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The shrinking reserves of fossil fuels in combioatwith the increasing energy demand have enhaheeiditerest in
renewable energy sources, including wave energgrder to extract a considerable amount of waveepplarge
numbers of Wave Energy Converters will have torsarged in arrays or farms using a particular genoa layout.

The operational behaviour of a single device masele positive or negative effect on the power gitsmm of the

neighbouring WECs in the farm (near-field effectsloreover, as a result of the interaction betwdsn WECs
within a farm, the overall power absorption and #eve climate in the lee of the WECs is modifiedhich may
influence neighbouring farms, other users in ttee@eeven the coastline (far-field effects). Seleuwmerical studies
on large WEC arrays have already been performedlabge scale experimental studies on near-field fan-field

wake effects of large WEC arrays are not availabligerature. Within the HYDRALAB IV European progmme,

the research project WECwakes has been introducpdrform large scale experiments in the Shallowe/V@/ave
Basin of DHI, in Denmark, on large arrays of podatitsorbers for different layout configurations antei-WEC

spacings. The aim is to validate and further dgvele applied numerical methods, as well as tondpé the
geometrical layout of WEC arrays for real applioas.
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INTRODUCTION

The increasing energy demand, the need to redwmenigouse gas emissions and the shrinking
reserves of fossil fuels have all enhanced thergstein sustainable and renewable energy sources,
including wave energy. In order to extract a coasatle amount of wave power, large numbers of
Wave Energy Converters (abbreviated as WECSs) alehto be arranged in arrays or farms using a
particular geometrical layout.

The operational behaviour of a single device mayeha positive or negative effect on the power
absorption of the neighbouring WECs in the farm-dalbed near-field effects). As a result of the
interaction between the WECs within a farm, therall@ower absorption is affected. Finally, the wav
height behind a large farm of WECs is reduced &l reduction may influence neighbouring farms,
other users in the sea or even the coastline (teddar-field effects). Two main types of wave empe
converters are typically distinguished: type (i)iethincludes absorption and radiation (a floatingly
or oscillating water column) and type (ii) whichcindes only absorption (a fixed or slack moored
overtopping device that captures the overtoppedewan a basin above sea level) (Stratigaki et al.
2011).

WAKE EFFECTS - IMPORTANCE OF GEOMETRICAL LAYOUT AND IN-BETWEEN
DISTANCES OF WEC ARRAYS

In Fig. 1, the importance of the geometrical lay-oila WEC arrays is illustrated. Using the wave
propagation model MILDwave (Troch 1998, Stratigakid Troch 2012) wake effects have been
modelled behind wave energy converters, by usirgp@nge layer technique developed at Ghent
University. In Fig. 1 wakes can be easily visualifer an example of devices of the overtopping type
while results are presented in terms of the distack coefficient k (=Hy/Hsgg, With Hs the local
significant wave height and &k the wave height at the wave generation boundafjgves are
propagating from the bottom to the top of Fig. hilev the ‘white squares’ simulate generic wave
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energy converters with a certain power absorpfidre wake in the lee of the WEC array is clearly
visible, with areas of reduceq, kalues, represented by variable contour lines. Whe geometrical
layout and the number of devices of the WEC artegnges (Fig. 1a-b-c), the wake behind the WEC
array changes as well.
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Figure 1. Wake effects behind WEC-farms (WECs of th e overtopping type). Wave height reduction behindt  he
WERCs is visualized by the reduction of the disturba  nce coefficients k 4 (=local H s/incident H ;). WEC-farms
of: a) 3 WECs, b) 3 WECs with larger inter-WEC dist ances, c) 9 WECs (Troch et al. 2010).

Figures 1.a and 1.b, where a row of 3 generic W&Qke overtopping type is simulated, give a
clear idea of the importance of the in-betweenadists for an array of wave energy converters. The
resulting wake e.g. when the inter-WEC spacingnalker (Fig. 1.a) is much different compared to the
wake behind an array with the same number of WE@sruch larger spacing between the devices
(Fig. 1.b).

NUMERICAL MODELLING OF WEC ARRAYS

Several numerical methods have been employed tlysenthe response of WECs (Folley et al.
2012). Several numerical studies on large WEC arhaye already been performed (e.g. Troch et al.
2010, Child 2011, Borgarino et al. 2012). Boundalyment Methods (BEM) based on potential flow
(e.g. Aquaplus (Delhommeau 1987), WAMIT (www.waetin)) have been used intensively to study
the hydrodynamic interaction of multiple oscillagibodies (near-field effects) for small computagion
domains. To study far-field effects, for exampleat@lyse coastal impact, a much larger computdtiona
domain is required.

Wave propagation models are generally employedhittwthe WEC is represented as a porous
structure which extracts a specific quantity of eigower, exhibiting a certain amount of reflection,
transmission and absorption of the incoming wavd® spectral wave propagation model, SWAN
(Booij et al. 2007) has been used to study the gdari the wave climate caused by the installatioa o
farm of WECs 20 km off the north coast of CornwhlK (Millar et al. 2006). In (Venugopal and Smith
2007) an array of 5 bottom mounted, fixed WECs tbesn modelled in a nonlinear Boussinesq wave
model (MIKE21 (www.dhigroup.com)).

Moreover, wake effects in the lee of a single WE@ enultiple WECs (WEC types i and ii) have
been studied (Beels et al. 2010, Troch et al. 2@10ysing the mild-slope wave propagation model
MILDwave developed by Troch (Troch 1998, Stratigakd Troch 2012) and by applying a sponge
layer technique, by which the redistribution of wagwower within and behind each farm is studied in
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detail (Fig. 1). Nevertheless, no experimental ismidconcerning wake effects of large WEC-farms
(near-field and far-field effects) are availableliterature, which are required for verification e
previously mentioned numerical methods.

PHYSICAL MODELLING WITH INDIVIDUAL OR PAIRS OF WECs

Individual or pairs of WECs have been experimentstiidied, while nowadays a small number of
single prototypes of WECSs are being tested atleeh979, Budal et al. reported measurements of the
free-response amplitude and absorption of a (ggidhnected) pair of hemispherical ended floath wit
a diameter of 15 cm. The device mass and dampimg sgecified to attain a resonant response with
the incident wave and good agreement was obseritbdhe point absorber theory. At a similar time, a
series of tests was conducted by Count and Jeffét980) at the University of Edinburgh.
Measurements of the interaction factor of a linammay of both two and ten devices at different
spacings were in reasonable agreement with postrhbr predictions.

Moreover, in the eighties, Vantorre (1985) perfodmemerical and experimental tests on a 2-body
point absorber system. In 2005, Vantorre et al. gamed numerical (using Aquaplus (Delhommeau
1987)) and experimental results of the hydraulidggenance of a heaving point absorber, followed by
tests on a single buoy by De Backer (2009). AtEbele Centrale de Nantes the SEAREV device has
been extensively studied both numerically and arpattally. Validations of (non-)linear models are
presented in Durand et al. (2007), Gilloteaux e{2007) and Babarit et al. (2009). In 2008, Paghe
al. compared BEM simulations of the sloped IPS budityh experimental tests, carried out in the
Edinburgh Curved Tank.

PHYSICAL MODELLING ON SMALL WEC ARRAYS

In contrast to the quantity of numerical analy$i$\MiEC arrays and the large body of experimental
work concerning individual or pair of WECSs, onlyvary limited number of experimental studies of
WEC arrays have been published. In the last deeagberimental measurements of the response of the
Wave Star device have been conducted and have lednistruction and testing of a prototype at an
offshore site near the location of Hanstholm, im@ark (Marquis et al. 2010).

Experimental measurements of the response and powtput of small arrays of closely-spaced
heaving floats were reported in Stallard et alO@0and Weller et al. (2009) respectively. In Alestee
et al. (2009) the change of significant wave heaid wave spectra due to energy extraction by array
of 5 and 10 heaving floats has been measured.l¥imathin the Supergen programme large-scale tests
(5 floats of 0.6 m diameter) have been conductdt wipreliminary results analysis by Ashton et al.
(2009).

NEED FOR LARGE SCALE EXPERIMENTS ON WEC ARRAYS

From the previous sections it is clear that very fnall scale experiments have been performed
dealing with waves and WEC-farms. Moreover, there ao experimental studies performed for
studying wake effects of large WEC-farms (far-fieffiects) for which large wave basins are necessary
The growing number of numerical studies of wake&f caused by WEC-farms need, though, to be
verified by experimental data, which will allow tHarther development of the applied numerical
methods. Those numerical methods, used for modetinsingle wave energy converters or WEC
arrays, have been recently reported and evaluratedlley et al. (2012).

Finally, the results of testing various WEC-farrmfigurations will lead to the optimization of the
farm lay-outs for real applications. The followimgportant questions have to be answered:

» what is the positive or negative effect on powesaaption using large numbers of WECs?
« what are the dimensions and the impact of the WaKea?
» what is the effect on power absorption of changmer-WEC distances?

Therefore, the present research project has bemdiced in order to perform innovative large
scale experiments with large WEC farms with thesotiye to cover the gap of experimental studies in
the literature and to determine near-field andfiidld effects from large farms of Wave Energy
Converters. For producing such an experimental siztta large experimental facility is essential.

In this research project, the wake effects by facomposed of devices of the oscillating type (i)
(point absorbers) will be investigated for sevdeaim configurations and wave conditions. A point
absorber typically consists of a float with horit@irdimensions that are small compared to the éntid
wave lengths. The float is designed to oscillatmgla vertical axis only and can thus be modelked a
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single degree of freedom system. Energy is absadedbhmping the buoy motion and converted into
electricity by a generator.

PLANNING OF LARGE SCALE EXPERIMENTS ON WEC-FARMS

Within the HYDRALAB IV European programme, accesstiie Shallow Water Wave Basin of
DHI (Denmark) has been granted for the presentarebe The acronym of this research project is
‘WECwakes’. Main objective is to determine expenmtaly near-field and far-field wake effects from
large WEC-farms composed of devices of the ostillatype (point absorbers) using different farm
configurations and wave conditions. The WECs haentdeveloped and thoroughly tested at the wave
flume of Ghent University (Fig. 2) and the wave ibasf the Queen’s University of Belfast (QML -
Queen’s University Marine Laboratory) (Fig. 3). Tipeint absorber-WECs have been tuned for
optimum power absorption for several wave condgidrheir Power Take-off system (PTO), which is a
simple friction-break (Fig. 2, left), shows veryaggboperational behaviour with very good repeatsbili
of the obtained results of power absorption.

Figure 2. The developed generic point absorber WEC during experiments in the wave flume of Ghent
University, Belgium.

Figure 3. The developed generic point absorber WEC during experiments in the wave basin of Queen’s
University Belfast, Northern Ireland, UK.
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RESEARCH OBJECTIVES
The main objective of the present research is fwrave the understanding of the wake effects of
wave energy converters (i.e. the change of wavelitions) due to energy extraction by WEC-farms.
Knowledge of both the behaviour of a single WEetfhg its neighbours (near-field effects) and the
shadow effects behind a large farm (far-field eBgcwhich can play a significant role to the
performance of neighbouring farms, to other adésiusers in the sea or the beach morphology at the
coastline, are important in the design of a farfiv&Cs.
In order to achieve the main objective, the follogvimore detailed objectives have been defined:
1. To understand the behaviour of a ‘farm’ of WECsemskveral wave conditions.
2. To determine the near-field effects between the WEC
3. To determine the far-field effects: to measure detéct the dimensions of WEC-farm wakes and
their impact (e.g. reduction on wave height cause®/ECs in the lee of the WEC-farms, etc).
4. To quantify the effect on power production by:
(i) changing the distances between the WECs imra,fa
(ii) changing the number of the WECs in a farm,,and
(i) modifying the WEC farm geometrical layout.
5. To compare data with results from the establish@dt@bsorber theory.
6. To provide experimental data for validation of nuive models, used by partners of the research
team and by researchers worldwide (Folley et al22@or wave propagation through WEC farms:
i.e. phase resolving models (e.g. MILDwave (Tro®88, Stratigaki and Troch 2012), ARTEMIS
(Aelbrecht 1997), phase averaging models (e.g. SViBdbij et al. 2007), TOMAWAC (Benoit et
al. 1996) and Boundary Element Methods based oengiat flow (e.g. Aquaplus (Delhommeau
1987), WAMIT (www.wamit.com)).
7. To study the modification of near shore wave cdod# due to wave energy extraction at an
offshore location.

METHODOLOGY AND TECHNICAL DETAILS OF THE EXPERIMENTS

Several idealised wave and wave-device interagtioblems are considered (diffraction, radiation
and absorption) for different WEC configurationsdawave conditions. Generic wave energy
converters of the oscillation type (floating bodiesre used during the experiments, providing
experimental data suitable for studies of the atBon between both widely and closely spaced point
absorbers (different WEC farm configurations) amdvialidation purposes of WEC-farm studies.

Regarding the wave conditions, the experimentsbased on theoretical arguments for waves
propagating through a WEC-farm and the dependefictheir transformation on geometrical and
operational properties of the WECs which composefdihm. Hence the methodology includes regular,
irregular and short-crested waves propagating tifaWEC-farms. The (peak) wave periods that have
been chosen correspond to the (peak) period andberal frequency of the floating body (),
representing the worst case for the numerical nasth@and (peak) wave periods representing
operational conditions.

Initially, the reflection, transmission and absaptof a single WEC is experimentally determined.
Finally, more WECs are gradually added to theahMVEC array, which eventually form WEC farms
with different lay-outs and inter-WEC spacing. histway, the effects on the wave field and on the
overall power production by using multiple WECs emeestigated.

The number of WECS, their lay-out and the distatee/een them are of great importance for the
resulting wakes behind the WEC-farms, and alsaHerinteraction between the WECs and the effect
on their efficiency regarding wave power absorption

Finally, the large scale experiments aim at theusitipn of the following data:

1. The primary output is wave height in the vicinifytbe WEC-farm and inshore of the WEC-farm.

2. Measurements of undisturbed wave field — at a largaber of points in the vicinity of the WEC
array and at the positions of the wave energy @svic

3. Measurements of wave field due to various incideste conditions — at a large number of points
in the vicinity of the WEC array and within the veakehind the WEC array (at specific locations
behind the WECS).

4. Measurements of wave field in front of the WEC-farpmoviding data for the incident wave field.
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CHARACTERISTICS OF THE SCALE MODEL

As the maximum number of WECSs of a farm is lardpe, individual WECs are simple regarding
their construction and their operational behavidugeneric point absorber (buoy) has been developed
with a total height of 61 cm, a hemispherical bwttand a cylindrical PVC prefabricated upper part
(Fig. 2). The buoy’s draft is 31.5 cm, equal todiameter, with a total mass of 20.545 kg (Striiga
al. 2012).

The WEC has only one degree of freedom: it is idstt to heave motion along a vertical, square,
hollow stainless steel axis that is anchored inrEcete square cement base. The axis passes thamough
slightly larger shaft bearing inside the wave epatgvice, which continues over the total heighthaf
buoy to avoid water infiltration. The square formte axis hinders rotation. The movement of the
buoy in the horizontal plane, due to the marginveen axis and shaft bearing, is prevented by two
PTFE bearings at the top and bottom of the buoyseh for the low friction coefficient on steel.

Moreover, the power take-off (abbreviated as PT&3iimulated by a mechanical brake, through
which the extracted energy is lost by friction. TREO consists of 4 springs, exerting a normal farce
two PTFE-blocks on top of the buoy, which are pedsagainst the axis (Fig. 2, left).

PREPARATION OF THE LARGE SCALE EXPERIMENTS
A series of experiments with the developed poirstoaber WEC model (tests with single devices)

has been performed aiming at the optimization efMWEC models before the final experiments within

the HYDRALAB IV granted access to the large sdalmratory facilities of DHI.
The preparation of the HYDRALAB IV large scale expwents is organized in three levels:

» with a single device at the wave flume of Ghentvwdrsity (Belgium) for structural testing of the
WEC model. This flume is 1.0 m wide, 30 m long &ad a water depth of 0.70 m.

« with a single device at the wave basin of the Qséedarine Laboratory (Queen’s University
Belfast - Northern Ireland, UK) to test the hydrodynic response of the WEC model. This wave
basin is 15 m wide and 17 m long, with a water deyt0.61 m.

» with small arrays of point absorber WEC models Wwhigll be soon carried out in the large wave
flume of Flanders Hydraulics Research, in AntwdBgl¢ium), to test interaction between WEC
models. This flume is 4.0 m wide, 70 m long and aasater depth of 1.40 m.

DEVELOPING THE POINT ABSORBER WEC MODEL

So far, for the preparation of the large scale grpents in the large scale facilities of DHI in
Denmark, tests have been performed in the waveeflohGhent University (Fig. 2) and the wave basin
of Queen’s University Belfast (Fig. 3).

The model is being tested under the action of eegahd irregular long- and short-crested waves,
for four different test cases:
« without the presence of the buoy.
» with the buoy as fixed obstacle.
« with the buoy but no damping applied through th©PT
» with the buoy and damping applied through the PTO.

The model is being tested for representative wawrelitions of several European Countries (e.g.
Belgium, France, Germany, Portugal, Denmark, Thiéhn&t&ands).

Experiments in the 2-D wave flume of Ghent Universit vy, Belgium

The first series of experiments has been carrigdrothe large wave flume of the laboratory at
Ghent University, which has a width of 1.0 m andater depth of 0.7 m. Those experiments aim at the
structural testing of the model (rigidity of vedicaxis, base stability for different installation
techniques, internal friction issues, etc.) and dpéimization of the measuring techniques for the
vertical motion of buoy (using camera, potentiometeLVDT), as well as for the horizontal motion of
the vertical axis of the WEC (using a camera).

The horizontal movement of the vertical axis of YW&C is limited, indicating a sufficient bending
stiffness, with the best results achieved wherbtee is moored, while the influence of the meagurin
techniques used for the buoy motion has been detedmin this experimental setup, the reflection
from the sidewalls does not allow investigatiortted buoy motion and the water surface elevatiosis, a
the buoy diameter is large compared to the widtthefwave flume.
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Experiments in the 3-D wave basin of Queen’s Univers ity Belfast, Northern Ireland, UK

The same series of tests has been performed mathe basin of Queen’s University Belfast, which
is 15 m wide and 17 m long, with a water depth.6fl0m. The experiments in the wave basin aim at the
tuning of the power take-off system (abbreviatedPa®-system) for the wave conditions of the large
scale experiments in DHI, concentrating on optinpower absorption.

Moreover, the influence of the WEC model on the evéield and its vertical motion have been
investigated, which were not possible in the wduené. Measurements of the vertical motion of the
buoy using a potentiometer and of the water surédeeation using a network of resistive wave gauges
have been taken.

During the tests in the wave basin, the repeatabilii the (un)damped buoy motion has been
confirmed, indicating the effectiveness of the deped PTO-system. Optimum power absorption has
been achieved.

SUMMARY

Within the HYDRALAB IV European programme, the raseh project WECwakes has been
introduced to perform large scale experiments inShallow Water Wave Basin of DHI, in Denmark,
on large arrays of point absorbers, for differeyblt configurations and inter-WEC spacings. The ai
is to study near-field and far-field wake effectdazge WEC farms and to validate and further depel
the applied numerical methods, as well as to opénthe geometrical layout of WEC arrays for real
applications.

Within the frame of the present research a genaiiat absorber WEC model has been developed,
which finally will be used in large numbers duritige experiments in the wave basin of DHI for
studying wake effects of WEC farms.

So far, several research steps have been alrehiwvad and other are about to start soon.

The construction of the WEC model at the workshépgGhent University (Belgium) has been
completed. The model is a simple and easily repmbdii structure which can be produced in large
numbers.

The structural testing of the WEC model has beempteted, e.g. stability tests regarding the
installation techniques used for the buoy. Thisngsook place at the wave flume of Ghent Univgrsi
in order to deal with any structural problems oé tWEC model. As a result of this series of
experiments, the buoy has been optimized, incluthisgllation and measurement techniques.

Further, the testing of the hydrodynamic resporfse single WEC model has been completed at
the wave basin of Queen’s University Belfast. Thtes#s have shown the efficiency and repeatability
of the developed power take-off system of the WE#eh During the tests at the wave basin of QML
in Belfast the buoy has been tuned for optimal dagforce.

Soon, a new series of experiments for small arcdy/EC models will take place in the wave
flume of Flanders Hydraulics Research. Those tistsat the investigation of the interaction between
WEC models and will be the last series of prepayatiests before the start of the planned largeescal
experiments.

Finally, tests will be performed in the 3-D shallawater wave basin of DHI, in Denmark, with the
intention to study wake effects and device-devitteraction for large wave energy converter arrays
with different WEC numbers and lay-out configurago
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