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Abstract: In the present study, the hydrodynamic efficiency of a cylindrical wave energy converter
(WEC) of vertical symmetry axis and arranged in front of a reflecting orthogonal breakwater is
explored. The idea is based on exploiting the anticipated amplification of the scattered and the
reflected wave fields originating from the presence of the vertical walls, towards increasing the
WEC’s wave power absorption due to the walls’ wave reflections. Two types of converters are
examined, namely the heaving device and the oscillating water column (OWC) device, assuming
linear potential theory. The associated diffraction-, motion-, and pressure-radiation problems are
solved using axisymmetric eigenfunction expansions for the velocity potential around the WECs
by properly accounting for the wave field’s modification due to the walls’ presence. To this end,
a theoretical formulation dealing with the evaluation of the converter’s performance is presented
accounting for the coupling between the WEC and the reflecting vertical walls. The results depict
that the amount of the harvested wave power by the WEC in front of an orthogonal wall is amplified
compared to the absorbed wave power by the same WEC in the open sea.

Keywords: orthogonal breakwater; heaving device; oscillating water column device; efficiency;
absorbed wave power; linear wave theory

1. Introduction

Europe leads the way in the development of ocean energy technologies, hosting most
global developers (66% of tidal energy patents and 44% of wave energy) [1] with over
25 MW of ocean energy installed capacity at the end of 2017, up from 12 MW declared
in 2016. The ocean energy industry estimates that 100 GW of capacity can be deployed
in Europe by 2050 [2]. However, according to the IRENA report [3], the levelized cost
of electricity (LCOE) for wave energy is 440 €/MWh, whilst tidal sits at approximately
380 €/MWh, highlighting the major disparity between the cost of ocean wave and tidal
energy, which remains high, when compared to other energy technologies from different
natural resources.

Despite the high energy potential available offshore, significant challenges inhibit
ocean wave energy converter (WEC) deployment such as (a) the high cost of installation;
maintenance, and connection to the electricity grid; (b) the challenging ocean climate
conditions; (c) the potential negative environmental issues related to the installation and
operation phases of such facilities; (d) the occurred disturbances for private and commer-
cial vessels routes; and (e) the lack of insurability surrounding ocean energy harvesting
systems [4]. Therefore, WEC installation and operation near- and on-shore has been
happening in the last decades in almost all the nearshore European regions as an ideal
choice for wave energy absorption aiming at reducing the LCOE level. Furthermore, the
installation of WECs in front and on existing maritime facilities, such as a breakwater or a
harbor is triggered by easier electricity transmission to the mainland allowing for common
infrastructure (i.e., electrical cable, power transfer equipment, etc.) and the reduction of
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the wave action intensity on the shore protecting and maintain the boundaries of coastal
regions [5].

Breakwaters are shore-parallel structures built offshore to reduce wave energy reach-
ing the shoreline through the dissipation, reflection, or diffraction of oncoming waves.
Several types of breakwaters have already been implemented based on their form of op-
eration, namely: (a) reflecting—fully protecting bottom fixed or floating; (b) permeable
breakwaters comprising of piles or perforated and slotted structure; (c) semicircular; and
(d) submerged breakwaters, while under these broad classifications they can be further
sub-divided concerning their shape, construction materials, etc. [6].

In the framework of WEC-breakwater systems, numerous design concepts and de-
scriptions have been presented in the literature, exhibiting the ability of a breakwater in
enhancing the efficiency of a converter. Most of them concern the overtopping devices,
the heaving WECs, and the oscillating water column (OWC) devices. Regarding the last
two categories (i.e., heaving and OWC WECs), which form the core of the present con-
tribution, the WEC-breakwater systems received special attention, with the WECs being
installed either in front of a linear wall (i.e., vane-type breakwater) or integrated at it. A
number of studies have been presented in the literature dealing with WECs integrated
into floating or bottom mounted breakwaters. Most recent indicative examples are those
of [7–10] studying integrated WECs into bottom mounted breakwaters, whereas floating
integrated WEC-breakwater systems were recently studied in [11–14]. In addition, floating
WEC-breakwaters consisting of rectangular caissons and multiple pontoons have been
investigated in [15–17]. Regarding WECs located in front of a linear vertical wall and
particularly OWC devices considered either alone in the wave field or as part of an array,
recent studies [18,19] have shown the amplification of the devices’ efficiency due to the
presence of a vane-type breakwater. Additionally, a linear breakwater with parabolic
openings, as a parabolic reflector, has been studied to converge propagating waves toward
a focus point, in which the wave height is further amplified compared to the wave height
in front of a vane-type vertical wall [20]. Furthermore, the efficiency of an array of heaving
WECs located in front of a linear breakwater has been studied recently in [21–23]. In these
investigations, the method of images [24,25] was utilized to simulate the presence of the
vertical wall, thus a fully reflecting, bottom seated, surface piercing breakwater of infinite
length was considered.

Pointing towards the abilities provided by linear breakwater systems, alternative
types of breakwater-configurations have been also examined worldwide, namely V-shaped,
and orthogonal breakwaters. Several different types of patents offering different types
of V-shaped breakwaters have been presented in the last decades [26,27], whereas in
May 1999 the U.S. Army Engineer Research and Development Center designed a novel
concept of floating breakwaters composed of two arms in a “V-shape” to promote the
stability of vessel loading/offloading activities [28,29]. Pioneering works on the wave
effects on V-shaped breakwaters are [30–33]. Concerning the investigations on the behavior
of WECs placed in front of V-shaped breakwaters, theoretical and experimental studies
were developed in [34,35], whereas the effect of a sea-bottom fixed orthogonal breakwater
on the hydrodynamics of bottom seated or floating cylindrical bodies has been studied
in [36–38].

The aim of this work was to study the effect of an orthogonal vertical wall on the
absorbed wave power by a single WEC placed in a random location in front of the two
walls. Two WEC types of different operating principles were examined, namely (a) the
single-body heaving wave energy converter, using a floater (buoy) allowed to move only in
heave direction, exploiting the oscillating force of the waves to generate electricity; and (b)
the oscillating water column wave energy converter, OWC, using the oscillation of water
within a chamber, in which the air inside the chamber is compressed or decompressed ac-
tuating an air-driven turbine and generate electricity. Towards this goal the hydrodynamic
characteristics (exciting wave forces, motion- and pressure-hydrodynamic coefficients) of
the examined WECs were evaluated taking into consideration the hydrodynamic interac-
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tions between the converter and the adjacent breakwaters. The absorbed wave power by
each WEC is presented and compared in form of figures for several examined parameters:
(a) distances between the converter and the wall; (b) wave heading angles; (c) converter’s
geometric characteristics; and (d) breakwaters’ length. The presented results show that the
wave power absorption of a converter in front of an orthogonal breakwater is amplified
compared to the hydrodynamic efficiency (i.e., absorbed wave power) of the same device
in unbounded waters (i.e., without the existence of the vertical walls) and its values are
dependent on the wave number (i.e., wave frequency); floaters’ geometry; floaters’ distance
from the walls; wave incidence; and walls’ length.

The present manuscript is structured as follows. Section 2 describes the applied
methodology of images simulating the orthogonal breakwater, as well as the solution of
the corresponding diffraction and motion- and pressure-radiation problems. In Section 3,
the efficiency of each examined converter is presented as a function of the body’s hydrody-
namic characteristics (exciting forces and moments, motion- and pressure-hydrodynamic
coefficients, and Power-Take-Off (PTO) characteristics), whereas Section 4 is devoted to
the presentation of numerical results and the floaters’ wave power absorption assessment.
Finally, in Section 5 the conclusions are drawn.

2. Methodology of the Hydrodynamic Problem

A vertical, bottom-standing, surface piercing, orthogonal breakwater of infinite length
was situated in water of constant depth d. The wall was formed with two straight arms
(walls) forming a right angle (i.e., 90◦). The arms were assumed rigid and impermeable. A
harmonic wave train (with angular frequencyω and wave height H) was incident to the
breakwater at an angle β. A global, right-handed Cartesian co-ordinate system O-xyz was
introduced with origin located at the seabed at the connection point of the two arms of
the breakwater, with its vertical axis Oz pointing upwards. A local cylindrical co-ordinate
system (r1, θ1, z) was defined with origins at the intersection (X1, Y1) of the sea bottom
with the vertical axis of symmetry of the converter. The distances between the arms of
the breakwater and the center of the converter are denoted by L1 and L2. Concerning
the geometrical characteristics of the examined WECs, the radius and the draught of the
heaving device are denoted by α and h1, respectively, whereas for the OWC the inner and
outer radius and the draught are denoted by b, α and h1, respectively. The geometric layout
of the problem is depicted in Figure 1.

Under the assumption of small-amplitude, inviscid, incompressible, and irrotational
flow, linear potential theory can be employed and the fluid flow around the converter (i.e.,
heaving device or OWC) can be written in terms of a velocity potential Φ(r1, θ1, z1; t) that
is:

Φ(r1, θ1, z1; t) = Re
[

ϕ(r1, θ1, z1)e−iωt
]

(1)

The potential ϕ(r1, θ1, z1) is solution of the Laplace equation in the entire fluid domain
and satisfies the no-flux boundary condition on the sea bed; the proper boundary conditions
on the free surface for the heaving device and for the OWC, as well as the kinematic
conditions on the mean WECs’ wetted surface [39]. Furthermore, two proper boundary
conditions on the breakwater arms should be fulfilled, namely [24]:

∂ϕ

∂Y1
= 0 at Y1 = L2 (2)

∂ϕ

∂X1
= 0 at X1 = L1 (3)

Finally, a radiation condition stating the outgoing propagating disturbances must be
imposed.
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Figure 1. Three-dimensional (3D) and two-dimensional (2D) representations of a wave energy converter (WEC) in front of
an orthogonal breakwater: (a) oscillating water column (OWC) side view—xyz in 3D; (b) OWC side view—xz in 2D; (c)
heaving device side view—xyz in 3D; (d) heaving device side view—xz in 2D.

Applying the method of images, the investigated system (i.e., converter-orthogonal
breakwater system) corresponds to an array of four similar WECs consisting of the initial
converter and its three mirror virtual bodies with respect to the two vertical walls that are
exposed to the action of four-directional surface waves (i.e., one propagating at angle β, a
second at angle 180 − β, a third at angle 180 + β, and a fourth at angle 360 − β) without,
however, the presence of the vertical walls [38]. Herein, four local cylindrical co-ordinate
systems

(
rq, θq, z

)
, q = 1, 2, 3, 4 are defined with origins at the intersection

(
Xq, Yq

)
of the sea bottom with the vertical axis of symmetry of each converter (see Figure 2).
Following [40], it holds:

For the heaving device:

ϕq(rq, θq, zq
)
= ϕ0

(
rq, θq, zq

)
+ ϕ

q
s
(
rq, θq, zq

)︸ ︷︷ ︸
ϕ

q
D

+
4

∑
p=1

.
ξ

p
30 ϕ

qp
3
(
rq, θq, zq

)
, q = 1, 2, 3, 4 (4)
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For the OWC device:

ϕq(rq, θq, zq
)
= ϕ0

(
rq, θq, zq

)
+ ϕ

q
s
(
rq, θq, zq

)︸ ︷︷ ︸
ϕ

q
D

+
4

∑
p=1

pp
in0 ϕ

qp
p
(
rq, θq, zq

)
, q = 1, 2, 3, 4 (5)

Here, ϕ0 denotes the velocity potential of the undisturbed incident harmonic wave; ϕ
q
s

stands for the scattered potential around the q converter, when it is considered restrained in
the wave impact with the duct open (for the OWC configuration) to the atmosphere, so that
the pressure in the chamber equals to the atmospheric one; ϕ

qp
3 is the motion-dependent

radiation potential around the q heaving device resulting from the forced oscillation of
the p device in the heave direction; and ϕ

qp
p is the pressure-dependent radiation potential

around the q OWC when it is considered restrained to the wave train and open to the
atmosphere due to inner air pressure in the chamber of the p OWC, which is considered

fixed in otherwise calm water. In Equation (4),
.
ξ

p
30 stands for the velocity amplitude in

heave direction of p heaving device, whereas in Equation, (5) pp
in0 denotes the amplitude of

the oscillating pressure head in the the p OWC chamber. In both Equations (4) and (5), ϕ
q
D

denotes the diffraction components.
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The induced velocity potentials are determined using the method of matched axisym-
metric eigenfunctions expansions. Specifically, the flow field around each WEC q, q = 1, 2,
3, 4 is subdivided in coaxial ring-shaped fluid regions, denoted by I and III (see Figure 2),
whereas for the OWC, there is an additional coaxial ring-shaped fluid region inside the
oscillated chamber, denoted by M (see also Figure 2). In these fluid regions different series
expansions of the velocity potential can be formed, which are solutions of the Laplace
equation and satisfy:

• The boundary condition on the free surface for the heaving device: −Kϕ
I,q
j +

∂ϕ
I,q
j

∂z = 0, j = 0, S; z = d

−Kϕ
I,qp
3 +

∂ϕ
I,qp
3

∂z = 0, z = d
(6)

whereas for the OWC device it holds:
−Kϕ

I,q
j +

∂ϕ
I,q
j

∂z = 0, j = 0, S; z = d

−Kϕ
I,qp
p +

∂ϕ
I,qp
p

∂z = 0, z = d

−Kϕ
M,qp
p +

∂ϕ
M,qp
p
∂z = −δq,p

iω
ρ , z = d

(7)

• The boundary condition on sea bottom:

∂ϕ
i,j
k

∂z
= 0, i = I, I I I, M; j = p, qp; k = 0, s, 3, P; z = 0 (8)

• The kinematic boundary condition on the mean converter’s wetted surface:

∂ϕ
i,q
D

∂nq = 0, i = I, I I I, M (9)


∂ϕ

i,qp
3

∂nq = δp,qnp
3 , i = I, I I I; on the heaving device

∂ϕ
i,qp
P

∂nq = 0, i = I, I I I, M; on the OWC device
(10)

and the boundary condition at infinity.

Here, K = ω2

g , g is the acceleration due to gravity; ρ is the water density; ∂
∂nq is the

derivative in the direction of the outward unit normal vector nq to the mean wetted surface
Sq of the q converter, q = 1, 2, 3, 4; δp,q is the Kronecker’s symbol; np

3 is the generalized
normal component, whereas the superscripts I, III, M denote the corresponding fluid
domain.

Moreover, following the method of matched axisymmetric eigenfunctions expansions,
the velocity potentials and their derivatives must be continuous at the vertical boundaries
of adjacent fluid regions [39].

The solution of the relevant linearized diffraction, motion, and pressure radiation
problems requires the determination of the hydrodynamic interaction effects between the
converters in the array. These effects, namely the wave interaction phenomena among
the bodies of the array, are evaluated using the multiple scattering approach [41] and
the single-body hydrodynamic characteristics of the individual converters. According to
this method the incident wave potential and various orders of propagating wave modes
scattered and radiated from the members of the array are superposed to obtain exact series
representations of the total wave field around each body of the configuration. Apart from
its high accuracy [42], this method requires low computer storage since there is no need to
retain simultaneously the unknown partial wave amplitudes around all the floaters as the
boundary conditions on each converter of the array are successively fulfilled.
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The undisturbed incident harmonic wave velocity potential involved in Equations (4)
and (5), that propagates at an angle θ (i.e., θ = β, 180 − β, 180 + β, 360 − β) with respect to
the positive x-axis, can be written in the co-ordinate system of the q converter; it holds:

ϕ0
(
rq, θq, zq

)
= −iω

H
2

∞

∑
m=−∞

imΨ
q
0,m
(
rq, zq

)
eimθq (11)

where
1
d

Ψ
q
0,m
(
rq, zq

)
= eikl0q cos (θ0q−θ) Z0(z)

dZ′0(0)
Jm
(
krq
)
e−imθ (12)

In Equation (12), Jm stands for the m-th order Bessel function of the first kind; whereas(
l0q, θ0q

)
denote the polar coordinates of the q converter center relative to the origin O of

the global co-ordinate system O–xyz. The term Z0(z) denotes an orthonormal function in
[0, d] described as follows:

Z0(z) =
[

1
2
[1 +

sinh(2kd)
2kd

]

]−1/2
cosh(kz) (13)

The velocity potentials, ϕ
q
D, ϕ

qp
3 , ϕ

qp
p , described in Equations (4) and (5) written in the

q-th converter’s cylindrical coordinate system form:

ϕ
q
D = −iω

H
2

∞

∑
m=−∞

imΨ
q
D,m
(
rq, zq

)
eimθq (14)

ϕ
qp
3 = −iω

∞

∑
m=−∞

Ψ
qp
3,m
(
rq, zq

)
eimθq (15)

ϕ
qp
P =

1
iωρ

∞

∑
m=−∞

Ψ
qp
P,m
(
rq, zq

)
eimθq (16)

The functions Ψ
q
D,m, Ψ

qp
3,m, Ψ

qp
P,m are the principal unknowns of the problem. These are

evaluated by employing the multiple scattering approach for the determination of the
hydrodynamic interaction phenomena among the converters of the array (i.e., one initial
and three mirror bodies), with the required single body hydrodynamic characteristics being
established through the use of matched axisymmetric eigenfunctions expansions around
each body of the multi-body arrangement. By accounting for the fulfillment of the proper
boundary conditions (as being presented in Equations (6)–(10)), along with the conditions
for continuity of the flow potential and its radial velocity at the common boundaries of
adjacent fluid regions, linear systems of equations can be established for determining the
unknown coefficients of the series expansions in each fluid domain. The method has been
described in the past [39,43], thus it is no further elaborated here.

3. WEC Power Efficiency
3.1. Hydrodynamic Forces

Applying the method of images on the WEC-breakwater system, the heave exciting
forces on the converter when exposed to the action of a regular wave train propagating
at an angle β, equal to the sum of the exciting forces acting on the WEC for wave angles
β, 180 − β, 180 + β, 360 − β, assuming, however, the presence of three mirror bodies,
placed with respect to the vertical walls, without the presence of the breakwater (see
Figure 2). Concerning the motion dependent hydrodynamic coefficients of the converter,
these equal the sum of the initial converter’s coefficients in the j-th direction due to its own
forced oscillation in heave direction supplemented by the corresponding hydrodynamic
interaction coefficients on the initial converter, in the j-th direction, due to the forced
oscillation of the image bodies (p = 2, 3, 4) in heave [38]. Similarly, after summing properly
the pressure dependent coefficients of the initial OWC in the j-th direction due to its own
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unit inner air pressure head, with the corresponding coefficients of the initial OWC, in
the same j-th direction, due to unit air pressure inside the image OWCs’ chambers, the
pressure hydrodynamic characteristics of the OWC-breakwater system were calculated.

Following the above formulation, the various forces (i.e., the heave exciting wave
forces, FD,3; motion- and pressure-hydrodynamic reaction forces, Fj,3 and FP,j respectively)
on the WEC (i.e., heaving or OWC device) in front of an orthogonal breakwater, can be
expressed through the proper integration of the diffraction, motion-, and pressure-radiation
velocity potentials; it holds:

Exciting forces in heave:

FD,3 = Fβ
D,3 + F180−β

D,3 + F180+β
D,3 + F360−β

D,3 (17)

Here Fθ
D,3, θ = β, 180− β, 180 + β, 360− β, denotes the heave exciting force on the

initial WEC of the array, for the corresponding wave heading angles θ = β, 180−β, 180+β,
360− β, whereas for each examined wave angle, it holds:

Fθ
D,3 = −iωρ

x

Sq

ϕ
I I I,q
D n3dS; θ = β, 180− β, 180 + β, 360− β; q = 1 (18)

where Sq is the mean wetted surface of the initial WEC, q = 1; ϕ
I I I,q
D is the diffraction velocity

potential of the initial converter in the III fluid domain; and n3 is the generalized normal
vector.

Motion-dependent hydrodynamic forces:

Fj,3 =
(
iωαj3 − bj3

) .
ξ

q
30; q = 1 (19)

Here, αj3, bj3 terms stand for the added mass and damping coefficients in j-th direction,
respectively, when the WEC is placed in front of the orthogonal breakwater due to body’s
own forced oscillation in heave direction. After applying the method of images, these terms
equal to [38]:

αj3 =
4

∑
n=1

a1n
j3 ; bj3 =

4

∑
n=1

b1n
j3 (20)

The terms a1n
j3 , b1n

j3 , in Equation (20) denote the hydrodynamic coefficients (i.e., added
mass and damping coefficient) of the initial WEC in the j-th direction, due to the forced
oscillation of the n body, n = 1, 2, 3, 4 in heave direction and equal to:

(iωa1n
j3 − b1n

j3 ) = −iωρ
x

Sq

ϕ
l,qn
3 njdS; l = I, I I I; n = 1, . . . , 4; q = 1 (21)

Here nj are the generalized normal components defined by: n = (n1, n2, n3); r × n =
(n4, n5); r denotes the position vector of a point on the wetted surface Sq with respect to
the reference co-ordinate system of q converter.

Pressure-dependent hydrodynamic forces:

FP,j =
(
−ePj + idPj

)
pq

in0; q = 1 (22)

The real and wave frequency dependent terms ePj, dPj denote the pressure dependent
hydrodynamic coefficients of the OWC in front of a vertical wall in the j-th direction [39].

Following the method of images, these terms equal to:

ePj =
4

∑
n=1

e1n
Pj ; dPj =

4

∑
n=1

d1n
Pj (23)
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where the terms e1n
Pj , d1n

Pj , in Equation (23) denote the pressure hydrodynamic coefficients
of the initial WEC in the j-th direction, due to the unit air pressure inside the n device, n =
1, 2, 3, 4 and equal to:

(−e1n
Pj + id1n

Pj ) = −iωρ
x

Sq

ϕ
l,qn
P njdS; l = M; n = 1, . . . , 4; q = 1 (24)

3.2. OWCs’ Air Volume Flow

The oscillating water column inside the OWC device pushes the dry air above the free
surface through an air turbine. The latter is located at the top of the chamber, producing an
inner air volume flow, Q(t) = Re

{
q e−iωt}, defined by:

q =
x

Si

uzdSi =
x

Si

∂ϕ

∂z
dSi (25)

Here, uz stands for the vertical velocity of the water surface inside the OWC; Si is the
device’s inner water surface cross-sectional area; and ϕ is the velocity potential inside the
OWC’s chamber (i.e., M fluid domain).

Since the spatial function ϕ can be written as a superposition of the diffraction and the
pressure-dependent radiation velocity potentials (herein, the OWC is assumed restrained
to the wave impact, thus no motion radiation velocity potential is considered), the method
of images can be applied similarly as presented in Section 3.1. Specifically, the volume flow
q equals to the sum of the diffraction volume flow, qD, and the pressure- dependent volume
flow, qP. Following the method of images (i.e., an array of four OWCs is considered, the
initial one and its three mirror bodies, placed with respect to the breakwater, without the
presence of the breakwater) the diffraction volume flow inside the initial OWC, under the
action of surface waves propagating at an angle β, equals to the sum of the diffraction
volume flows inside the same OWC for wave angles β, 180− β, 180 + β, 360− β. Similarly,
the pressure-dependent volume flow inside the initial OWC, equals to the sum of the
pressure volume flow due its unit inner air pressure supplemented by the corresponding
volume flows of the same–initial device due to unit air pressure inside the image bodies.

Therefore, following the above formulation the volume flow inside the device when
considered placed in front of an orthogonal breakwater, equals to:

q = qβ,D + q180−β,D + q180+β,D + q360−β,D + pin0

4

∑
p=1

q1p
P = qD + pin0 qP (26)

In Equation (26), the qθ,D, θ = β, 180−β, 180+β, 360−β term denotes the diffraction
volume flow inside the OWC, whereas the subscripts β, 180− β, 180 + β, 360− β denote
the examined wave heading angles. In addition, q1p

P is the pressure-dependent volume
flow inside the OWC due to the unit air pressure inside the p device, p = 1, 2, 3, 4, whereas
the pin0 denotes the air pressure inside the initial OWC.

In the present work, a Wells type air turbine is considered to be placed in the OWC’s
duct, between the chamber and the outer atmosphere, since it exhibits an approximately
linear relationship between the inner air pressure and the volume flow, i.e.,

q = Λ pin0 (27)

In Equation (27), Λ denotes the complex pneumatic admittance of the air turbine [40,44].
Regarding the real part of Λ, it is related to the pressure drop through the turbine, whereas
the imaginary part stands for the effect of air compressibility inside the chamber. Con-
cerning the numerical results presented in Section 4, the pneumatic admittance of the air
turbine, is assumed to attain an optimum value, Λopt, as presented in [45], maximizing the
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power efficiency by a similar OWC device, alone in the wave field, without the presence of
the breakwater.

3.3. Absorbed Power

The investigation of the equilibrium of the forces acting on a WEC placed in front of
an orthogonal breakwater leads to the following motion differential equation:

For the heaving device:

(m + a33)
..
ξ30 + (b33 + bPTO)

.
ξ30 + c33ξ30 = F30 (28)

Here, m stands for the mass of the heaving device; c33 is the hydrostatic stiffness
coefficient, and a33, b33 are defined in Equation (20). Concerning the PTO mechanism of
the heaving device, this is modeled as a linear damping system with damping coefficient
bPTO, whereas in the presented numerical results in Section 4, it is assumed to be equal to
the heave radiation damping of a similar isolated heaving device (i.e., in unbounded water,
without the presence of the vertical wall) at its heave natural frequency [40].

For the OWC device:
pin0

(
Λopt − qP

)
= qD (29)

The terms qD, qP, pin0 are presented in Equation (26), whereas the Λopt term in
Equation (27).

In regular incident waves, the power absorbed by a WEC placed in front of an orthog-
onal breakwater, can be written as:

For the heaving device:

P(ω) =
1
2

bPTOω2|ξ30|2 (30)

Whereas for the OWC device:

P(ω) =
1
2

Λopt|pin0|2 (31)

Hereω denotes the wave frequency.
The P term in Equations (30) and (31) denotes the power absorbed from the waves at

every examined wave frequency. However, since in the present manuscript the occurring
losses during the energy conversion are not taken into consideration, the value of P
corresponds to the WEC efficiency.

4. Numerical Results
4.1. Methodology Validation

This subsection is dedicated to validation of the presented theoretical formulation
with available data from the literature. Herein, a bottom seated vertical cylinder is assumed
placed in front of an orthogonal, bottom seated, and surface piercing breakwater. The
cylindrical body is of radius α, whereas its distances from the vertical walls equal to
L1 = L2 = 1.2α (see Figure 1c,d, assuming h1 = d). The water depth equals to d/α = 1.0 and
the wave heading angle β = π/6. In Figure 3, the horizontal exciting wave forces on the
cylinder at the x and y directions are presented and compared with the outcomes from [36]
with excellent correlation.
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by the factor ρgdα(H/2) and compared with the results from [36].

4.2. Test Cases

The theoretical methodology developed in the present manuscript was applied for
two types of WECs placed in front of an orthogonal breakwater, namely a heaving point ab-
sorber, allowed to oscillate only in heave direction and an oscillating water column device,
restrained to the wave impact (i.e., no motions were considered). The examined heaving
device was of radius α and draught h1; floating in water depth d = 7.14α. The center of
gravity lay at 0.485α above the keel line and the radius of gyration was 0.742α. The WEC’s
mass was equal to its displaced water volume, whereas the bPTO was equal to the heave
radiation damping of a similar isolated WEC at its heave natural frequency. Additional
stiffness due to moorings was not considered in the present manuscript. Concerning the
OWC device, it had an outer radius α; inner radius α/b = 1.25; draught h1; floating also in
water depth d = 7.14α. For the shake of comparisons of numerical results with the heaving
device case, the OWC’s air turbine characteristics were considered equal to the Λopt value
of a similar OWC in isolation condition at the pumping resonance wave frequency [18].
Furthermore, the distances between the center of both examined WEC and the vertical
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walls were assumed equal, i.e., L1 = L2 (see Figures 1 and 2). Nevertheless, the method of
images can be applied to random L1, L2 values.

The numerical results based on the presented theoretical methodology were obtained
using the in-house developed computer code HAMVAB (Hydrodynamic Analysis of
Multiple Vertical Axisymmetric Bodies [46]) in FORTRAN programming language. This
frequency domain software which relies on analytical representations of the velocity po-
tential around each examined WEC, was preferred against other available numerical tools
applicable to general 3D geometries to reduce the computational cost while keeping the
same accuracy [39,42].

In the below subsections the absorbed wave power by the WECs is presented for
several values of examined: (a) wave heading angles; (b) distances between the device and
the breakwater; (c) device’s draught; and (d) breakwater’s length.

4.3. Effect of the Distance between the WEC and the Breakwater

In the present subsection, the effect of the distance between the breakwater and the
examined WEC on its efficiency is presented. Herein the examined distances were equal to:
L1 = L2 = 1.2α, 2α, 3α, 4α, 5α, 6α, 7α, 8α, 9α and the examined wave heading angles were
equal to β = π/6, π/4. Due to symmetry reasons, the β = π/6 case was equal to the β = π/3
case. The draught of both WECs (i.e., heaving device and OWC) were equal to h1/a = 1.

Based on the presented theoretical formulation, the heave natural frequency of the
same WEC in the open sea (i.e., no presence of the breakwater), for α = 1 m, equaled 2.54
(rad/s) and the corresponding heave radiation damping of the converter equaled 0.85
(t/s) (bPTO = 0.85 [t/s]). Similarly, the pumping frequency of the water column inside the
oscillating chamber was equal to 2.6 (rad/s) and the corresponding air turbine coefficient
inside the OWC equals to 12.62 (m5/(kN·s)).

Figure 4 depicts the wave power (P(ω)/(H/2)2 (kW/m2)) absorbed by the heaving
device for various examined kα values in the range of kα ∈ [0.05, 1.5] and distances
between the breakwater and the WEC in the range of L1 = L2 ∈ [1.2α, 9α] for wave heading
angles β = π/6, π/4. Similarly, in Figure 5 the corresponding absorbed wave power by the
OWC device is presented for the same, as above, range of kα and Li, i = 1, 2 values, for
β = π/6, π/4.

It is illustrated in Figure 4 that the absorbed wave power by the heaving device
is affected by the distance between the device and the walls of the breakwater, as well
as by the wave heading angle. Specifically, the absorbed wave power is enhanced at
some wave numbers and moderated at other values of kαwhen the incident wave angle
increases. For wave heading angle β = π/6 (and π/3) (see Figure 4a), the wave interaction
phenomena between the WEC and the vertical walls have a constructive effect on the
device’s hydrodynamic efficiency when the device is placed near the walls (i.e., 1.2α case).
The same is true for the cases of the larger distances of the WEC from the breakwater (i.e., 6α;
7α; 9α cases). However, this is not the case at every examined wave frequency (i.e., wave
number). It is depicted that the device operates efficiently, i.e., concerning the absorbed
wave power, at wave numbers in the range of kα ∈ [0.2, 1], whereas the breakwaters’
constructive effect on the device’s hydrodynamic efficiency is increased significantly near
the device’s natural frequency, ω = 2.54 rad/s (i.e., kα = 0.65). Additionally, it can be
seen that for the close-to-wall cases (i.e., L1 = L2 = 1.2α) the absorbed wave power attains
comparable values regardless the wave heading angle (see Figure 4a,b), leading to the
conclusion that when the WEC is placed near the walls its efficiency seems to be unaffected
by the angle of the incoming wave. In contrast, the value of the absorbed wave power for
the far-to-wall cases (i.e., L1 = L2 = 6α; 7α; 9α) increases significantly for β = π/4, compared
to the corresponding values for β = π/6 (Figure 4b).
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As far as the OWC in front of an orthogonal breakwater is concerned, Figure 5
shows the comparison of P(ω), see Equation (31), for several examined wall-to-body
distances and wave heading angles. We arrived at a similar conclusion for the examined
heaving device as regards the wave numbers in which the device operates effectively, i.e.,
kα ∈ [0.2, 1], as well as the wave number in the neighbourhood of which the absorbed
wave power maximizes, i.e., kα ≈ 0.68. However, in the OWC case, this wave number
(i.e., ω = 2.6 rad/s) corresponds to the inner water surface pumping resonance frequency
and not to the device’s natural frequency as in the heaving device case. Furthermore, from
Figure 5a,b it can be seen that similar to the heaving configuration, for the close-to-wall
case (i.e., L1 = L2 = 1.2α), the absorbed wave power remained unaffected by the wave
heading angles. On the other hand, at larger distances between the OWC and the walls
(i.e., L1 = L2 = 6α; 7α; 9α) the hydrodynamic efficiency was significantly affected by the
angle β, presenting amplified values at β = π/4.
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Concluding, it is worth mentioning that the selected WEC arrangements (i.e., heaving
and OWC device) operate optimally at the neighbourhood of kα ≈ 0.65 and 0.68 which
correspond to the heaving device natural frequency and to the OWC pumping frequency,
respectively. Furthermore, concerning the optimum distance between the WEC and the
vertical walls, it can be obtained that in both WEC configurations the wave interaction
effects have a constructive effect on the devices’ absorbed wave power for the close-to-wall
and the far-to-wall examined distance cases. As far as the comparison of the hydrodynamic
efficiency of the examined WECs is concerned, it can be derived that the heaving and the
OWC devices attain comparable results and follow a similar variation pattern concerning
the absorbed wave power at every examined distance from the vertical walls. This is also
amplified by the fact that the heaving device’s natural frequency and the OWC’s pumping
resonance frequency, at which the WECs operate effectively, are located at adjacent wave
frequencies (i.e., around kα ≈ 0.66).

4.4. Effect of the WEC’s Draught

In this subsection, the effect of the WECs’ draught on their wave power absorption is
examined. The two arrangements of WECs (i.e., heaving and OWC device) were assumed,
as in the previous subsection, and placed in front of a fully reflecting orthogonal breakwater
of infinite length. The examined WECs’ draughts equal to h1 = 1.2α, 1α, 0.8α, 0.6α, 0.4α,
and the wave heading angles β = π/6, π/4. The remaining geometric characteristics of
the devices were kept the same as before (see Section 4.2) whereas the distances between
the device and the vertical walls equal to L1 = L2 = 1.2α. Due to the variation of the
heaving device’s draught, and consequently of its natural frequency, the PTO damping
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terms for each draught h1 = 1.2α, 1α, 0.8α, 0.6α, 0.4α, assuming α = 1 m, equal to bPTO =
0.75; 0.85; 1.03; 1.26; 1.66 [t/s], respectively. Similarly, the air turbine characteristics for the
OWC device equal to: Λ = 12.81; 12.62; 10.85; 8.76; 7.00 (m5/(kN.s)) for each examined
draught h1 = 1.2α, 1α, 0.8α, 0.6α, 0.4α, respectively, for α = 1 m.

Figures 6 and 7 depict the absorbed wave power, (P(ω)/(H/2)2 (kW/m2)), by the
heaving and the OWC device, respectively, for various examined kα values (i.e., in the
range of kα ∈ [0.05, 1.5]); devices’ draught and wave heading angles. Specifically, in
Figure 6 the heaving device’s hydrodynamic efficiency is presented for several h1 values
and for β = π/6, π/4. From the depicted results, it can be seen that the values of P(ω)
attain maxima at the neighbourhood of the floater’s natural frequency. In particular, as
the floater’s draught increases the observed maximization of the absorbed wave power
is shifted at lower values of ka, similar to the WEC’s natural frequencies which they are
also shifted at lower values as the draught increases. Furthermore, the wave heading angle
seems not to affect the floater’s hydrodynamic efficiency since both β = π/6, π/4 cases
attain comparable results.
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Figure 7 depicts the OWC’s hydrodynamic efficiency for several wave frequencies (i.e.,
kα values), device’s draughts, and wave heading angles. It is apparent that the efficiency
of the device in front of an orthogonal breakwater attains higher values for h1 = 1.2α, 1α,
at every examined wave heading angle, compared to the corresponding values for the
remaining examined draughts (i.e., 0.8α, 0.6α, 0.4α). Moreover, the device’s absorbed
wave power seems to be unaffected by the wave heading angle attaining similar values
for every examined β. Furthermore, it can be observed from the figures that the wave
frequencies in which the absorbed power maximizes did not remain constant regardless of
the floater’s draught. This was the case in Section 4.3, where different values of distances
between the WEC and the walls were examined. Herein, however, the observed maxima
are shifted to higher wave numbers as the floater’s draught decreases since the values
of the OWC’s pumping frequency are increased as the draught values decrease. Finally,
comparing the hydrodynamic efficiency of the examined WECs, it can be concluded that
both devices are equally efficient in wave energy absorption for h1 = 1.2α, 1α, at every
examined wave heading angle. However, as h1 decreases the OWC’s efficiency, at wave
numbers in the neighborhood of kα ≈ 0.68 (i.e., OWCs pumping resonance frequency)
appears to be enhanced compared to its heaving device’s counterpart at wave numbers
adjacent to its natural frequency.
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4.5. Effect of the Breakwater Type

In this subsection, the hydrodynamic efficiency of the two examined WEC-breakwater
arrangements (i.e., heaving and OWC device in front of an orthogonal breakwater) is com-
pared for different types of breakwaters. Specifically, apart from the presented orthogonal
breakwater, a vane-type (i.e., linear) breakwater is also assumed in order to study the
breakwater’s type impact on the device’s efficiency. The considered WEC configurations
in front of an orthogonal breakwater were presented in Section 4.2, assuming also h1 = α
and L1 = L2 = 1.2α. The corresponding PTO damping characteristics for the heaving device
and the air turbine coefficients for the OWC were also presented in Section 4.3, for α = 1 m.
Concerning the vane-type breakwater, the two WEC configurations are considered placed
in front of a bottom seated, surface piercing, vertical wall of infinite length. The vertical
barrier is assumed to be placed along the y axis, whereas the considered wave heading
angle β = π/3.

For the evaluation of the WEC’s hydrodynamic efficiency in the case of a linear wall,
the method of images was also applied. As in the orthogonal-wall case, the problem under
investigation (i.e., a single WEC in front of a linear wall) corresponds to an array of two
WECs, i.e., the initial device and its mirror body with respect to the linear breakwater, that
are exposed to the action of two-directional surface waves (i.e., one propagating at angle β,
a second at angle 180 − β), without the existence of the breakwater.

In Figure 8 the absorbed wave power, (P(ω)/(H/2)2 (kW/m2)), by the heaving and the
OWC devices for various examined kα values in the range of kα ∈ [0.05, 1.5] is depicted for
the two wall cases, i.e., orthogonal and linear breakwater; for L1 = L2 = 1.2α and π/3. The
results are compared with the corresponding efficiency of the same WECs in unbounded
water. It can be seen that the utilization of a heaving device does not introduce significant
differences in the values and the variation patterns of the absorbed wave power compared
to the OWC case. Specifically, it can be seen that for small wave numbers (i.e., kα < 0.6)
the heaving device in front of an orthogonal breakwater seems to be more efficient than
the OWC, attaining larger values of absorbed power. On the contrary, the absorbed wave
power by both WECs attains comparable values for kα in the range of kα ∈ [0.6, 0.8],
whereas for higher values of kα the orthogonal breakwater does not seem to affect the
WECs’ efficiency, the latter being tending to the one of a WEC in unbounded water. In
addition, it is worthwhile to note the constructive effect the orthogonal breakwater has on
the WECs’ hydrodynamic efficiency compared to the no wall case in all the examined kα
values.
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Figure 8 also presents the comparisons between the absorbed power by the heaving
and the OWC converter for the orthogonal and linear breakwater case. It can be noted that
the hydrodynamic efficiency of the two examined converters when placed in front of an
orthogonal breakwater is significantly amplified compared to the vane-breakwater case.
Consequently, among the examined wall and no-wall cases, the orthogonal breakwater
is considered to be the most efficient case in terms of the WECs’ wave power absorption
enhancement.

4.6. Effect of the Walls’ Length

In the present theoretical analysis, a fully reflecting, vertical, bottom fixed, surface
piercing, orthogonal breakwater of infinite length is assumed in order to apply the method
of images to the examined WEC orthogonal breakwater system. Herein, the theoretical re-
sults are compared with the corresponding numerical outcomes derived from the numerical
analysis of an orthogonal breakwater of finite length. The analysis relies on the boundary
integral equation method for the velocity potential representation around the breakwater
and the WEC, which is numerically realized using the panel software HAQi [47] for the
examined finite length cases, using the sink-source technique as presented in [48–50].

The examined WEC is a heaving device, of radius α and draught h1 = 0.4α; floating
in water depth d = α. The center of gravity lies at 0.485α above the keel line and the radius
of gyration is 0.742α, whereas the PTO damping coefficient equals to zero. The distance
between the centre of the floater and the vertical wall equals to L = 1.5α. The WEC’s
and breakwaters’ surfaces have been discretized into 4920 elements (i.e., 840 elements for
the converter’s simulation, whereas 4080 elements have been used for the vertical walls’
simulation, see Figure 9). Finally, the examined walls’ length equal to 50α and the wave
heading angles β = π/6; π/4.

Figures 10 and 11 depict the heave exciting forces and the heave hydrodynamic
coefficients (i.e., as being presented in Equation (19)), respectively, of the heaving device
when placed in front an orthogonal wall of length 50α, for β = π/6; π/4. The results are
compared with the infinite walls’ length case. The exciting forces are non-dimensionalized
by (ρgα2(H/2)), whereas the added mass and damping coefficients by (ρα3) and (ρωα3),
respectively.
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(b) b33. The results are compared to the infinite walls’ length case.

It can be seen that the consideration of a fully reflecting orthogonal breakwater (i.e.,
infinite walls’ length) leads to an overestimation of the values of the heave exciting forces
at small wave numbers. Specifically, for wave numbers tending to zero the values of Fz
begin their variation from 4π, whereas for the finite walls-length case the values of the
heave exciting forces tend to the limiting value of π. On the contrary, as the wave number
increases the results of the infinite- and finite-length cases convergence. Furthermore, it
should be noted that the deviation of the results due to the walls’ length in the low wave
numbers is presented regardless the wave heading angle (see Figure 11a,b). Concerning the
WEC’s hydrodynamic coefficients, presented in Figure 11, the walls’ length seems not to
affect the floater’s added mass in heave direction since the examined length-cases (i.e., 50α,
infinite length-cases) attain similar results. On the other hand, the infinite walls’ length
assumption overestimates the results of the converter’s heave damping coefficients at low
wave numbers compared to the results from the finite length case.

In Figure 12, the WEC’s heave displacement, non-dimensionalized by the factor (H/2),
is presented for the two examined walls’ length cases i.e., 50α and infinite length-cases, for
β = π/6; π/4. It can be noted that the values of heave displacement also attain deviations
at small wave numbers for the finite examined walls’ length case, compared to the infinite-
length case, regardless of the wave heading angle. This phenomenon is due to the obtained
differences in Fz and b33 between the infinite- and finite-length cases (see Figures 10 and 11).
Therefore, it can be concluded that the infinite wall assumption has limitations concerning
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the accurate estimation of the floater’s heave exciting forces, damping coefficients and
heave displacements at small wave frequencies, since the method of images seems to
overestimate these values. This overestimation is notable at every examined wave heading
angle.
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Figure 12. Heave displacement of the heaving device versus kα for walls’ length equal to 50α, and
wave heading angles: (a) β = π/6; (b) β = π/4. The results are compared to the infinite walls’ length
case.

Another limitation on the method of images concerns the wave heading angles β = 0,
π/2. In these angles, the incoming wave is reflected only by one arm of the wall, i.e., along
the y- or x-axis, respectively. Therefore, only two wave trains are considered, i.e., 0 (or π/2)
and π (or 3π/2) for the solution of the diffraction problem. Figure 13 depicts the heave
exciting forces on the examined heaving device for the two walls’ length cases, i.e., infinite-
and finite-length, for a zero wave heading angle. The examined walls’ length equals to
50α. It can be noted that the values of the exciting forces attain lower values compared to
the corresponding values for β = π/3, π/4 (see Figure 10). Furthermore, for kα tending to
zero the values of the exciting forces for the infinite length case tend to 2π, whereas their
corresponding counterparts for the finite length case, tend to π. Nevertheless, the results
from the two walls’ length cases converge for higher wave numbers.
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5. Conclusions

This study investigates the efficiency of a WEC placed in front of a bottom-seated,
surface piercing, vertical orthogonal breakwater in the frequency domain. A theoretical
methodology based on the image method has been applied to simulate the effect of the
walls on the device’s power absorption considering infinite length of the walls’ arms.
Furthermore, the effect of an orthogonal breakwater of finite length on the WEC’s efficiency
has been numerically investigated.

Two different types of WECs have been studied, namely the heaving device and the
oscillating water column device. Emphasis is placed on the effect of: (a) the converters’
distance from the walls; (b) the converters’ draught; (c) the breakwaters’ type; and (d) the
breakwaters’ length on the devices’ absorbed wave power. Based on the theoretical results
shown and discussed in the dedicated sections, the present research contribution concerns
the enhancement of the harvested wave power by the WEC in front of an orthogonal
wall when compared to the absorbed wave power by the same WEC in the open sea or
when placed in front of a vane-type breakwater. This efficiency amplification is strongly
dependent on the distance between the converter and the walls, the floater’s draught, the
examined wave number, and the wave heading angle. On top of that, it is shown that the
assumption of a fully reflecting breakwater of infinite length dictates by a large expense
the floater’s exciting wave loads, hydrodynamic characteristics, and as a result the body’s
heave displacement, compared to the effect that an orthogonal wall of finite length may
have on these parameters, especially at small wave numbers. At these wave numbers, the
infinite wall assumption causes an overestimation of the heave exciting forces and damping
coefficients. Nevertheless, careful use of the method of images is recommended, since
these deviations between the finite- and infinite-length wall cases appear at small wave
frequencies, whereas at higher values of kα the results of the two length-cases correlates.

The present study will be further continued by determining in detail the hydrody-
namic characteristics of an array of cylindrical floaters allowed to move in their six-degrees
of freedom, located in front of a V-shaped breakwater of a random angle.
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Abbreviations

d Water depth
ω Wave frequency
H Wave height
β Wave heading angle
rk,θk,zk Local co-ordinate system of the k WEC
Lk, k = 1, 2 Distance between the WEC and the vertical walls
α WEC’s radius
h1 WEC’s draught
b OWC’s inner radius
Φ Velocity potential
ϕ0 Velocity potential of the undisturbed incident harmonic wave
ϕ

q
s Scattered velocity potential for the q WEC

ϕ
qp
3 Radiation velocity potential resulting from the forced p body motion in heave

ϕ
q
D Diffraction velocity potential for the q WEC

.
ξ

p
30 Velocity amplitude in heave direction of the p heaving device

ϕ
qp
P Radiation velocity potential resulting from the inner air pressure in p OWC

pp
in0 Amplitude of the oscillating pressure head in the chamber of the p OWC

g Acceleration due to gravity
ρ Water density
I The infinite ring element around the q WEC
III The ring element below the q WEC
M The ring element inside the chamber of the q OWC
nq Unit normal vector
δq,p Kronecker’s symbol
np

3 Generalized normal component

Ψ
q
D,m Diffraction coefficient

Ψ
qp
3,m Motion radiation coefficient

Ψ
qp
P,m Pressure radiation coefficient

Z0 Orthonormal function
Jm m-th order Bessel function of the first kind
(l0q, θ0q) Polar coordinates of the q converter center relative to the origin O of the global

co-ordinate systems O-xyz
FD,3 Heave exciting forces on WEC
Fθ

D,3 Heave exciting force on the WEC, for θ = β, 180− β, 180 + β, 360− β
Sq Mean wetted surface of the q WEC
Fi,3 Motion hydrodynamic forces
αi3, bi3 Added mass and damping coefficients
a1n

i3 , b1n
i3

Added mass and damping coefficient of the initial WEC in the i-th direction,
due to the forced oscillation of the n body, n = 1, 2, 3, 4 in heave direction

FP,i Pressure hydrodynamic forces
ePi, dPi Pressure dependent hydrodynamic coefficients
e1n

Pi , d1n
Pi

Pressure hydrodynamic coefficients of the OWC in the i-th direction, due to the
unit air pressure inside the n device, n = 1, 2, 3, 4

Q(t) Air volume flow
uz Vertical velocity of the water surface in the OWC
Si Water surface cross-sectional area inside the OWC
qD Diffraction volume flow
qP Pressure-dependent volume flow
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qi,D Diffraction volume flow for β, 180− β, 180 + β, 360− β
q1p

P Pressure-dependent volume flow due to the unit air pressure inside the p device
Λ Complex pneumatic admittance (air turbine coefficient)
Λopt Complex pneumatic admittance optimum value
m Mass of the heaving device
bPTO PTO damping coefficient
c33 Hydrostatic stiffness coefficient
P(ω) Wave power absorbed by the WEC
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