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Abstract This is the issue we tried to address in this paper, by

. . . assessing the influence of the distance between two wave
In this paper, an array of two interacting wave energy

converters with hydraulic PTOs is considered. A timeSer9Y converters.on the energy production. As it d?
. . . . ) . pends on the considered wave energy converters, we first
domain model is derived by using classical linear poten: . :
consider the case of two generic wave energy converters,

tial theory. Numerical simulations and parametric stud- L L . _
e two cylindrical surface piercing heaving buoys with

ies are performed in order to determine the influence Otydraulic PTOs. A hydraulic PTO induces nonlineari-

the distance on the capture width of each system in thﬁes in the system, as thus is better modelled in the time

array, both in regular and irregular waves. It is Shownﬂomain. Recent developments in our in house ACHIL3D

that when the systems are close, the front system (whic . . .
numerical code gave us such ability, and comparisons of

meets the waves first) is more affected by the wave "Ntime domain simulations of the motion of the buoys are

teraction than the rear system. But the wave interactions . . .
resented in regular and irregular waves as a function of

decrease faster with the distance for the front system th T:e distance between the buoys. Finally, we considered

for the rear system.. For tms latter system, !t seems th% e case of the SEAREV wave energy converter,
the effect of wave interactions remains noticeable even

far (14 diameters) from the first system. 2 Methods

2.1 Equation of motion of two interacting heaving
wave energy converters

Keywords: Wave Energy Converters, Array, Wave interac-
tions, Numerical simulation

1 Introduction Let us consider a basic array of wave energy convert-
Like wind turbines. wave ener nverters are def's composed of two identical semi submerged cylin-
e urbines, wave Energy Converters are dey, ¢ g hydraulic PTOs, see figure (1). The diameter

signed to be deployed in large arrays composed of Mankt each cylinder is taken equal to 10 m and their draught

units. Each unit is going to interact with all the others,is equal to 10 m. We assume that both cylinders can

gya?gTzrcballltqtz'riLadg‘“t%% i:(ijtsd;:r;?g?r;hea\;vg\;ﬁz inTtZ(:‘_move only in the heave motion (i.e. along the vertical
P 9 y xis), with all other degrees of freedom ideally restricted

actions between th.em can have a positive (focusing ogor each system, a hydraulic PTO composed of one hy-
the waves, smoothing of the output power [1], [2]) or Adraulic ram pumps oil from a Low Pressure (LP) tank
negative effect (masking effects), depending on the con:

X . o X to a High Pressure (HP) tank. For simplicity reasons,
figuration of the array. Therefore, it is of great interest toWe considered that input and output flows from the hy-

Ezr?:fliiiglprgrdlgt g\‘/i?g Lﬂteer;act'r%rg":gsorg:értloauzﬁgheec?rauIic cylinders are mutualised in the same ducts and
y ' 1€Cthat the volumes of the HP and LP tanks are sufficiently

of investigations by several R& D units across Europe inlarge to consider that the low pressupg)(and the high
gressure 1) in the hydraulic circuit remain constant.

the past, see the pionner work of [3], [4], [5], [6], [7],
Let us note with index and, all quantities related

[8], and it is still an area of research, as several studie
\[/Ecrflg?ve been published recently show, see [9]’[10]respectively to the first and with the second system. Let
’ ' 71 andz, be the heave motion of each buoy. L&t

e st s st St oo 7.7 ) b he posiion vetor of e wrcle aray.
y 9 ssuming the fluid to be non-viscid and incompressible,

the distance to the body which generated the”_‘- . Henc?he flow to be irrotationnal and the amplitude of motions
one can assume that when the systems are sufficiently f%lhd waves to be sufficiently small in comparison with

fri(z)rlg eggh t?\t:e[;gs‘zcs)i Iirs“-eLi?;g?;rsi:k;%l#iiizigorpaer: “Uthe wavelength , the classical linearized potential theory
gible. =0, q ' YTare can be used as a framework for calculation of the fluid-

© Proceedings of the 8th European Wave and Tidal Energy structure interactions. Hence, one can write the equation
Conference, Uppsala, Sweden, 2009 of motion of the WEC in the time domain as:
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e F¢ is the excitation vector, associated to the ac-
tion of incident and diffracted wave fields upon the
WECs. Using King’s approach [14], &« (t, )

2 Wave be the force response associated to an impulsive el-

elpecian evation on the free surface propagating along a di-

rection such as the angle between this direction and

the x axis isB. Using the superposition principle,
owing to the global linearity of the problem solved
here, the generalized excitation force is then given

by

t
Fex (t) = %/O Ke(t—1,8)0(1,B)dT  (2)

with n(t, ) being the component of the free sur-
face elevation at a given reference location propa-
gating in the directior. In case of a regular wave,
n(t,B) is a simple sine functioasin(wt + ¢) with

a the amplitude of the wavew its circular fre-
quency andp an initial phase. In case of random
waves, n(t,B8) will be considered here as a sum

Figure 1: Schematic representation of a basic array of wave of N; elementary sine functions whose amplitudes
energy converters with hydraulic PTOs. (a))j=1n, are derived from the standard Jonswap

with:

energy spectrum [15] using the methodology pre-
conized by Ricci et al. in [16]; and whose phases

. t . (¢j)j=1n, are set randomly.
M+ [uw})z+/ Kiad (t— 1) Z (1) dT+ (K + Ka) Z
0 e Fpro is the force vector associated to the action of

=Fe+Fpro (1) the PTOs. If the PTOs are linear dampéfsro is
given by : _
Fpro = BproZ
e 7,7 being respectively the velocity and accelera-  with Bpro being the PTO damping coefficient ma-
tion vectors of the WECs. trix. In this study, we considered hydraulic PTOs.
Hence, the PTO force is given by :
m O .
M= ( the mass matrix of the system. N
0 e . ) . Fpro=—(p— po)S.S|gn(Z) 3)
As we considered identical cylindensy = mp, =

785t.

2.2 Numerical model

khy, O .
K = ( 0 khy ) the hydrostatic stiffness ma- A numerical model was written in Fortran in order

trix of the system. Agairkh; =kh, =770kN.nT1.  to solve equation (1). The hydrodynamic coefficients
N . ) ) and functions were calculated using the BEM based code

Ka an additional stiffness matrix which representspAcHIL3D [17], which was recently extended in order to

the action of possible moorings. In this study, it waspe aple to deal with several independent floating bodies

neglected, i.eKa =0 [18]. The Impulse Response Functions (IRF) of the ra-
oo diation forces and excitation forces are plotted in figure
[Heo] = < lell u122 > the added mass matrix and (2) in the case of the two cylinders separated by a dis-
kry  kris S tange pf 2 diameFers. In _this exe_lmple, _the IRF of the
Krad = Koy krs ) the radiation impulse re- excitation forces is associated with an impulse on the

1free surface located at the middle of the two cylinders
waves by the body after an impulsive velocity at and which prgpagates along the x axis. One CO[.“”d. notice
y y P y that the amplitude of the crossed IRF; of the radiation

t =0, according to the classical Cummins’ decom—f is th der than which sh " .
position [13]. In these matrices, the non diagonal Orce IS the same oraer thap, which Shows a strong in-

terms are not anymore equal to 0. Indeed, the);eractmns between the buoys in the velocity part of the

represent the pressure force measured on the Seréa_diation force. However, the calculated values of the
b P dded masses agg = U = 250 t andug, = Up1 = 11.5

ond body due to the radiated wave associated Witr? hich d t show th A int tion f
an impulsive velocity applied to the first one. For which does not show the same strong interaction for

; the acceleration part.
obvious symmetry reasons, we have hgre= Lo, ) ! i . .
1o = pon, Kri(t) = Kra(t), kria(t) = kraa(t). As an illustration, figure (3) shows time series of the

heave motion and of the output flow of the two cylinders

sponse matrix which represents the radiation o
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Figure 3: Time series of the free surface elevation (top), of the
L heave motion (middle) and of HP flow (bottom) of two generic

10 20 wave energy converters. Characteristics of the monoithresit
incident wave ardp = 10 s,Hs = 2 m andy = 3.3. The dis-
tance between the two cylinders is 20 m.

0
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Figure 2: Impulse Response Functions (IRFs)of the radiationp 3 | ayout of the array

and excitation forces in heave in the case of two cylindegps se

arated by a distance of 20 m. One could notice that the ampli- \We considered the layout shown in figure (4) for the
tude of the crossed IRK;, of the radiation force is the same array. There are two main parameters, which are the dis-
order a. tanced between the two systems and the main direction

lculated with thi del i t di of propagation of the incident wavgs In this study,
calculated wi IS Model In response 10 a Monodirecs, o ¢qnsjgered only waves propagating in the direction
tionnal irregular wave, with a peak peridg equal to

10 s, a significant heightls equal to 2 m, a frequency
spreading equal t¢ = 3.3 and8 = 0°. The pressure

d
difference in the hydraulic circuit was chosen equal to
p— po = 20 bars and the area of the hydraulic cylinders Y
S= 706 cnf. B
In this figure, one can observe that the overall be- O
haviour of the responses of the two systems are simi- X

lar, but with a phase shift due to their spatial scattering.

One can also observe that there are some moments dur-

ing when the buoys appear to be latched. This is due

to the fact that with hydraulic PTOs, the PTO force is a

Coulomb damping which can exceed the hydrodynamigig“r_e 4: Layout of the considered array. Main pargme_ters are

force. Hence, if the pressure difference is too high in théhe dlstancegi between the two systems and the main direction

hydraulic circuit, it can prevent any motion in the sys- of propagation of the waves.

Yy , p y Yy

tem. These effects were observed by [19] on a generic

heaving WEC and by [20] on the SEAREV WEC. ltwas 3 Results

even used by Falcao in [21] to phase control the motion

of a generic heaving WEC by tuning the hydraulic cir-3-1 Regular waves

cuit parameters to the sea state, but this was not tried in As we considered hydraulic PTOs, parameters of the

this study. hydraulic circuit need to be controlled and optimised in
order to adapt the PTO force to the level of wave en-
ergy in each state. There are many ways of doing so
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Figure 5: Transfer functions and capture width ratio of the first sys{ep figure) and of the second system (bottom figure) as a
function of pressure difference in the hydraulic circuit.

and one can refer to [22] for an exhaustive review ofthe wave amplitude was set equal to 1 m, the wave direc-
all of them. However, in this study, we preferred do-tion is 8 = 0° and the distance between the two buoys is
ing parametric studies of the influence of the pressur@0 m.

diffenceAp = (p— po) in the hydraulic circuit (which is One can see that the optimal value/qf depends on
the only PTO parameter in the model we considered) inthe period of the wave. For short wave periods, a small
stead of choosing a particular control for the PTO force Ap gives higher capture width than large ones and for
From the energy production point of view, this is not along wave periods, large pressure difference gives better
very satisfactory approach as an adequate control coukhergy production than small ones. However, one can
probably be able to improve the power absorption, but isee that the choice of the intermediate pressure differ-
was found to be sufficient regarding the aim of the pa-ence of 20 bars is a good compromise, as it leads to the
per, which is to to assess the influence of the distanceidest energy bandwidth, with, for almost all the wave

between two systems on the energy production. periods considered, only a small reduction in the energy
Figure (5) shows the results of such a parametrigroduction in comparison with the maximum achievable
study. Four pressure differences were considefgal==  with another pressure difference. Morevoer, it appears

10,20,30 and 40 bars. The top (respectively bottom) fig-that, for the same capture width ratio, the amplitude of
ure shows the amplitude of the motion and the captur¢éhe motion at the natural period is reduced by a factor 2,
width ratio of the first (respectively second) system aswhich leads to more realistic predicted amplitudes.
a function of the wave period. The capture width ratio Figure (6) shows the capture width ratio of each sys-
is defined as the ratio of the mean power extracted byem in the array as a function of the wave period. The
the system from to the waves divided by the wave powesame four pressure differences as before were considered
available in a wave front the widfh of the deviceR,. It  and, for each pressure difference, we plotted the results
is given by : for seven different distancekbetween each system. For
R, =B 1 an sake of cqmparisoq, we .also plotted on each graph t.he
8m capture width of a single isolated system. Notice that, in
wherepy, is the density of wateg is the gravityais the  these simulations, the wave amplitude was set equal to 1
wave amplitude and, is the wave period. m and the wave direction {8 = 0°.
_Inthis figure, each value of the mean absorbed power In this figure, in a general manner, one can observe
P is derived from the mean of the instanteous poweﬁha'[ the effect of the interactions on the capture width
(R = ApS|z|) of the hydraulic cylinder over the last two ratio are much stronger for the first body (which meets
thirds of a 400 s time domain simulation, in order to re-the wave first) than for the second one, especially when
move the effect of the transients. In these simulationsthe two systems are close and whep is large. This
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Figure 6: Capture width ratios of the first buoy (top figure) and of theosel buoy (bottom figure) as a function of the pressure
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is a quite surprising result, as one could have expected
that the main effect would have been a reduction of the
wave power in the wake of the second system and hence
a decrease in the absorbed power from the rear system.
Actually, it appears that it happens exactly the contrary,
with only a slight reduction of the power function for the
second system in comparison with the one of a single
isolated system, and all the perturbations on the first one.
One could notice that this result was already observed by
Child et al. in [11] in the same case of two interacting
cylinders.

Interactions between the two systems can lead to
higher or lower power absorption for the first system,S
depending both on the distance between the systems agg
on the pressure difference in the hydraulic circuit, but it
seems that it does not depend on the wave period. S
one can define a criterion to get a synthetic view of the
effect of the wave interaction on the power absorption.
In this study, we defined the criteri@ as the sum over
the wave periods of the difference between the mean ak
sorbed poweR by the system and the mean absorbed

powerRgaed Dy an isolated system divided by the sum %
of the mean absorbed powRg ateq : <
.'g

T = — g

Jr (R(T) — Psolatea(T)) dT g

QT Ty) = T e @ §

T Plsolated(T)dT

In figure (7), we plotted these criter@ andQ-, and
also a criteriorQ defined a®) = 2% as a function of
the ratiod/D of their distance divided by their diameters.

It appears that :

e As one could have expected, the wave interaction:
are the strongest when the two systems are close
One can also see that the larger the pressure, th
stronger the wave interactions effect is.

e The effect is not monotonous with the distance - as
one can see on the first graph that each 20 m in
crease in the distance leads to the opposite effec
than on the previous step on the first system - bui
it can probably be related with the ratio of the dis-
tance on the wavelength.

Capture width ratio

e The wave interactions decrease with the increasing
distance between the systems. For the first systerr
one can see that it can be neglected when the two

when the systems are well separated, wave interac-
tions lead to a reduction of the absorbed energy in
comparison with isolated systems. One could no-
tice that the reduction is rather small (about 3%),
but that is for an array composed of only two sys-
tems. When the array is composed of more systems,
one can expect that cumulative effects of wave en-
ergy reduction in the wake of front systems would
lead to a higher absorbed energy reduction.

In order to determine the part from the radiated wave
and the part from the diffracted wave in the effect of the
fbave interactions, we plotted on figure (8) a compari-
n of the capture width ratio of the first body when the
cond body is free and when it is fixed. In these sim-
ulations,Ap = 20 bars and the wave amplitude was set
gqual tolm.

Body 1 free - Body 2 free
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Period (s)
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a)gsvtveer\?esr a:‘roer fﬁgi;itgg db(¥er23r§y?[2rr:1 lgn(llir;rftoegl_gigure 8: Capture width ratios of the first buoy when the sec-
’ . . ! . ~ond buoy is free (top figure) and when it is fixed (bottom fig-

serve that the wave interactions effect remain Si9yre).

nificant for much longer distances. This could be

explained, maybe, by the fact that some part of the One can observe that the effect of the wave interac-

incident wave energy has been absorbed by the firdtons is reduced by a factor about two. Hence, it seems

system, but this would require more investigations.that radiation and diffraction contribute similarly to the

) ) _modification of the capture width ratio.
e For the whole array, wave interactions have a posi-

tive effect (more absorbed energy than two isolateds 2
systems) only in a few cases, mainly when the sys-
tems are close. Most of the time and particularly

Irregular waves

Figure (9) shows capture width ratios of the two in-
teracting systems in irregular waves. The Jonswap spec-
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trum was used for the synthesis of irregular waves, wit/d ~ Application to the SEAREYV device
asignificant height of 2 m, a frequency spreading param- Unlike the systems previously studied, the SEAREV

— —_ NO
etedr sedt_f(?qualttqw? 3f.3,ha Wavfe anglerz]equall '? — OM has a large width (30 m) facing the waves. Figure (11)
and a different et ot pnases for each simutation. Meéaw, .« 1he result of such calculations when the two sys-
absorbed powers have been F:omputed by averaging tl?gms are separated by a 40 m distance. For safety rea-
22%”5?::3?;552 ﬁ):%v;/i;sgi; E\éfnruar;issgggovsesatlge lc:) ?_éons such a configuration is unrealistic, but it shows in-
L mparisons, we P teresting results for the understanding of interaction phe
ted on this figure the capture width ratio of a single sys-

nomenons.
tem.
Several distances between the two bodies were cor
sidered. The same conclusions as in regular waves ce 1 — - ---- Front searev
be observed from these figures, i.e i i S Rear searev
§ llll —— Single system
e The closer the two systems, the stronger the wave _ *°[ i
interactions effects are. B[ iy
£06 l
e Wave interactions can have a positive effecton the 2 | L
absorbed power for the first system. For the seconc £ ' I > ' !
one, it seems to be systematically negative. ;% ' i ! ' : !.'. ,'\\
po |l |\
e Taking into account the scattering effect on each 0.2 .; \ _,".' \: _:' '\\
plot of these graphs due to the random phases se LA \_ v R " ,' .
in irregular waves, it seems that the positiveness oV L e T e
or negativeness effect of the wave interactions doe: 4 Period (s) 10

not depend on the wave period.

. Infigure (10), W? plott(_ad the criterigy, Qz andQ Qe- Figure 11: Capture width ratio of a 2-SEAREVS’ array. The
rived from these simulations in order to determine the.front SEAREV” meets the wave first. For comparison, the

overall effect of the wave interactions. Again, one cancapture width of a single SEAREV in the sea is also plotted.
observe that the results are very similar to those in reg-
ular waves : for the first system, the wave interactions The considered waves are regular, and their height
decrease with the distance, and the energy absorptidras been set to 2 m. As shown previously, the system
converges to the energy absorption of an isolated systemhich meets the wave first is the most influenced by in-
whereas for the second system, the effect of the wave irteractions. The rear SEAREV (which meets the wave
teractions is less oscillating and does not seem to vanish second) has a power peak at the same wave period
for the distances we considered. This leads to an abouats a SEAREV alone, which is not the case for the front
4% overall reduction of the energy absorption of the ar-SEAREV(which meets the wave first). For both systems
ray in comparison with the energy absorption of isolatedhe shape of the capture width ratio is strongly modified
systems. by a peak around a 5 s wave period, which is a 40 m wave
length, i.e the distance between the systems. This reveals
aresonance effect: waves radiated and reflected between
the two systems add their influences to incoming waves.
Q With a higher distance between the SEAREVS, this ef-
fect would have probably been lower.

More calculations are currently carried on to deter-

mine the influence of interactions in a two SEAREV

B\\ /i\ g o WECSs'’ array. They will be presented at the conference.

NN ——=

p-p,=10 bars
40 = Qi

20

%
=)

5 Conclusion

201 In this paper, we considered the effect of wave in-
teractions between two wave energy converters on their

respective capture widths. It was observed that :

-40

d/D . .
e The wave interactions are stronger when the sys-
tems are close.

Figure 10: Perturbations of the energy absorption by wave in- o The strongest effects appear on the front system, but

teractions in an array of two systems as a function of their di wave interactions effects decrease faster on this sys-

tance, in irregular waves. tem than on the rear one. Contrarily to the front sys-
tem, their effect is still noticeable on the rear system
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In these simulationg\p = 10 bars and the wave amplitude was set equal to 2 m.
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However, the arrays we considered here are very b i1]
sic.

even when the distance between them is longer than5] K. Budal and J. Falnesinteracting point absorbers with

14 diameters.

The wave interactions effects can lead to an in-

crease in the energy absorption in only a few cases.[6]

Most of the time, the energy absorbed by the array
is reduced in comparison with the one of isolated

systems. In the cases of energy increase, it is dug7]

to a substantial increase of the energy absorbed by
the front system, the energy absorbed by the second
system being always reduced.

When the systems are sufficiently separated, al- (8l

though noticeable, wave interactions effects are
rather low (about a few % of energy production).

In the case of the generic heaving WECsSs, the trend
of the wave interactions effect (positive/negative)
does not seem to depend on the wave period and

the same trends have been observed in regular arié0]

irregular waves. However, different results were
found in the case of the SEAREV WEC.

So, these results may not be the same when coni-

sidering a more realistic array, composed of many more

systems. This could have not been addressed in this pa-
per, because state of the art potential theory based code
are not numerically able to deal with many different sys-[12]

tems, due to numerical limitations (particularly related
with the storage of huge influence coefficients matrices).
This problem could be solved using more advanced tech-
niques, such as the Fast Multipole Method [23]. This

topic is on-going research in Ecole Centrale de Nantefl3]

and will be published in a forthcoming paper.
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