WAKE EFFECTS BEHIND A FARM OF WAVE ENERGY CONVERTERS FOR IRREGULAR
LONG-CRESTED AND SHORT-CRESTED WAVES

Peter Troch, Charlotte Beefs Julien De Rouckand Griet De Backér

The contribution of wave energy to the renewabkrgynsupply is rising. To extract a considerableoamt of wave
power, Wave Energy Converters (WECs) are arrangedaveral rows or in a ‘farm’. WECs in a farm are
interacting (e.g. the presence of other WECs imfteethe operational behaviour of a single WEC) #meloverall
power absorption is affected. In this paper wakiea$ in the lee of a single WEC and multiple WB€¢he
overtopping type, where the water volume of ovgreapwvaves is first captured in a basin above meanevel and
then drains back to the sea through hydro turbires,studied using the time-dependent mild-slopmaggon model
MILDwave. The wake behind a single WEC is investidjdor long-crested and short-crested incident @g&vihe
wake becomes wider for larger wave peak periodsingreasing directional spreading results in a frstvave
regeneration and a shorter wake behind the WEC. Whake in the lee of multiple WECs is calculated tfoo
different farm lay-outs, i.e. an aligned grid andtaggered grid, with varying lateral and longitadi spacing. The
wave power redistribution in and behind each faag-but is studied in detail using MILDwave. In gexiethe
staggered grid results in the highest overall waeever absorption.

Keywords: wave propagation modeling; mild slope atpns; wave energy converter; wake effect; farypdat;
renewable energy

INTRODUCTION

Several wave energy converters (WECs) have beensively studied and developed during the
last decade and currently small farms of WECs ating installed. WECs in a farm are partly
absorbing, partly redistributing the incident wagvewer. As a result, a wake behind each WEC is
created. The power absorption of each individualGMBE a farm is affected by the wakes of its
neighbouring WECs.

In literature only first simplified attempts to ikify the wave climate near a farm have been
reported. Millar, Smith and Reeve (2006) have uded spectral wave propagation model SWAN
(Booij et al. 2004) to implement an array of WEGsaasingle 4 km long partially transmitting obstacl
with energy transmission ranging from 0 % up tll % of the incident wave energy. By modeling a
farm as one large WEC, the redistribution of waveergy behind the individual WECs due to
diffraction is not taken into account. In Venugopald Smith (2007), WECs are modelled in a non-
linear Boussinesq wave model (MIKE 21) as individuarous structures with a prescribed porosity. In
the latter study reflection and transmission charégtics are coupled through the degree of porasit
the structure, which makes the adaptation of ttemm@dtion characteristics of a WEC in a farm to the
incident wave climate impossible.

In this paper the wake behind a single WEC and ipleltWECs based on the overtopping
principle, where waves overtop in a basin abovemnsea level and where the stored water drains back
to the sea through hydro turbines (Cruz 2008),tuslied in a time-dependent mild-slope equation
model MILDwave, developed at Ghent University (Thrat998). In this phase-resolving model each
combination of reflection and transmission chanasties, and consequently absorption charactesistic
can be modelled for all individual WECs in a farotarding to the methodology presented in Beels et
al. (2010). This results in a more accurate reptasien of the wake effects in the lee of a singlEC
and a farm of WECs.

In the next section the basic equations for waveegsion and propagation in the mild-slope
equation model MILDwave are briefly described. Rartmore the technique, developed in Beels et al.
(2010), to implement a WEC of the overtopping typ&lILDwave is summarized and discussed. The
next section gives an overview of the wake effeetsind a hypothetical WEC of the overtopping type.
The last section deals with a farm of nine hypatiaédWECs of the overtopping type. The overall wave
power absorption is studied for two farm lay-ous, an aligned grid and a staggered grid, for nary
lateral and longitudinal spacing.
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THE MILD-SLOPE WAVE PROPAGATION MODEL MILDWAVE

Wave generation and propagation

The mild-slope equations of Radder and Dingema@85), which describe the transformation of
linear irregular waves with a narrow frequency bawdr a mildly varying bathymetry (bed steepness
up to 1/3 (Booij 1983)) are given in Eq. 1 and Eq.
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where 7 and @ are respectively the surface elevation and velquitential at the free water surface,
O is the horizontal gradient operators the timeg is the gravitational acceleration and where

ole
A= gg (4)

with the phase velocity_: and the group velocityTg for a wave with carrier angular wave number
(ZZTH) carrier angular frequencyj) (= 277?), carrier wave Iengthf and carrier frequencyT.

Overbar(_) denotes that the wave characteristic is calcuffatethe carrier frequency.

A summary of the model features of MILDwave is gred in this section. In MILDwave waves
are generated at the offshore boundary by usingstiuece term addition method, i.e. by adding an
additional surface elevation” to the calculated value on a wave generation flimeeach time step
(Lee and Suh 1998) given by Eq. 5:
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with the water surface elevation of incident wavgs the angle of wave rays from the x-axés
(0" << 180], the grid size in x-directiodkx , the time stepAt and the energy velocitg, .
The wave generation line is assumed to be patalkble x-axis in Eq. 5 (Fig. 1).

It has been proven that the model of Radder andddimrans (1985) can be used to simulate the
transformation of long- and short-crested randomesdLee and Suh 1998).

To generate long-crested irregular waves a paraiseteJonswap spectrum (Eq. 6) has been used
as an input spectrum (Liu and Frigaard 1997):
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with the significant wave heightl_ , the peak wave frequencfy, , the peak enhancement facyor the
scaling parameter and the spectral width parameter which equals 0.07 forf < f, and 0.09 for

f2f,.
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Figure 1. Definition sketch of wave basin in plan Figure 2. Definition sketch of wave basin in plan
view for generation of long-crested waves. view for generation of short-crested waves.

To generate short-crested or multi-directional godar waves, the set-up in Fig. 1 cannot be
applied as not all wave components are travellimgthe same direction. Lee and Yoon (2007)
developed a method for internally generating mirkictional waves on an arc in a rectangular grid
system using the source term addition method @igThis technique generates wave energy much
closer to the target energy than the techniqueeoérating waves on three wave generation lines (Lee
and Suh 1998), especially for a small grid sizee Thid point nearest the arc is used as a wave
generation point. Depending on the angle of theenganeration arc with the x-axis, and respectively
the y-axis, the additional surface elevation i®giby:
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with £ the angle between the line normal to the wave rg¢io@ curve and the x-axis for case 1 and 4,
and respectively the y-axis for case 2 and 3s indicated on Fig. 2 for case 2.

On the left, and respectively the right generating, the additional surface elevation is given by
Eq. 8 and Eq. 9:

77=21 "o ®)
C At
7= 2, %2 (~cos) ©)

When the wave direction is not pointing to the indemain on a part of the wave generation arc or
on one of the wave generation lines, no waves emergted in those cells. For example, when 45
no waves are generated on the right generatioratideon the first part of the arc (case 1).

Equation 10 gives the directional spreading fumcD¢f,&) to generate short-crested waves

(Mitsuyasu et al. 1975):
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2% (s+1) . (6-6,
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with the mean wave anglé . The directional spreading parametergives the degree of directional

energy concentration. For wind seas (like the N&eh), the spectrum is rather broad and the vdlue o
S is rather low. The parametecan be related to the frequency by Eq. 11 (GodaSarzuki 1975):

{(f/fp)ssmax Dofsf,
(/) S @ f2 1,

(11)

The parametes, . is the peak value of the spreading parameter.drigdues fors,,x are given in Eq.
12 for wind and swell waves (Goda and Suzuki 1975):
10 : wind waves
Shax =125 swell with short decay distan (12)
75 : swellwithlong decay distanc

The effect of the fully reflective domain boundarie negligible because absorbing sponge layers
(Larsen and Dancy 1983) at the outside boundaFigs { and Fig. 2) are significantly dissipating th
incoming wave energy by multiplying the calculatdface elevations on each new time step with an
absorption functiorS(b (reflection coefficient smaller than 5 % far = 1.04 anda, = 60 in Eq. 13):

1
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(13)

with the length of the sponge layBrand the distance from the outside boundarlgoth expressed in
number of cells. In general, a lengthobL,,. (Lee and Suh 1998), whekg,,, is the maximum wave
length resulting from the cut-off incident frequgrspectrum, is sufficient.

A finite difference scheme, as described in Broraed Helm-Petersen (1998), is used to solve Eq.
1 and Eg. 2. The domain is divided in grid cellsiferm grid) with dimensionsAXx and Ay and
central differences are used for spatial derivaise grid spacingAx=Ay is chosen so that

Te<Mx=0ys e (L

20 —

= shortest wave length (maximum frequency) foedtlar waves) and the
time step meets the Courant-Friedrichs-Lewy coteriAt <4, to guarantee a stable and consistent

result.
Wave generation starts from quiescent water canditatt =0. A slow start of wave generation is

obtained by multiplying the wave generation taﬁh(%) (Suh et al. 2001), with the wave peridd
Each time stepy; and ¢ are calculated in the centre of each grid cellnggguently, waves are
gradually propagating through the domain.

min

Sponge layer technique

A WEC is a fixed or moored (rigidly or slack) sttuce that is able to extract wave power by its
specific design. The amount of produced power BYWIIHEC, as a function of the incident wave climate,
is generally determined through a numerical or maysnodel of the WEC and summarized in a power
matrix. In this section a technique will be desedbto simulate WECs based on the overtopping
principle which capture the water volume of ovepeg waves in a basin above sea level and
consequently absorb a part of the incident waveeposomparable to a porous structure. Incident
waves are partly reflected on the WEC, are pantgrimpped in the basin and consequently absorbed
and partly transmitted under and around the stracfliherefore, a WEC is only absorbing a certain
amount of the incident wave power available overwlidth of the device. The degree of absorption, as
a function of the incident wave climate, can beivaE based on a power matrix from the WEC
developer. Also, the amount of reflection from #teicture can be specified by the developer. Intmos
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cases the reflection will be rather small as a W&designed to absorb wave power and to reduce
energy loss by reflection and transmission.

A WEC is implemented in MILDwave as an array ofle€tovering the spatial extensions of the
WEC) that have been assigned a given degree ofr@tlmso using the sponge layer technique.
Absorption functiorS(x)or S(y)define the absorption coefficieBtattached to each cell of the WEC in
the x-direction, and the y-direction, respectiv@yg. 1). By changing the values of the absorption
coefficients or the number of absorbing cells, ftihegree of reflection and transmission and
consequently absorption of the porous structure lanchanged. When all cells have a constant
absorption coefficien(x)= S(y)= 0, respectivelg(x)= S(y)= 1, all incident wave power is reflected,
respectively transmitted. A structure with a vaifieS equal to O represents a fully reflective structure
Cells withSequal to 1 are water cells. When the absorptiafficent is varying between 0 and 1, the
incident waves are partly reflected, absorbed aadsmitted. When assuming a constant absorption
coefficient S for all cells of the WEC, the amount of reflectiamansmission and absorption are
coupled, as seen in Venugopal and Smith (2007)avicad this coupling, the shape of the absorption
function S(y) through the WEC (when the direction of wave prai@g = y-direction) is changed
(Beels et al. 2010, 2010b). This way the degreabsrption (and consequently transmission) of the
WEC, given in the power matrix of the WEC, can leed for a fixed amount of reflection on the WEC
as specified by the developer.

To tune the reflection, transmission and consedpetisorption characteristics of a WEC, a
structure composed of a series of absorbing celts been implemented in a numerical test flume
(Fig. 3). The structure has a length equal to ¢éingth of the WEC and a width equal to the wave dum
width.

_ wave generation point WEC a
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Figure 3. Definition sketch of numerical test flume - cross section.

To determine the amount of reflection on and trassion through the absorbing structure, four
wave gauges are placed in the wave flume (FigrB)ee wave gauges are installed half a wave length
in front of the structure to measure the incideiginiicant wave heightH ; and the reflected

significant wave heightl_ . The distances between the wave gauges are darsired Mansard and
Funke (1980) in order to perform a reflection asilyOne wave gauge is placed two wave lengths
behind the WEC to measure the transmitted sigmifis#gave heightH_,. The degree of absorbed

power% in deep water is calculated using (conservatioanafrgy):

%:1— K2 -KZ (14)

with the absorbed wave powel,, the incident wave powefR, the reflection coefficientK,
=H_, /H,, and the transmission coefficied; =H_ /H,.

In this paper a hypothetical WEC of the overtoppipge of 36 m x 36 m has been used as an
example. The hypothetical WEC has a prescribeducapttio of 45 % and a pre-specified overall
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reflection coefficient of 0.14 for a sea state witj= 1 m andl, = 5.2 s. The capture ratio is defined as

the ratio between the absorbed power and the wawemincident on a wave-front width equal to the

width of the WEC. The amounts of reflection andhémission have been tuned in a wave flume with a
width equal to 36 m.

The time series at the wave gauges are sampledavifgquency of 20 Hz. In all tests, a uniform
deep water depthis used to avoid energy dissipation due to bofiiction and wave breaking. Waves
with a peak period of 5.2 s and a significant wdnedght of 1 m have the highest frequency of
occurrence in the southern part of the North Selaaae considered in this study as the basic case.

WAKE EFFECTS

A single WEC

The wake behind the specified WEC has been studietbur different sea states withs = 1 m
(Table 1). The values of the absorption coefficigmbugh the WEC have been tuned separately for
each peak wave period to obtain a capture rati4bo¥, since the absorption is frequency dependent
(Beels et al. 2010). Depending on the type of WIBE capture ratio may vary with mean incident wave
direction. Only head-on waves are considered is wrk. Irregular long-crested and short-crested
waves are generated during respectively 3500 4@860 s with a time step of 0.05 s.

Table 1. Sea states.

Test Tp (sl Siax [_]
A 5.2 -
B 7.8 -
C 5.2 75
D 5.2 10

The disturbance coefficients, =H_ ,/H,, whereHs qis the numerically calculated disturbed

significant wave height anHls ; is the numerically calculated incident significavsve height at the
wave generating boundary, in a wave basin witmglsiWEC (with test set-up as shown in Fig. 1) for
long-crested waves (head-on) with a peak wave gexiagespectively 5.2 s and 7.8 s (test cases A and
B) are shown in Fig. 4(a) and Fig. 4(b). On thaegarés only the useful domain without sponge layers
is shown. The length and the width of the usefuhdim are equal to respectivelyl1and 1@ where
L=100 m (deep water wave length = 7.8 s) for all test cases. The position of thEQ\s indicated

by a white square.

A small wave height increase at the edges of tHewlae to diffraction is observed for both wave
periods. The wave height decrease behind the WESMaller for a peak wave period of 7.8 s,
approximately 0.175 m, compared to 0.225 m forakpeave period of 5.2 s. Furthermore, the shadow
zone is wider for a higher wave period. This regdicates that the peak wave length will influetioe
optimal pattern of a farm where a WEC should avb@& centre of the wake location of a neighbouring
WEC. If swell waves are dominating, the peak wagdqa with the highest frequency of occurrence
should be taken into account when designing thienappattern of a farm.

On the other hand, if wind waves are dominating,shadow zone will be smaller and less visibly
dependent on the directional spreading of the strested waves. The disturbance coefficients around
a single WEC are calculated for short-crested wasitsa mean wave direction &0 (Fig. 4(c) and
Fig. 4(d)) where the directional spreading is iasiag from approximatel® (Snax= 75) up to24
(smax= 10) for the peak period (as we assume a frequéependent spreading parameter (Eq. 11)). To
generate short-crested waves a set-up as showg.i@ Ras been used which results in a useful domai
indicated with black lines on Fig. 4(c) and Figd@(

In the case of short-crested waves a wake is attiflerved, as the waves need to travel some
distance before the effects of regeneration, cabgetie directional spreading of the waves and wave
diffraction around the WEC, are apparent. In Fi@) 4 long shadow zone occurs behind the WEC,
comparable with the one observed in Fig. 4(a)hasdirectional spreading is still quite small. lig.F
4(d) the shadow zone is shorter due to a fasternergtion behind the WEC from waves with wave

angle between approximat&§ ¥ 24 .
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Figure 4. Calculated disturbance coefficient Ky in a wave basin with a single WEC (capture ratio = 45 %) for
irregular long-crested waves (head-on) with respectively T, = 5.2 s (a), Tp = 7.8 s (b) and for irregular short-
crested waves (head-on - useful domain indicated with black lines) with T, = 5.2 s and respectively Smax = 75
(c), Smax = 10 (d).

It is clear that regeneration behind a device ddpem the peak period and directional spreading
of the incident wave climate. The higher the peakiqu and the higher the directional spreading, the
faster waves are regenerated behind the WEC. Reiemeby wind and energy dissipation by wave
breaking are not taken into account in this papee smaller the directional spreading the longer th
shadow zone becomes. Therefore in the next paragwdpen studying the power absorption of a farm,
only swell waves have been considered as thosesaeaugse the largest wake behind the WEC and
consequently the largest impact on the neighbouigCs in the farm. As a consequence, the
calculated amount of absorbed power will be coresers.
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A farm of nine WECs

The understanding of the impact of one WEC on theenclimate is very crucial in determining the
capture ratio of the neighbouring WECs in a farinc& a single WEC is reducing the incident wave
height in its lee, the capture ratio of a WEC iliethin its lee will decrease or increase depending
the magnitude of the wave height reduction. Theedaieduction is determined by the dimensions and
capture ratios of the surrounding WECs and theeinvben distance of the WECSs in the farm. The
dimensions of a WEC define the diffracted wavegrataround the WEC, while the magnitude of wave
height reduction in the diffracted wave patterdépending on its capture ratio. The higher theadist
between the WECs the more energy is travellinglmshe farm. Furthermore, the distance between the
WECs in a row and the in-between distance of thesrwill determine the total impact of the farm on
the wave climate and on the surrounding users efstta. The distance between the WECs in a farm
should be as small as possible to reduce the €dlse darm. Furthermore, a minimal distance eqaal t
twice the WEC dimension is needed to remove a dathsgeC from the farm.

O O O O ] ]
O O O ]D ] O

Tl o ST

Aligned grid Staggered grid

Twave direction Twave direction

Figure 5. Aligned and staggered grid lay-out.

In this section the influence of the lateral andgitudinal spacing, respectively andl, on the
amount of absorbed wave power is studied for imtidkeegular long-crested waves with = 1 m and
T, = 5.2 s (test case A). Two different lay-outs (Fpwith nine hypothetical WECs, as defined in the
previous sections, have been compared; a lay-ait 3videntical rows (an aligned grid), where the
WECs are placed right behind each other and audayvwbere the first and third row are identical, but
where the second row is shifted (a staggered driadg.length and the width of the wave basin defined
in Fig. 1 have been extended to obtain a suffibielarge domain to generate long-crested head-on
waves with a peak wave period of 5.2 s. A hypotiafpower matrix for irregular long-crested inciten
waves withT, = 5.2 s as shown in Fig. 6 has been used as ampéxal he power matrix is showing the
ratio between the absorbed wave power and thedntidlave power and not between the electrical
power output and the incident wave power. This mehat losses in turbines, generator, ... are ghor
The capture ratio has been plotted for signifieaate heights between 0 m and 1 m. No variation with
wave period has been considered as only irregoihay-trested waves witds = 1 m andl, = 5.2 s have
been generated. Each capture ratio (Fig. 6) has teed in a wave flume as explained before. The
overall reflection coefficienK, was assumed smaller than 0.15 in all cases. Incdse the resulting
amount of reflected wave power was smaller than & #%e incident wave power. Due to the technique
of uncoupling reflection and transmission, it wasgible to keep the reflection small for each defin
capture ratio and tune the amount of transmissiohcansequently the amount of absorption. Therlatte
uncoupling was needed to implement a procedureaptéave absorption (adapting the capture ratio of
each WEC in the farm to its incident wave powerhuwitt changing the amount of reflection) to
simulate a farm.
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Figure 6. Capture ratio as a function of significant wave height Hs.

In a first step, only three WECs, with an in-betwelistancew of respectively 2D, 4D and 6D
where D is the width of the WEC, in the first rovittwthe same capture ratio as an isolated WEC (45
%), have been installed. The capture ratio of tHeOA&/that will be installed in the second row, with
respectively 2D, 4D, 6D and 20D, is derived by meag the wave height on the positions of the
WECs and by using Fig. 6. In a second step, WEQ@sdriwo first rows are installed in the wave basin
and the wave height is measured on the positiorteef#VECs in the third array. The average wave
height on the WEC positions has been used to dafireapture ratio.
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Figure 7. Calculated disturbance coefficient Kq in a wave basin with 3 hypothetical WECs with an in-between
distance of respectively (a) 2D, (b) 4D, (c) 6D with D = 36 m for irregular long-crested waves (head-on) with
Tp,=5.2s.
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Figure 8. Calculated disturbance coefficient Kq in a wave basin with 9 hypothetical WECs with an in-
between distance of 2D with D = 36 m for irregular long-crested waves (head-on) with Tp=5.2's.
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The dimensionless calculated disturbed signifiseate heightdly in a wave basin with only the
first row of WECs installed, is given in Fig. 7 ftest case A. Again, only the useful domain without
sponge layers is shown and the positions of the V&€ indicated by white squares. The higher the in
between distance the more energy is travelling éetwvthe WECSs. The closer the WECs in the first row
are installed, the faster the interaction betwéenindividual wakes in the lee of that row.

The dimensionless calculated disturbed signifieeane heighty for both lay-outs (aligned grid
and staggered grid) are given in Fig. 8 for tesec& and a lateral and longitudinal spacing of Ebr.
both lay-outs waves are simulated during 3500nse(tstep 0.05 s) in a domain of 3400 cells (width) x
3500 cells (length) which resulted in a computatidime of 24 hours (Intel Core 2 CPU @ 2.40 GHz -
3 GB RAM).

The wave height in front of the second and thing i® much higher for the staggered grid, which
resulted in a higher capture ratio for the WECthose rows (capture ratio of respectively 45 % 3hd
% for the second and third row) compared to thgnelil grid (capture ratio of 30 % for the second and
third row).

Both lay-outs are compared in more detail in Figr@l Fig. 10 with a lateral cross section right
behind the farm on y = 805 m, and respectivelyritoidinal cross section behind the farm on x =
1000 m shown for both lay-outs.

The wave height is lower (higher wave height reidmtbehind the staggered grid compared to the
aligned grid due to the higher capture ratio of WiECs in the second and third row. When a constant
capture ratio (no adaptive absorption) would beumesl for all WECs in the farm, the difference
between both lay-outs would be very small.

In Fig. 9 the cross section is symmetric for thgredd grid, as the lay-out is symmetric as welleTh
wake behind both lay-outs is gradually filled upimel the farm (Fig. 10).

The amount of absorbed power of an aligned andaggsted grid with varying in-between
distances is calculated in the next sections fegirlar long-crested waves with = 1 m andl, = 5.2
s. The results are conservative as the considex@dent waves are rather small and no directional
spreading of the incident waves has been considered

L s A R ——aligned grid
‘ : ‘ ‘ : : - - —staggered grid

QA . e e e e — e e

02

i i i i i i i i i
200 400 600 800 1000 1200 1400 1600 1800
Width wave basin [m]

Figure 9. Calculated disturbance coefficient Kq in a lateral cross section at y = 805 m for an aligned and a
staggered grid with a lateral and longitudinal spacing of 2D (Fig. 8).
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Figure 10. Calculated disturbance coefficient Kq in alongitudinal cross section at x = 1000 m behind an
aligned grid and a staggered grid with a lateral and longitudinal spacing of 2D (Fig. 8).

Aligned grid

Table 2(a) shows the loss of the amount of absopo®eer of the farm compared to a theoretical
farm of nine independent WECS, for the considemetbatween distances. The theoretical farm is
absorbing 9 time®,, the power absorbed by a single WEC (capture @tid5 %). The loss of the
amount of absorbed power is expressed in a mulbipk. It is expected that the power loss decreases
with increasing in-between distance. However, @tdon between the wakes results in some
deviations. The small wave height increase at tyee of the wake, observed in Fig. 4(a) and 4€d), c
cause a higher wave height behind a row of WECspened to the incident wave height (positive
interaction of the wakes).

Whenw = 4D or 6D, the power loss is comparable. For erdtspacingv = 2D and a longitudinal
spacingl = 4D or 6D, positive interaction of the individuahkes occurs. Consequently, a lower loss of
power occurs compared to an aligned grid wits 2D andl = 20 D. The highest power loss (3.B)
is seen fow = 4D or 6D, and = 2D. In those cases the WECs in the second drdi ibw have a
capture ratio of 30 %. Whem= 6D andl = 20D only 0.70Ps of power is lost. In that case all WECs in
the farm have a capture ratio of 45 %.

Not only the total absorbed power of the farm ipamant. The absorbed power gar should be
studied as well, as there may be space limitatfonsnstalling a farm of WECs. The smaller the in-
between distances the higher the absorbed powémnpétable 3(a)).

As the difference between loss of power for a &tepacing of 4D and 6D is rather small in
comparison to 2D, a lateral spacing of 2D is nafgnable. A lateral spacing of 4D is preferred in
comparison to 6D as the power ser’ is higher.
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Table 2. Loss of power [multiple of Pg].
(@) Aligned grid.

I'w 2D 4D 6D
2D 3.02 3.11 3.11
2D 2.14 2.64 2.64
6D 1.70 211 2.18
20D 2.58 0.92 0.70
(b) Staggered grid.

I'w 2D 4D 6D
2D 1.29 0.23 1.11
2D 2.15 0 0.41
6D 2.86 0.08 0
20D 2.37 2.27 0.47

Staggered grid

In general, a staggered grid results in a smaldies bf power compared to an aligned grid (Table
2(b)). Again the wave height increase at the edgethe individual wake results in some cases in
positive interactions between the wakes. Consetyyghte power loss is not always decreasing with
increasing in-between distance.

Lay-outs withw = 4D andl = 2D, 4D and 6D, respectively, and with= 6D andl = 4D, 6D and
20D, respectively, have the highest power absarptdgain, a lateral distance of 4D is preferable to
6D, when calculating the absorbed power kef (Table 3(b)). Furthermore, a smaller longitudinal
distance results in a higher power absorptionkpér The absorbed power plent for w = 4D andl =
4D increases by 2293 kWiht for irregular long-crested incident waves with= 1.5 m andi,=6.5s
and by 6006 kWknft for irregular long-crested waves wikth, = 2 m andT, = 7.8 s. For these long-
crested waves, a variation of the capture ratip@riional to the variation in Fig. 6 for irreguliang-
crested waves withls = 1 m andT, = 5.2 s has been assumed. Even a higher powerpébsaper knt
is expected for short-crested waves as the wakmdehWEC in the farm is shorter due to a faster
regeneration behind the WEC.

To select the best lay-out the cost per unit ofalfed power should be considered as well. The
latter aspect will be studied in further reseaiBéd]s et al., 2010c).

Table 3. Power absorption [kKW/km?].

(a) Aligned grid.

I/w 2D 4D 6D
2D 2357 1393 955
2D 1622 902 645
6D 1232 699 494
20D 361 273 200
(b) Staggered grid.

I/w 2D 4D 6D
2D 3037 2075 1333
2D 1619 1279 871
6D 1037 904 656
20D 373 227 206

CONCLUSIONS

In this paper the wake effects behind a singleranlliple hypothetical WECs of the overtopping
type have been studied in a time-dependent mildestmuation model MILDwave.

The dimensions and the magnitude of the wake depenthe WEC specifications and on the
incident wave climate. The wake increases with e@sing wave period and decreasing directional
spreading.

The power absorption of two lay-outs with nine hyysdical WECs, an aligned and a staggered
grid, with increasing lateral (2D, 4D and 6D with=_device width) and longitudinal (2D, 4D, 6D and
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20D) distances, has been calculated for irregolag-crested waves witH; = 1 m andl, = 5.2 s. The
capture ratio of each WEC in the farm has beentadap its surrounding wave climate. In general, a
staggered grid results in a higher power absorpfiolateral distance of 4D is preferred in compamis

to 2D, as the amount of absorbed power is highet ,im comparison to 6D, as the amount of absorbed
power perknt is higher. A smaller longitudinal distance resift® higher amount of absorbed power
per knt as well. The final in-between distances shouldiltés an optimum between the amount of
absorbed power p&nt and cost per installed\.
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