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Analytical and physical modelling of a
quayside Wave Energy Converter (WEC) and
study of its impact on overtopping

Sixtine Neuvéglise, Gaéle Perret, Hassan Smaoui, Frangois Marin and Philippe Sergent

Abstract—This paper considers the behaviour of a Wave
Energy Converter (WEC) placed in front of a vertical sea
wall. The aim of this work is twofold: study the effect of the
Power Take Off (PTO) on a WEC behaviour and quantify
the impact of the system on overtopping. The WEC is
composed of a rectangular floater in heave motion and of a
linear damper representing the PTO. In order to study the
WEC motion amplitude and the overtopping, experimental
results are compared with a linear analytical model based
on potential flow theory. Concerning the analytical model,
the WEC motion equation is expressed using hydrody-
namic coefficients where added mass, damping and exci-
tation force are solved using the eigenfunction matching
method. The analytical overtopping is calculated using
the wave elevation above the sea wall. Comparing both
models, several results are highlighted. In the presence of
the PTO, the analytical model is in good accordance with
the experimental model. Moreover, the maximum efficiency
obtained using experimental results is superior to 30%. It
is reminded that no optimization was performed on the
system dimensions. Finally, it is shown that the presence
of the WEC can reduce the wave overtopping. On the other
hand, the presence of the PTO does not much affect the
overtopping. Results also show that the major parameters
influencing the overtopping are the wave length, the toe
clearance and the WEC draft.

Index Terms—Analytical modelling, physical modelling,
quayside WEC, wave energy
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ANY technologies of Wave Energy Converters

(WEC) have been developed (for a complete
description of the systems see [1]-[3]). WEC can be
classified according to their technologies [4] but also
according to their distance to the shore as offshore,
nearshore or quayside systems. In order to reduce
construction and maintenance costs, nearshore and
quayside systems have been developed [5]. In this
context, the present study is focused on quayside
point absorber system. The problem is simplified by
considering a rectangular WEC, moving in a heave
motion along a vertical wall breakwater. The Power
Take Off (PTO) of the WEC is represented by a linear
damper [6].

Study a WEC behaviour can be realized by using
different models as experimental, numerical or ana-
lytical models. Let us focus on analytical models. A
first linear model has been developed by Andersen
and Wuzhou [7] using the Green function and eigen-
functions to calculate the motion equation parameters
of a floating buoy. Some years later, simplified for-
mulae have been proposed by Drimer, Agnon and
Stiassnie [8] to calculate the added mass and the
damping. Based on those results, Zheng, You and
Shen [9] proposed a linear analytical model able to
calculate the hydrodynamic coefficients of a floating
buoy based on the eigenfunction matching method.
Following Zheng, You and Shen [9], Zheng et al. [10]
enhanced the model by adding a sidewall beside a
rectangular floater. More recently, a cylindrical floater
has been considered in a 3D configuration ( [11], [12]).
Mavrakos et. al. [13] also studied the hydrodynamic
characteristics of an array of cylindrical floaters in front
of a vertical dike. Penalba, Kelly and Ringwood [14]
proposed an analytical model based on the Boundary
Element Method (BEM). The model NEMOH solves
a floater behaviour by calculating the hydrodynamic
coefficients based on the Green function resolution and
a BEM formulation [15]. Roessling and Ringwood [16]
compared NEMOH to the similar model WAMIT (http:
//www.wamit.com). They show that similar values
of the radiated coefficients are obtained with the two
models in the case of a heaving cylinder.

Due to the presence of nearshore or quayside sys-
tems, the coastal environment may be affected. In
particular, Zanuttigh and Angelelli [17] proposed to
use WECs to reduce the incident waves. Moreover,
Stratigaki [18] outlined that incident wave attenuation
and wave power reduction are affected by a WEC farm
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Fig. 1. Scheme of the system

positively of negatively. Mendoza et al. [19] studied
the WEC behaviour acting as a coastal defence, using
numerical simulations. Different methods can be used
to estimate the overtopping. De Waal and Van Der
Meer [20] proposed equations to calculate overtopping
of different types of dike and breakwater. From these
formulae, EurOtop 2016 [21] proposed safety design
rules to avoid overtopping. In addition, Shao et al. [22]
and Goda [23] proposed to use respectively numerical
and experimental models to estimate overtopping.

This study has two main objectives. Firstly, the be-
haviour of the quayside point absorber and its effi-
ciency are considered. Regular and irregular waves are
used. Thereafter, the WEC impact on sea wall overtop-
ping is analysed. Comparison between experimental
and analytical models is used in order to understand
the main parameters impacting the WEC behaviour
and the overtopping.

First of all experimental and analytical models are
described in sections 2 and 3, respectively. Section 4 is
devoted to the study of the WEC behaviour and to its
efficiency. The WEC impact on overtopping quantifi-
cations is presented in the following section 5. Finally
conclusions and perspectives are given in section 6.

II. EXPERIMENTAL MODEL
A. Device description

The studied system is composed of a rectangular
WEC oscillating in heave motion, along a vertical wall
breakwater. The system is represented in Fig. 1, where
21 is the floater width, I" the draft, H; the floater height
and Hy — I represents the air draft of the floater. The
water depth is denoted h, the toe clearance D and R,
represents the crest free board of the sea wall. In order
to consider a bidimensionnal configuration, the floater
fills almost the whole width of the flume : a gap of
0.5 mm exists between each extremity of the floater
and the flume walls. Two vertical spikes maintain the
WEC near the sea wall and allow the system to move
only in heave motion.

Experimental tests are performed at Le Havre Nor-
mandie University in a 34 m long, 0.90 m wide and
1.2 m high wave flume. A picture of the experimental
device is given in Fig. 2. Active wave absorption is
used for all tests in order to limit the standing waves in
the flume. The incident and reflected waves amplitudes

Fig. 2. Picture of one of the experimental device, withI' = 0.15 m,
I = 015m, Hf = 040mand D = 0.0l m

Fig. 3. Picture of the PTO fixed between the WEC and a fixed point

are calculated using the method developed by Mansard
and Funke [24] and Goda and Suzuki [25] for regular
and irregular waves, respectively, using four resistive
probes. The closer probe is placed at 2.24 m from the
WEC. The maximum uncertainty on wave amplitude
measurement is about + 1 mm. A CCD camera (Basler
aca2040) tracks a target painted on the side of the
WEC in order to measure its vertical position Z. Image
analysis was performed using the MATLAB ‘image
processing” module. The maximum uncertainty on the
WEC motion does not exceed 1 mm, leading to a
maximum relative error of 3%.

The effects of the Power Take Off (PTO) on the
WEC behaviour are represented by a linear adjustable
damper. During a test, one extremity of the damper
is fixed to the upper part of the WEC and the other
extremity to a fixed point (Fig. 3). The damper has a
maximum stroke of 250 mm and can deliver from 30 N
to 3000 N. Two dampers HD 28/250 from Slam Proof
Ltd are used, whose damping are adjusted at two dif-
ferent values. The damper with the lower damping is
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Fig. 4. Calibration curves for the two dampers for different wave
periods (regular waves only)

called PTO A and the second with the higher damping
is called PTO B. In order to characterize the dampers, a
calibration is performed to obtain the relation between
the displacement velocity and the damper force. The
calibration table is composed of an electric damper
(imposing a velocity thanks to the computer controls)
and of a force sensor. In regular waves, sinusoidal ve-
locities are imposed to the damper where the velocity
amplitude corresponds to the mean measured velocity
amplitude of the WEC at a given wave period T'. Note
that in irregular waves, the WEC velocity corresponds
to the time derivative of the WEC position obtained by
the camera during an experimental test.

The force values obtained at different periods 1" are
plotted as a function of the damper velocity in Fig. 4 for
regular waves. Two main results are observed. Firstly,
the relation between the damping force and velocity
is linear. Indeed, no hysteresis losses are observed in
Fig. 4. Thus the relation between the damping force
and the displacement velocity can be expressed fol-
lowing (1), where Bpro is the slope of the calibration
curves (representing the PTO coefficient) and Z is the
displacement speed of the WEC in regular waves.

Fpro(t) = BproZ(t) 1)

Secondly, the slope Bpro is increased for the smallest
values of the wave period. Indeed, according to Fig. 5
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Fig. 5. Values of the Bpro for PTO A and PTO B for all tested
wave conditions (regular waves only)

where Bpro is plotted as a function of the wave
period, values of the Bpro are constant for 7' > 1.7 s.
For T < 1.7 s, values of the PTO coefficient Bpro are
strongly increased.

B. Experimental test conditions

Experimental tests are performed using regular and
irregular wave conditions. In regular conditions, two
WEC are tested whose dimensions and corresponding
wave conditions are described in Table I. The floater 1
has the higher draft and is tested at one water depth.
The floater 2 is larger than floater 1 but has a smaller
draft. Tests realized with this floater are performed for
different water depths. The incident wave height is
equal to H; = 0.05 m and the toe clearance is fixed at
D = 0.01 m. Experimental tests are performed without
PTO, with PTOA and PTOB successively for the two
floaters.

WEC dimensions Regular wave conditions
l T D H; w (rad/s) PTO h
m) () (m) | (m) (m)
1 005 025 001 | 005 541, 487, without,0.6
442, 3.74, PTOA,
3.04, 270, PTOB
2.03, 1.87
2 015 015 0.01 | 0.05 541, 442, without, 04,
3.74, 324, PTOA, 05,
2.86, 256, PTOB 0.6
2.32
TABLE I

WEC DIMENSIONS AND REGULAR WAVE CONDITIONS.

The irregular waves are modelled using the Jonswap
spectrum following (2) to (4), where S(f) is the wave
spectrum according to Hasselmann et al. [26], Hyo
represents the significant wave height and w,, the
spectrum peak frequency. The coefficient « is fixed at
the value v = 3.3 according to Michard et al. [27].

f e ((10)) 3 (H))

. 2
S(f) - a2ﬂ_pf5 HmOe (2)
H2
with a defined with m, = / S(f)df = fgo (3)
andif f <™ 5 =007 nor f>2" 5=0.09 (4)
2 27
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The wave conditions used in irregular waves are in-
spired from an application site located in Esquibien in
France according to Michard et al. [27] (see Table II). In
irregular waves the floater 2 has been tested, located
at a distance D = 0.01 m from the sea wall, at a water
depth h = 0.4 m and with PTOA only.

wm, (rad/s)
540 442 374 325 286 256
— 0017 | X X ; ; ; -
E 0050 | x X X X . .
£ 0083 | X X X X X X
= om7 | - X X X X .
0183 | - - - X . .
TABLE II

IRREGULAR WAVE CONDITIONS. X DENOTES A REALIZED TEST
WHEREAS — MEANS THAT NO EXPERIMENT WAS PERFORMED AT
THESE CONDITIONS.

In irregular waves the power and the efficiency of
the WEC are expressed. The instantaneous power and
the mean power of the WEC are calculated according
to (5) and (6), respectively.

Pns = —FproZ @)
P = 2| FproZdt (6)
271— 0

Finally the efficiency of the WEC r is defined as the
mean power of the WEC P divided by the mean power
of the irregular waves P}, as defined by (7).

2
. — pgc . 5 2m
th P,=—"H,—

» Wi h T 3o "0 o

(7)

| =

C. Experimental overtopping

The overtopping has been quantified according to
physical tests. The water overtopping the sea wall is
collected in a tank placed behind the sea wall, where
two pumps with volume counters are installed. The
measured overtopping quantities are directly rejected
in the flume (in the calm water zone, behind the sea
wall), such that the water level in the flume is not
modified. The volume is collected over 300 waves
for each test. Measurements of the overtopping are
realised twice. The first measurements are performed
in the presence of the WEC and the second without the
WEC. Finally the water volume ratio overtopping the
sea wall with and without the WEC AV is expressed
in (8) with Vg,,. and Vg, respectively the overtopping
volume with and without the WEC.

VE
A — 'WEC 8
V Ve (8)

Thus if the WEC contributes to the reduction of the
overtopping quantifications, we must have AV < 1

III. ANALYTICAL MODEL

The WEC is considered to be bidimensionnal (x,z
plane) with a mass m defined by m = 2plI', where
p is the water density. The origin of the coordinate
system is located at the free surface in calm water
conditions. The z-axis is oriented in the upper direction

and the x-axis is in the incident waves direction (Fig. 1).
The only degree of freedom of the WEC is in heave
motion (along z-axis). The system is virtually separated
in three zones: zone 1 is located between the sea wall
and the WEC, zone 2 is under the WEC, and zone 3
is the wave inlet zone (Fig. 1). Only regular waves are
modelled analytically.

D. Potential flow theory

For the analytical model, potential flow theory is
used. According to the fundamental principle of dy-
namics, the floater motion is defined using (9) where
Z(t) is the vertical position of the floater, g the gravity
acceleration and F the hydrodynamic forces according
to Pecher and Kofoed [28].

mZ(t) = —mg+ Fs+ Fpro 9)

For a potential flow, the relative pressure is expressed
using the Bernoulli’s equation (10), where ® represents
the velocity potential.

0o 1
—pgZ — p— — =p(VP)? 1
P9Z = pgr = 5P(V2) (10)
Considering only the first order terms to remove non-

linear terms, (10) can be written following (11).

oo
s (11)

p =

p =

Integrating the pressure in (11) over the wet surface of
the floater S, enable to obtain the forces acting on the
WEC (12).

®
Fsg = —pg/ZdS—p/ 8—d5 (12)
The first part of (12) represents the hydrostatic forces
acting on the WEC and are written in (13), where Z(¢)
is the gravity center position of the WEC.
I = —pg/ ZdS (13)
s
Considering small amplitude oscillations compared to
the WEC dimensions and using the fundamental prin-
ciple of dynamics, the sum of hydrostatic and gravity
forces can be expressed as a spring force with the
stiffness K 4, (14).
—KaZ with K = % (14)
The second part of (12) represents the hydrodynamic
forces, where the potential flow ® can be written in (15)
as a sum of incident, diffracted and radiated forces
according to the Haskind decomposition [29].

I-mg =

® = O;+Pp+ Pp (15)

The incident potential is denoted by ®;, the diffracted
potential ®p (corresponding to the waves reflected by
a fixed WEC) and the radiated potential is denoted
¢ (which corresponds to the waves generated by a
moving WEC in still water).

Waves are supposed regular and monochromatic.
The excitation force F,, is computed from ®; and ¢p
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in (16). The effect of radiation F, is computed from ®p

in (17).
E, = _p/wds (16)
s
o0Pr
Fp = —p | £Eas 17)
R s Ot

E. WEC motion equation

In linear theory, the WEC position Z(t) and hy-
drodynamic forces are written in complex form in
respectively (18) to (20), according to Folley [30] and
Cruz [31]. The wave frequency is denoted w and the
complex amplitude is marked with a tilde.

Z(t) = Re [Ze-iwt} (18)
Fo(t) = Re [Feme*iwt} (19)
Fr(t) = R. [FRe*iwt} (20)

Thus the complex amplitude of the radiation effect
is composed of an added mass and damping term
according to (21).

Fp = —wenZ—iwceZ (21)
According to (9), the WEC motion is finally written
in the frequency domain as expressed in (22) and the

WEC motion amplitude is expressed in (23).

> Fem
7 = 22
—w?(m+ c¢m) —iw(ca—l—BpTo)—i—KAr( )

aj = |Z| (23)

Following Genest [32], the optimal PTO Bpro,,,
corresponds to the value of Bpro when the mean
absorbed power of the WEC is maximal. Thus Bpro
is expressed following (24).

2
\/cg + (w(m +em) — K:T) (24)

To solve the motion equation in the frequency do-
main (22), the added mass c,,,, the damping ¢, and the
excitation force F., must be determined. Thus the val-
ues of the incident, diffracted and radiated potentials
must be assessed, according to (16) and (17). Different
identification methods have been proposed by Yang,
Wu and Young [33] and by Andersen and Wuzhou [7].
Zheng, Shen and You [10] propose a method by fixing
the boundaries and continuity conditions, and using
the eigenfunction matching, which is developed in the
following part.

opt

Bpro,,,

F. Analytical solution

The diffracted and radiated potentials are written as
a sum of N terms composed of unknown coefficients
(sum of fundamental and evanescent modes) to be
determined [10], [9]. The potential depends on the
considered zone (1, 2 or 3) and on the floater motion
(heave, roll or switch). Only the heave motion is con-
sidered. They can be written as shown in (25) and (26)
for zone 1, where A}, and A,,, are the amplitudes of

the diffracted and radiated modes.These coefficients,
with those for zones 2 and 3 (A}, Bb,, Aan, Bon
and Af,, As,) are determined by the eigenfunction
matching method respectively for the diffracted and
the radiated potentials. Wave numbers \,, are defined
by (27) and (28) for the propagative mode (n = 1) and
the evanescent modes (n > 1), where k is the wave
number and h the water depth. The reflected wave
amplitude a, is calculated from the diffracted potential
in zone 3 CID(DB) following (29) and (30).

The boundaries and continuity conditions are used
in order to solve the unknown coefficients. Those con-
ditions take into account the sea wall (total reflection
of the wave). Continuity conditions of pressure and
velocity are described between zones 1-2 and 2-3.
Detailed description of this model can be found in
Zheng, Shen and You [10].

N
oll) = _<I>I(x,z)+z A}, cosh(A, (z—D—1))cos(A, (z+h))
! (25)
N
@g) = —wZ Z Arncosh(\, (x — D —1))cos(An(z + h))
n=1 (26)

w?

A1 = —ik, where k tanh(kh) = — for n=1 (27)
g

2

Antan(Ap,h) = —% for n>1 (28)
AP NG)
a — iwd (29)
g
N
ol = Z Al cos(A (2 + h))er @+ (30)
n=1

To find the unknown coefficients of the diffracted
and radiated potentials, each part of the equation
obtained from the boundary and continuity conditions
is multiplied by its eigenfunction and integrated over
its respective depth interval at the floater boundaries
x = =l. Thus a linear system of 4N equations is
created according to (31) and (32) where Xp and Xg
are the solution vectors of the diffracted and radiated
coefficients, respectively, and S, GP and G% are the
matrices obtained from the boundaries and continuity
conditions. This linear system is solved under the PYH-
TON code using the GMRES algorithm with the ILU(0)
preconditioner (according to Saad and Schult [34]) and
the Newton algorithm is used to solve the non-linear
dispersion relation.

SXp=aGP (31)
SXp=GE (32)

The case studied by Zheng, Shen and You [10] is
compared to the present code in order to be validated,
ie. h/l=6,T/h =04, D/h =0.2 and N = 30. Dimen-
sionless added mass, damping and excitation force are
plotted in Fig. 6 and compared with results obtained
by Zheng, Shen and You [10]. The presents results are
identical to those of Zheng, Shen and You [10], which
confirms the validity of the code.
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Fig. 6. (a) Variation of the dimensionless added mass. (b) damping
and (c) excitation force with h/\

The convergence of the analytical results have been
quantified by varying the number of terms N in the
series. The relative difference between 20 and 30 terms
is 0.81% and the relative difference between 30 and 60
terms is 0.72%. For all calculations, 60 terms are used.

G. Analytical overtopping

The EurOtop guide [21] provides formulae for dif-
ferent types of sea walls. In this paper, the formula for
a vertical wall originally suggested by Van Der Meer,
Verhaeghe and Steendam [35] is used. The overtopping
quantification V is expressed in the presence of the
WEC Vg, and without the presence of the WEC Vg4,
with both quantities depending on the wave height and
on the crest freeboard above the sea level R.. Thus
Vawee 15 expressed with the incident analytical wave
height in zone 1 H(!) /2, removing the reflected wave

height at + = [ + D following (33). The overtopping
quantification without WEC V4 is expressed in (34)
with the incident wave height H,.

1.3
. HOL\?
0.054 exp —(2.12}51’)> g( 5 >(33)

2

1.3
0.054 exp [— (2.122?) 1 \/g?? (34)

In what follows the analytical overtopping ratio AV4
by (35).

VAWEC

Va

AVy = Ve (35)
Va

An improvement of the model is proposed by includ-
ing the effect of the load losses between the sea wall
and the WEC. According to (36), the improved analyt-
ical overtopping ratio AV4F,,,, is calculated using a
correction function F,,... The correction function cor-
responds to the dimensionless difference between the
fluid kinetic energy E, = £pV? and the pressure losses
expressed with the Darcy equation AP = 1ApV2fetl
according to Blasius [36], with V' the fluid velocity and

A the load losses coefficient.

E.— AP R.+T
[ S—— .
E. D

In order to determine the global optimal correction,
the value of A is obtained by curve fitting between
analytical and numerical results using the evolution
strategy algorithm CMA-ES (Covariance Matrix adap-
tation - Evolution Strategy, Hansen [37]). Experimental
and analytical tests on WEC of different dimensions
without PTO are performed in order to obtained a
sufficient number of overtopping values to calculate
the correction. Details about the WEC and the waves
conditions can be found in Neuveglise [38]. According
to the CMA-ES algorithm, the global optimal value of
A is equal to Ay, = 0.012. This value is relatively close
to the values of pressure loss proposed by Savic et
al. [39], Colebrook et al. [40] and Blasius [36]. Note
that values proposed by these authors are obtained in
steady flows, which is not the case is the present tests.

Fcorr =

(36)

TABLE III
REGULAR WAVE CONDITIONS FOR OVERTOPPING QUANTIFICATIONS
FOR WEC 1
Hy D T (s) D/X R./D

r !
(m) (m) (m) (m)
025 040 0.05 0.005, 1.16, 1.29,

8.6x107° 14, 7,

0.01, 142, 1.57, | to 0.12 1.4,
0.05, 1.67, 2.06, 0.7,
0.10, 2.32, 3.10, 0.28
0.25 3.35, 3.61,

3.87

TABLE IV

DIMENSIONS OF THE WECS TESTED WITH THE ANALYTICAL MODEL

I'(m)
I(m)

0.05 0.05 015 0.15 015 025 0.25
0.05 0.10 0.05 0.10 0.15 0.05 0.10
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Fig. 7. Dimensionless WEC behaviour ay/(a; + a,) as a function
of the dimensionless frequency w/wo for WEC 1 at h = 0.6 m in
regular waves, with wg = 3.74 rad/s. WEC behaviour without PTO,
with PTOA and with PTOB for experimental and analytical models.

To quantify the overtopping, different types of tests
are performed. In a first time, the overtopping ratio
with WEC 1 without PTO is estimated with the ex-
perimental and analytical models following the waves
conditions presented by Table III. Thereafter different
dimensions of WEC are modelled analytically and their
dimensions are presented in Table IV. For those WECs,
the water depth h is fixed at = 0.6 m, the incident
wave amplitude at a; = 0.25 m, the toe clearance at
D = 0.01 m, the value of the PTO at Bpro_, and the

opt

wave period is varying from 7' = 0.7 s to 7' = 3.87 s.

IV. WEC BEHAVIOUR AND EFFICIENCY

H. WEC behaviour

The WEC behaviour is calculated in the presence of
the PTOA, PTOB and without PTO for the analytical
and experimental model. Regular waves are used. For
the comparison between the two models, a reference
frequency wg is defined, for each tested WEC, as the
frequency corresponding to the maximum motion am-
plitude. This frequency is determined experimentally.

First of all in Fig. 7, the WEC motion amplitude a; of
WEC 1, divided by the sum of incident and reflected
wave amplitude a; and a, respectively, is plotted as
a function of the dimensionless wave frequency w/wp.
The water depth £ is fixed at h = 0.6 m. Without PTO
the analytical model does not well represent the ex-
perimental WEC motion. Indeed, the maximum WEC
motion amplitude obtained with the analytical model
is about ay/(a;+a,) = 4.0, when it is about twice lower
with the experimental model (about ay/(a;+a,) = 1.9).
Similar results are observed concerning the resonance
frequency. The analytical WEC motion resonance ap-
pears at w/wy = 1.4, when it is lower with the exper-
imental model (w/wy = 1.0). These discrepancies may
be explained by strong nonlinearities occuring for this
WEC. Indeed, WEC 1 corresponds to a large draft of
I' = 0.25 m leading to strong vortices shed at the edges
of the float.
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Fig. 8. Dimensionless WEC behaviour as/(a; + ar) as a function
of the dimensionless frequency w/wo for WEC 2 at different water
depth in regular waves, with wo = 4.43 rad/s. WEC behaviour
without PTO, with PTOA and with PTOB for experimental and
analytical models. (a) - h =0.4m, (b) - h=0.5m, (c) - h =0.6 m.

Secondly when PTOA or PTOB are installed, the
analytical model is close to the experimental one. In-
deed, values of the analytical WEC motion amplitude
are slightly higher than the values obtained with the
experimental model. Moreover for experimental and
analytical models, the WEC motion amplitude with
PTOA are higher than the WEC motion amplitude
obtained with PTOB. This result was expected because
the damping due to the PTO is more important with
PTOB than PTOA (see Fig. 5).

In Fig. 8 the dimensionless WEC motion amplitude is
presented for the WEC 2 at different water depths as a
function of the dimensionless wave frequency. Analyti-
cal results are compared with experimental ones. For a
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Fig. 9. Efficiency measured for WEC 2 as a function of the peak
frequency in irregular waves with PTOA and at h = 0.5 m.

smaller draft (of I' = 0.15 m for WEC 2), the analytical
model is in good agreement with experimental results.
More precisely when no PTO was added to the WEC,
the analytical model is closer from experimental results
when the draft is smaller (Fig. 7). At a water depth
equals to h = 04 m and » = 0.6 m and in the
presence of PTOA or PTOB, the analytical model is
in good agreement with the experimental results. At
h = 0.5 m and for low values of the dimensionless
frequency w/wy, the analytical model overestimates
the WEC motion amplitude in the presence of PTOA
or PTOB. Moreover results are globally mildly more
overestimated with an higher damping (PTOB) than
with a lower damping (PTOA).

1. WEC efficiency

Fig. 9 presents the efficiency r as a percentage de-
pending on the peak wave frequency w,, in irregular
waves. Only experimental results have been used to
calculate the efficiency. The efficiency is calculated for
WEC 2 where [ = 0.15 m, I' = 0.15 m at a water depth
h = 0.5 m and at D = 0.01 m. The higher values of
the efficiency are obtained for each significant wave
heights H,, tested at w,, = 3.7 rad/s. This frequency
value is lower than the resonance frequency of the
WEC 2 in regular waves (wy = 4.43 rad/s, see Fig. 8).
Moreover the efficiency is higher for higher values of
the significant wave height at w,,, = 3.7 rad/s.

According to Fig. 9 the maximum efficiency of the
WEC in tested conditions is superior to 30%. The mean
efficiency calculated on all tests realised in irregular
wave conditions is about 7.5%. These results are rather
low, however they are encouraging. It is important to
remind that neither optimisation was performed on
the system dimensions nor control were added to the
WEC.

V. OVERTOPPING QUANTIFICATIONS

In a second approach, the impact of the WEC on
overtopping is presented. First of all, initial and cor-
rected analytical overtopping ratio are compared to
experimental results for WEC 1 without PTO. In Fig. 10
the overtopping ratio are plotted as a function of

102 g
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Fig. 10. Experimental (AV), initial (AV ) and corrected (AV4 Feorr)
analytical overtopping ratio with WEC 1 at h = 0.6 m, Bpro =0
and a; = 0.025 m.

dimensionless number D/\. For high values of the toe
clearance (i.e. R./D = 1.4, 0.7 and 0.28), the initial
analytical results are close to the experimental results.
In addition, the corrected analytical model is very close
to the initial model. At R./D = 7 and R./D = 14
and for small values of D/A, the values of the initial
analytical model are higher than the experimental ones.
In these cases, the corrected analytical model is closer
to the experimental results than the initial analytical
model.

Secondly, cases where AV < 1 exist. Indeed for a
fixed value of R./D, when at the same time R./D is
high and D/ is small, overtopping are reduced by the
presence of the WEC. The overtopping reduction also
appears when D/ is high, for a fixed value of R./D.
According to Fig. 10, cases where the overtopping are
drastically increased are also observed for intermediate
values of D/A. Thus, the dimensions of the WEC
should be carefully defined in order to prevent from
the increase of overtopping.

To understand the impact of the characteristics of
the WEC on overtopping quantifications, different con-
figurations of PTO have been used on WEC 1. These
configurations are described in Fig. 11 where only
the corrected analytical model is used. According to
Fig. 11, the value of the PTO does not much influence
the overtopping quantifications. Indeed, for small val-
ues of R./D (i.e. R./D = 0.28, 0.7 and 1.4) the values of
the overtopping ratio are almost identical whatever the
value of the PTO. At R./D = 7 and 14, the overtopping
ratio is reduced with PTOA and PTOB compared to the
curves without PTO and with the optimal PTO and for
intermediate values of D /). For the extreme values of
D/Xat R./D = 7 and 14, the overtopping ratio remains
almost unchanged for different values of PTO.

Finally, overtopping ratio has been studied for differ-
ent size of WEC, listed in Table IV and with the optimal
PTO. According to Fig. 12, only the draft modifies the
value of the overtopping ratio. Indeed for a fixed value
of the draft I', the value of the overtopping ratio is
identical for the different values of the length /. These
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Fig. 11. Corrected analytical overtopping ratio for WEC 1 with-
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(AVAPTOBFCOM) and with optimal PTO (AVAPTO Feorr) at h =
0.6 m and a; = 0.025 m.

results are explained by the reduction of the WEC
resonance frequency with the increased of the draft.
According to Neuveglise [38] the overtopping ratio
follows the WEC motion, so a decay of the resonance
frequency implies a decay of the overtopping ratio.

VI. CONCLUSION

The behaviour of a WEC in heave motion placed
in front of a sea wall has been studied. The system
is composed of a rectangular floating buoy including
a PTO modelled by a linear damper. The aim of
this paper is twofold: study the WEC behaviour and
quantify its impact on overtopping. Results obtained
using an analytical model based on the potential flow
theory are compared with experimental results. The an-
alytical wave potentials and hydrodynamic coefficients
are solved using the eigenfunction matching method
according to Zheng et al. [10]. The overtopping are
estimated analytically from the wave elevation above
the sea wall using the Van Der Meer formula according
to EurOtop 2016 [21]. An improvement of the analytical
overtopping quantification is proposed by taking into
account the load losses between the WEC and the sea
wall following Neuveglise [38].

First of all, the behaviour of the WEC with different
values of PTO and different wave conditions are stud-
ied in regular waves. For the WEC with the higher
draft (I' = 0.25 m) the analytical model is not reliable
when no PTO was added. When the value of the PTO
is increased (i.e. for PTOA and PTOB), the analytical
results are close to the experimental results. For a WEC
with a smaller draft at I' = 0.15 m, the analytical model
is close to experimental results for the different values
of PTO tested. Thereafter the efficiency of the WEC 2
(I' = 0.15 m and ! = 0.15 m) has been studied in ir-
regular waves, with wave conditions inspired from the
Esquibien site. The mean efficiency obtained is about
7.5% and the maximum efficiency is superior to 30%.
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Fig. 12. Corrected analytical overtopping ratio for different WEC
dimensions at h = 0.6 m, a; = 0.025 m, D = 0.01 m and with the
optimal PTO. The line colour represents the value of the draft I" and
the line style (solid, dashed or dashed dotted) represents the value
of the half length [.

These results are encouraging because no optimisation
was performed on the system dimensions nor on the
PTO force.

In a second approach, the impact of the WEC on
overtopping is quantified. In all tested cases, the ana-
lytical results appear close to the experimental model
when the dimensionless number R./D is small (i.e.
when R./D < 1.4). For higher values of R./D, the
corrected analytical model is closed from experimental
results than the initial analytical model. Moreover, a
reduction of the overtopping quantification due to the
presence of the WEC has been observed. Indeed, for
small values of D and high values of A, the overtopping
are reduced by the presence of WEC 1 where the draft
I'=0.25 m and ! = 0.05 m. Considering these results,
we were interested by the impact on the PTO value and
on the size of the WEC on overtopping quantifications.
From the analytical results, it has been observed that
the value of the PTO does not much impact the over-
topping quantifications. Similar results are observed
concerning the size of the WEC : the length of the
system [ does not much impact the overtopping quan-
tification in opposite to the draft I'. Finally, the major
parameters impacting the overtopping quantifications
are the draft I', the toe clearance D and the wave length
A

In a future work the present results should be
compared with numerical simulations. Moreover it
is planned to perform experimental tests measuring
overtopping in a presence of PTO. Further work is
necessary to improve the estimation of the WEC impact
on overtopping: irregular waves will be considered to
simulate more realistic wave conditions.
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