N

N

Physical modelling of an array of 25 heaving wave
energy converters to quantify variation of response and
wave conditions
Peter Troch, Vasiliki Stratigaki, Tim Stallard, David Forehand, Matt Folley,
Jens-Peter Kofoed, Michel Benoit, Aurélien Babarit, David Gallach-Sanchez,

Lieselot de Bosscher, et al.

» To cite this version:

Peter Troch, Vasiliki Stratigaki, Tim Stallard, David Forehand, Matt Folley, et al.. Physical modelling
of an array of 25 heaving wave energy converters to quantify variation of response and wave conditions.
10th European Wave and Tidal Energy Conference (EWTEC2013), Sep 2013, Aalborg, Denmark.
hal-01201906

HAL Id: hal-01201906
https://hal.science/hal-01201906
Submitted on 14 Jul 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01201906
https://hal.archives-ouvertes.fr

Physical Modelling of an Array of 25 Heaving
Wave Energy Converters to Quantify Variation of
Response and Wave Conditions

P. TrocH’, V. Stratigakt, T. Stallard, D. Forehany] M. Folley', J.P. Kofoed M. Benoif, A. Babarif, D. Gallach SanchézL.
De Bosschér P. Rauwoerls B. Elsassér P. Lamont-Kang P. McCalluri, C. McNatt, E. Angelellf, A. Perchet, E.
Carpentero MorerfoS. Bellevi, E. Dombré& F. Charrayré M. Vantorré, J. Kirkegaar] S. Carstensén
'Ghent University, Belgium, "Peter. Troch@UGent.be
?School of Mechanical, Aerospace and Civil Engineering, University of Manchester, UK
3Institute for Energy Systems, University of Edinburgh, UK
“Queens University Belfast, Northern Ireland
°Aalborg University, Denmark
®_aboratoire Saint Venant, EDF R& D, Chatou, France
"Ecole Centrales de Nantes, France
®DHI, Denmark

Abstract— Experiments have been performed in the Shallow
Water Wave Basin of DHI, in Denmark, on large arrays of up to
25 heaving point absorbers for a range of layout configurations
and wave conditions. Float response and modification of the
wave fiddd are measured to provide data suitable for the
evaluation of array interaction models and environmental scale
models. Each wave energy converter unit has a diameter of
0.315 m and power absorption is due to friction of both a power
take off system and bearings. Response is measured on all floats
and surge force on five floats. Wave gauges are located within-
and around the array. Wave conditions studied include regular
waves and both long- and short-crested irregular waves. A
rectilinear arrangement of support structures is employed such
that several float configurations can be studied. A summary is
presented of the experimental arrangement with particular
emphasis on the individual wave energy converters and wave
conditions employed. Reasonable agreement is observed between
measured response for single floats and power output and float
response predicted using a linear time domain model. For an
array of 25 floats, up to 16.3% reduction of significant wave
height is observed down-wave and 10.8% increase observed up-
wave for unidirectional irregular waves due to wave radiation by
the heaving WECs. Spectra at different locations within and
around the array show thewave field modifications.

Keywords— Array, Wave Ener gy Converters, Wave Energy,

Shallow Water Wave Basin DHI, Point Absorber, Experiment,
HYDRALAB IV

I. INTRODUCTION

One limitation of such methods is that viscous &fere not
directy modeled. However, such effects may be
parameterized and used particularly in the contdx time-
domain simulation. In [4] the application of WAMIBEM)
and a Navier-Stokes solver has been compared, etatifig
physics that are not captured by BEM solvers; djpadly the
vortex shedding around a heaving buoy, wave ovpmap
and the re-entering impact of an out-of-water body.

Spectral wave propagation models such as SWANijf] a
MIKE21 [6] have both been employed to study thencjgaof
wave conditions inshore of WEC arrays [7]. Représtén of
large arrays within spectral models may be by trassion
and reflection coefficients [8] or subgrid modeB].[The
wave-field in the lee of a single WEC and multipl=Cs is
typically a region of reduced wave energy densitg as
referred to herein as a wake (referring to the “banake that
is created in incompressible fluids such as walee, to waves
and not by wind). Wakes have been studied usingntihe-
slope wave propagation model MILDwave [10]-[12] which
WECs are represented using a sponge layer technique

In contrast to the large quantity of numerical @iations
of WEC arrays and the large body of experimentarkwo
concerning individual WECs or pair of WECs [13]4]1there
is limited published data concerning either thepoese of
such devices located in arrays or of the corresipgnadiave-
field changes. In the last decade, experimentalsorements
of the response of the Wave Star WEC - composetlafge

Several numerical methods have been employed tgsgnanumber of floating bodies at close proximity angserted by

the response of arrays of wave energy convertelsQdy to
the incident wave climate and the modification ohwe
conditions, particularly down-wave, of such arraReviews
of available modelling approaches and their apptica are
available [1], [2]. Boundary element methods basau
potential flow models have been widely used to ttltk
influence of hydrodynamic interactions on floatpesse [3].

a single structure - have been conducted and hedetd
construction and testing of a prototype at an @ffstsite near
the Hanstholm location, in Denmark [15]. Experinant
studies of arrays of 5 and 12 closely spaced hgafloats
have also been conducted including response tdargaves
[16], power output and response in irregular wajié§ and
wave spectra changes across the array [8]. Withén WK



Supergen Marine and the EU Hydralab 11l programnests
have been conducted of a WEC array of five osuiliptvater
columns interconnected by mooring lines [18]. Ast md the
PerAWaT project several studies of wave energy edev
arrays have been conducted, both of idealized gemwée.g.
[19]) and scale models of WEC systems under denebop
by private companies.

Presently, no experimental studies are publiclgilaile
detailing wave device response and power outpwelkas
wave field modifications. Such data is essentialefealuation
of the accuracy of the previously mentioned nunagriools.
Accurate measurement of individual WEC (float) @,

understanding of the fundamental processes inflagnwave
conditions down- and up-wave of wave energy comvert
arrays. The experiments of Table | have been cdaduat
DHI within the EU FP7 funded WECwakes project dgrin
Quarter 1 2013. An overview of the design and cohdfithe
experiments is given in Section Il. Preliminary lgse of
float response and power output is given in Seclibmvith
comparison to predictions based on linear hydrodyos
Changes of significant wave height and wave spdaotrthe
vicinity of a rectilinear array of 25 floats at 5&entre-to-
centre spacing is presented in Section IV. A bdistussion
on the findings to-date and the use of this dataef@luation

WEC array power output and spatial variation of gawf numerical models of wave field changes due toGNdErays

conditions in the vicinity of the array are requir® improve

is given in Section V.

TABLE I: WEC CONFIGURATIONS AND WAVE CONDITIONS STUDIED

Types of tests
Configuration Irregular Irregular Layout
Regular Long-crested  Short-crested Scattered Decay sketch
Waves X X X X (axes) N/A —_—
Single WEC X X X X X S
-0 -
-0 -
2 WEC Column X X X X X A
(spacing 5D) (spacing5D) & | ... ..
N AR
2WEC Row X X (spacing 5D) .. .00
x (middle x (middle X (middle S
5WEC Column X X column) column) column) . : .
Co -
5WEC Row X X - - - 00000
o - - )
o - -0
10 WEC Column X X - - - °o- - -0
o - - (o]
o - - (o]
00000
00000
5x5 WEC Square X X X X - 00000
00000
00000
00000
00000
5x5 WEC offset X X X X - 060000
00000
00000
o} (o] o}
3x3 square 10D X X X - - ©6-0-0
o -0 o]}
3x3 square 5D X X X ) oo
© 00
o} o} (o]
-0 -0
13 staggered WECs x X X X i et el
[} o} (o]




Net power absorption,f is therefore obtained as:
M ARRAY EXPERIMENTS - Pa(0) = ~20(Foro () + i (1)- ®)
The objective of this study is to measure the wigald in

the vicinity of arrays of wave energy convertersheT
experimental arrangement is selected to attairt flesponse
amplitude operator (RAO) greater than unity, and -
measurable power output, whilst ensuring that tyses is
simple to setup for multiple units. A single WEGturas been
developed and characterised through trials in s¢vermes
and basins [20].

Since surge force is out of phase with float veigcpower
varies substantially during each wave cycle (Fjg. 2

m  wave

P /P

A. Wave Energy Converter (WEC)

Each WEC comprises three main parts: (i) a hemrigdie
ended buoy of diameteD, and draft,dy,, 31.5 cm and
overall height 60.0 cm, (ii) a vertical steel shaft40 mm
square section with a gravity base, and (iii) a PsyStem
comprising PTFE blocks and 4 linear springs (F)g.The dry  rig 2: Typical measured time-variation of poweeda constant force power
mass of the float isn = 20.545 kg and natural period, bytake off (PTO) and time-varying force due to suigee on the bearings.
decay test and response measurement in regulaswialg =
1.176 s. The upper part of the buoy is a horizadPY&C cover, B. Experiment Configuration
on which the PTO-system is installed and a potemtier is Tests were conducted in the Danish Hydraulics turtsti
connected (Fig. 1). (DHI), Shallow Water Basin. The basin dimensions 35.0
m x 25.0 m (width x length). 44 wave paddles, eatctvidth
0.5 m are used. The paddles are arranged in twoegg of
length 16.0 and 6.0 m with a 20.0 cm step betwéentwo
segments. Down-wave an absorbing beach with sldpe o
approx. 1/5.59 has been formed using gravel méaténidig.

3 the stencil configuration comprising 5 x 5 réngar WEC
array of support structures at centre-to-centreiageof 5D =
1.575 m (wherd®, is the WEC diameter) and the locations of
the wave gauges are presented.

putentmmeter\

PTO-system: _ — |
PTFE-blocks . |
& springs =

BS 64 51 60 61 PO S SR 57 56 55 54 53 50 G150 48 AR 47 A5 A% 447 47 41 4% 59 38 97 36 35 20 93 52 31 39

water depth < i Py
70.0 cm &20721 s
metal
thase <
BT AXST IS J
Fig. 1: Cross section of single wave enrgy deviicstrating geometry, T
bearings and power take off system (left) and imafysingle unit within ] ; : P
_ 2 el
array (right). Em _4%! : _|_1i-,_-$- wl @ =
= 3 1 10
A power take off force is applied to the buoy biction % I : 4 : : 1 & §§ B
brakes (composed of PTFE-blocks and springs) betwee = FBLIE BN I ik g5l
float and the supporting axis. The resultant PT@ep Fpro, E o 5-|e | 1
can be modelled to a reasonable accuracy by Couloz [ TR 1%
damping [21] as: I I O I RS SRR TR
Fero (t) = =4, Sign(t))- @ e kel | T,
SDWA%';EEAKER

whereyu is the coefficient of frictionfFy is the normal force
developed by the brakes amff) is the time varying heave e

displacement of the buoy. In addition to the PT@éo there WEC-model symbol: plan view of
is also the frictional forceFpearings,due to the shaft bearings — "' ¢ P and buoy (@=0.315m)
that are formed using the same PTFE material asPi@
brake. This force is also modelled by Coulomb damgpiut

this time the normal force is taken to be the akisovalue of increments, standard wave gauge arrangement (xjl@atdpositions ?) are
indicated. The hatched region along x-axis dentitesextent of the wave

the surge forceisErge' ] paddles. Side walls are plywood guides. Water disptbnstant 0.7 m.
Fbearing (t) = _,U abSFsurge(t))SIQn(Z(t))' (2)

m
BASIN TOTAL WIDTH

Fig. 3: Arrangement of DHI wave basin and 5 x @fletencil. Grid at 1.0 m



The 3D wavemaker in the Shallow water DHI wave bas
has a total length of 22.0 m and thus, does na&nexacross
the entire basin width of 35.0 m. Vertical guidelleiavere
installed in order to avoid diffraction of the geaed waves
to either side of the basin. This technique resdta larger
“effective” domain within the wave basin. Moreovei,
simplifies the numerical treatment of the experitaéset-up
(using fully reflective boundaries). The guide wadlre nearly
25 diameters from the outermost floats of the 5atray and
so reflection of waves scattered and radiated byattiay is
not expected to substantially influence the findinghe guide
walls comprise plywood panels that extend 2.0 nohéythe
toe of the absorbing beach, such that directiorsales are not
reflected back to the test region.

C. Wave Conditions
Three types of wave have been considered:
1) Regular waves,
2) Long-crested irregular waves,
3) Short-crested irregular waves.
Regular waves are defined in terms of wave pefodnd
a wave height, H = 0.074 m is employed throughbattests.
Irregular waves are defined by a JONSWAP spectrith w

peak period, T= T, and H, = 0.104 m to achieve equivalen€’ _ : S
. . . wave amplitude,= 0.037 m and wave period T = 1.26 s. Shading imao
enery density to the regular waves. Directionally S|0Ireapl
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Fig. 4: Standard deviation of the mean of the war®litude é&./a;) over
ght measurements of the mean amplitw@@ ¢f regular waves with target

ot denotes less than 1.0 % (white), 1.0-2.0%htligray), 2.0-3.0%

irregular waves are also considered and define@ lopsine (gray), >3.0% (dark gray).

power 2s model [22] with s = 75 and s = 10 to reen¢ swell
and wind seas respectively [23]. For the majorityhe tests,
two wave periods are considered: T 7=T1.18 s, coincident
with the natural period of the float,,Tand T = = 1.26 s.
The water depthd, has been kept constant throughout tt
entire testing period at 0.7 m.

For all data reported here, the DHI wave paddlesewe
operated in absorption mode. To determine the émtigvave
conditions, each sea state has been recorded fee tt
geometric configurations:

1) at wave gauge locations used during float testsQWE
units are held stationary above the water surface),
at wave gauge locations used during float tes
without float axes installed (i.e. empty basin),

3) atthe locations of the float axes (empty basin).

The effect of the presence of the support strust(ases of
40mm x 40mm section) on wave amplitude is confirnmelde
small.

For a given distance from the wave-paddles, a tianiaf
wave height is observed across the width of thenéluFor
regular waves, there is only 3% variation of anuolé
between repetition of the same regular wave candit{Fig. 4)
but larger wave heights are observed at X < -50 tha +5D.
For irregular waves, the measured height also yawéh
position within the basin (Figs. 6, 7) although thpatial
variation is less than for regular waves. The eao this
spatial variation of height is not entirely cleartit may be
due to small differences of wave generation actsslume
width and development of reflections from the beacid
transverse walls.

2)

30l 10959 10998 106 10897 112 ]
e L0875 0886 1 0.9 ]
15%
0.999
| A2l 089 102 | 20.863 105 | 0936 )|
0.967
15/ (094 0995 101 (90882 . 1.03 0.854 7
3 4111 091 103 104 67 H10%
N
10l qL06 50917 101 0916 (J0.886
4116 0995 10 - 107 .0.822
0.969
L0047 g1 00897 @109 _40.894 J0.858 -969
15.0%
109 0974 143 0933 0021
0.954 _11.09 0.952 @1.03 0.918-R0.878 103
o + < ) () | > £
2112 70.993.-¥1.09  70.899 7 0.968
| 1.190.985
5L ‘ 4 1.080.980.986 ‘ RN PSS
-15 -10 -5 0 5 10 15
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Fig. 5: Variation of measured regular non-dimenalamave amplitudeag/ag)
across the test region of the basin for target veamplitudea, = 0.037 m and
wave periodT = 1.26 s. Measurements shown at the standard gawvge
locations within and around the array (+) and at flbat centrelines (open
and solid markers). Data at wave gauge locatioosrded with float support
axes in position. Data from mean of eight repetiiof wave conditions.
Shading in contour plot denotes difference pergmtzetweera, andagless
than 5 % (white), 5-10% (light gray), 10-15% (gray15% (dark gray).
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Fig. 6: Variation of non-dimensional significant weaheight across the test
region of the basin for target conditions of urédifonal waves defined by
JONSWAP spectra with HmO = 0.104 m, Tp = 1.28easurements shown
at the standard wave gauge locations within andrardhe array (+) and at
the float centrelines (open and solid markers). Tata at wave gauge
locations have been recorded without float axetliesl. Data from mean of
eight repetitions of wave conditions.
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I1l. FLOAT RESPONSE ANDPOWEROUTPUT

Float response is measured during all tests. Siueeer
absorption is due to a constant spring force ame-trarying
surge force, response is analysed employing a diomeain
model. The approach used follows [24] and is basad
hydrodynamic coefficients obtained from the linear
frequency-domain code WAMIT [25]. Frequency deperttde
radiation damping and added mass are subsequemigted,
via approximating transfer functions, to a stataesp
formulation to represent the time-varying hydrodyia
damping force. Both the heave and surge excitdbore are
also obtained from WAMIT. Hydrodynamic parameters a
obtained for a hemispherical ended float only netglg the
support structure arrangement. The mechanical @nts
due to PTO and bearing friction are modelled bydfign (1)

z,/a_ (RAO)

— Predicted RAQ 3
+— Measured RAQ, float 3 o
Measured RAQ, float 5 (sweep increasing dx)

+ — Measured RAQ, float 5 (sweep decreasing dx)

08 ) .
0 5 10 15 20 25 30 35 40
Spring Compression Length (mm)
(a) Response with spring compression
0.18 : . . : : .

P.‘me (m)

0 5 10 15 20 25 30 35 40
Spring Compression Length (mm)
(b) Power output with spring compression

Fig. 8: Response and power output with spring cesgon,dx, from 3
experiments on single float and from numerical mtsoh. Response graph
described by legend and shaded regions indicate wat%ation in measured
amplitudes over three repeats of experiment. Farep@raph: thick dashed
line — predicted PTO power; thick dash-dot lineredicted bearing power;
thick solid line — predicted total power; thin matge lines with squares —
measured PTO power; thin red lines with asteriskeeasured bearing power;
thin blue lines with circles — measured total pgvikin solid lines — float 3;

Fig. 7: Variation of non-dimensional significant weaheight across the testthin dotted lines — float 5, sweep increasthg thin dashed lines — float 5,
region of the basin for target conditions of spreaefjular waves defined by sweep decreasing dx. Shaded regions indicate +1&8ation in measured
JONSWAP spectra with HmO = 0.104 m, Tp = 1.26 sardl0. The data at powers. Ra. is the power in the incident wave per metre wi@# per unit
wave gauge locations have been recorded withoat #iges installed. Data wavefront).

from mean of eight repetitions of wave conditions.



A coefficient of friction # = 0.17 is found to provide Initial analysis of the response of a column offifloats
reasonable agreement between measurement andtjpredic indicates that there is greater variation of absdnbower with
response amplitude and mean power absorption ovange position than variation of response with positidfig( 9).
of PTO spring compression increments, dx (FigureT8ls Compared to an isolated float, the response ofrtne float is
coefficient is representative of the friction beemePTFE and reduced and response of float numbers two throodive are
industrial (non highly polished) steel sliding irfeces [26]. comparable. However, the proportion of the incidpatver
Predicted response is in good agreement with regpohone absorbed differs by a factor of 2.25 between tbatffloat (at
float (float 3) but consistently over predicts tldtthe second Y = 0D) and middle float (at spacing 10D from thent float).
float (float 5). The predicted powers in Fig. 8@so show This spatial variation is greater than both the gearof
good agreement with the measurements but agaie tiser responses observed during the test and the spatiation of
some discrepancy between the two floats considedede wave amplitude.
that, for this comparison, measured response ardpét ¢,)
are normalised to the wave amplitude measured eafltiat IV."WAVE FIELD MODIFICATION
axes location ,) because wave amplitude varies with One of the WECwakes project objectives is to sttiy
location within the basin. Power absorption of @aflwithin effect of the WEC array configurations on the wdiedd.
an array is expected to vary due to float veloeityl surge Therefore, the wave field modifications due to waareergy
force. For all multi-float tests, the same PTO éois applied extraction and the WECs’ motion have been quadtifie
to each float for the test duration. For the ma&jooif tests, a Unidirectional irregular waves are analysed to sseathe
spring compression dx = 30.4 mm is employed sirge tfollowing contributing wave field components: theattered
corresponds to maximum power absorption as shov#iging. wave-field due to the stationary floats and theiated wave
2 : : : — field due to oscillation of the floats. To meastire combined
incident and scattered wave, all 25 WEC units aedd h
stationary at mean draftl,,. To measure the combined
X incident, scattered and radiated wave field (thmltavave
| field due to the response of the WECSs), damping been
applied through the PTO-system, with dx = 30.4 npring
compression used on each float, and through thdt sha
bearings. The scattered wave field is then caledlats the
difference between the wave measured around fixedsfand
the incident wave. The radiated wave field is toatculated
as the difference between the measured combindtkiszh
and radiated wave field and the scattered wavel.fi€¢he
radiated wave field includes radiated waves thae ar

x Z,/% —@—2Z,/%, subsequently scattered, and it also accounts &alisorption

. : . = effects at the WECs.

y Y.'Pow 3 = The following difference percentage (x100%)yms are
(a) Response amplitude operator defined and plotted in Fig.10 for an array of 25 @¢E
0.2 . . . ; (a) wave diffraction (scattering around fixed WEGCS)r
quantifying the diffraction effect, the recordeddisturbed
wave field when no WECs or axes are present is tsed
exclude the wave basin effects that develop in lihsin
without floats installed:

/
m m

z

o b

% scatteredvavefield — recordedindisturbel wavefield X100% (4)

01t | recorder undisturbd wave field

(b) a variant of Eq. (4) showing the differenceqgeertage
used for quantifying the effect of the wave diftian
0.05r % (scattering around fixed WECS) relative to the ¢argave
field. This variantshows the differences between the recorded
x P/PGa) g P /) and the target undisturbed wave field when no WaCaxes

are present:

5 10 15 20
Y, row scatteredvavefield — recordedindisturbe wavefield (5)

(b) Capture width ratio targetundisturbel wavefield X100

Fig. 9: Response and capture width of five floatS@ spacing aligned with . L

the wave direction and averaged over 60 wave peridd Each is point (D) difference percentage used for quantifying éfiect of

normalised to measured wave amplitude at float aesy and target radiation due to damped response of 25 WECs on the

amplitude (a= 0.037 m). Error bars denote standard deviation. combined scattered and radiated (total) wave field:

o b




total wavefield — scatteredvavefield
recorde undisturbd wavefield

(6)

x100%

The data have been analysed using Wavelab [27]. 1
measured change of the wave field is presentedaepafor
the scattered waves and for the radiated waves
unidirectional irregular waves in Figures 10 (g)-(&Note that
the difference percentages are positive, whenesaagteffects
increase the incident wave field height comparedtie
incident wave (Figs.10(a) and 10(b)), and when ataah
effects increase the total incident wave field heigpmpared
to the combined incident and scattered wave field.10(c)).
Negative difference percentages indicate a decreashe
scattered wave field component (Figs.10(a) and )10ghd
that radiation effects decrease the total incideave field
height (Fig.10(c)).

For an array of 25 aligned floats and unidirectlomaves
of T,=1.26 s andHmo = 0.104 m, up to 5.1 % of wave heigh
decrease downwave and 26.2% wave height increasavep
is observed when the 25 WECs are held stationamesn

draft, dpoy (Fig. 10(a)). These percentages differ slightly i..

Fig. 10(b) where the recorded wave heights are alized by
the target wave field (5.38 % of wave height deseea
downwave and 24.0% wave height increase upway
respectively). When looking at the effect of the @4on the
wave field due to radiation only (Fig. 10(b)), apgmately
16.3% wave height decrease is observed downwavieof
array, and 8.75-10.8 % increase upwave.
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Fig. 10: Non-dimensional percentage (x100%) of geaof HmO at locations
within and around array of 5 x 5 floats on rectlm array due to scattered
wave (fixed floats) and radiated wave (respondit@até with damping
applied). Unidirectional irregular wave as in Fég.

In Fig. 11, the wave spectra are plotted for vagiou
locations around the WEC array for the recorded evav
undisturbed by WECs (no WECs are present), difficherave
around fixed WECs and combined diffracted and tadia
wave around responding WECs. The locations coresitiare:
(0,-5) upwave of the array, (0, 7.5) at the cenfr¢he array,
(0, 25) downwave of the array, and (15,5) at thie sif the



WEC column at the right. The change of HmO at thes ®#% -

[

locations is as shown in Fig. 10. o PR S =

Specifically, spectra of undisturbed by WECs wantyo %ii%%--- S
S(f), scattered wave only,s§), and combined scattered and ’Eum EREEEE BN "
radiated wave §g(f), are presented.s8) appears to be very £ m:n S '} — -
similar to S.x(f), showing low impact of the radiated waves:& 271 = e s
on the resulting wave spectra upwave (Fig. 11{E)E same  # gpgpe oo |
conclusion can be drawn for the location giverhatdentre of .., : ! _L,;
the array in Fig. 11(b). Downwave (Fig. 11(c)), teeeed and ; ! !
undisturbed by WECs wave spectra appear to be ginitiéar EAG DISS GAMm DTSR 14 NZE LEm LImM 200

so nearly all of the transmitted wave change istduadiation
at this certain location. At the side of the arrye wave
undisturbed by WECs, combined scattered and ratliate/e
spectra appear to be very similar, showing liméé&dct of the
WEC units on the resulting wave field at that |omat
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(a) Location (0, -5): upwave of the array
(representing frequency dependent reflecKaf))
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(b) Location (0,7.5): centre of array
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(c) Location (0,25): downwave of array

(representing frequency dependent transmissiom}T(
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(d) Location (15,5): to side of row 1
Fig. 11: Spectra of undisturbed by WECs wave oy, 8hin line), scattered
wave,$(f) (dashed line), and combined scattered and tediievave $.1(f),
(thick line) at locations within and around arrdybox 5 floats at 5D spacing.

V. DISCUSSION

In order to evaluate the capability of nhumericaldels to
predict the observed wave-field modifications aitbe both
float response and power output are required. Respof
each float has been measured. A time domain nuaieric
model based on a state-space formulation of the
hydrodynamic damping force and accounting for rinedr
mechanical constraints has been shown to provide a
reasonable prediction of response and power odtpat an
individual float. These predictions depend on thagnitude
of friction coefficient for the PTO and bearingsdato-date
have been conducted with an idealisation of theatflo
geometry. Further analysis is ongoing to evaludte t
sensitivity of mechanical friction to the assumpso
associated with use of linear hydrodynamic pararsete

For the central column of floats with locations 8 and j =
1 to 5, total power, R, per float is a function of the measured
float velocity (U;;) and measured surge forces g s), i.e.
Potaj = f(Usj(t), Feurgesft)). Measurements of surge force
amplitude due to regular waves and due to waveaateatby
an adjacent oscillating float provide the basis dealuating
linear predictions of surge force. For the othduems, with
locations i = 1,2,4,5 and j = 1 to 5, only floatoa@ty, U, is
measured and so surge force, must be estimated to
obtain total power, R. For unidirectional waves, time
variation of surge force, skge can be estimated from those
floats on the central column with the same y-ordind his
approach neglects transverse scattering and rmawliathich
may influence the forcing. For spread waves suogeef Frge
must be either predicted numerically or an equivialmear
damping employed. The validity of the linear préidic of the
surge force obtained by WAMIT is currently beingessed to
calculate power output from multiple floats. An entinty
analysis will be presented in detail in a futurpgra

Regarding the wave field modifications and the cffef
the WEC array configurations on the wave field, measured
change of the wave field is presented separatetytltie
scattered waves and for the radiated waves forinectibnal
irregular waves. The radiated wave is calculated ttes
difference between the measured total wave fieldd tne



scattered wave field, thus it includes radiated egathat are [9]
subsequently scattered, and it also accounts &alisorption
effects at the WECs. For quantifying the effecttlod wave [10]
diffraction and of the radiation due to the presemd 25
WECs, on the recorded undisturbed wave field dffee
percentages (x100%) are used. (11
For an array of 25 floats and unidirectional wawéd, =
1.26 s and HMO = 0.104 m, up to 5.1 % of wave heigh
decrease downwave and 26.2% wave height increasavep [12]
is observed when the 25 WECs are held stationamesn
draft, dyo. These percentages differ slightly when the
recorded scattered wave heights are normalizechéyarget [13]
wave field (5.38 % of wave height decrease downwave
24.0% wave height increase upwave, respectivelyheiV
looking at the effect of the WECs on the wave fidlge to
radiation only, approximately 16.3% wave heightrdase is
observed downwave of the array, and 8.75-10.8 %ease [15]
upwave.
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