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I nfluence of spectrum spreading on the
SEAREV wave ener gy converter

J-C Gilloteaux, A Babarit, A.H Clément.
Laboratoire de Mécanique des fluides (CNRS UMR6598), Ecole Centrale de Nantes.
Nantes, France.

ABSTRACT. the most commonly used is the cosine power-model.

This paper describes how the production matrix of the SEAREV wave
energy device is modified by the directional spreading of the wave
spectrum and the resulting influence on the annual production at
given test site.

A cosine power '2s' function applied to Pierson-Moskowitz spectrum
is chosen to model the spreading. The linearized equations of the
device, including the motion of the internal pendulum wheel are
presented. Numerical results are presented for the power recovered b
the device in random sea. Influence of the sea state on the recovereu
energy was evaluated using an increasing spreading parameter. Wﬁigure 1: The SEAREV device
show that the results obtained when accounting for the spectrum ' )
spreading may be very different from those obtained when considering
a mono-directional wave train.

In our study, we have considered Yeu Island, on the French Atlantic
coast as a test site. This place can be considered like a case of fully
developed sea, in consequence the Pierson Moskowitz spectrum was
used. The significant wave height and the peak period were the only sea
states statistics available for this site in the meteorological data bases.
This data are not sufficient to simulate a real random sea accounting for
the effects of wave directional spreading. So, to model this effect, we
are chosen a numerical method implementing the cosine power-models.
This method uses a spreading paramstevhich corresponds to a
specific sea state in term of directional spreading. Generally the
spreading parameter should be estimated from measured data. There are
various oceanoaraphic and ceomorohologic bhenomena |_|Oweverseveral ways to do so. Cartwright (1963) represented the spreading

grap | _geomorphologic. p ) function into a Fourier series, Mitsuyasu et al (1975) showed that
most of the reported numerical simulations in wave energy only take h . .
. L ; maximum spreading parameter corresponding to the peak frequency of
into account a mono-directional wave train. Here, we want to show that - . ;

e . . ave spectrum can be determined from the nondimensional parameter
directional spreading may have a large influence on the mean annuaYVf hich is th i0 of h d ind d

roduction of wave energy converters (WECS) of wave age, which is the ratio of wave phase speed to wind speed.
P ' Goda (1965) recommended fervalue of 10 for wind waves, 25 for

The power recovered by our device was calculated by using three_swell with short decay and 75 for swell with long decay distance. Here

. . . . . : we have chosen to compute the recovered energy for 6 different values
dimensional linear time-domain program. This program was based on

- i . . 7 - fors.
linear theory using three-dimensional hydrodynamic coefficients and

excitaion forces computed by the seakeeping computer brogram In the following section we develop the complete set of equations
AQUAPLUS P y ping P prog governing the interacting motions of the floating device and the on-

board moving mass.

KEY WORDS : Wave energy; point absorber; spreading function;
Pierson Moskowitz spectrum; directional wave spectrum.

INTRODUCTION.

Directional spreading is a fundamental property of a random wave
field and is a key element for modelling the behaviour of a body
interacting with ocean waves. Information about the directional
distribution of wave energy is required for the proper prediction of

Several methods to simulate random waves with a spreading functionG
can be found in the related literature : the cosine power-models, the
wrapped-around Gaussian model, the Von Mises formula, the
hyperbolic type model, the double peak spreading model ; among them

OVERNING EQUATIONS

The SEAREV device, currently under development at Ecole Centrale
de Nantes, is a second generation WEC. It is a floating device,



compleely closed, featuring an embarked pendulum wheel. Under the M, K : the proper mass matrix and the stiffness matrix of the device
action of the waves, the floating hull and the internal pendulum start to respectively.

move, each one with its own motion. The relative motion between themKy : the matrix of hydrostatic stiffness.

is then used to drive a electrical generator via a hydraulic Power Take

Off (PTO) system. We @n note that the SEAREV device has two symmetry axes in the
vertical plane, so the equations of motion for the heave mode and the
Assumptions and notations. yaw mode are uncoupled from the others and do note contribute to

energy absorption in linear theory. So we will keep only in the future
The SEAREV device is assumed to have two vertical planes of Xg, Ya, ¢ .0, @ as unknowns in the forthcoming equations
symmetry. We assume that the axis of the internal cylinder, around
which it rotates, is perpendicular to the main symmetry plane of the The last two matricesM and K contain coupling terms between the
floating body. We assume that the mean direction of wave spectrum ispendulum and the floating body which are given by :
aligned with the plane of symmetry along the abscise direction Ox.

Under these assumptions, in a 3D incident wave train, the floating body m, + Mp 0
moves in surge, heave, swell, pitch, roll and yaw mode. 0 m, + M
b} 0 M = 0 I’Tb(|—d)...
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Figure2 : SEAREV notations. K=10 0 mpgd 0 0
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G of the floating body¢ the roll motion 0 the pitch motion|p the yaw
motion anda the relative motion between the floating body and the
inner pendulum. (the Power Take Off -PTO- system works this relative
motion a). Letm, the floating body masd,, its inertia, m, the inner
pendilum mass), its inertia. Letl=AP the distance between the center .
of rotation A of the inner pendulum and his own center of gravity P, expression:-B,;oa . S0 the external damping matrix B reads :
d=GA the distance between the center of gravity of the floating body
and the center of rotation of the pendulum. We assume the amplitude of

The matix B represents the energy absorption system. In this
simulation, the power take off is modelled by a simple linear damping
torque applied at the center of rotation of the cylinder. It is given by the

the waves and the resulting motion of the body to be sufficiently small 0000 0

to validate the classical linear theory approach. coo0o0 O

B={0 0 0 0O O

Equations. 0000 O
Xa: Yor Zs @ 0, v, o) the position vector. In linearized theory

and infrequency domain, one can write the equations of motion as :
In the frequency domain, the mean power absorbed by the device

—(M +Cy (w))vx? b during a wave period is given by :
(B Cal) e () p(w) =2 Brolvar( v’ @

With:: In the time domain, the equations of motion are given by :
Fex : the hydrodynamic excitation force due to the incoming and
diffracted wave. (
Cy : the added mass matrix. t .
C, : the hydrodynamic damping matrix resulting from the radiation of 'IOH (t-7)Z(r)dr-(K+Ky)Z
wavesby the body.
B : the external damping matrix

M +Cy (oo))i: Fux(t) - BZ
®)



Wherethe radiation forces have been written as a convolution product
according to the well-known Cummins’ decomposition. The mean

absorbed power over a time T is now given by : X=AX+C (8)
0 q¢T 2 With,
p:?j Beroa (t)dt (4)
0 I 0 0
0 lg O
Compuation of the hydrodynamic coefficient€,, Ca Fex are A=| 0 (M +Cy (oo))_l 0 —(K + KH) -B o
performed by using the frequency domain seakeeping computer code 0 0 | 0 a B
AQUADYN [6], and the computation of the memory functiéi(t) by d
usingthe time-domain seakeeping code ACHIL3D [5].
In time domain, a direct integration of the equation of motion (Eq. 3) Id 0 0 0
can be done by using a fourth order Runge-Kutta algorithm, for c=| o (|v| +Cy (oo))_l 0 Ftex
example, or, alternatively, it can first be transformed in order to remove 0
the convolution product by using Prony’s method. This method has 0 0 lq
been implemented by Daubisse [6] and further developed by Clément
[7] for the computation of impulse response of radiation forces. RANDOM SEA MODELLING.
This method compute couples of variables/;) defining the
following approximation of the real functihof the equatior : The basic premise of all parametric spreading function is that the single
peak directional spectrum is described by :
N;
|'mt
Hy ()= aym " (5) E(,6)=E(f).D(1,6) (9)
m=1

) . . , where D(f,f) is directional spectral density functiorg(f,) one
H beinga real function, eithera(, 5) are real, either they are compleX  gimensional energy spectral density functibif,6) angular spreading

and syptematically associated with their complex conjugates. So, if : functionf andé being the frequency and the direction.
t .
I (t)=jOHij (t-7)z(r)dr (6) Frequency spread.
the conputation of the convolution product in the equation 3 gives the To canpute an annual energy production, we needed a fully
following result : developed wave spectra which to its natural stability corresponds to a

sea developed over a long period of time. The energy spectrum model
w . used here is the Pierson Moskowitz spectrum, given by :
MZ(t)+BZ(t)+ 1(t)+ KZ(1) = Ry(1)

. . (7) A B
{t)=81(t)+az(t) E(f)z]csexp{—le} (10)
With, 62
with A= 113
Nig Nis 16 Tp4
D ht)+ D lst) -
m=1 m=1 B:——4
Loo(t) + ) 1oa(t)
m=1 m=1 and parameterised by the significant wave height &hd the peak
I(t): % %5: period T,
laa(t)+ ) _laalt) _—
) ) Directional spread.
N N
51| t) + 55| t The drection spreading function can be modeled using a variety of
Z 51(t) Z ss(t) parametric models (Pierson & al Cote & al , Longuet-Higgins & al,
m=1 =1

Donelan & al) [10]. Due to specifications of sites, no single model is
0 universally accepted. Here the angular spreading function used is the
. . cosine power ‘2s’ model describes as follows :

lim = Bjmljm (t) + 2jmZ ()

6-6,
X D(f,B)ZG(s)cogs[(zm)} 1)
Finally, if X =(z'Zz'1') is the new state vector including the

hydrodynamic states$, the generalized state equation of the system
becomes :

where,



22571 I‘z(s+l) Energy and power.
o r(2s+1)

G(s)
For a unidirectional wave system, the power transported per meter of

crest length is :

is defined such as

n Puvaiabie = P9 Col 1)E( 1) df (14)

[ o(t.6)06=1 :

- With Cy the group velocity ang,g repectively the volumic mass of
the flud and the gravity.

D(f,0) being the directional spreading functidrthe wave frequencyd

the wave direction.T" is the Gamma functiond,, the mean wind If we consider a directional spectrum, then this formula gives the
direcion and s the spreading parameter which is, a priori, a function of power being transported across a fixed circle of unit diameter. It was
frequency and wind speed. not exactly the goal of our study. So, we assumed that our device went

This spreading function was proposed by Longuet-Higgins & al. (1963). and stood naturally to the same direction of the primary wave |,
Here the value of the parameter ‘s’ controls directional spreading aroundconsequently the waves could spread out around the device
the mean wave direction symmetrically in relation to its direction (Figure 4).

After sampling by equal angular st&p and by equal frequency stap 0
the amplitude of each component of the wave of angular direétiand
frequencyf is given by :

a( f,0)=,/2E(f.6)AfA6 (12)

and one can synthesize a representative sample of the waves for a s "
state defined by the couple(§T,) by using : 2

N€ Nw
W.
1= 3 {2l e
i=1 j=1
(13)
wheren is the free surface elevation the circular frequency of thetlj-

wave component for one angular direction and phagese randomly
deternined.

- 72

THE TEST CASE SITE. Figure4 : Representation of wave direction in relation to the SEAREV

Geographic situation. device position.

Then the mean wave directi6p became equal to 0° in the equation 3.
We asumed that the waves distribution was overaagular range of
+90° aoundfp,, which is a relatively good assumption for the idealized
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T & Probability of angula distribution when s >5 (Figure 5).
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Figure 3 : Scatter diagram of the resource of Yeu island. s %
In our study, Yeu island, on the west coast of Franes, aensidered Al /f// - AN, \.\0 ~
as test case site. Two years of sea states statistics were available for th 100 " )0/2 100

site (Figure 3). Figure 5 : Idealized angular distribution.



Finally, we obtained the following relation :

7l 2

Pavailable =P9I df .[ Cy( f) E( f.8)coq8) B (15)
0 -ml2

o

To catulate the annual available energy of this site, one must weight
the available power for all possible sea states by their probability of
occurrence C given by the previous scatter diagram (Figure 3).

MEAN ANNUAL EXTRACTED POWER.

In linearized theory, the mean extracted power for a given sea state is

e

where he amplitudesa only depends on the sea state a(.wj) is

w

:lf)(wj)

p=

J

given by equation 4. Like in the previous section, to calculate the total
absorbed energy E over a full year, one must sum the power absorbe
for all possible sea states weighted by their probability of occurrence C
given by the previous scatter diagram (Figure 3). We have :

N
W W
E= ClHyaTy)x Y 1 —L.a| @7
S Selman) i) 04 | @
Hys Tp j=1

RESULTS.
Analytical study.

Analytical study has been realized on the available energy of a multi-
directional wave field. The infinite depth assumption was applied to Eq.

(15), and the spectral densiB(f ) was described in Eq. (10). The
equaton was then written as :

P*=410,3H¥?T, G(§ C § (18)

With,
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2,

The superscript means that the cosine function is positive.
Finally we had :

Q(s) cog® (g) co§d)dd (19)

P*=0,410H% 3T H(9 (20)

The behaviours of the function&(s) Q(s) and H(s), defined
previously,in relation with the spreading paramesare shown in the
figure 6. An energy loss of 10% was observed for values of s around

————— Gos) -
| Q(s) b
L His) -
-~
L -~
2 S —
L ~
~
o [ -
o135
c s P
[\ |
Y NN
aa

0.5 —

20 40 60 80 100

spreading index s

Figure 6 : Behavior o6, Q andH functions in relation ta.

We can conclude that spreading has not significant impact on the
available energy.

Gable 1. Influence of on thefunctionH(s).

S H(s)

5 0.83434
10 0.90910
30 0.95238
50 0.98039
100 0.99010

Numerical results.

The numerical results in the following are based on the floating body
SEAREV2595. Its width was 15.3 meters and its volume cubic root
was 11m. We must note that in this study, no body motion control was
applied on the relative motion of the inner pendulum.

We computed annual energy production with six values of the
spreading parameter s : 2 and 5 to represent wide distribution spectrum,
10 for the wind waves, 30 and 50 for different short crest waves and
100 to be near to the mono-directional case.

The table 2 compares the mean annual capture width and the energy
ratio for each value of the spreading parameter s. The capture width of
a device for a particular sea state was calculated as the absorbed power
resulting from the numerical simulation divided by the incident wave
power for that simulation. The capture ratio for a particular sea state
was calculated by the capture with divided bytbkime cubic root of
the device.

The results for the current case s=10 showed a capture width of 4,28m,
that means that the device absorbs around 39% of the energy passing
through its own width. The case near the mono-directional wave train,
s=100, presents a capture width of 4,65m and energy ratio of 42%.
These results show us a weak influence of the directional spectrum with
an absorption rate of a current sea state which just allows a benefit of
3% in relation to the idealized case of mono-directional wave train.

10. This loss becomes smaller and smaller while s becomes greater

(Table 1) and converges to 0.



Table2. Variations of mean annual capture width and absorbed energy university of Tokyo press
with spreading parameter
[5] Clément A.H (1999), “Using differential properties of the Green

Mean annual captu ] function in seakeeping computational codeBtoc. 7th Intern.
S width (m) Capture ratio. Conf. Numer. Ship Hydrod., 6(5):1-15.
2 3.22 29% [6] Daubisse J-C (1981), “Some results on approximation by
5 4.11 37,4% exponential series applied to hydrodynamicBtoc. 3¢ Intern.
10 4.08 38.9% Conf. Numer. Ship Hydrod.,Paris .
30 4.52 41.1% [7] Duclos G., Clément A.H, Chatry G. (2000), “Absorption of
50 4.59 41.7% outgoing waves in a numerical wave tank using a self adaptive
100 4.65 42.2% boundary condition“Int J. Offshore Polar Engng., vol. 11 n°3, pp

168-175

The figure 6 shows the influence of the spreading parameter on th

capture ratio e[6] Delhommeau, G., P. Ferrant, and M. Guilbaud (1992), “Calculation

and measurement of forces on a high speed vehicle in forced pitch

However, the effect of the directional spectrum is undeniable. We see and heave’Applied Ocean Resedrcl4(2):119-126

easily that more increases to s=100 and more capture ratio increases, p “ . . . .
so consequently more the sea state is near the mono-directional caég] . C'e.”.‘e”‘. AH (1995.)' Hydrodynamique _ instationnaire
identification de la fonction de GreenEgcole Centrale de Nantes,

and more the SEAREV device absorbs eneFgy.example, there is a . )
factor 1,4 between the extreme cases s=2 and s=100. We can notice that Technical Report 9501, 6(5) : 1-15.
the loss of energy between spreading parameter value is less importa

whens is more and more close to 100 %] Baron Riche de Prony (1795), “Essai expérimental et analytique sur

les lois de la dilatabilité des fluides élastiques et sur celles de la
45% force expansive de la vapeur de I'eau et de la vapeur de I'alcool a

. 40% - g différentes températureskcole polytechniquelcahier 3, pp 24-
2 35% - [*_’/,.k 76.
30% -

ig://:: [10] Tucker M.J., Pitt E.G (2001), “Waves in Ocean Engineering",
15% Elsevier Eds.

10% -
5% 1
0%

Capture ration (%

0 10 20 30 40 50 60 70 80 90 100
S
Figure4 : Variation of capture ratio with spreading parameter.

CONCLUSION.

The sudy of the available energy of a random sea in relation to the
spreading parameter s showed that the contribution of the spreading in
the formulation is negligible. The numerical results showed that we
can’t neglect the directional spectrum when we want to correctly
predict the mean annual recovered power of a WEC in extreme cases. It
is evident that a reliable estimation of the directional wave properties at
a site is necessary prerequisite to correctly predict the annual energy
production but a study like this present work can give some important
information about the effects of the directionality of the sea.
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