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Abstract Ag

Wave Energy Converters (WEC) are usually designef
to achieve maximum efficiency by impedance matchingy -
with the incoming waves. We first review the typical
features of a heaving buoy. One feature is that the buoy
must be large enough in order to resonate in the usual
frequency range of the sea waves. Another is that thg |ntroduction
frequency range of high efficiency is band-limited, as in . . .
many other devices based on impedance matching. In- From the hydrodynamic pers_pectlve, one of the Sim-
spired by the FO3 system being developed in Norwa)ples_t Wave Energy Converters is a buoy whose heaving
by Fred Olsen and ABB Associates, and the ManchestdfScillations in waves can be used to exract wave energy
Bobber from UK, we examine theoretically power ex- for electricity gene_ratlon or desall_na_mon. qu infinitesi
traction by a compact array of small buoys. It is shownmal waves the basic hydrodynamic information for such

that such systems have certain advantages over a Singﬁgvices can be obtained theoretically by existing numer-
large buoy. ical methods. In particular, for a vertical cylinder of cir-

cular cross section, the linearized problems of diffrac-
Keywords: Homogenization, linear hydrodynamics, wave en-tion and radiation have been solved by [1-3], while the

dimensionless coefficient of energy absorption rate.
ratio of absorbed energy to incoming energy

per unit crest length .

capture width.

small parameter & /h*.

dimensionless frequency.

ergy, water waves. apparent mass and radiation damping coefficients have
been calculated by [3]. Possible energy absorption has
Nomenclature been considered by [4]. Approximate theories [5-8]

Throughout this paper, physical variables and paramha"e been devoted to the collective effect of many buoys
eters are distinguished by asterisks, and their normalizednder the assumption of weak mutual interactions (i.e.
counter parts by the same letters without the asteriskdar from Bragg resonance [9, 10]). More comprehensive
All normalizations are defined when they first appear innumerical methods have also been developed to study

the text. the mutual interactions in diffraction and radiation prob-
X'.y",z'= dimensional coordinates, I[iT_si;\]/;t.hout accounting for energy extraction (See e.g.
t* = dimensional time. . .

h* = water depth. Thrge recent designs are not based on impedance
a*,H* = buoy radius and draft. matching. Each of them involves a compact ar-
d* = separation of buoys in a square array. ray of small buoys gathered on a large platform.
L* = total width of a strip array. One is the FO3 system initiated by Fred Olsen in
R* = radius of a circular array. Norway and being developed by ABB & Associates
f = area fraction covered by buoys. (http://www.abb.com/). The second is the Manch-
X,y,z = co-ordinates normalized Hy". ester Bobber system initiated by Peter Stansby in UK
4] = dimensionless velocity potential. (http://www.manchesterbobber.com/). In both systems

the platform is a square in plan form. The Wave Star, the

(© Proceedings of the 8th European Wave and Tidal Energy third system under development in Denmark, has only
Conference, Uppsala, Sweden, 2009
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Let us useh* to scale distances angh*/g* to scale
y* time, and introduce normalized variables and parameters
as follows,

1)

. (
n“=An, (=A%, ¢ =A"\/gh o,
kKh* =Kk, a"=h'a, H*=hH.

h*

stant,n* the free surface elevatiod," the vertical dis-
placement of the buoy arki the wave number of the
incoming wave.

Figure 1. Sketch of the system. Energy extractor is symbol-  The incoming wave is given by the following poten-
ized by the dashpot. tial:

two rows of small buoys lined along two sides of a long @ (X, t7) = Re{A"Z"(Z') exp(ik"x") } (2)
beam (http://www.WaveStarEnergy.com). In this articleyith
we summarize a theory relevant to both the FO3 and the 3)
Manchester Bobber. ~iw*  coshkth)

As a gage for assessing the V|rtues of thg cqmpaq.he frequency and wavenumber are related by the usual
array, wave power extraction by a single buoy is first re- ispersion relation
examined. We then outline an approximate analysis og
the interaction between an incoming wave and a com- (2 _ g*i* tani{k*h*) i.e. w?=ktanhk), (4)
pact array of small buoys. Numerical results for the two
systems are compared. A fuller theory of the compactvhere

ji etc., wherep* is the fluid densityg* the gravity con-

7(2) = g cosl’(k*(z*+h*)).

array will appear elsewhere [16]. . g*
o w'=w g (5)
2 Chara(?ter'suc f?atures of wave energy  |nyhat follows, all quantities are dimensionless, unless
extraction by a single buoy. otherwise specified. The symbol Re (real part of) will be

In this section we sketch the mathematical solutior®Mitted.
and present numerical results to reveal certain key fea- .
tures of wave power extraction. These features are the?'r2 Flow and buoy displacement
examined analytically to facilitate physical understand- Taking advantage of the cylindrical geometry, we ex-
ing. press the incoming wave potential as [18]

2.1 Non-dimensionalization @) =2(2) Z i Irn(kr) COS M), ©)
In this study, water is modeled as an inviscid and in- m=0

compressible fluid. The velocity field" is irrotational
and Eelateld to tﬁé potenti\;ﬁ* byl g* |: D(pl* vilhere(lp* is whereJy, is them" Bessel function andy, the Jacobi
Laplacian. It is well known that in the linearized frame- symbotl) (9%': 1 andén d: 2 VQ > 1). The total potential
work, the mathematical theory of wave-body interaction® ¢&N b€ decomposed as the sum

can be decomposed into three steps [17]. We first solve

the problem of scattering by fixed bodies, and then the P=A+ TR )

problem of radiation by body motion of unit amplitude. of the incident wavey, scatteredps and radiatedgs

Finally, the motion amplitude will be found by coupling \yave potentials. The latter two are expanded as Fourier
the two problems via the dynamics of the floating buoysgeries

The derivation of the equations governing the flow is
standard, and can be found in [17]. =) goém)(r, zjcogmo), =7 @ (r,2) cogme).

In order to keep numerical simulation as simple as m m
possible, we consider the buoy to be a vertical cylin-
der with radiusa* and draftH*. We also assume that By separation of variables, the amplitude functig®
the water depth is constant and equahto as shown andw&m) can be expressed as eigenfunction function ex-
in Fig. 1. Finally, we consider a monochromatic incom-pansions both outside and under the buoys. For example
ing plane wave of frequenay* and amplituded*, and  for r > a, we have
only look at the time harmonic response. The time factor
exp(—iwt*) will be omitted. " = > bamtm(r) fa(2), (C)

n

935



where the radial eigenfunctions are and the dimensionless restoring force is
Yom= Hr(nl>(kr>a Wnm(r) = Km(kar) forn>1, Fz= 2inw/aqoé0)(r, —H)rdr.
0

with H,%D being the Hankel functions of the first kind and
Km the Kelvin functions. The vertical eigenfunctions are

_ V2coshk(z+1))

Itis customary to decompose the restoring force into real
and imaginary parts

fo = . ktanhk = o?, (9) Fro=—Ag+iwzy,
\/ 1+ sintPk/ w?
whereAz is the heave damping coefficient apg the
f = V2cogk(2+1)) ktankn = — %, (10) heave added mass coefficient. The total hydrodynamic

\/ 1+ sir? kn/w27 - force applied to the buoy is then

wherek andk,, n=1,2,3,... are respectively the real Frydro = Ff —10{ Fzz + 8%, (18)
and imaginary solutions of the dimensionless dispersion
relation. Note in particular th&t= k*h* is just 2T times anc
the ratio of depth to wavelength, and increases monoton- Y.

Let the power extraction device exert a damping force
ically with the frequencyw according to the dispersion

where the last term is the hydrostatic force due to buoy-

. . on the buoy:
. <
relation. Under the buoy < a, we use instead Fin = i0'AL ", (19)
& =g+ Y BunPm(r)Fn(2), (11)  where); is the extraction rate. In dimensionless form
n we have
where the eigenfunctions are Fgen = iWAg{, (20)
Wom=r™ Wom = Im(Knf), N> 1, (12) \l;vhere the dimensionless extraction coefficient is defined
Yy
1 V2cogKn(z+ 1)) A .
Fo(2) = s B =—Fre——, (13) - /9
1-H VI-H Ag g\ (21)
with niT Applying Newton’s law to the buoy gives
. - 1-H ~Mw? = FP — Pl il (Ag+Ag) + 102 (22)
Matching the radial velocity and the pressure over the
cylindrical interfacer =a, —1 <z < —H leads to al- From (22) the buoy displacement is given by

gebraic equations for the expansion coefficidntsand
Bmm, as in [1] or [3]. These can then be solved numeri-
cally.

The exciting (diffraction) force on the stationary buoy

by the incident and scattered waves is, in physical varifrom the numerical solution of the scattering and ra-
ables, diation problems the dependency of the dimensionless

amplitude of the buoy’s displacement on the depth-to-
wavelength ratick = k*h* is plotted in Fig. 2.

FP
- a2 — WM + Uz) —iw(Ag+Az)

¢ (23)

FP" —ip w/ [Z* (—H*)Jo(Kr¥)
2.3 Energy extraction
+@ (R, @8) ¥

The rate of energy dissipated by the linear damper —
which follows by integrating Bernoulli's equation over i.€. the extracted energy — is given in dimensionless form

the buoy bottom. by
Note that only the isotropic mode corresponding to _
m= 0 results in a net heaving force on the buoy. Defining  E = E}\gm2|Z|2 (24)
the normalized vertical exciting for b
g (EiD y B } )‘ng‘FzD|2
FP" = p*g"h*?A*FP, (16) T 2(ma2— WM+ )2 + WP (Ag + Az)?

then It is related to the dimensional extracted power by

—iw / H)do(kr) + @ (r,—H) ) r o (17) E' — o' 92g P E, (25)

Similarly, the restoring force due to the buoy motion Conditions for maximum energy extraction are (i) reso-
is normalized according to: nance ,
ma” — w (M + =0, 26
EFX — P*h*5/29*71/2F227 ( “ZZ) ( )
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0 1 2 3 4 5 0 1 2 3 4 5
k=k'h* k=k*h*
Figure 2: Normalized amplitude of the buoy displacement for Figure 3: Energy extraction and buoy movement for three dif-
three buoys. The buoy dréaft is assumed to be the same as theferent sizes of buoys with=H. The dimensionless energy ex-
radiusa. The energy extraction rai is chosen to be a con- traction rateAq is constant and chosen such that the energy ex-

stant such that the energy extraction is maximum at resenanctraction is maximum at resonance, and the valua efa* /h*
Three buoys o& = a*/h* = 0.17,0.27,0.43 are shown. is indicated next to the curves.

and (ii) that the extraction rate equals the radiation damp- 1
ing rate

Therefore it is best to choose the buoy size so that the
resonance frequency coincides with the peak frequency
of the incoming sea spectrum. It is known analytically X 06f
that the maximum power that can be extracted from a T
buoy with only one degree of freedom (heave) is equal X\ o0.4}
to the energy influx across one wave length of the crest =~
(See [175(8.9.3)]) which is, in dimensionless form:

0.2t
B = 22, (28)
2k 0
0 . 2
whereCy is the group velocity of the incoming wave. We ka = k*a*

can define the capture widt#" such that the extracted _ _ _
energy equals the energy influx across that portion of th&igure 4: Capture widths for three single buoys of differ-

incident wave front. This leads to ent radius (solid line:a(= a*/h*) = 0.17, dashed linea(=
a*/h*) = .27, dash-dotted lina(= a*/h*) = 0.43.). For all
E buoys,a=H.
Emax the physical and added mass) balances the hydrostatic
K Agw?|FP|2 buoyancy force (as all other terms are slowly varying).

== 5 53 5. (29)  Strictly speaking the added mags is a function of the
Co @Azt Ag)® + (1% — 2 (M + 1) buoy size and frequency. Assuming that it is at most of
Fig. 3 shows the computed dependency of the capturéhe order of the physical mass (i.kl + Lz = aM with
width with the depth-to-wavelength ratio a = O(1)) which is proportional t@®, and that the draft
of the buoy is of the order of its radius, (26) gives
2.4 General features

1
To understand the numerical results better, let us now w,% =0 (5> , (30)
examine in more detail the characteristic features of en-
ergy extraction, and provide approximate estimates foyhich implies
small buoys. kna= O(1) (31)
2.4.1 Resonant frequency because of (4). This estimate is confirmed by numerical

L results shown in Fig. 4.
It can be seen in Figs. 2 and 3 that as the resokant

denoted by, increases (hence the resqnantwavelengtIQA_z Bandwidth

decreases and the resonant frequesgyincreases) as ) )

the size of the buoy decreases. We see in (29) that res- Recall that at resonance, the dimensionless capture
onance occurs when the total effective inertia (due tgVidth is unity. Assuming again thd’, Az, Kz and
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At resonance, we have just shown that= O(a™1),
wn = O(a%2), Gy, = O(a"/?), ky# =1 andA =
O(a%?). It follows that

(| =0(1). (38)

This shows that the heave amplitude at resonance is in-
dependent of the size of the buoy. It is again confirmed

by numerical results shown in Fig. 2. The heave velocity

however increases wittay therefore as /2.

25 Summary

10 10 For convenience we summarize below the follow-
a ing characteristics of wave energy extraction by a single

Figure 5. Radiation damping coefficient at resonance. Solidbuoy:

line: numerical computation. Dashed line: analyticalraate e The maximum capture width is 1 for any buoy size

Ay 0 a2 :

e The frequency at which this maximum occurs satis-
fies the order equalityya = O(1). Thus the wave-
length is of the order of the buoys radius. In prac-
tical terms, only a large buoy with a size 1/6 of a

wavelength can be resonated.

%wz do not have sharp variations around resonance,
we can consider in a first approximation that the capture
width is approximately

2
N € ) o |
mat (1— aaw?)“+ A2 e The bandwidth increases as the size of the buoy
decreases. This might suggest a potential advan-
where tage of small buoys. Note however it is impossible
N=2(AzW)|4g, - (33) to have both a low resonant frequency and a wide

bandwidth, without adding controlling devices of

Estimatingk ~ w? and solving for the val h
stimating% = o and solving for evauekf/z sue the power-takeoff system. (See e.g. [19, 20]).

that the capture width drops to half its maximum, i.e.,

KY | =1/2, 34) 3 Waveenergy extraction by acompact ar-
12 ray
we get 5 As explained in the previous section, a single buoy
+ BN (35) has some limitations for energy extraction. Inspired by
12 armad recent developments in Norway and UK, we now turn to
The bandwidth of the resonant peak can be approximatettie study of an array of small buoys mounted tightly on
by a large rig. In this section, we shall consider a square
M=K —k =2 A . array, as shown in Fig. 6. A new length, represent-
Y2 127 Tqrmas ing the separation between the centers of adjacent buoys,
From numerical computations we find that the radiatiorcharacterizes the array.
coefficient varies with the buoy size according to dr 2a"
Az = 0(@"%), (36) = 8 s =
as shown in Fig. 5. Using (30), we git= O(a?) so that H* +
Ac=0(a?), or  Aa=0(1). (37)
Thus ifk# is plotted againska, the bandwidth of the

capture width, remains approximately constant. This
is indeed confirmed by the computed results shown in
Fig. 4. h*

2.4.3 Heave amplitude

Recall that the capture width is given by Figure 6. A compact array of small buoys

Ky = CﬁngAgW.
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3.1 Averaged governing equations expresses the effect of the energy absorber. For circular

: .cylinders in a square arrag; < d*/2, hence < f < 7.
We shall assume that the sea depth and the dimensidif Conditions inside the fluid volume and on the seabed

of the rig are comparable to the incident wavelength. .
Then two sharply different length scales are present hemain unchanged, namely
the problem. First is the macro-scale_ given b_y the wa- =0, —1<z<O0, (44)

ter depth or the wave length. Next is the micro-scale

characterized by the size of the buoy which is compaand

rable to the spacing between buoys. As in many two- ‘9_(»0 -0 -1 (45)
scale problems, it is useful to average over the micro- 0z ’ '

scale to get the effective equation on the macro-scale. Once the macro-scale variation of the velocity poten-
For a periodic micro-geometry, the systematic theory otial is found, the buoy displacement is given by
homogenization, or the perturbation method of multiple

scales, can be applied. Briefly, in addition to the di- { =iwFo(w) ¢l,_o- (46)
mensionless macro-scale coordinates defined as beforE: . . . . .
(x',y*,2') = h*(x,y,2), we introduce the set of micro- or simple harmonic progressive waves the dispersion

scale coordinates, denoted by primes, relation is complex
Xy 2) = a (K.Y, 2). (39) w? (f.Z(w) + (1— f)) = ktanhk), (47)

thus the eigenvaludsandk,,n=1,2,3,... as well as
the associated vertical eigenfunctions are also complex
_ _a (see [16]).
(x%.2) =u(x.y.7), where p= < 1 (40 The boundary condition (41) is the key result of the
is the key parameter of our study. The time scale, give'presgnF theory . . L
It is instructive to give a more physical and heuristic

by the incoming wave, is the same agih We next ap- vati foll Consid b Th
ply the method of multiple scales to derive equationsthagenva lon, as foflows. L-onsider one smat buoy. The
inematic and dynamic conditions coupling the motions

will reflect the micro-scale geometry in a set of modified L . i
equations for the macro-scale (See e.g. [9, 10] for apgf water and the buoy are, in dimensional form:
plications of this method to other water wave scattering dg- AT

problems). Details involve the solution of micro-scale a7 ot (48)
boundary value problems in a unit cell. At the leading
order the cell problem is homogeneous hence the pote@nd
tial depends only on the macro coordinatgsy,z) but

The two coordinate systems are related by

27%
not on the micro coordinaté®’,y'Z). At the next order M* o 52 —
the cell problem is inhomogeneous, The solvability con- ot
d?t@on leads to the effective equation_anc_i boundary con- pg" ma*2g* — A o p*na*20<¢*> (49)
ditions on the macro-scale. The derivation of the equa- ot* ot*
tions is presented fully in [16]; only the key results are

ited h where); is the dimensional extraction rate afl de-
cited here. notes the spatial average over the bottom of the buoy.

At the bottom of the buoy, the heave V(?lOC'ty MUStEq e small buoys both conditions can be approximately
equal the water velocity. Due to the small size, the buo)épplied on the mean sea lewl= 0, and as the typical

inertia is relatively small and negligible. The forces ONg ale ofg" is much larger than the size of the buog;)

the buoy are dominated by the hydrodynamic pressurg. . pe replaced by" in (49). The two conditions can
force, buoyancy restoring force and the reaction forcqhen be combined to one:

from the extractor. From these two conditions (kine-
_matic and dynamic) the buoy displacgrnent can l:_)e elim- 92 2 .0\ 0
inated so that one macro-scale condition is obtained for - tpPgm +)\g ) a7

M* +
: . ot
the velocity potential on the buoy-covered surface,

2 ok

. pna*z‘;tf’z —0. (50)

99 P+ f(Fo-1]e=0, z=0,| (41) . -

9z For simple harmonic motion (41) becomes
where M*(A)*z—i-lA*(A)* o 42

fina*z_rtaz 42 - ai_w—*q’* 0. (31)
T (42) prgrTa 0z g
Is the area fraction of solid, or theacking ratio, d = The above condition is appliedzt= 0. By Archimedis
d*/h*is the dimensionless spacing and principleM* = p*ma*?H* whereH* is the small draft.
o 1 1if no energy absorber is present, (41) can be used to moa#y fre
Fo(w) = 1-iAgw (43) floating ice floes.
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Qv-—-—-—-—-—-—-gw 1
| I 1l 0sl
0.5
- L — Ln > 0.6
Figure 7: Cross section of an infinitely long array of finite o !
width. o4r 01
. . . 0.2F
The ratioM*w*?/(p*g*ma*?) = w*?H* /g* = O(u) is 5
small, hence buoy inertia is negligible to the first order
of approximation. Recalling the definition of the dimen- % 2 4 6 ) 10
sionless extraction coefficient we rewrite (51) in dimen- k=Kk"h*
sionless form, (a) Effects of extraction rate fdr= 1.
oQ w? | ‘
— ———>—¢=0, z=0, 52
Jz 1- |)\gw(p (52)

under each buoy. Over the free surface not occupied by
buoys the condition is well known

—(p—wzq):o, z=0. (53)

Let f be the area fraction of the free surface covered by
buoys, then the averaged free surface condition is

0 2 2 6 8 10
(l—f)(d—(p—wz(p)—i- k=kh*
(b) Effects of total array width fodg = 0.5.

2
(a—(p—“.)i@:o, G4 N
Jz 1-— |)\gm Figure 8: Variation of the extraction efficiency of a long array
of finite width with (a) the extraction ratkg for a given array
which leads to (41). width and (b) the array width for a givenAg. Values of the
Let us now present results in two cases. varying parameter are indicated by numbers next to eaclecurv

The packing ratio if = 0.2.

32 Striparray optimal width of a strip-array based on efficiency and

We first consider a strip arrdyof total widthL as  construction costs.
shown in Fig. 7, with its edges parallel to the crests of In general scattering is significant, hence the maxi-
incoming plane waves. For simplicity, we assume themum efficiency of energy extraction is somewhat lower
array forms an infinitely long strip in the direction @f  than that a large beam-sea device such as a Salter’s duck
Imposing the continuity of mass flux and pressure at thésee [23]).
edges of the array, we can solve analytically for the po-
tential in and outside the array using eigenfunction ex3.3 Circular array
pansions (as in [1] and see [21, 22] for details about the
effect of (41)). LetR andT denote the reflection and
transmission coefficients respectively. Th&nthe ratio
of power absorption rate to the incoming power flux per
unit crest length, is found by energy conservation

We now consider a large number of buoys gathered
inside a circle of radiuRk, as shown in Fig. 9. This
geometry is amenable to analytical solution, unlike the
square rigs in current designs of FO3 and Manchester
Bobber. The problem is very similar to that of a single
&=1-[TP-|R? (55) buoy of circular cross section, and can be treated with
’ similar mathematical technique. Once the velocity po-
which measures the efficiency of power extraction.t€ntial is obtained, the absorbed power can be evaluated

Computed results are shown in Fig. 8. Note in Fig. 8(b)either from the far field wave amplitude or from the buoy
that largerL leads to a higher efficiency. Note also thatdisplacement. Energy is normalized in the same way as
the gain of& by using a wider array is the most im- N 82 _ _
portant at low frequency. For a given sea spectrum at Sample results of the capture widths are shown in In

a specific site, such information can help determine th&i9- 10 for two outer radiR = R*/h*. Similar to a large
single buoy, a larger circular array yields more energy at

2Due to our assumptions this analysis does not apply to theeWav | gy frequency, and there exists an optimal value for the
Star system which has only a few rows of small buoys.
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Figure9: A circular array of energy-absorbing buoys. 20

0.5

damping rate. We have also examined the ratio 1

15+ 01
E=W|2R=W"|2R (56) :

as an alternative measure of efficiency. Itis found thata %

circular array never absorbs more energy than what en- |

ters across a diameter of the array. Plots are omitted here. §
In Fig. 11 we compare the capture widtkg” for

three circular arrays with three single buoys. The arrays

have the overall radii oR* = (0.5,1,2)h*. The draft of

each single buoy is assumed to be the same as its radius 0 ‘ ‘ ‘ ‘

a;, and is chosen so as to have the same total volume as 0 1 2k b 3 4 5

all the small buoys in the comparison array of overall ra- e

diusR*. The draft of a small buoy isl*. In normalized (O)R(=R'/h") =5

form thegvolume of a single buoy of radiag and dra?.ft . Figure 10: Dependence of capture width on the extraction rate
ap is 1, and the total volume of the buoys in a rig is Ag Whose values are indicated next to the curves. The packing
fR?H. Equating the two we get, = (fRPH)Y3. In  ratioisf = 0.2.
Fig. 11 we display the capture widths for three values of
a, = 0.17,0,27,0.43. It is clear that the compact array
is hydrodynamically very promising since it can extract 5 \ \ \ 7
much more energy than a single buoy of equal volume,
and with a much larger bandwidth.

The results above give theoretical confirmation of the
enthusiasm expressed by the FO3 and Manchester Bob

ber teams. N3
X
. Il

4 Conclusion s2

Through simple models, we have derived the charac-
teristic features of wave energy extraction, first for a sin-
gle buoys of arbitrary size and then for a compact array
made of a large number of small buoys. In the latter case,
we have taken advantage of the two contrasting length 0
scales to avoid extensive numerical work. Instead, we
have proposed an asymptotic approximation and gained
physical insight with minor computational effort. We Figure 11: Capture widths of a circular arrays of small buoys
have shown that gathering small point absorbers closgf radi R =R*/h* =051,2, f =02 andA = 05 are
to each other leads to an increase in the number of dé_hown by dashed curves. Their d|m§n3|onless drafts are the
grees of freedom of the device and can be advantageOLFé"}me: H =H"/h" =1/10. Capture W'dt.h of large buoys of
For the same amount of material much higher energy e fadi a, and drafta, are shown by SOI'q ourves, fa, =

) _ X[tR2H /d)%/3 = 0.17,0.27,0.43. For the single buoys the ex-
traction over a broad frequency band can be achieved. 5 ion rate is chosen to be the optimum at the peak.

Additional technical challenges remain, of course.

For example, can the rate of energy extraction from each
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buoy be separately controlled to increase the overall ef-[9] Y. Liand C.C. Mei. Multiple resonant scattering of water
ficiency? To what extent does the platform movement waves by a two-dimensional array of vertical cylinders:
influence energy extraction? What is the power potential ~ Linear aspectsPhys. Rev. E, 76(016302), 2007.
ofdo;ens or hundreds O.f these platforms.ir? alarge .array[’io] Y. Li and C.C. Mei. Bragg scattering by a line array
Mooring Syst(_am_s, nonlinear effects of flnlte-amplltude of small cylinders in a waveguide. part 1. linear aspects.
waves and frictional loss due to flow separation must  jo,rnal of Fluid Mechanics, 583(-1):161-187, 2007.

all be considered for more comprehensive mathematical

modeling of actual designs. These and the questions ¢#1] C. M. Linton and D. V. Evans. The interaction of waves
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