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ABSTRACT: In this paper, we assess numerically the loads applied on PAs of optimally-arranged linear
arrays in front of a bottom-mounted vertical wall of finite length under normal operating conditions. The
arrays, maximizing the yearly absorbed energy, consist of five, identical, oblate spheroidal heaving PAs and
are deployed at three near-shore sites in the Aegean Sea, Greece. The PAs are assumed to be attached on the
wall via connection configurations restraining all rigid-body modes except heave. A spectral analysis is per-
formed to quantify loads. The corresponding transfer functions are obtained from a frequency-based hydro-
dynamic model that solves the diffraction/radiation problem of the multi-body arrangement in the presence of
the wall. Results, focusing on surge and sway restraining loads, are, initially, presented for regular waves and,
then, for normal operating conditions (irregular waves), highlighting the effect of the arrays’ layouts and of
the local wave conditions on the restraining loads. Comparison is also made with equally-spaced arrays to
reveal potential positive effects of optimum layouts on structural integrity related issues.

1 INTRODUCTION

The sustainable development and utilization of differ-
ent types of offshore renewable energy technologies
are desired to reach the 2030 climate objectives and
achieve carbon neutrality by 2050 as set by EU (Euro-
pean Commission 2019). The efficient exploitation of
the vast available wave energy resource could contrib-
ute to the above, offering at the same time multiple
benefits to coastal countries and communities.

Within the above context, the Wave Energy Con-
verters (WECs) technology is picking up speed during
the last years. Various WECs have been designed and
tested so far (e.g. Ahamed et al. 2020, Portillo et al.
2020), with the Point Absorbers (PAs) representing,
nowadays, one of the two most advanced and techno-
logically mature device types (Magagna et al. 2016).
At the same time, design methods, tools and criteria
to tackle efficiency and structural integrity related
issues are in a reconsideration phase, while different
development paths have been raised, including among
others: (a) scaling up of the devices’ power absorption
ability offshore or nearshore by deploying multi-body

arrays (e.g. Penalba et al. 2017, Giassi & Göteman
2018) and (b) integration of WECs technologies (iso-
lated devices or WEC arrays) with coastal structures
at nearshore locations (e.g. Michailides & Angelides
2015, Zhao et al. 2019), supporting cost-efficient solu-
tions through costs sharing.

Most WECs are designed in order to operate in
their resonance limits and in a big number of cyclic
dynamic loading. Therefore, optimum solutions in
terms of both power efficiency and structural integ-
rity should be targeted, not only on the device level,
but also on the array level. Accordingly, different
optimization methods and tools have been developed
and applied to solve single- or multi- objective opti-
mization problems for WECs shape optimization
(e.g. Garcia-Teruel & Forehand 2021, Guo & Ring-
wood 2021) and for WEC array layout optimization
(e.g. Fang et al. 2018, Lyu et al. 2019) including
various design variables and thresholds. Traditional
evolutionary optimization algorithms (e.g. Ruiz et al.
2017, Sharp & DuPont 2018) or other advanced
approaches, such as the machine learning approach
(e.g. Sarkar et al. 2016) and the artificial neural
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networks (e.g. Neshat et al. 2019) have been used
for the layout optimization of WEC arrays. On the
other hand, within the context of integrating WECs
with coastal structures, Loukogeorgaki et al (2021a,
b) determined the optimum layout of arrays of heav-
ing PAs in front of a vertical, bottom-mounted wall
of finite length at different near-shore sites of mild
wave environments in the Aegean Sea, Greece. In all
the above studies, emphasis is mainly given on the
produced power and the efficiency of the WEC array
as well as on cost related issues, dominated mostly
by the produced power factor. It is, however, ques-
tionable what the effects of the optimum array con-
figurations on structural integrity related issues are.

Motivated by this, the present paper focuses on
the load assessment of optimally-arranged linear
arrays of heaving PAs in front of a vertical, bottom-
mounted wall under normal operating conditions.
Optimum layouts maximize the yearly energy
absorbed by the array at a given marine site and sat-
isfy predefined spatial constraints. Each PA is
assumed to be attached on the wall via a connection
configuration that restrains all rigid-body modes
except the one corresponding to heave. Loads quan-
tification is realized by the means of a spectral ana-
lysis. The transfer functions (unit-amplitude loads)
required for this analysis are obtained from a linear
frequency-based hydrodynamic model, which solves
the complete diffraction and radiation problem of the
multi-body arrangement in the presence of the wall.
Load assessment is implemented for optimally-
arranged arrays that consist of five, identical, oblate
spheroidal heaving PAs (Loukogeorgaki et al.
2021a) and are deployed at three near-shore sites in
the Aegean Sea, Greece, characterized by different
wave climates. The required sea states characteriza-
tion is acquired by a numerical wave model, specif-
ically developed for the Aegean Sea. Results,
focusing on the surge and sway restraining loads, are
initially presented for regular waves to highlight crit-
ical features of the loading transfer functions. Next,
the results for normal operating conditions (irregular
waves) are cited and discussed, with an emphasis on
the effect of the arrays’ layouts and of the local
wave conditions on the examined restraining loads.
Comparisons with equally-spaced, non-optimized
arrays are also made to reveal potential positive
effects of optimum layouts on integrity-related
issues.

2 NUMERICAL MODELLING

A linear array of Q hydrodynamically interacting
semi-immersed heaving PAs is placed at a marine
site of water depth h in front of bottom-mounted,
vertical wall of finite length lwall (Figure 1). The
array consists of identical PAs that have an oblate
spheroidal shape of semi-major and semi-minor
axes a and b respectively (Figure 1b), and are
enabled to oscillate only along the vertical

direction. The latter condition can be realized by
attaching the PAs on the wall via arms, which
move vertically along sliding guideways (sliders),
as proposed by Gkaraklova et al. (2021) for the
case a hybrid wind–wave monopile support struc-
ture. The devices are located at a distance c in
front of the wall and they can be arbitrary distrib-
uted within the linear array, with the X coordinate
of the center of the q-th PA, Xq, q=1,…, Q,
denoting the position of the device along the
global OX axis. Each PAq, q=1,…, Q, is assumed
to absorb power through a linear PTO mechan-
ism, which is actuated by the device’s heave
forced motion and is schematically shown in
Figure 1b as a linear damping system of damping
coefficient bPTOq.

The hydrodynamic analysis of the examined
arrangement under the action of regular unit-
amplitude incident waves of circular frequency ω,
considering the hydrodynamic interactions among
the PAs and between the wall and the devices, is
conducted in the frequency domain. It is based on
the Boundary Integral Equation Method (BIEM),
which is numerically realized using WAMIT© soft-
ware (Lee 1995). The applied methodology relies on
the three-dimensional linear potential theory, where
the wall is considered fixed at its position and each
PA is taken to oscillate freely only along its working
direction, i.e. along the local oz axis (Figure 1b).
Hence, the rigid-body modes of the PAs except the
one corresponding to heave, are considered
restrained (fixed). In order though to calculate the
corresponding restraining loads, the complete dif-
fraction and radiation problem has to be solved.

Figure 1. Geometry of the examined problem and defin-
ition of basic quantities: (a) X-Y plane, (b) Y-Z plane.

Assuming inviscid and incompressible fluid with
irrotational flow, the fluid motion is described in
terms of the velocity potential, which satisfies the
Laplace equation. Its complex spatial part is defined
as (Lee 1995, Lee & Newman 2005):
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where φΙ, φS, φD and φj
q, j=1,…, 6, q=1,…, Q, are

respectively, the incident, scattered, diffracted and
unit-amplitude radiation (in the j-th mode of the q-th
body) potentials, ξj

q, j=1,…, 6, q=1,…, Q, are the
complex amplitudes of the q-th PA surge (j=1), sway
(j=2), heave (j=3), roll (j=4), pitch (j=5) and yaw
(j=6) motions, A is the amplitude of the incident
waves, β is the propagation angle of the waves rela-
tively to the OX axis (Figure 1a), g is the gravita-
tional acceleration, k is the wave number and i2=-1.

The first order boundary value problem is formed
by subjecting the potentials to the combined kinematic
and dynamic free-surface boundary condition, the
bottom boundary condition and the Neumann bound-
ary conditions on the wetted surface of the bodies (Lee
1995, Lee & Newman 2005). Then, the boundary inte-
gral equations for the unknown diffraction and radi-
ation potentials on the boundary of the PAs and the
wall, and of the PAs respectively are formulated by
deploying Green’s theorem, and the boundary value
problem is solved based on a three dimensional high-
order panel method (Lee 1995, Lee & Newman 2005).

Subsequently, first order hydrodynamic quantities
(exciting forces, hydrodynamic coefficients) are cal-
culated as:

Fq
j ¼ �iωρ

ðð
SBq

nqj ’Dds ð3Þ

Aql
ij �

i
ω
Bql
ij ¼ ρ

ðð
SBq

nqi ’
l
jds ð4Þ

where Fj
q, j=1,…, 6, q=1,…, Q, is the exciting force

of the j-th rigid-body mode of the q-th PA, Aij
ql and

Bij
ql, i, j=1,…, 6, q, l=1,…, Q, are the added mass

and radiation damping coefficients, respectively, in
the i-th degree of freedom of the q-th PA due to the
j-th mode of motion of the l-th PA, ni

q is the i-th
component of the normal vector of the q-th PA and ρ
is the seawater density.

Considering the existence of restrained surge,
sway and rotational rigid-body modes for all the
PAs, the complex amplitudes of the devices’ heave
motions, ξ3

l, l=1,…, Q, are obtained from the solu-
tion of the following linear system of equations:

XQ
l¼1

�ω2ðmqδql þ Aql
33Þþ

þiωðBql
33 þ bPTOqδqlÞ þ Cq

33δql

" #
ξl3 ¼ Fq

3 ; q ¼ 1;…;Q

ð5Þ

where, mq and C33
q are respectively the submerged

mass and the heave hydrostatic stiffness coefficient of
the q-th PA and δql is the Kronecker delta.

Following the solution of Equation 5, the restrain-
ing loads result from:

FRq
j ¼ Fq

j �
XQ
l¼1

�ω2ðMql
j3 þ Aql

j3Þþ
þiωBql

j3 þ Cql
j3

" #
ξl3;

q ¼ 1;…;Q and j ¼ 1; 2; 4; 5; 6

ð6Þ

where FRj
q corresponds to the restraining load

applied in the j-th degree of freedom of the q-th PA,
while, Mj3

ql and Cj3
ql, are the mass and hydrostatic-

gravitational stiffness coefficients, respectively, in
the j-th degree of freedom of the q-th PA due to the
heave motion of the l-th PA.

Having obtained FRj
q for various values of ω rep-

resenting the frequency components of a spectrum,
a spectral analysis follows to quantify the loads
applied on the PAs for the local wave climate condi-
tions (set of sea states) characterizing the marine
site, where the array is deployed. Specifically, for
a given sea state described by a spectrum with sig-
nificant wave height, Hs, and peak period, Tp, the
spectrum of the j-th restraining load for the q-th PA,
SFRj

q(ω | Hs, Tp), results from:

SFRq
j ðωjHs;TpÞ ¼

ð∞
0

jFRq
j j2SðωjHs; TpÞdω ð7Þ

where |FRj
q| is the amplitude of the complex quantity

FRj
q (i.e. loading transfer function) and S(ω | Hs, Tp)

is the spectral density of the examined incident wave
spectrum, with the symbol “|” denoting given values
of Hs and Tp.

Based on the loads spectra, the restraining load
applied in the j-th degree of freedom of the q-th PA for
a given Hs and Tp combination is then expressed in
terms of the Root Mean Square (RMS) value, FRj

qRMS

(Hs, Tp), using Equation 8 (e.g. Naess & Moan 2013):

FRj
q
RMSðHs;TpÞ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
SFRq

j ðωjHs;TpÞ
q

ð8Þ

Additionally to the above, the annual averaged
energy, Eannual, absorbed by the array under operat-
ing conditions for a given marine site can be esti-
mated as follows (Loukogeorgaki et al. 2021a):

Eannual ¼ 8; 760
X

Hs

X
Tp
Pr Hs;Tp

� �
p Hs;Tp
� �� �

ð9Þ
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where Pr(Hs, Tp) is the annual probability of occur-
rence of a sea state and p(Hs, Tp) is the power absorbed
by the array for the specific sea state resulting from:

pðHs;TpÞ ¼
XQ
q¼1

ð∞
0

SðωjHs;TpÞpqðωÞdω ð10Þ

In Equation 10, pq (ω) is the average power
absorbed by the q-th PA of the array for a unit-
amplitude regular wave of frequency ω, calculated as
follows:

pqðωÞ ¼ 0:5bPTOqω
2jξq3j2 ð11Þ

where |ξ3
q| denotes the amplitude of the complex

quantity ξ3
q.

3 EXAMINED CASES

A linear array of Q=5 oblate spheroidal PAs
(Figure 1a with Q=5) in the seaward side of a wall
of total non-dimensional length lwall/a=36 and of
negligible thickness is examined. Each q-th PA has
semi-major axis a=2.0 m, non-dimensional semi-
minor axis b/a=0.85 and a constant damping coeffi-
cient bPTOq=10.322 kNs/m (Loukogeorgaki et al.
2021a). The latter coefficient has been taken equal to
B33(ω=ωn3), where B33 is the heave radiation damp-
ing of a single, isolated PA at its heave natural fre-
quency, ωn3 (equal to 2.4 rad/s). The whole
arrangement is utilized at three different marine sites
corresponding to near-shore locations at Siros (Site
S1), Anafi (Site S2) and Kasos (Site S3) islands in
the Aegean Sea, Greece (Figure 2).

Figure 2. Location of examined marine sites in the Aegean
Sea, Greece.

Load assessment is implemented for optimally-
arranged arrays that maximize Eannual at each exam-
ined marine site, while satisfying specific spatial
constraints. The optimum layouts of these arrays
have been determined by Loukogeorgaki et al.
(2021a) and are shown schematically in Figure 3. It
can be seen that for all three sites the optimally-
arranged arrays are placed at a non-dimensional dis-
tance from the wall c/a equal to 1.1 and are charac-
terized by the formation of two clusters of closely-
positioned PAs. Aiming to reveal potential positive
effects of optimum layouts on structural integrity
related issues, results are also compared with those
of equally-spaced, non-optimized arrays. In this
case, all the devices are located at c/a=1.1 in front of
the wall and they are distributed along the whole
wall length with a non-dimensional center-to-center
distance equal to 8.5a (Figure 4).

The hydrodynamic analysis is conducted for
non-dimensional water depth h/a equal to 3.5, 4 and
5 for S1, S2 and S3 respectively under the action of
regular, unit-amplitude perpendicular to the wall
(i.e. β=270 deg, Figure 1a) waves with ω varying
between 0.05 rad/s and 4.0 rad/s. These values have
been also considered as the cut-off spectral frequen-
cies in the spectral analysis (e.g. Equation 7),
which, has been conducted in the present investiga-
tion by utilizing the TMA spectrum (e.g. Hughes
1984, Bergdahl 2009). This spectrum corresponds

Figure 4. Layout of equally-spaced arrays in front of the
wall for all examined sites.

Figure 3. Examined optimum layouts of the PA array in
front of the wall for sites S1-S3.
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to a modified Jonswap spectrum in shallow waters
and it enables the consideration of limited water
depth conditions through a finite depth spectral for-
mulation. Specifically, for a sea state with Hs and
Tp, S(ω | Hs, Tp) for the TMA spectrum is obtained
by multiplying the spectral density of the Jonswap
spectrum (DNV-GL 2017) with the so-called
“limited depth” function, Φ(h, ω), obtained as
(Bergdahl 2009):

Φ h;ωð Þ ¼
0:5 ω

ffiffiffiffiffiffiffiffi
h=g

p� �2
ω

ffiffiffiffiffiffiffiffi
h=g

p
51

1:0� 0:5 2� ω
ffiffiffiffiffiffiffiffi
h=g

p� �2
1 � ω

ffiffiffiffiffiffiffiffi
h=g

p
52

1:0 ω
ffiffiffiffiffiffiffiffi
h=g

p
2

8>>><
>>>:

ð12Þ

Regarding sea states characterization, the present
work focuses on normal operating conditions.
Accordingly, the corresponding wave climate mat-
rices for all three examined marine sites have been
obtained by a 35-years (1980 to 2014) hind-cast,
based on the spectral phased averaged model Simu-
lating WAves Nearshore (SWAN), specifically devel-
oped for the Aegean Sea (Lavidas & Venugopal
2017). The model utilized a two way nesting for the
Mediterranean and the Aegean Seas and provided
a comprehensive resource assessment, after being
appropriately calibrated. Non-linear wave inter-
actions have been taken into account within the
application of SWAN for all examined marine
locations.

4 RESULTS AND DISCUSSION

In the following sections, the results of the present
investigation are presented with a focus on the surge
and sway restraining loads representing the most crit-
ical ones applied on the PAs. Initially, restraining
loads under the action of regular waves are discussed
in order to highlight critical features of the corres-
ponding linear transfer functions (i.e. FR1

q and FR2
q,

q=1,…, 5) that are deployed in the subsequent spec-
tral analysis. Next, restraining loads are presented for
normal operating conditions (irregular waves), taking
into account the local wave climate at each of the
three examined marine sites.

4.1 Restraining loads under regular waves

Figures 5 and 6 show respectively the surge, FR1
q

and sway, FR2
q, q=1,…, 5, restraining loads applied

on the PAs of the optimally-arranged arrays at the
three examined sites. Both loads are given normal-
ized by ρgAa2.

Starting with the surge restraining loads
(Figure 5), non-zero values of FR1

q, q=1,…, 5, exist
as a result of the hydrodynamic interactions among
the PAs and between the devices and the wall. For

all sites examined and for all PAq, q=1,…, 5, an
intense variation of FR1

q as a function of ω is
observed, characterized by an irregular pattern and
the existence of multiple peaks and successive local
minima. The realization of different arrays’ layouts at
the three examined sites introduces differences in the
variation pattern and the values of FR1

q mainly at ω >
2 rad/s, with the most significant ones observed in the
case of PA1 and PA2. It is also worth to note that for
a given marine site, the surge restraining loads applied
on the outer PAs (i.e. PA1 and PA5) have larger
values at ω < 2 rad/s compared to FR1

q, q=2, 3 and 4.
Regarding the sway restraining loads (Figure 6),

all FR2
q, q=1,…, 5, curves for a given site show

a smooth variation with a peak value at ω≈2.5 rad/s.
The location of the PAs within an optimally-
arranged array lead to insignificant differences on
the values of the sway restraining loads among the
various devices. Similarly, the realization of different
arrays’ layouts at S1-S3 affects at a quite small
degree the variation pattern and the values of FR2

q,
for a specific q value.

Figure 6. FR2
q, q=1,…, 5, for optimally-arranged arrays at

S1-S3.

Figure 5. FR1
q, q=1,…, 5, for optimally-arranged arrays at

S1-S3.
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Continuing with the equally-spaced arrays, Fig-
ures 7 and 8 show respectively the corresponding
surge, FR1

q and sway, FR2
q, q=1,…, 5, restraining

loads applied on the PAs at the three examined sites.
It is noted that due to the symmetry of the layouts
with respect to β=270 deg, FR1

3 for the middle PA is
cancelled, while FRj

1=FRj
5 and FRj

2=FRj
4 for j=1

and 2. FR1
q, q=1, 2, 4 and 5 (Figure 7) for all sites

examined show a quite intense variation and are
characterized by the existence of successive local
maximum and minimum values. Furthermore, the
surge exciting forces applied on the two outer PAs of
the arrays (i.e. PA1 and PA5) show larger values
compared to those of PA2 and PA4. On the other
hand, FR2

q, q=1,…, 5 (Figure 8) for all sites vary
quite smoothly, with a global peak at ω≈2.5 rad/s,
which is successively increased as we are moving
from the outer devices to the middle PA (PA3). The
results of Figures 7 and 8 indicate also that the con-
sideration of different water depths at the three
examined sites does not introduce any differences in
the variation pattern of FR1

q and FR2
q, while it has

a minor effect on the values of these loads.

Finally, by comparing the results of Figures 5-8, it
can be concluded that for a given marine site, opti-
mally-arranged arrays may lead to smaller values of
the surge and sway restraining loads, depending,
though, on the PA and the frequency range being
examined. For example, the values of FR1

q, q=1, 2, 4
and 5 at ω < 1 rad/s are smaller for optimally-arranged
arrays (Figure 5), which, however, lead to non-zero
surge restraining loads for PA3 (Figure 5c) due to the
absence of symmetrical layouts with respect to the

incident wave direction. On the other hand, FR2
3

applied on PA3 has smaller values at ω < 1.5 rad/s in
the case of optimally-arranged arrays (Figure 6c),
while the opposite holds true when the sway restrain-
ing loads of the outer devices (PA1 and PA5) are being
compared.

4.2 Restraining loads for normal operating
conditions

The characteristics of the local wave climate at sites
S1-S3 considered for the load assessment under
normal operating conditions are shown in Figure 9,
where the annual probability of occurrence, Pr(Hs,
Tp), of the various sea states in percentage (%) is
shown in the form of contours. For a given site,
spectra and RMS values of restraining loads are cal-
culated only for sea states that show Pr > 0%.

For sites S1 and S2 (Figs. 9a, b) located in the Cen-
tral Aegean, sea states with Hs, Tp up to 3.25 m, 11 s,
and up to 4.25 m, 12 s are observed respectively, with
the most frequent ones characterized by Hs <
1.75 m and 3.0 s ≤ Tp ≤ 6.0 s (site S1), and
Hs < 2.25 m and 4.0 s ≤ Tp ≤ 6.0 s (site S2). As for
site S3 (Figure 9c), located in South-Eastern Aegean,
sea states with Hs and Tp up to 4.75 m and 13 s do
exist, while large Pr values are observed for sea states
with Hs up to 2.25 m and 4.0 s ≤ Tp ≤ 8.0 s.

Figure 9. Local wave climate at sites S1-S3 (normal oper-
ating conditions).

It is noted that the data of Figure 9 have been also
used in order to quantify Eannual (Equations 9-11) for
the case of equally-spaced arrays. The corresponding
results are included in Table 1, where also Eannual for
optimally-arranged arrays as obtained from Louko-
georgaki et al. (2021a) are cited for comparison
purposes.

Figure 8. FR2
q, q=1,…, 5, for equally-spaced arrays at

S1-S3.

Figure 7. FR1
q, q=1, 2, 4 and 5, for equally-spaced arrays

at S1-S3.

Table 1. Eannual (MWh) for optimally-arranged and
equally-spaced arrays at S1-S3.

Array S1 S2 S3

Optimally-arranged 38.124 54.093 60.822
Equally-spaced 33.353 47.785 55.854
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Starting with the optimally-arranged arrays, Fig-
ures 10, 11 and 12 show the contours of FR1

qRMS,
q=1,…, 5, at sites S1, S2 and S3 respectively.

In the case of S1 (Figure 10), FR1
qRMS peaks for

all PAs are bounded at 1.25 m < Hs < 3.25 m and 5.0
s ≤ Tp < 8.0 s. Moreover, among all the devices, the
largest surge restraining loads are applied on PA1
and PA5 (outer devices), with FR1

qRMS, q=1 and 5,
global peaks equal to 7.6 kN and 6.7 kN respect-
ively. This fact is related to the existence of larger
values of the transfer functions FR1

q, q=1 and 5, at
ω < 2 rad/s (Figure 5), as previously discussed.

Regarding sites S2 and S3 (Figures 11-12),the
FR1

qRMS contours become wider along the Tp axis
compared to S1 and they are characterized by the
existence of non-zero values at Hs ≥ 3.25 m, in agree-
ment with the local wave environments (Figures 9b,
c). Accordingly, FR1

qRMS peaks for all PAs are

mainly observed at Hs ≥ 2.25 m for 6.0 s ≤ Tp < 9.0
s (site S2) and for 6.0 s ≤ Tp < 10.0 s (site S3). The
consideration of different wave climate conditions
for S2 and S3 leads also to a small increase of the
FR1

qRMS peak values for all the PAs compared to
the case of S1. Still, PA1 and PA5 correspond again
to the devices with the largest applied surge
restraining loads, with FR1

qRMS, q=1 and 5, global
peaks equal respectively to: (a) 8.9 kN and 7.9 kN
for S2 and (b) 8.6 kN and 7.9 kN for S3.

Continuing with the sway restraining loads, the
contours of FR2

qRMS, q=1,…, 5, for the PAs of the
optimally-arranged arrays at sites S1, S2 and S3 are
shown respectively in Figures 13, 14 and 15. For
a given site, the pattern of the FR2

qRMS contours is
similar with that of the FR1

qRMS contours; however,
the former contours have larger values and are char-
acterized by the occurrence of multiple distinctive
peaks distributed at: (a) 0.25 m < Hs < 3.25 m and
3.0 s ≤ Tp < 8.0 s (site S1, Figure 13), (b) 0.25 m <
Hs < 4.25 m and 3.0 s ≤ Tp < 9.0 s (site S2,
Figure 14) and (c) 0.25 m < Hs < 4.75 m and
3.0 s ≤ Tp < 10.0 s (site S3, Figure 15).

Figure 10. FR1
qRMS, q=1,…, 5, contours for optimally-

arranged array at S1.

Figure 11. FR1
qRMS, q=1,…, 5, contours for optimally-

arranged array at S2.

Figure 12. FR1
qRMS, q=1,…, 5, contours for optimally-

arranged array at S3.

Figure 13. FR2
qRMS, q=1,…, 5, contours for optimally-

arranged array at S1.
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It is also interesting to note that irrespectively of the
deployment site, the FR2

qRMS global peak for each q-th
PA occurs for sea states with Hs=1.25 m and Tp=4.0
s. The energy content of the input wave spectra
for this sea state is smaller compared to the Hs, Tp
combinations where the rest peak values occur (e.g.
Hs=1.75 m and Tp=5.0 s, Hs=2.25 m and Tp=6.0 s).
However, the decreasing trend of the FR2

q, q=1,…,
5, transfer functions towards smaller frequencies at
ω < 2 rad/s (Figure 6) leads to restraining loads
spectra of higher energy content for Hs=1.25 m and
Tp=4.0 s (results are not included here due to space
constraints) and, thus, to larger FR2

qRMS values.

For a given marine site and sea state, insignificant
differences are observed on the FR2

qRMS values among
the various PAs, in accordance with the relevant dis-
cussion previously made in the case of Figure 6. Fur-
thermore, for sea states common at all three sites, the
realization of different optimum layouts combined with
the existence of different wave climate conditions at
S1-S3 affect at a small degree the FR2

qRMS values.
Accordingly, for all PAs and for all sites examined the

FR2
qRMS global peaks (for Hs=1.25 m and Tp=4.0 s)

are approximately equal to 19.6 kN.

Figure 16. FR1
qRMS, q=1, 2, 4 and 5, contours for

equally-spaced arrays at S1-S3.

Moving on to the equally-spaced arrays, the corres-
ponding FR1

qRMS, q=1, 2, 4 and 5, contours are shown
in Figure 16 for all sites examined. For each site and
PA, the aforementioned contours have the same pattern
as in the case of the optimally-arranged arrays (Figurs
10-12). However, the existence of equally-spaced PAs
increases the values of FR1

qRMS, q=1, 2, 4 and 5. For
example, in the case of PA1 and PA5, where the largest
surge restraining loads are applied, the global peaks of
FR1

qRMS, q=1 and 5, are equal to 10.6 kN (site S1),
12.1 kN (site S2) and 12.1 kN (site S3). The above

Figure 15. FR2
qRMS, q=1,…, 5, contours for optimally-

arranged array at S3.

Figure 14. FR2
qRMS, q=1,…, 5, contours for optimally-

arranged array at S2.

Figure 18. FR2
qRMS, q=1,,…, 5, contours for equally-

spaced arrays at S2.

Figure 17. FR2
qRMS, q=1,,…, 5, contours for equally-

spaced arrays at S1.
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correspond to an average (over all sites) increase of
34% and 42% for PA1 and PA5 respectively compared
to the case of optimally-arranged arrays.

Finally, with regard to the sway restraining loads
applied on the PAs of equally-spaced arrays, Figures 17,
18 and 19 show the contours of FR2

qRMS, q=1,…, 5, for
S1, S2 and S3 respectively. Similarly to the surge
restraining loads, the R2

qRMS contours for a given site
and PA have the same pattern as in the case of the opti-
mally-arranged arrays (Figures 13-15). However, con-
trary to the latter arrays, a gradual increase of the
FR2

qRMS peak values is observed as we are moving from
PA1 and PA5 (outer PAs) to PA2 and PA4 and, finally,
to PA3 (middle PA), where FR2

qRMS peaks obtain the
largest values. This trend, directly related to the values
of the FR2

q, q=1,…, 5, transfer functions (Figure 8),
leads also to smaller or larger FR2

qRMS values compared
to optimally-arranged arrays, depending upon the loca-
tion of the PAwithin the array. More specifically, consid-
ering the outer PAs, the global peaks of FR2

qRMS, q=1
and 5, for the equally-spaced arrays are equal to 16.2 kN
(site S1), 16.3 kN (site S2) and 16.4 kN (site S3). The
corresponding values for PA2 and PA4 are 19.5 kN (site
S1), 19.6 kN (site S2) and 19.9 kN (site S3), while for
PA3 they are equal to 21.4 kN (site S1), 21.6 kN (site
S2) and 21.9 kN (site S3). The above indicate an aver-
age (over all sites) decrease of ~18% for PA1 and PA5
and of ~0.5% for PA2 and PA4, as well as an average
(over all sites) increase of ~10% for PA3 compared to
the case of optimally-arranged arrays.

5 CONCLUSIONS

In the present paper, we assess numerically the surge
and sway restraining loads applied on the PAs of opti-
mally-arranged linear arrays in front of a bottom-
mounted vertical wall of finite length. The arrays, maxi-
mizing the yearly absorbed energy, consist of five, iden-
tical, oblate spheroidal heaving PAs and are taken to be
deployed at three near-shore sites in the Aegean Sea,
Greece, characterized by different local wave climates.
Results are, initially, presented for regular waves and
then for normal operating conditions (irregular waves),
while, furthermore, they are compared with those
obtained for the case of equally-spaced arrays.

Under regular waves, the surge restraining loads
for all the examined optimally-arranged arrays are
characterized by an intense (irregular) variation pat-
tern, while the opposite holds true for the sway
restraining loads. At ω < 2 rad/s, larger surge
restraining loads are observed for the outer PAs of
each array compared to the rest devices. However,
the sway restraining loads have almost the same
values for all the PAs, independently upon their loca-
tion within the array. Moreover, for a given PA, the
realization of different arrays’ layouts at the three
sites does not introduce any significant differences
on the values of both the above loads at ω < 2 rad/s.
Compared to equally-spaced arrays, the optimally-
arranged ones may lead to smaller values of the
surge and sway restraining loads, depending, though,
on the PA and the frequency range being examined.

Under irregular waves, the contours of the RMS
values of the surge and the sway restraining loads,
FRj

qRMS, j=1, 2, q=1,…, 5, have a different shape
among the three sites as a result of the different local
wave conditions (i.e. existence of different sea states at
each site). For site S2 (Central Aegean) and S3 (South-
Eastern Aegean) wider contours along the Tp axis are
obtained, characterized by the existence of non-zero
values at Hs ≥ 3.25 m contrary to S1 (Central Aegean).
Accordingly, the observed peaks FRj

qRMS, j=1, 2, q=1,
…, 5, are distributed within a wider Hs and Tp range
in the case of S2 and S3 compared to S1.

For a given deployment site, the largest RMS
values of the surge restraining loads are obtained for
the outer devices of the optimally-arranged array,
while the existence of a bit more intense wave climate
conditions for S2 and S3 leads also to a small increase
of the FR1

qRMS peak values for all the PAs compared
to S1.

As for the RMS values of the sway restraining
loads, the global peak of all the FR2

qRMS contours,
irrespectively of the deployment site, occurs for sea
states with Hs=1.25 m and Tp=4.0 s and not for Hs, Tp
combinations of a higher energy content, as a result
of the variation pattern of the corresponding transfer
functions. The values of the above peaks are more
than double when compared with the FR1

qRMS global
peaks. Moreover, different local wave conditions and
the realization of different optimally-arranged arrays
among the three examined sites do not introduce any
significant differences on the FR2

qRMS global peaks
for all the PAs.

Finally, compared to the equally-spaced arrays,
optimum layouts leads to a reduction of the FR1

qRMS

values especially in the case of the outer PAs (aver-
age, over all sites, reduction equal to 34% and 42%
for PA1 and PA5 respectively, contrary to a reduction
of 2% and 6% for PA2 and PA4). However, the real-
ization of optimum layouts that are not symmetrical
with respect to the incident wave direction leads to
the existence of surge restraining loads for PA3 con-
trary to the equally-spaced arrays. As for the sway
restraining loads, optimally-arranged arrays affect
positively these loads in the case of PA3 (average,

Figure 19. FR2
qRMS, q=1,,…, 5, contours for equally-

spaced arrays at S3.
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over all sites, reduction of the FR2
qRMS global peaks

by ~10% compared to equally-spaced arrays). The
opposite holds true for the outer devices (average,
over all sites, increase of the FR2

qRMS global peaks by
~18% compared to equally-spaced arrays), while
there is an insignificant effect for PA2 and PA4.
Accordingly, although optimally-arranged arrays lead
to an enhanced power absorption ability, positive con-
tributions on structural integrity related issues can be
identified for specific devices of the array.

The results of the present work can be further
employed for either the short-term or the long-term
fatigue damage analysis of the PAs components by
applying appropriate relevant numerical methods. Fur-
thermore, the present study could be extended to
assess loads under extreme wave conditions for spe-
cific survival modes, by deploying numerical models
that account for nonlinear effects along with the envir-
onmental contours approach. The implementation of
high-fidelity numerical simulations and/or laboratory
tests could also present items for future research, facili-
tating at the same time the validation of the present
numerical approach.
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