.10).  

Before physical model experiments are conducted in a wave flume or basin, the device is simulated in 
WAMIT and subjected to a range of incident wave periods to determine the interaction between the 
waves and the WEC. This numerical simulation gave the hydrodynamic coefficient of added mass, the 
hydrodynamic damping coefficient and the amplitude of the heave exciting wave force per unit wave 
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amplitude. These parameters are then combined with the formulas of the linear point absorber theory 
to predict the undamped buoy motion and the conditions of optimum power absorption. There is also a 
Matlab-script (requiring Simulink) available to solve the equation of motion of the point absorber and 
derive an optimal damping factor, but this script is not used within the framework of this master thesis. 
Although the numerical values are a good first indication of the buoy motion, there are non-negligible 
differences between the numerical model and the real setup, like another definition of the damping 
force, non-linear effects for large buoy motion amplitudes and velocities (e.g. viscous losses, 
non-linear hydrostatic restoring force), etc.  

The first experiments are conducted in the large wave flume of the laboratory at AWW, Ghent 
University. The main purpose was to make sure all deficiencies of the scale model are removed. The 
applied sea states with regular waves are derived by Froude-scaling based on measurements at 
different locations along the coast of Belgium, The Netherlands, Germany, Denmark, France and 
Portugal. The axis has proven to be stiff and stable enough, as the horizontal movement did not exceed 
4 mm when the foot was screwed to the bottom of the wave flume. The foot can also be loosely placed 
on the bottom because the total horizontal movement is then smaller than 6 mm, which is still 
acceptable. The latter installation technique is in addition easier to perform. For further testing in the 
wave flume, the foot is however screwed, as the device does not need to be relocated. Three possible 
measuring instruments, namely the camera, potentiometer and LVDT, are tested, but only the 
potentiometer is suitable for test performing in a large wave basin. This measuring instrument has the 
largest influence on the buoy motion since it exerts a recalling force and causes additional internal 
friction during winding and unwinding. Those two aspects are examined in detail by tests in the tensile 
testing machine and showed three effects. First of all, an initial recalling force is noticed at the start of 
each test, which can be eliminated by adding an extra mass on top of the buoy in order to achieve 
again the desired draft of 31.5 cm in equilibrium position. A mass of 0.468 kg is experimentally 
derived by measuring the draft, but it is recommended to use 0.688 kg, as this corresponds better to the 
measured and theoretically given value of the potentiometer force. Secondly, the recalling force varies 
during the heaving motion of the buoy as the unrolled length of the wire in the potentiometer varies, 
but this variation does not exceed 1.05 N over the total length of the wire. Finally, an additional 
internal friction of about 0.35 N was indicated. By comparing measurements of the buoy motion in the 
wave flume without and with the presence of the potentiometer, it is indicated that the influence of the 
potentiometer reduces in higher waves. This is expected as those waves contain more energy and the 
extra damping of the potentiometer has smaller influence. 

The device diameter is large compared to the wave flume width, causing a non-constant additional 
influence from waves reflected from the sidewalls. This came visible during the tests with an external 
damping force applied on the buoy. The vertical buoy motion amplitude was different during tests 
with the same sea state and the same damping force. In addition, the measured amplitude did not 
always decrease with increasing damping force. The reflected waves also disturbed the registered 
signals from the WGs, since no regime conditions were achieved after a certain time-interval in 
regular waves. Another experimental setup was required to perform accurate measurements of the 
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damped buoy motion and the wave field. These tests are necessary to demonstrate the efficiency of the 
PTO system. 

The second series of tests is performed in the Queen’s University Belfast wave basin in Portaferry, 
North Ireland. Thanks to the large width of the basin compared to the device, the unfavourable 
influence of waves reflected form the sidewalls is largely reduced. The foot was loosely placed on the 
bottom of the wave basin and the buoy motion was registered by the potentiometer. The same sea 
states as in the wave flume were applied and some irregular wave trains were added to the testing 
programme. However, only three sea states with regular waves, representing the most significant wave 
conditions, were examined in detail due to time restraints. The measurements of both the undamped 
and damped buoy motion have proven to be repeatable, so the PTO-system can be withheld. It is 
however required to realize the damping with four springs to avoid an asymmetrical damping force. 
An experimental method was elaborated to determine the necessary damping force for optimum power 
absorption by the PTO-system, corresponding with an as large as possible wake, but without including 
internal friction. This force seemed to be dependent on the applied sea state, but again due to lack of 
time, it is only derived for the three significant sea states. 

Ten WGs were placed around the buoy to measure its influence on the wave field. The variation in 
wave height was dependent on the incident wave period as the relation between the position of the 
WG and the wave length determined the constructive or destructive interference. Figures with the ratio 
of the measured wave height to the incident wave height are provided to verify numerical models. The 
wake of one buoy is however small and difficult to register through point measurements. The effect in 
irregular waves was even less explicit, because the used characteristic is the significant wave height. 
Effects of compounding waves eliminated each other when they came together in the analysis. 

The numerically predicted amplitude of the undamped buoy motion for different incident wave 
periods was compared to experimentally measured amplitudes. Due to the slightly larger measured 
natural period compared to the calculated one, the experimental curve was shifted towards larger 
periods. The agreement was acceptable for periods away from resonance, but the measured values 
were still smaller than numerically predicted, since the internal friction was not included in the 
numerical model. The large difference at resonance was caused by several reasons. First of all, the 
large amplitude and velocity caused non-linear effects, like viscous losses and a non-linear hydrostatic 
restoring force, that were not taken into account in the numerical model and the linear potential theory. 
Secondly, the limited available stroke under water in the real setup caused the buoy to hit the foot and 
the device did thus not reach the expected higher amplitude. Finally, the numerical values were 
calculated with the target wave height which was not always accurately generated in the flume or 
basin. 

The reflection coefficient of the device was determined during tests with the buoy held fixed at its 
equilibrium position. An average value of 0.30 was measured in the wave flume. This value was 
higher than the average value of 0.20 measured in the wave basin, as the reflected waves did again 
influence the results in the flume.  
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7.2 Recommendations 

The point absorber WEC described in this master thesis will be used for large scale experiments on 
WEC-farms in the Shallow Water Wave Basin of DHI (Denmark). Taking this setup into account, 
some recommendations are given for those tests. 

The foot of each WEC can be loosely placed on the bottom of the wave basin, since this installation 
technique has proven to be stable enough. When no mooring needs to be applied, the realisation of 
different WEC-farm lay-outs and different inter-WEC spacing will be easier. 

Effects like wear of the PTFE-blocks can cause a deviation of the applied damping force as the 
compression length of the springs varies. Since the tests only last for several weeks, no large wear is 
expected. Small length variations will not cause large force variations thanks to the small value of the 
spring stiffness, but this should however be controlled at set times during the tests in DHI. 

It is also suggested to identify the optimum damping force with the aid of the given experimental 
method for the different tested sea states. This will give the largest and most realistic wake, as 
optimum absorption is also pursued in real setups. It should however be noticed that the constant, 
frequency-invariant damping force will realise suboptimal conditions in irregular waves, as mentioned 
in Vantorre et al. (2004). Overdamping will occur in small waves, while in high waves the damping 
will be insufficient, as the force is not adapted to the buoy velocity. 

To achieve an accurate measurement of the buoy motion in small waves (H = 0.050 m), it would be 
better to use the camera and mark, combined with marker tracking software, or the LVDT. It is 
however not possible to operate a camera for each individual WEC inside the wave basin and a LVDT 
for every buoy would be too expensive. The potentiometer needs to be used, but this measuring 
instrument may cause too much additional damping, thereby blocking the buoy motion in small 
waves. It is therefore recommended to apply high waves (H = 0.100 m), which on the one hand cause 
a sufficient motion of the buoy as they contain more energy and on the other hand reduce the influence 
of the potentiometer. In addition, the larger buoy amplitude can be more accurately measured and 
static friction problems within the device can be avoided. 

To conclude, it will be important to examine the performance of the used wave basin. When there are 
large variations in the generated waves due to the setup, it will be difficult to measure accurately the 
variation caused by the WECs. O’Boyle et al. (2011) mentioned also that the presence of nodes and 
anti-nodes in a wave basin makes it difficult to directly extract the effect of WEC array interaction 
from experimental results, as the response of a device will be dependent upon position within the wave 
basin. In addition, Ashton et al. (2009) questioned the suitability of point measurements to quantify 
the effect of WECs on the wave field, as significant spatial variability is noticed around the array. A 
solution can be found in using a large amount of point measurements to resolve a more accurately 
pattern of the wave field. 



 

 

 
 
 
 

A 

Test matrices 
 

 

This appendix contains the test matrices of the experiments performed in the tensile 
testing machine of the Department of Materials Science and Engineering (Ghent 
University), in the large wave flume in the laboratory of AWW (Ghent University) 
and in the wave basin of QML (Queen’s University Belfast).  
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Table  A-1: Test matrix for the tensile testing machine. 

# test type of test dry/wet v (mm/min) a (mm) T (min) f (Hz) remarks 
01 

friction buoy-axis dry 

10 5 2.0 0.00833 confirming steady-state situation 

02 10 5 2.0 0.00833 

influence of the velocity 03 20 5 1.0 0.01667 

04 40 5 0.5 0.03333 

05 10 5 2.0 0.00833 influence of the tested part  
of the axis 06 10 10 4.0 0.00417 

07 friction buoy-axis 
with potentiometer dry 10 5 2.0 0.00833 influence of the potentiometer 

08 damping system: Fsprings = 25.20 N 

dry 10 5 2.0 0.00833 static and dynamic coefficient  
of non-lubricated friction 09 damping system: Fsprings = 29.12 N 

10 damping system: Fsprings = 31.92 N 

11 friction buoy-axis dry/wet 10 5 2.0 0.00833 lower bearing lubricated 

12 friction buoy-axis  
with potentiometer dry/wet 10 5 2.0 0.00833 lower bearing lubricated  

influence of the potentiometer 
13 friction buoy-axis wet 10 5 2.0 0.00833 both bearings lubricated 

14 friction buoy-axis  
with potentiometer wet 10 5 2.0 0.00833 both bearings lubricated  

influence of the potentiometer 
15 damping system: Fsprings = 25.20 N 

wet 10 5 2.0 0.00833 

static and dynamic coefficient  
of lubricated friction: 
PTFE-blocks of damping system 
lubricated 

16 damping system: Fsprings = 29.12 N 

17 damping system: Fsprings = 31.92 N 

18 potentiometer force - 100 - - - 
only potentiometer 
wire entirely unrolled 
no triangular motion 
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Table  A-2: Test matrix for the wave flume – regular waves. 

# test type of test H (m) T (s)  remarks 
001 decay test - -  buoy motion registered by camera and mark 

002 - 007 
horizontal 

displacement of 
axis 

0.050 1.000 - 1.147  absorbing beach not yet finished 
weight buoy = 17.200 kg - draft buoy = 28.0  cm 
3 installation techniques: 

• foot loosely placed on bottom wave flume 
• rubber mat between foot and bottom wave flume 
• foot moored to bottom wave flume by four screws 

008 - 016 0.100 1.000 - 1.147 - 1.250  

017 - 019 0.150 1.147  

020 - 023 
horizontal 

displacement of 
axis 

0.050 1.000 - 1.147  absorbing beach finished 
weight buoy = 20.545 kg - draft buoy = 31.5 cm 
2 installation techniques: 

• foot loosely placed on bottom wave flume 
• foot moored to bottom wave flume by four screws 

024 - 029 0.100 1.000 - 1.147 - 1.250  

030 - 031 0.125 1.147  

032 - 040 

without buoy 

0.050 1.000 - 1.050 - 1.100 - 1.147 - 1.176 
1.200 - 1.250 - 1.300 – 1.500 

  

041 0.070 1.176   

042 - 050 0.100 1.000 - 1.050 - 1.100 - 1.147 - 1.176 
1.200 - 1.250 - 1.300 – 1.500 

  

051 0.150 1.147   

052 
influence of 
measuring 

instruments 

0.050 1.050  
LVDT vs. high speed camera 

053 0.100 1.000  

054 0.050 1.000  
influence of the potentiometer 

055 - 056 0.100 1.147 - 1.250  
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057 - 064 

with buoy without 
external damping 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 

  

065 0.070 1.176   

066 0.080 1.176  
 

067 0.090 1.176  

068 - 075 0.100 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 

  

076 - 083 
with buoy with 

external damping 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 

 
different spring forces applied until the measured amplitude 
of the buoy equals half of the amplitude without external 
damping 

084 0.070 1.176  

085 - 092 0.100 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 

 

093 – 100 

with buoy fixed 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 

  

101 0.070 1.176   

102 - 109 0.100 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 
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Table  A-3: Test matrix for the wave basin. 

# test type of test H or Hm0 (m) T or Tp (s) wave type  Remarks 

001 decay test - - -  buoy motion registered by camera and mark,  
no data acquisition by WGs or potentiometer 

002 - 004 with buoy  
without damping 

0.050 1.176 
regular 

 video to improve setup,  
no data acquisition by WGs or potentiometer 0.100 1.000 - 1.250  

005 - 012 

without buoy 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 regular 

 

 
013 - 020 0.100  

021 - 024 0.050 1.050 - 1.100 
1.176 -1.300 irregular 

 

025 - 028 0.100  

029 - 037 
with buoy  

without external 
damping 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 regular 

 three tests with regular waves performed twice  
to verify the repeatability of the measurements:  

H = 0.100 – T = 1.050 
H = 0.100 – T = 1.100 
H = 0.050 – T = 1.176 

038 - 047 0.100  

048 - 051 0.050 1.050 - 1.100 
1.176 - 1.300 irregular 

 

052 - 055 0.100  

056 - 069 
with buoy  

with external 
damping 

0.050 1176 

regular 

 spring forces:  
4.20 N - 6.16 N - 8.40 N - 10.64 N -  
20.16 N - 29.12 N - 34.72 N 
every test performed twice to verify  
the repeatability of the measurements 

070 - 083 0.100 1.100  

084 - 097 0.100 1.050  

098 - 105 with buoy  
with external 

damping 

0.050 
1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 regular 

 spring force: 25.2 N 
data record problem from WGs for test with 

H = 0.050 m – T = 1.000 s 
H = 0.050 m – T = 1.250 s 106 - 113 0.100 

 

114 - 121 

with buoy fixed 

0.050 1.000 - 1.050 - 1.100 - 1.147 
1.176 - 1.200 - 1.250 - 1.300 regular 

 

 
122 - 129 0.100  

130 - 133 0.050 1.050 - 1.100 
1.176 - 1.300 irregular 

 

134 - 137 0.100  



 

 

 

 

 
 

B 

Experimental setup 
in the wave flume  

 

 

This appendix gives the different configurations of the buoy and the wave gauges in 
the large wave flume in the laboratory of AWW, Ghent University. 
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Figure  B-1: Setup 1. 

 
Figure  B-2: Setup 2. 

 
Figure  B-3: Setup 3. 
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Figure  B-4: Setup 4. 

 
Figure  B-5: Setup 5. 



 

 

 
 
 
 

C 

Technical fiche 
of the potentiometer 
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Additional test results 
from the wave flume 
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D.1  Stability and rigidity of the axis and the foot 

This section gives the results from the additional tests which are performed to verify the stability and 
rigidity of the axis and foot. The tests are executed after finishing the talus in the wave flume at the 
opposite side compared to the wave flume. The buoy draft has the prescribed value of 31.5 cm by 
increasing its weight to 20.545 kg. The graphs in Figure  D-1 and Figure  D-2 show the horizontal 
movement of the axis expressed as the horizontal displacement relative to the starting position in mm 
for the different tested sea states. 

D.2  Efficiency of the damping system in the wave flume 

This section contains the results from the tests in the wave flume during which an external damping 
force is applied. The measured amplitude of the vertical movement of the buoy is given for different 
sea states and for different spring forces in the graphs from Figure  D-3 till Figure  D-8.  

For every tested sea state, a target amplitude equal to half of the amplitude without damping is aspired. 
Different spring forces, derived through trial and error, are applied and the test is performed several 
times with the presumable required force. 

The sea states at resonance are performed twice: during the first series, the vertical motion is 
registered by the camera (see Figure  D-3), while in the second series, the measuring instrument is the 
potentiometer (see Figure  D-4 - Figure  D-8). For the application of the potentiometer, an additional 
mass of 0.468 kg is placed on top of the buoy in order to achieve the required draft of 31.5 cm. 
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(a) H = 0.050 m – T = 1.000 s. 

 
(b) H = 0.050 m – T = 1.147 s. 

 
(c) H = 0.100 m – T = 1.000 s. 

Figure  D-1: Horizontal movement of the axis expressed as the horizontal displacement relative to the starting 
position (mm) with the finished talus in the wave flume and the prescribed buoy draft (31.5 cm) (1). 
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(d) H = 0.100 m – T = 1.147 s. 

 
(e) H = 0.100 m – T = 1.250 s. 

 
(f) H = 0.125 m – T = 1.147 s. 

Figure  D-2: Horizontal movement of the axis expressed as the horizontal displacement relative to the starting 
position (mm) with the finished talus in the wave flume and the prescribed buoy draft (31.5 cm) (2).

!3%

0%

3%

0% 60% 120%ho
r.
%d
is
pl
ac
em

en
t%(
m
m
)%

Time%(s)%
not%moored%foot% moored%foot%

!2%

0%

2%

0% 60% 120%ho
r.
%d
is
pl
ac
em

en
t%(
m
m
)%

Time%(s)%
not%moored%foot% moored%foot%

!4%

0%

4%

0% 60% 120%ho
r.
%d
is
pl
ac
em

en
t%(
m
m
)%

Time%(s)%
not%moored%foot% moored%foot%



APPENDIX D: ADDITIONAL TEST RESULTS FROM THE WAVE FLUME 164 

 

 
(a) H = 0.050 m – T = 1.176 s – target amplitude = 6.37 cm. 

 
(b) H = 0.070 m – T = 1.176 s – target amplitude = 8.69 cm. 

 
(c) H = 0.100 m – T = 1.176 s – target amplitude = 9.95 cm. 

Figure  D-3: Series 1 – buoy motion measured by the camera and a mark on the buoy. 

 
(a) H = 0.050 m – T = 1.000 s – target amplitude = 0.53 cm. 

Figure  D-4: Series 2 – buoy motion measured by potentiometer and additional mass of 468 g on top of buoy (1). 
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(b) H = 0.050 m – T = 1.050 s – target amplitude = 1.05 cm. 

 
(c) H = 0.050 m – T = 1.100 s – target amplitude = 2.08 cm. 

 
(d) H = 0.050 m – T = 1.147 s – target amplitude = 4.42 cm. 

 
(e) H = 0.050 m – T = 1.176 s – target amplitude = 6.37 cm. 

Figure  D-5: Series 2 – buoy motion measured by potentiometer and additional mass of 468 g on top of buoy (2). 
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(f) H = 0.050 m – T = 1.200 s – target amplitude = 5.43 cm. 

 
(g) H = 0.050 m – T = 1.250 s – target amplitude = 3.60 cm. 

 
(h) H = 0.050 m – T = 1.300 s – target amplitude = 2.70 cm. 

 
(i) H = 0.070 m – T = 1.176 s – target amplitude = 8.69 cm. 

Figure  D-6: Series 2 – buoy motion measured by potentiometer and additional mass of 468 g on top of buoy (3). 
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(j) H = 0.100 m – T = 1.000 s – target amplitude = 1.23 cm. 

 
(k) H = 0.100 m – T = 1.050 s – target amplitude = 2.31 cm. 

 
(l) H = 0.100 m – T = 1.100 s – target amplitude = 5.05 cm. 

 
(m) H = 0.100 m – T = 1.147 s – target amplitude = 9.31 cm. 

Figure  D-7: Series 2 – buoy motion measured by potentiometer and additional mass of 468 g on top of buoy (4). 
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(n) H = 0.100 m – T = 1.176 s – target amplitude = 9.95 cm. 

 
(o) H = 0.100 m – T = 1.200 s – target amplitude = 9.83 cm. 

 
(p) H = 0.100 m – T = 1.250 s – target amplitude = 7.76 cm. 

 
(q) H = 0.100 m – T = 1.300 s – target amplitude = 5.91 cm. 

Figure  D-8: Series 2 – buoy motion measured by potentiometer and additional mass of 468 g on top of buoy (5).  
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E.1  Buoy motion and water surface elevation in irregular waves 

The graphs in Figure  E-1 and Figure  E-2 represent the measured buoy position and water surface 
elevation in irregular waves for the tested sea states with a significant wave height Hm0 of respectively 
0.050 m and 0.100 m. The buoy position is registered by the potentiometer during the tests without 
external damping. The water surface elevation is the mean value from the measurements by the two 
nearest WGs next to the buoy during the tests without the buoy. This represents the incident wave 
field. 

E.2  Optimum power absorption including internal friction 

In the second part of this appendix, the experimental method to determine the spring force for 
optimum power absorption, explained in Section 6.3.7 from Chapter 6, is applied on the same results 
from the buoy motion, which are given in Section 6.3.6. The average power absorption is again 
calculated with Eq.(E.1), but the considered damping force is now the total damping force, which 
includes the external damping force exerted by the PTO-system and the internal friction, as given in 
Eq.(E.2). 

 !!"#,!" =
1
! !!"#$,!"! ∙ !!"#$ ! !!"

!

!
= 4 ∙ 1! ∙ !!" ∙ !!"#$,!"!,! (E.1) 

!!"#$,!"!,!! = !!"#$,!"#,!! + !!"#$%"&'!!"#$%#&' = ! ∙ !!"#$%&! + !!"#$%"&'!!"#$%#&' (E.2) 

The spring force and friction coefficient are already known (see Section 6.3.6 and 6.3.7), but the 
internal friction is not exactly known in the wave basin as it depends on the environment. Section 3.4 
from Chapter 3 indicates two values for the internal friction, depending on the day of testing. The 
tests, which are used to determine the friction coefficient, correspond to a value of 1.15 N for the 
internal friction. Therefore, this magnitude is implemented in the graphs from Figure  E-3.  

The red square points in these graphs show that the optimum power absorption for sea state 1 and 2 
does no longer occur at a spring force of 25.2 N as derived from the calculation in Section 6.3.7, 
which does not consider internal friction. A damping force of about 2.4 N is now required, which 
corresponds to a lower spring force of 18 N. 

E.3  Influence on the wave field 

Figure  E-6 until Figure  E-13 give the results of the change of the wave height at the position of the 
WGs for all tested sea states with regular and irregular waves. The same principle for every picture is 
applied as described in detail in Section 6.3.10. Due to problems with data recording, the pictures are 
not always complete for some tests with regular sea states. The figures of the irregular sea states 
consist of only three subfigures, because the test with the damped buoy motion is not performed.  
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(a) irregular wave – Hm0 = 0.050 m – Tp = 1.050 s. 

 
(b) irregular wave – Hm0 = 0.050 m – Tp = 1.100 s. 

 
(c) irregular wave – Hm0 = 0.050 m – Tp = 1.176 s. 

 
(d) irregular wave – Hm0 = 0.050 m – Tp = 1.300 s. 

Figure  E-1: Buoy position and water surface elevation (cm) in irregular waves  
with a significant wave height of 0.050 m without external damping. 
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(a) irregular wave – Hm0 = 0.100 m – Tp = 1.050 s. 

 
(b) irregular wave – Hm0 = 0.100 m – Tp = 1.100 s. 

 
(c) irregular wave – Hm0 = 0.100 m – Tp = 1.176 s. 

 
(d) irregular wave – Hm0 = 0.100 m – Tp = 1.300 s. 

Figure  E-2: Buoy position and water surface elevation (cm) in irregular waves  
with a wave height of 0.100 m without external damping. 
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(a) sea state 1: regular – H = 0.100 m – T = 1.050 s. 

 
(b) sea state 2: regular – H = 0.100 m – T = 1.100 s. 

 
(c) sea state 3: regular – H = 0.050 m – T = 1.176 s. 

Figure  E-3: Total average power absorption as a function of the total damping force for the three sea states.  
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(a) regular wave – H = 0.050 m – T = 1.000 s. 

 
(b) regular wave – H = 0.050 m – T = 1.050 s. 

 
(c) regular wave – H = 0.050 m – T = 1.100 s. 

Figure  E-4: Influence on the wave climate for regular waves with wave height of 0.050 m (1). 
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(d) regular wave – H = 0.050 m – T = 1.147 s. 

 
(e) regular wave – H = 0.050 m – T = 1.176 s. 

 
(f) regular wave – H = 0.050 m – T = 1.200 s. 

Figure  E-5: Influence on the wave climate for regular waves with wave height of 0.050 m (2). 
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(g) regular wave – H = 0.050 m – T = 1.250 s. 

 
(h) regular wave – H = 0.050 m – T = 1.300 s. 

Figure  E-6: Influence on the wave climate for regular waves with wave height of 0.050 m (3). 
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(a) regular wave – H = 0.100 m – T = 1.000 s. 

 
(b) regular wave – H = 0.100 m – T = 1.050 s. 

 
(c) regular wave – H = 0.100 m – T = 1.100 s. 

Figure  E-7: Influence on the wave climate for regular waves with wave height of 0.100 m (1). 
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(d) regular wave – H = 0.100 m – T = 1.147 s. 

 
(e) regular wave – H = 0.100 m – T = 1.176 s. 

 
(f) regular wave – H = 0.100 m – T = 1.200 s. 

Figure  E-8: Influence on the wave climate for regular waves with wave height of 0.100 m (2). 
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(g) regular wave – H = 0.100 m – T = 1.250 s. 

 
(h) regular wave – H = 0.100 m – T = 1.300 s. 

Figure  E-9: Influence on the wave climate for regular waves with wave height of 0.100 m (3). 
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(a) irregular wave – Hm0 = 0.050 m – Tp = 1.050 s. 

 
(b) irregular wave – Hm0 = 0.050 m – Tp = 1.100 s. 

 
(c) irregular wave – Hm0 = 0.050 m – Tp = 1.176 s. 

Figure  E-10: Influence on the wave climate for irregular waves with wave height of 0.050 m (1). 
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(d) irregular wave – Hm0 = 0.050 m – Tp = 1.300 s. 

Figure  E-11: Influence on the wave climate for irregular waves with wave height of 0.050 m (2). 
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(a) irregular wave – Hm0 = 0.100 m – Tp = 1.050 s. 

 
(b) irregular wave – Hm0 = 0.100 m – Tp = 1.100 s. 

 
(c) irregular wave – Hm0 = 0.100 m – Tp = 1.176 s. 

Figure  E-12: Influence on the wave climate for irregular waves with wave height of 0.100 m (1). 
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(d) irregular wave – Hm0 = 0.100 m – Tp = 1.300 s. 

Figure  E-13: Influence on the wave climate for irregular waves with wave height of 0.100 m (2). 
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