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Hydrodynamic performance of an array of
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wall
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Abstract—In this paper, the hydrodynamic performance
(hydrodynamic behaviour and power absorption) of a
linear array of nine, free-floating heaving Wave Energy
Converters (WECs), placed in front of a bottom-mounted,
finite-length, vertical wall of negligible thickness, is
investigated numerically in the frequency domain under
the action of regular corresponding
diffraction/radiation problem is solved by utilizing the
Boundary Integral Equation method.
Initially, we examine and discuss the limitations of the
widely used method of images along with the assumption
of a “pure” wave reflecting wall of infinite length on the
calculation of the WECs’ exciting forces. Next, we
investigate the effect of the array’s distance from the wall
on the physical quantities describing the performance of
the array. The results illustrate that the infinite wall
assumption leads to an under-estimation of the WECs’
heave exciting forces at quite small wave numbers, even
for the case of the lengthy wall considered in this paper.
The distance of the array from the wall affects significantly
the array’s performance, mainly, in the low frequency
range. The decrease of the aforementioned distance leads
to a great reduction of the WECs’ heave response in the
wave number range, where resonance occurs, as a result of
the corresponding decrease of the heave forces. Compared
to the isolated array, the presence of the wall enhances
constructive interactions among the WECs and it increases
the array’s absorbed power efficiency at specific wave
number ranges, depending upon the array’s distance from
the wall.
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L. INTRODUCTION

AVE energy presents globally an inexhaustible
energy source. Its effective and economically
efficient exploitation can contribute to the

reduction of greenhouse gas emissions and, therefore, to
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the efficient mitigation of climate change effects, while, at
the same time, it can support a long-term economic
growth of offshore and coastal areas [1]. Currently, the
wave energy sector is continuously developing and up to
now different types of Wave Energy Converters (WECs),
in terms of power absorption mechanism, have been
designed and developed (e.g., [2]), aiming at delivering
commercially competitive solutions.

Irrespectively of the selected WEC’s type, it is clear that
for absorbing a significant amount of wave power the
deployment of multiple WECs arranged in arrays is
required. These arrays can be installed and operate in
offshore areas, where waves of higher energy content can
be exploited, or at near-shore locations, with the potential
to overcome specific drawbacks (e.g. survivability issues)
and reduce construction and operation/maintenance
costs. In near-shore sites, within the framework of
integrating WEC technologies with other marine facilities
(e.g., [3]-[4]), cost-efficient solutions can be also realized
by installing WECs arrays in front of existing coastal
structures, such as vertical (wall-type) breakwaters. In
those cases, hydrodynamic interactions between the
WECs and the breakwater are additionally introduced,
which may have a direct effect on the absorbed power
and, generally, on the overall performance of the array.

Considering the case of a single floating body in front
of a bottom-mounted vertical wall, the relevant
diffraction and radiation problem for a truncated free-
floating cylinder has been investigated in the frequency
domain in [5] and [6] respectively. In [7], the power
absorption of a single heaving WEC placed in front of a
wall has been numerically examined and assessed under
the action of regular and irregular waves of various wave
directions, for different shapes (cone and spherical
cylinder), sizes and drafts of the WEC, as well as for
different distances of the WEC from the wall. In all the
above studies, the wall is taken into account by utilizing
the method of images, where the hydrodynamic problem
is solved for the floating body and its image (virtual
body) with respect to the wall, without the presence of
the bottom-mounded, vertical boundary. The method is
completed by considering the simultaneous action of the
actual incident wave train propagating, say, at angle f
with respect to the horizontal, and the “pure” reflected
wave train propagating at angle 180°—f. It is
straightforward that the method of images assumes
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immediately, and unavoidably a “pure” wave reflecting
wall of infinite extent, which, although enables the
realization of positive effects
absorption [8], it does not represent the real physical
problem of many practical applications. Except of the
above, two-dimensional approximations have been used
in [9] to describe resonant behaviour of a free-floating
half-immersed cylinder in the presence of a vertical rigid

in terms of power

wall.

As for the case of an array of WECs in front of
breakwaters, the power absorption of an array of surge
oscillating WECs in front of m—shaped “pure” reflecting
harbour walls has been studied in [10]. Mavrakos et al.
[11] investigated and assessed in both frequency and time
domain the power absorption of an array of five heaving
WECs in front of a fixed-bottom vertical wall. The
interaction of the WECs with the wall has been modelled
by utilizing again the method of images. Recently, the
performance of an array of heaving WECs in front of a
box-type breakwater of infinite length has been studied
analytically in [12], while the case of nine, free-floating
heaving WECs placed in front of a fixed rectangular
pontoon of finite length has been investigated in the
frequency domain in [13], emphasizing on the effect of
various geometrical parameters (e.g., dimensions of the
pontoon, distance of the array from the pontoon etc.) and
of the Power Take Off (PTO) characteristics on the array’s
and the individual WEC’s interaction factors.

The present paper
investigation of the
behaviour and power absorption) of a linear array of
WECs placed in front of a bottom-mounted vertical wall.
The wall is considered to have finite length and negligible
thickness, while the array consists of a sufficient number
of free-floating heaving WECs of cylindrical cross-section.
Each WEC is assumed to absorb power through a linear
PTO mechanism, actuated from the heave motion of each
WEC. The numerical analysis is implemented in the
frequency domain under the action of perpendicular to
the wall regular
diffraction/radiation problem, including hydrodynamic
interactions among the WECs and between the wall and
the WECs, is solved by utilizing the conventional
Boundary Integral Equation (BIE) method. Initially,
exciting forces for finite- and infinite-length wall cases are
compared in order to examine and reveal the limitations
of the widely used method of images along with the
assumption of a “pure” wave reflecting wall. The latter
case is formulated and solved using the matched
eigenfunction expansion technique and the “direct”
solution methodology for the numerical implementation
[14]-[15]. Next, for the finite-length wall, we investigate
the effect of the distance between the WECs and the wall
on the excitation forces, the response and the power
absorption of the array. Results are, also, compared with
the case of an isolated array for demonstrating more
clearly the effect of the existence of the wall on the

focuses on the numerical

performance

(hydrodynamic

waves. The  corresponding

performance of the array. Finally, for all cases examined,
constructive and destructive interactions in terms of the
array’s absorbed power are quantified and examined.

II. NUMERICAL MODELLING

A linear array of N mutually interacting, free-floating
heaving WECs are placed in an area of finite and constant
water depth h in front of a bottom-mounted, vertical wall
of finite length [, and of negligible thickness (Fig. 1).
Each WECj,j=1,..,N, has cylindrical cross-section of
radius b and of draft h;, as shown in Fig. 1b, where the
PTO mechanism is schematically represented as a linear
damping system, with damping coefficient by;,
j=1,..,N. The WECs are distributed uniformly in the
array having a centre-to—centre spacing equal to [,, while
all WECs are placed at a distance ¢ from the wall (Fig. 1).
The array and the wall are subjected to the action of
regular incident waves of linear amplitude A and of
circular frequency w that propagate at angle f with
respect to the global horizontal X axis.

The hydrodynamic analysis of the WECs array,
including hydrodynamic interaction effects among the
WECs and between the wall and the WECs, is performed
in the frequency domain and it relies on the BIE method,
which is numerically realized using the WAMITO
software [16]. The analysis is based on a three-
dimensional linear potential theory, where each WEC is
also assumed to oscillate freely only along the WEC's
working direction, i.e., along the vertical z axis (Fig. 1b).
Therefore, for each WEC], j=1,..,N, all degrees of
freedom, except the one corresponding to heave, are
considered ideally restricted. Assuming inviscid and
incompressible fluid with irrotational flow, the velocity
potential is introduced for describing the fluid motion. Its
complex spatial part is given by the following equations
[16]-[17]:

N
@ = (D +P5) +iw Y E; @)
()] j=1
_ @Cos}l[ko (Z +h)] @~ iko(XcosB+Ysinp) )

'~ w cosh(kyh)

where, @, is the incident wave potential, @5 is the
scattered potential,
disturbance of the incident waves from all WECs and the
wall, @, is the diffraction potential, ®;, j = 1, ..., N, are the

associated with the scattered

radiation potentials, related to the waves radiated from
all WECs due to their forced motion in heave, fé',
j=1,..,N, are the complex amplitudes of the WECs’
heave motions, g is the gravitational acceleration and k,
is the wave number.
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Fig. 1. Geometry of the examined problem and definition of basic
quantities: X —Y (a) and Y —Z (b) plane. OXYZ is the global
coordinate system, while oxyz presents the local coordinate system
of each WEC.

The potentials ®,,, (m = D or m = j) satisfy the Laplace
equation everywhere in the fluid domain, while,
additionally, they are subjected to the following
linearized boundary conditions on the free surface (3), the
sea bottom (4) and the bodies (5-6) [16]-[17], in order to

form the 1+t order boundary value problem:

9%m wch =0 Z=0 3)
0z g™ on =
o0,
LA — 4
57 0 on Z h 4
D _ 5
o (%)
0% _ ;
E=n3 for j=1,...,N (6)

In (6), which is applied only to the wetted surface of the
WECs, ng is the normal unit vector of WECj along z.

The boundary integral equations for the unknown
diffraction and radiation potentials on the boundary of all
the bodies (WECs and wall) and of the WECs respectively
are formed by utilizing Green’s theorem. The
corresponding boundary value problem is, then, solved
based on a three dimensional low-order panel method
[16]-[17]. Since a wall of negligible thickness is taken into
account, zero-thickness dipole panels [17] are used for
modelling its wetted surface.

Having solved the 1st order boundary value problem,
the heave exciting force, F}, i = 1,...,N, applied on each
WEC;, the added mass, A4;;
coefficients are calculated as follows:

, and radiation damping, B;;

Fi = —iwp ﬂ ntdpds, i=1,..,N (7)
Sl

i .
AL]_ZBU:prL né(;b]ds, l,]=1,,N (8)

B

where S} is the wetted surface of the itt WEC and p is the
water density.

The amplitudes of the WECs’ heave motions, §3j ,
j=1,..,N, are, then, obtained from the solution of the
following linear system of equations:

N
j=1

©
=F, i=1,..,N
In (9), M;; and C;; are the mass matrix and hydrostatic -
gravitational stiffness coefficients respectively, while,
B[ represents the damping coefficients that originate
from the PTO mechanism. In the present paper, for each
WEC;), j = 1, ..., N, this mechanism is modelled as a linear
damping system (Fig. 1a), with damping coefficient bpro;,
actuated from the heave motion of the corresponding
WEC. Thus, in (9) BZ-TO = bprg; for i =j=1,..,N, while
BT =0fori#+ j.

The heave response of each WEC is expressed in terms
of the Response Amplitude Operator (10):

5]

RAO] == (10)

where |f3]| is the amplitude of the complex quantity fé' .
The mean power, p(w), absorbed by the whole array at
a specific w is calculated as follows:

N
p(@) = ) (@) an

j=1

where p;(w), j = 1, ..., N, is the power absorbed by WECj,
calculated using (12):

i12

Moreover, the existence of positive or negative effects
of the WECs’ hydrodynamic interactions on the array’s
absorbed power is appropriately quantified by utilizing
the modified interaction factor q,,,q4(w), as introduced by
[18]. For a given w, this factor is defined as the ratio of the
difference between the power absorbed by the N WECs of
the array minus the power absorbed by the same number
of isolated WECs (no consideration of hydrodynamic
interactions), divided by the maximum (among the
examined w values) power absorbed by N isolated WECs.
That is [18]-[19]:
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p(w) — Npjiso(w)
Nmaxpiso (0))

Gmoa (@) = (13)

In (13), piso(w) corresponds to the power absorbed by an
isolated WEC at the examined w, while maxp;,(w) is the
maximum (among the examined w values) power
absorbed by this WEC. Positive and negative values of
Qmoa(w) denote respectively constructive and destructive
interactions in terms of power absorption.

Finally, for revealing the limitations of the infinite wall
assumption, the diffraction problem for the case of an
array situated in front of a “pure” wave-reflecting wall of
infinite length (l,, = o0) is formulated and solved. This is
achieved by utilizing the method of images (e.g., [11]),
along with semi-analytical considerations of the relevant
hydrodynamic boundary value problem based on the
matched eigenfunction expansion technique and the
“direct” solution methodology for
implementation. More details can be found in [14]-[15].

the numerical

III. CHARACTERISTICS OF THE PROBLEM EXAMINED

The BIE-based numerical model described above is
applied for the case of an array of N = 9 WECs (Fig. 1a)
of radius b = 1.0 m, non—-dimensional draft h,/b = 1.0
and mass equal to 3,220.13 kgr. All WECs in the array are
considered to have the same PTO characteristics; namely,
B = bpro, i =j =1,..,N. According to [20], the bpro
value is taken equal to the heave radiation damping of an
isolated WEC at its heave natural frequency, w;'fé’, ie.,
bpro = BE(w = w={). Based on the
analysis of an isolated WEC, w%{ has been calculated
equal to 2.525 rad/s (non-dimensional wave number
kob = 0.65), leading to bpry = 826.099 Nm/s.

The WECs are placed in front of a wall of non-
dimensional l,/b= 72 and are distributed
uniformly within the array with non—-dimensional centre—
to—centre spacing equal to l,/b = 4 (loqge/b = 20, with
leqge denoting the distance between the centres of the two
outer WECs in the array with the corresponding edges of
the wall, Fig.
dimensional WECs’ distance from the wall, c/b, are
investigated, equal to 2 and 4. The array and the wall are
placed in an area of non-dimensional depth h/b = 10
and they are subjected to regular incident waves of

hydrodynamic

length

la). Two different values of non-

direction f = 270 deg (Fig. la) with non-dimensional
wave number varying between 0.01 and 4.0.

IV. RESULTS AND DISCUSSION

In the following sections the results of the present
investigation are presented and discussed. Initially, for an
array with ¢/b =4, the exciting forces applied on the
WECs are compared for finite- and infinite-length wall
cases to reveal the limitations of the infinite wall concept.
Next, extended results are presented for the finite-length
wall focusing on the effect of ¢/b on the physical
quantities describing the hydrodynamic performance of

the array. Results for an isolated array (i.e., l,,/b = 0) are
also cited for illustrating more clearly the effect of the
presence of the wall on the performance of the array. It is
noted that the symmetry of the array with respect to the
examined incident wave direction leads to the same
exiting forces and responses for WECi and WEC], with:
(@i=1landj=9,(b)i=2andj=8,(c)i=3andj=7
and (d)i=4andj = 6.

A. WECs’ exciting forces for finite- and infinite-length wall
cases

In Figs. 2-4, the exciting forces applied on WEC],
j=1,3,57and9, for the finite-length wall are compared
with the corresponding ones
assuming [,, — oo. Except of the heave exciting forces, Fy,
comparison is also made in terms of the surge, Fy, and the
sway, Fy, forces. are presented
normalized by pgAb?, while the heave forces have been
normalized by pgAmb?.

obtained analytically

The Ilatter forces
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Fig. 2. Comparison of the surge force, Fy, applied on WEC1 &
WEC9 (a) and WEC3 & WEC7 (b) for l,/b =72 (c/b = 4), l,,/b > o
(¢/b =4)and [, /b = 0 (no wall).

—

Regarding the surge forces (Fig. 2), Fy for WEC;,
j=1,3,7 and 9 have non-zero values attributed to the
hydrodynamic interactions among the WECs and
between the wall and the WECs (the same holds true for
Fy for WEC], j =2,4,6 and 8, not shown here due to
space constraints), while Fy for WECS5 is cancelled due to
the symmetry of the array with respect to f = 270°. For
both 1,,/b =72 and [, - o, Fx for all WECj, j =1,3,7
and 9 varies intensively relative to the non-dimensional
wave number, k,b, having an irregular variation pattern
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with multiple sharp peaks and successive local minima.
The Fy results for [, — o agree quite well with the ones
obtained for l,,/b = 72, since the latter case corresponds
to a lengthy wall with large outer WEC’s centre—to-wall’s
edge distance (loq4./b = 20). It is emphasized, however,
that differences among these two cases do exist and,
therefore, the assumption
numerically by the method of images should be used
with absolute care.

Continuing with the sway exciting forces (Fig. 3), Fy for
WEC], j = 1,3,5,7 and 9 and for both ,, cases considered,
shows, contrary to the case of the isolated array, an
intense variation pattern, characterized by the existence
kob~0.4,1.1,2.0,2.8and 3.5
respectively, with successively decreasing values towards
higher frequencies (the same holds true for F, for WECj,
j = 2,4,6 and 8, not shown here due to space constraints).
Moreover, the transition from the outer WECs (WEG;,
j=1and 9, Fig. 3a) to the inner WECs (WECj, j = 3 and
7, Fig. 3b) and, finally, to the middle WEC (WECS5, Fig.
3c) leads to the existence of one additional local
maximum at kyob~1.7. Compared to [,/b =72, the
infinite wall assumption does not lead to significant
differences of the sway forces even for the outer WECs,

infinite wall realized

of successive peaks at

due to their large distance from the corresponding wall
edges.

With regard to the heave exciting forces (Fig. 4), F, for
all WECs considered and for both [, /b = 72 and [,, - o
have significant values at 0.01 < kob < 1.0, while at
kob > 1.0 F, becomes practically equal to zero. For
l, = o, F, decreases quite rapidly from the maximum
value of 2 (at kob =0.01)up to k,b~0.35, where it
exhibits a local minimum, with value almost equal to
zero. An increase of F, follows leading to non—zero heave
forces up to kob = 1.0. It is interesting to note that the
existence of a maximum F; value equal to 2 at kob = 0.01
is attributed to the assumption of “pure” wave reflection
by the infinite-length wall. However, this is not observed
for 1,/b =72, where a finite-length wall has been
considered, as in the case of real-world applications.
More specifically, for the examined finite-length wall
case, F, starts its variation from ~1.1 (at k,b = 0.01),
which is close to the limiting value of 1 as exists in the
case of the isolated array, and it, then, increases rapidly
up to kob~0.05, where the F, peak (global maximum)
occurs. This in turn leads to larger F, values, especially at
0.03 < kob < 0.1, for WECj, j =1,3,5,7 and 9 compared
to [, — oo. For the rest examined kyb range the variation
of F, for each WECj, j = 1,3,5,7 and 9 is analogous with
the variation of the corresponding heave exciting force
obtained for the infinite-length wall case. Analogous
conclusions can be drawn for the heave force of WEG;,
j=2,4,6 and 8 (relevant results are not included here
due to space constraints).
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Fig. 3. Comparison of the sway force, Fy, applied on WEC1 &
WEC9 (a), WEC3 & WEC7 (b) and WECS5 (c) for I, /b = 72 (c/b = 4),
ly/b = oo (c/b=4)and [, /b = 0 (no wall).

Concluding, it can be stated that the infinite wall
assumption has limitations
estimation of the WECs’ heave exciting forces in the low
frequency range, even when a wall of large length (with
large outer WEC’s center—to-wall’s edge distances) is
taken into account, since the consideration of a “pure”
wave-reflecting wall of infinite length leads to under-
estimation of the aforementioned physical quantities.
This assumption seems not to have a significant effect on
the WECs’ surge and sway forces for the finite [,, case
examined in the present paper. However, differences
between finite- and infinite-length wall do exist; hence,
the infinite wall assumption realized numerically by the
method of images should be carefully used.

regarding the accurate
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Fig. 4. Comparison of the heave force, F;, applied on WEC1 &
WEC9 (a), WEC3 & WEC7 (b) and WECS5 (c) for I, /b = 72 (c/b = 4),
ly/b = o (c/b = 4)and [, /b = 0 (no wall).

B.  Effect of WECs-wall distance on the exciting forces

The effect of WECs-wall distance, ¢/b, on the exciting
forces applied on the WECs is shown in Figs. 5-7. Except
of the heave exciting forces, F;, (Figs. 6-7), results for the
surge, Fy (Fig. 5a), and the sway, Fy (Figs. 5b-5c), forces
are also presented indicatively for the outer (WECj, j =1
and 9) and the middle (WEC5) devices of the array.

Starting with the surge forces (Fig. 5a), for both
examined c/b values, the variation of Fy for each WEC
follows a profound irregular pattern. By increasing the
distance of the array from the wall, Fy varies more
intensively, having a larger number of sharp maxima and
local minima and a bit larger values at specific k,b ranges
compared to ¢/b = 2. Compared to the isolated arrayj, it is
clear that the presence of the wall, irrespectively of the
¢/b value examined, leads to a more intense variation and
larger values of Fy, attributed to wall-edge effects.

In the case of the sway forces (Figs. 5b-5c), Fy for
c/b=2 and for each WEC] j=1,5 and9, shows,
contrary to the case of the isolated array, an intense
variation pattern, characterized by the existence of three
successive peaks at kob~0.7,2.2 and 3.5 respectively,
with successively decreasing values towards larger kob
values. By increasing the array’s distance from the wall,
Fy varies more intensively, having a larger number of
distinctive successive local maxima (at
kyb~0.4,1.1,2.0,2.8 and 3.5 respectively). The above
difference leads in turn to smaller Fy, values for c/b = 4 at
0.5 <kyb <1.0 and 2.1 <kyb < 2.7 compared to the
case of ¢/b = 2.
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Fig. 5. Effect of c/b on surge force, Fy, applied on WEC1 & WEC9
(a), and sway force, Fy, applied on WEC1 & WEC9 (b) and WECS5 (c).

Regarding the heave exciting forces (Figs. 6-7), for all
WECs of the array and for c/b = 4, the variation of F,
begins from the value of ~1.1 at kob = 0.01 and it is
characterized by a rapid increase up to k,b~0.05, where
the peak of F; (global maximum) occurs. Then, F;
decreases quite rapidly up to k,b~0.35, where it obtains a
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1¢t local minimum, with value close to zero. Finally, an
increase of F, follows leading to non—zero heave forces at
0.35 < kob < 1.0. Analogous variation pattern is observed
for ¢/b = 2. However, the decrease of the array’s distance
from the wall leads to: (a) the occurrence of a second
(local) maximum value at kyb~0.25, which is more
pronounced for the inner (i.e, WEC4 and WECS, Fig. 7a)
and the middle (WECS5, Fig. 7b) devices of the array and
(b) a shift of the 1%t F; local minimum at a larger k,b value
approximately equal to 0.75. This in turn leads to larger
F, values for c¢/b=2 at 0.2 <kyb <0.5 compared to
c/b = 4, while the opposite holds true at 0.5 < kb < 1.0.

—c/b=2
===-c/b=4
=="No wall
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(©)
Fig. 6. Effect of c/b on heave force, F;, applied on WEC1 & WEC9
(a), WEC2 & WECS (b) and WEC3 & WECY (c).

Finally, the results of Figs. 6-7 demonstrate clearly that
the presence of the wall, irrespectively of the distance of
the array from this boundary, affects significantly the
heave exciting forces of all the WECs at 0.01 < k,b < 1.0,
since in this wave number range for both c/b values
examined, F, does not show the continuous smooth
decrease as in the case of the isolated array.

Heave force [-]

A\
0 05 1 15 2 25 3 35 4
Wave number [-]

(@

Heave force [-]

0 05 1 15 2 25
Wave number [-]

(b)
Fig. 7. Effect of ¢/b on heave force, F;, applied on WEC4 & WEC6
(a) and WECS5 (b).

C. Effect of WECs-wall distance on the heave response

The effect of the WECs-wall distance on the WECs’
heave response is shown in Figs. 8-9, where the variation
of RAO; for all the WECs of the array as a function of k,b
is presented for both c¢/b =2 and 4, as well as for the
isolated array.

In the case of ¢/b = 4, the variation of RAO; for each
WEC is characterized by the existence of two distinctive
peaks. The first one is observed at kob = 0.05 and it is
related to the relevant rapid increase of the heave exciting
forces (Figs. 6-7), while the second one occurs at kob =
0.65 and it is attributed to the occurrence of resonance.
Moreover, the variation pattern of RAO; exhibits a
distinctive local minimum at k,b~0.4, as a result of the
rapid decrease of F, at 0.05 < kyb < 0.4. By decreasing
c/b to the value of 2, significant differences are
introduced in the variation pattern and the values of
RAO; at 0.05<kyb <1.0, related to the different
variation of the heave exciting forces. (Figs. 6-7).
Specifically, after obtaining its peak value at kob = 0.05,
RAO; shows a general decreasing trend, with a quite
irregular variation pattern (existence of multiple local
minima and maxima) up to kyb = 0.5. Moreover, no
amplification of RAO; due to resonance occurs and the
heave response exhibits a characteristic local minimum at
kob = 0.75. The latter two features are attributed to the
continuous decrease of F, at 0.5 < kyb <0.75 and its
minimization at kob = 0.75 (Figs. 6-7). All the above lead
in turn to a great reduction of RAO; for c¢/b =2 at
0.5 < kyb < 1.0 compared to c/b = 4, while the opposite
holds true at 0.2 < kyb < 0.5.
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Fig. 8. Effect of c/b on heave response, RAO;, of WEC1 & WEC9
(a), WEC2 & WECS (b) and WEC3 & WECY (c).

Compared to the isolated array, the results of Figs. 8-9
demonstrate that the presence of the wall, has a
significant impact on RAO; of all the WECs at 0.01 <
kob < 1.0. Specifically, when the array is placed in front
of the wall at a small distance from it (c¢/b = 2), the
WECs’ heave response becomes larger at 0.01 < kb <
0.5, while a great reduction of RAO; occurs at 0.5 < kob <
1.0. On the other hand, by increasing the distance of the
array from the wall (¢/b = 4), RAO; values, compared to
the isolated array, increase significantly at 0.01 < kob <
0.3 and in the kyb range, where resonance phenomena
occur, while the opposite holds true at 0.3 < kyb < 0.5.

D. Effect of WECs-wall distance on the absorbed power and
qmad
With regard to the absorbed power, Fig. 10 shows the
variation of p;, j = 1,...,9, absorbed by each WEC (12) as
a function of kyb for c¢/b = 2, ¢/b = 4 and for the isolated
array. In the latter case (Fig. 10c), p;, j = 1,...,9, varies
smoothly and obtains peak values at 0.6 < kob < 0.75.

Analogous behaviour is observed for c/b = 4 (Fig. 10b);
however, the presence of the wall boundary leads to
larger peak values of the WECs' absorbed power.
Compared to both the isolated array and c¢/b = 4, the
placement of the WECs closer to the wall (c¢/b = 2, Fig.
10a) leads to a great reduction of the WECs’ absorbed
power global maxima, which, additionally, are shifted at
smaller kyb values (0.3 < kyb < 0.6).
c¢/b=2, pj, j=1,..,9, exhibit a quite irregular pattern,
with multiple peaks and minima at 0.1 < kyb < 0.6. It is,
finally, noted that, for a given examined case, small
differences in the power absorbed by the WECs are
observed, bounded at 0.3 < kyb < 0.6 for ¢/b = 2 and at
0.6 < kob < 0.8 for c/b = 4 and for the isolated array. All
the above are in absolute accordance with the results of
Figs. 8-9.
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Fig. 9. Effect of ¢/b on heave response, RA03;, of WEC4 & WEC6
(a) and WECS (b).

The effect of c/b on the power absorbed by the whole
array is shown in Fig. 11a, where p (11) is plotted as a
function of kb for all ¢/b values examined, as well as for
the case of the isolated array. In the absence of the wall,
significant amount of power is absorbed at 0.5 < kob <
1.0. The same holds for ¢/b = 4; however, the existence of
the wall affects positively the power absorption of the
array leading to a great increase of p. Contrary to the
above cases, the placement of the array close to the wall
boundary (c/b = 2) leads to non-zero values of p at
smaller kyb values (i.e., at 0.1 < kyb < 0.7). Moreover, it
results to a significant reduction of p compared to both
c/b = 4 and the isolated array at 0.5 < kob < 1.0, while
the opposite holds true at 0.2 < kyb < 0.5.
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Fig. 10. Variation of p;,i = 1, ..., 9, as a function of kyb for c/b = 2
(a), ¢/b = 4 (b) and for the isolated array (c).

Finally, the effect of c¢/b on g, calculated for the
whole array (Equation 13 with N = 9) is presented in Fig.
11b. For all examined c/b values intense interaction
effects (qmoq # 0) occur at 0.01 < kyb < 1.0. For ¢/b = 4,
the WECs’ hydrodynamic interactions in the presence of
the wall have a significant positive effect (g4 > 0) on
the array’s absorbed power at 0.5 < kyb < 1.0, while the
opposite holds true for 0.3 < kob < 0.5 (@moq < 0). It is
emphasized that the former constructive interactions are
enhanced compared to the case of the isolated array.
Contrary to ¢/b = 4 and the isolated array, by placing the
array close to wall (c/b=2), intense destructive
interactions between the WECs occur at 0.5 < kyb < 1.0
(moa < 0), while, the positive values of g,,q at 0.1 <
kob < 0.5 illustrate the
interactions at smaller wave numbers. All the above are
in absolute accordance with the results presented
previously in this section.
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Fig. 11. Effect of ¢/b on total power, p, (a) and on Gy,,4 (b).

V. CONCLUSIONS

In this paper, the hydrodynamic performance
(hydrodynamic behaviour and power absorption) of a
linear array of nine, free-floating heaving WECs placed in
front of a bottom-mounted, finite-length, vertical wall of
negligible thickness is investigated numerically in the
frequency domain under the action of perpendicular
regular waves. Emphasis is given on the effect of the
array’s distance from the wall (c/b) on the physical
quantities describing the hydrodynamic performance of
the array. Moreover, the limitations of the widely used
method of images along with the assumption of a “pure”
wave reflecting wall on the calculation of the WECs’
exciting forces are examined and discussed. The main
conclusions of the present investigation are:

* The infinite wall assumption leads to an under-
estimation of the WECs’ heave exciting forces at kob <
0.1, even when a lengthy wall (with large outer WEC’s
centre-to-wall’s edge distances), as in this paper, is taken
into account. Thus, it shows limitations regarding the
accurate estimation of the aforementioned physical
quantities at quite small wave numbers.

* For the finite [, case examined here, the infinite wall
assumption does not have a significant effect on the
WECs’ surge and sway forces. Nevertheless, a careful use
of the method of images is recommended,
differences between finite- and infinite-length wall cases
do exist.

* The increase of c¢/b leads to a more intense variation
of the WECs’ surge and sway exciting forces. Contrary to
the isolated array, the presence of the vertical bottom—

since
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mounted, finite-length boundary in the leeward side of
the WECs, irrespectively of their distance from it,
introduces a continuous alternation of local maxima and
minima in the variation pattern of the WECs' sway
exciting forces.

* Regarding heave exciting forces, the presence of the
wall, irrespectively of the WECs" distance from it, leads,
contrary to the isolated array, to the existence of F, global
maxima at kob # 0.01 with values larger than 1.0.
Moreover, F, exhibits a distinctive local minimum at
0.2 < kob < 1.0. At this wave number range, the change
of c/b affects also the WECs" heave exciting forces. The
most pronounced effect is the shift of the aforementioned
F; local minimum from kyb~0.35 to kyb~0.75 by
decreasing c/b, i.e., within the wave number range,
where heave resonance phenomena occur.

* The change of c/b introduces significant differences
in the variation pattern and the values of the WECs’
heave response at 0.05 < kob < 1.0 related to the different
variation of the heave exciting forces. By decreasing c/b,
no amplification of RAO; due to resonance occurs and a
great reduction of RAO; is observed in the corresponding
kob range (0.5 < kob < 1.0). However, for c¢/b = 2 RAO,
exhibits larger values at small wave numbers (0.2 <
kob < 0.5). Compared to the isolated array, the presence
of the wall, has a significant impact on RAO; for all the
WECs up to kob = 1.0.

* The placement of the array at a large distance from
the wall (c/b =4), enhances constructive interactions
among the WECs at 0.5 < kyb < 1.0 compared to both
c¢/b =2 and the isolated array. Therefore, the power
absorption of the array at this wave number range is
increased. By decreasing the WECs’ distance from the
wall, the WECs hydrodynamic interactions have a
positive effect on the array’s absorbed power at smaller
kob values, leading, therefore, to an enhanced power
absorption at 0.1 < kyb < 0.5 compared to the rest
examined cases.

The present investigation can be further extended in
order to examine the effect of other characteristic
parameters (e.g., length of the wall, PTO characteristics,
wave etc) on the hydrodynamic
performance of the array under the action of both regular
and irregular waves.

directionality
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