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Abstract: Wave energy converters are constantly being
deployed in nearshore and coastal areas characterized by
increased wave potential. The performance of the devices
installed in the nearshore and coastal environment, where
the sea bottom terrain may present significant variations,
can be evaluated by formulating and solving interaction
problems that involve water waves, structures and the
seafloor. Inthiswork a novel Boundary Element Method
(BEM) is developed and applied to the investigation of a
simplified Oscillating Water Column (OWC) system in the
two-dimensional space, taking into accountthe interaction
of the incident wave field with the bottom topography, in
the contextofthe linear wavetheory for normally incident
waves. Numerical results that highlight the effect of seabed
inhomogeneities on the hydrodynamic performance of
OWC devices are presented, in combination with other
parameters that determine the device’s performance, like
the structure’s dimensions and power take off system.
Finally, results related to the flow field developed during
the operation ofthe deviceare presented and discussed.
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1. Introduction

Our planet’s oceans contain vast amounts of energy that
modern technology has not yet been able to harness and
use effectively, in contrast to other renewables that are
currently contributing at a significant scale to the global
energy grid. Among many concepts and devices thathave
been proposed and developed for the exploitation of wave
energy, the OWC is one of themost commercially mature,
as a result of extensive studies, both in theory and in
practice, by means of prototype devices’ deployment. An
OWC essentially comprises of a solid chamber enclosing
an air mass. As the lower part of chamber is open to sea
water, ata certain distance from Still Water Level (SWL),
the water surfaceelevationin the chamber oscillates due to
incident wavefields (see Fig. 1) acting like a piston. These
fluctuations of the water surface elevation successively
compress and decompress the air mass, which is then
channelled through a Power Take Off System, which
usually involves a bidirectional turbine and an electric
power generator.

In the context of linear wave theory, the velocity of the
flowfield in a domain D ,aroundthe device, isexpressed
by the gradient of the (scalar) velocity potential function

@ . Harmonic time dependence in the form of exp(—iat)
is considered, where @ is the frequency of the incident

wave field, which coincides with the device’s operation
frequency, due to linearity. This allows for the numerical
model to be developed in the frequency domain, by

definingthe complex wave potential function ¢ , so that:
D (x;t)=Re{p(x)exp(-iat)}, x=(x2)eD. 1)
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Figure 1. OWC model
2. Definition ofthe Boundary Conditions

Let D={0<x, -h(x)<z<0} denote a semi-infinite
geometrical domain, occupied by seawater, with the OWC
configuration startingat the horizontal position x=0 and
z=-h(x) denoting the seabed profile, where h is the

depth, asshown in Fig. 2. A low-order BEM is developed
by Belibassakis et al (2020) to simulate operation in the
frequency domain. The numerical method requires a
closed boundary geometry, which is achieved by
introducing a vertical boundary of D at the horizontal
position x=x,, serving as an incidence-radiation
interface. D is therefore enclosed by the curve
oD =|J’,aDi, with &D, and &Ds being the outer and

inner free surfaces of the water respectively and D7, 0Ds

denoting the seabed and the radiation interface. Finally,
oDy, 1=2,3,4,6 are the lines that shape the walls of the
chamber. Thelinearized Free-Surface Boundary Condition
(FSBC) applies to the free surface out of the OWC'’s
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chamber, which formulated with respect to the complex
potential ¢ ,forharmonic timedependence is:

9(x) o
on g
where g is the gravitational acceleration. Impermeability

Boundary Conditions apply to allrigid walls aswell as to
the seabed, imposing vanishing of the velocity nomal to
these boundary sections (see Fig.2):
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o(x)=0, xe oDy , (2)
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Figure 2.2D OWC modelandboundary sections

The Radiation Condition that applies on the interface 6Ds

derives from appropriate formulation of the general
representation of the complex velocity potential, that
describes monochromatic wave propagation in a 2D semi
infinite strip of constant depth h,asfollows:

o(x) =] As exp(ikox)+ As exp(—ikox)|Zo (z)+

+3 [ Avexp(=ikix)]Za (2), X2 X5,~h(X) <2 <0, @

where Ag,Ag are the amplitudes of the incident and the
reflected propagating mode, respectively while A, are the

evanecent-mode coefficients. The functions {Zn(z)}(::O

are defined as Z,(z)=cosh[ki(z+h)]/cosh(k;h) and
are obtained as the solutions of Sturm Liouville problem
(Coddington & Levinson, 1972), to which Laplace’s
equation is reduced in the constant depth strip
{—h <z<0,x> xb} , and the corresponding eigenvalues

ko and {k.} arerespectively obtained as the real root
and the imaginary rootsof thedispersionrelation:

w? =kg-tanh(kh) . (5)
Furtherassuming that the evanecent modes are negligible
at x=x, weobtain:

o (x)=Q [ Rexp(ikox)+exp(-ikox)]Zo(z),Xx = Xs, (6)
where Q=-igH/2w®, with H denoting the incident

waveheight. The latter quantity is used to normalize the
potentialandassume an incidentfield with unit-amplitude

(As =1). By projectionthetwo members of Eq.(6) on the
orthonormal basis spanned by the eigenmodes
{Zn(2)}.,, we obtain the following expression for the

reflection coefficient R=A; (see also Magkouris et al,
2020):

z=0
R=||Zo[ “e > [ p(x0,2)-Zo(z)dz—e 2. (7)
z=-h
Subsequently, by differentiation of Eq.(5) with respect to
x and substitution of R from Eq.(7) we obtain the

following form for the Radiation Condition:
=0

_[ @(Xv,2)-Zo(2)dz

a_q) _z=-h
ox |25 (2)]°
= —2iko exp(—ikoXy)Zo(z),x € 0D .

Definition of the Boundary Condition that applies on the
water’s inner free surface requires calculating the time
dependent pressure of the entrapped air mass, for which
harmonic dependence is also considered. The analysis is
simplified by assuming isentropic compression and

decompression during the device’s operation (Makra &
Arena, 2013) andthereforetheairdensity p andpressure

P. arerelated bythe heat capacityratio y asfollows:
A _1#Y ©)
pt) 7 Pe(t)

The entrappedairvolume and itsrate of change are:

V (t)=bL[h - A(t)], Vt)=-bLAtt) (10)
with b, h. respectively denoting the horizontal and
vertical dimension of the chamber, L beingthe length of
the configuration in the transverse direction and A(t)

Zo(z)= 8)

beingthe time dependent, mean free surface elevation.
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Figure 3. Air pocketand dimensions notation
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The air mass in the chamber is equalM (t) = p(t)V (t).

Hence, by differentiating with respect to time and
substitutingthe expressionsfor pand p:

T e B U VY (11)
]/Pc(t) hC—A(t)
The airmassrate n#t) , flowing outofthe chamber, equals

i d

to ~M¥t) . Furthermore, it is assumed that the pressure is
equalto the sum Pc(t)=Po+5Pc(t), where Po is the
atmospheric pressure. Thus B(t)=5m¥t). From the
above we obtain that:

. b
5@(0:_7[% Sa(t)]{re(t){ Pot)} -A?(t)}. 12)

hc _A(t) prO Pc(

The term to the power of (1/y) is excluded from the

analysis as being approximately equal to 1, assuming
pressure fluctuations of smallamplitude (|5P.| = R,).Eq.

(11) is then put to the frequency domain by using the
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complex amplitudes p,m and A for the time-harmonic

quantities 5P&(t),n&t)and A(t) asfollows:
A e CCILLO Y I L B CILL N BT
he — A bL oo he — A\ bLpo
where po isthe atmospheric air density. The mean surface
elevationisevaluatedas:
1 b@(p(X,O)
2(0: erage — .+ dx . 14
L N =
A linear model is next introduced which relates the air
mass flowrate n&t)=—iwi% to the air pressure difference

[P(t)-Po |, s0 that —ici¥= 2, fit, where 4. denotesthe

parameter of the turbine. Using the later in Eq. (12) and
keepingonly linearterms we get:
A -1
o= iwﬁ(Po[""hc _ﬂj . (15)
7y bLp
Furthermore, from Bernoulli’s equation the complex
amplitude of pressureequaks p =impp(x,0)—pgn(x) on

the inner freesurface. Hence by using the latter in Eq. (14):

op(x,0) o’ b 0(x,0)
a—n—E(p—C(a))L —_—dx=0,x< D, , (16)

Where the frequency-dependent parameter C, which
carries information regarding the geometry and the
turbine’s characteristics, is equal to:

Clo)= ioP, (ia)hc AR J | a7

P9\ 7 bLp,

More details concerning the above formulation are found
in Belibassakisetal. (2020).

3.  Numerical Formulation

Alow order BEM is developed for simulating the OWC’s
operation. All sections of D are approximated by a

number of linear elements, each carryinga simple source-
sink distribution of constant strength o ;. Let M; denote
the number of boundary elements distributed across oD;
and M be the total number of elements
(M =M;i+M;+..+Ms) . Then, the solutionfora given

frequency, which is the vector oj,je[12,..,M], is
obtainedvia the solution of a linear system of the form:

M
> Ao, =h, k=12,.,M. (18)
j=1

Each of the above algebraic equations ensures the
satisfactionof the appropriate boundary condition - by the
summation of induced potential and velocities - at a
collocation point, which is chosen to coincide with the
midpoint of the element k. The influence matrix
A 1 k=12,..M, is defined so that its lines form a
discretized version of theappropriate BC foreach element,
with the aid of the induced potential and velocity matrices
Py and U, ik=12..,M, where each element

respectively contains the potential and velocity induced at

the k-collocation point due to a unit source distribution
along the j-element. In particular, the algebraic equations
that impose implementation of the impermeability BC on
the sections of 6D numbered as 2,3,4,6 and 7, are

formulated in discrete form as follows:
M

> oy(nUy,) =0, (UL 0 [x <(@D,)]} . (19)
j=1

with n, being the unit vector normal to the k-element,

directed outwards, with respect to the domain. Moreover,
the FSBC on oD, becomes:

M a)z
Do, (nkukj —Egokjjzo,xk e{oD,} . (20)
j=1

The integral involved in Eq. (7) is numerically evaluated
usingthe trapezoidal rule, andthus theradiation condition
is implemented on 6Ds as follows:

M M
Z{(nkukj)_ik0|: Z Uj¢aj5ZSZéb)(Za):|zéb)(zk)}:
j=1 a=M-Mg+l

=—2ik, exp(-ik,X,)Z, (), X, €Dy , (21)
with &z, =h, /M, . Similarly, the BC on the free surface
inside the chamber becomes:

M wZ 1 Mg +Mg

Za{nkukj — g% —BC(w) > 5x5naUaj}=0,

j=1

a=1+Mg
X, €0D, , with Mg =M1 +M, +M3+M, , (22)
and S8x; =b/M; . Finally, given that the complex wave

potential has been normalized with respect to the incident
wave height H, and the reflected wave is of height

Hr =|R/H,, the hydrodynamic performance of the
configurationis obtained by:

P
owe =" =(1-IR) (23)

with the Reflection Coefficient R calculated by Eq.(6) as:

M M
5 (Zowmie)
=T —exp(=2ik,x,) . (24
1Z, | exp(ik,x,) p(-2ikox,) . (24)

4. Numerical Results

The present model allows for the evaluation of an OWC
hydrodynamic performance taking into account the
interaction of the flow field with arbitrary seabed profile.
As an example, we considera domain with depth varying
from h,=10m at x=0 to h,=20matx,=200m
described by the function:

()= (0 +10) 2 (h, +hb)tanh{sh (X—X—;ﬂﬂﬁh(x) |

(25)
with the parameter Sy, that is used to control maximum
slope, set to S, =5-102, and the function sh(x), that

models additional seabed irregularities defined as:

6h(x)=5-sin[0.1(x—%ﬂ-exp{lSlO“‘(x—%)z} (26)
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We further assume that the chamber’s dimensions are
b=3m,h.=6m and the configuration extends in the
transverse direction L=200m. The front wall draft is
D=4m and is of thickness d =0.7m.Finally, the non-

dimensional parameter i; of the turbine near the
considered operation pointis

dr=ar(g/b°)" =15 . 27)

The resulting depth profile and the achieved hydrodynamic
performanceare illustrated in Fig4. It can be observed that
low-frequency waves, characterized by larger
wavelengths, strongly interact with the seabed, leading to
variations to the achieved power output, while in the case
of higherfrequencies the depth profile is of no importance.
As shown in previous work (Belibassakis et al 2020), the
performance of OWC configurations with low natural
frequencies is more dependent on the local topography.
Thisis also noticeable in the alternative performance curve
of Fig. 4(b), fora similar configuration with different draft

and width ofthe frontwall.
0
&L owe Free Surface

Flow Field .

iation
Interface

—
=
=

—
N

Seabed

bk
(=} (=)
5

&

(=]

50 100 150 200
x[/’]]

0.4 —D=4m

0.3

0.2

0.1

00.2 0.7 1.2 1.7

(b) & =0rh/g
Figure 4. Domain of operation (a) and performance asa
function of the non-dimensional frequency (b)

~
&
~

rmance — o

Perfo

By defining a 2D grid spanning the entire 2D space, the
distribution of the wave potential across the whole flow
field can be obtained by the superposition of the potential
induced from each element to the grid’s points.
Subsequently, the flow field can be represented in the time
domain, calculated according to Eq. (1), as illustrated in
Fig. 5 forthe aforementioned dimensions and parameters,
near the device, for an incident wave field of frequency
w=13rad/s. One can graphically verify the
implementation of impermeability conditions on all solid
boundaries of the flow filed, as they are normaly
intersected by the equipotential lines. This leads the
velocity field, which is defined as the potential function’s
gradient, to be tangent to these boundary sections, as the
normalvelocity is zero.

5. Concluding Remarks

In this work, a BEM is developed and applied to
investigate OWC responses and performance under the
assumptions of the linear wave theory in two dimensions.
Although the present simplified model does not account
for three-dimensional and non-linear phenomena it still

5 t=1.6s

Re{o(x,z)exp(—icr ) | I : I J
-2 0 2
Velocity field —=

Ec/uip-ulenliu/./ine.s'
provides usefulinformation of the considered system’s
dynamics, especially regarding the interaction of the wave
fields with the seabed profile and the OWC configuration.
Figure 5. Representation of the flow field in the time domain

The presentmethod is of relatively low computational cost
and can beapplied to investigateany OWC geometry, and
in particular configurations that have been proposed to
increase its performance like the U-OWC; see e.g.
(Boccotti, 2003). Furthermore, the present model can be
systematically applied in conjunction with climatological
wave data of a nearshore/coastal region in orderto derive
long-term predictions and monthly variations of power
output, as presented by Belibassakis etal (2020) in a region
of the Black Sea, where previousstudies (Rusu, 2019) had
indicated relatively higherwave potential.

FS elevation z=z===
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