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a b s t r a c t

The application of in-house transient wave-body interaction ITU-WAVE computational tool is extended
to predict the wave power absorption with Wave Energy Converters (WECs) arrays in front of a vertical
wall using time dependent boundary integral equation method. The vertical wall effect is taken into
account with method of images which considers the perfect reflection of incident waves from a vertical
wall. The effects of separation distance between WECs as well as a vertical wall and WECs, and heading
angles are studied to predict wave power absorption, mean and individual interaction factors which
determine the performances of WECs arrays. The numerical results of WECs arrays in front of vertical
wall show that both radiation and exciting force parameters are quite different from those of without a
vertical wall. The numerical investigations also demonstrate that wave power absorption with an array
system in front of a vertical wall are significantly greater than those of without a vertical wall. This is due
to nearly trapped and standing waves between a vertical wall and WECs. The prediction of hydrodynamic
parameters in front of a vertical wall with present ITU-WAVE are validated against other published
numerical, analytical, and experimental results which show satisfactory agreements.
© 2022 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The efficiency of the wave power absorption from ocean waves
with isolated Wave Energy Converters (WECs) without or with
control strategies [1] can be increased by changing and modifying
the geometry, wave heading angles, absorption modes with single
and multimode, Power-Take-Off (PTO). However, if the significant
amount of electricity generation is required, the array arrange-
ments of WECs need to be exploited in either offshore environment
with higher energy contents or near shore. The absorption perfor-
mances of WECs depend also on draft and separation distances
between WECs in an array system [2].

The maintenances, operations and installations increase overall
costs considerably in the offshore environment although available
wave power is higher. In this case, the cost reduction can be ach-
ieved by integrations of the isolated or WECs arrays with other
near-shore coastal structures (e.g., breakwaters) or deployments of
WECs in front of a vertical wall. In addition to the cost reductions,
the integration of WECs with other coastal structures increases the
wave power absorptions due to the hydrodynamic interactions of
ier Ltd. This is an open access artic
the reflected waves with WECs which are placed in front of the
vertical coastal structures [3e5]. There are many studies and in-
vestigations related to deployment of WECs arrays in front of ma-
rine structures [5e7] including stationary [3], flexible [9] and
floating [10] breakwater. The integrated WECs arrays with sta-
tionary, flexible and floating breakwater include Oscillating Water
Column (OWC), overtopping, piston type, oscillating buoys, pile-
strained floating breakwater, embedded OWC chamber [11e14].

The flow behaviour around WECs arrays in front of a vertical
wall can be predicted with method of images for the prediction of
radiation and exciting force Impulse Response Functions (IRFs).
Method of images uses the WECs arrays in front of a vertical wall
and their images considering a vertical wall as a reference line. This
method is applied for the prediction of frequency domain hydro-
dynamic coefficients and exciting forces of singleWEC or arrays in a
channel [15] as well as the deployment of an isolatedWEC or arrays
in front of a vertical breakwater [16,17]. A vertical breakwater can
be considered either infinite length wall considering the perfect
reflection of waves fromvertical wall [18] withmethod of images or
finite length wall [16] considering the effects of finite length of a
vertical wall on the predictions of the hydrodynamic parameters.
Wave power absorption in front of a vertical wall requires the
prediction of the radiation and exciting forces using analytical or
le under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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numerical frequency domain methods with two [19] and three-
dimensional analyses [8,20] or time domain methods with tran-
sient wave Green function [5] as studied and presented in the
present paper.

The solutions of the hydrodynamic radiation and exciting forces
to predict the hydrodynamic performance of WECs in front of a
vertical wall can be approximated with three commonly used
methods. These methods include the analytical and numerical
frequency as well as time domain methods. The most used nu-
merical frequency and time domain methods in three-dimensional
analyses are Boundary Integral Equation Methods (BIEM) using
frequency and transient wave Green functions [2,5,21e24] and
Rankine type Green function [25,26]. If the WECs geometries are
defined analytically, the analytical methods including point
absorber [27], plane wave analysis [28] and direct matrix method
[29] can then be used to predict the performance of WECs arrays.

Although the hydrodynamic performances and wave power
absorptions with WECs arrays are studied extensively in the liter-
ature, the limited numbers of papers exist to exploit the novelty of
the wave power absorption with WECs in front of a vertical wall.
The exploitation of a vertical wall increases the efficiency of WECs
arrays due to strong hydrodynamic interactions between a vertical
wall and WECs arrays. In addition, most of the existence literatures
is mainly focused on the exciting force predictions without giving
much attention to the radiation force calculations. The present
paper aims to contribute and fill these knowledge gap in the
literature. Furthermore, to the best of author's knowledge, the
numerical analysis of radiation and exciting forces with direct time
domain methods using three-dimensional transient wave Green
function for the predictions of wave power absorption with WECs
arrays in front of a vertical wall are not studied before in the
literature in the context of the potential theory and linear formu-
lation. This is another contribution to knowledge and novel part of
the present study.

2. Equation of motion of multibody interaction of array
systems

The linearized initial-boundary value problem in time domain is
predicted with body-fixed Cartesian coordinate system x!¼ ðx; y; zÞ
in Fig. 1 which describes the fluid flow around WECs in an array
system. The centre of xy-plane, which is on z ¼ 0, is selected as the
origin of the body-fixed coordinate system. The positive direction
Fig. 1. Coordinate system and surface of W
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of z-axis is upwards and that of x-axis is towards the forward. The
fluid boundaries are defined by surface at infinity S∞, WEC surface
SbðtÞ, intersection betweenWEC and free surface G, and free surface
Sf ðtÞ in Fig. 1 [22].

In Fig. 1, d represents the separation distance between WECs in
an array system whilst wl is used for the separation distance be-
tween WECs arrays and a vertical wall. b is for heading angle (e.g.,
b ¼ 90� is for beam seas). Numbers (1,2,3,4,5) are the positions of
WECs in an array system. The behaviour of floating WECs arrays is
represented with equation of motion in time domain [30] in Eq. (1).
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where the rigid body modes of surge, sway, heave, roll, pitch, and
yaw are given with k ¼ 1;2;3;…;6 respectively whilst the number
ofWECs,N, in an array system is presented with i ¼ 1;2;3;…;N. The
displacements, velocities, and accelerations of each WEC at their

mean positions are given by xikðtÞ ¼ ð1;2;3;…;NÞT , _xikðtÞ and €xikðtÞ
respectively at which dot represents the time derivatives. The inertia
mass matrix and hydrostatic restoring coefficients matrix in Eq. (1)
are given with Mi

kk and Ci
kk respectively [2,5]. The instantaneous

forces due to oscillations of WECs arrays are given with aikk; b
i
kk and

cikk coefficients which are proportional to acceleration, velocity, and
displacement of WECs respectively. The free-surface effect due to
oscillations of WECs in an array system is given by radiation IRFs
Ki
kkðtÞ [31] which is obtained by time marching of boundary integral

equations for each WEC at each time step [22,32,37e39]. The time
dependent exciting forces and moments due to arbitrary uni-
directional impulsive incident wave elevation zðtÞ are given on the
right-hand side of Eq. (1) [32]. Asmaximumwave power is absorbed
at the resonant frequency [33], the diagonal elements of damping
coefficients of PTOmatrix BiPTOkk

are considered as thewave damping

coefficient of an isolated WEC at resonant frequency in Eq. (1). The
equation of motion Eq. (1) is then solved with fourth-order Runge-
Kutta method [1,2,5,22e24,34e36].
ECs in a linear 1 � 5 array system.
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3. Instantaneous wave power, individual and mean
interaction factors

PTO is used to absorb the instantaneous wave power, Piinsk ðtÞ, at
each mode withWECs in an array system. Piinsk ðtÞ is the functions of
the radiation and exciting forces and is given with Eq. (2).

PiinskðtÞ¼
h
FiexckðtÞþ Firadk

ðtÞ
i
, _xikðtÞ (2)

where Fiexck ðtÞ is the exciting forces whilst Firadk
ðtÞ is the radiation

forces [1,2]. _xikðtÞ is the velocity of each WEC in array system. The

time dependent mean wave power, P
i
insk ðtÞ, in Eq. (3), which is

absorbed by PTO system over a time range T , may be written as

P
i
inskðtÞ¼

1
T

ðT

0

dt,
h
FiexckðtÞþ Firadk

ðtÞ
i
, _xikðtÞ (3)

The mean absorbed wave power in Eq. (3) and other time
dependent parameters are predicted considering only the last half
of the time domain simulation results to avoid the transient effects.

PTkðtÞ¼
XN
i¼1

P
i
inskðtÞ (4)

The total mean absorbed wave power, PTk ðtÞ, for N numbers of
arrays and for mode k is presented in Eq. (4). The individual
interaction factor, qiindvk ðuÞ, andmean interaction factor qmeank ðuÞ at
any incident wave frequency, u, is given [40].

qiindvkðuÞ¼
P
i
inskðuÞ

P
0
inskðunÞ

; qmeankðuÞ ¼
PTkðuÞ

N � P
0
inskðunÞ

(5)

where P
0
inskðunÞ is the absorbed wave power with an isolated WEC

at resonant frequency. P
i
insk ðuÞ at the incident wave frequency, u, is

the mean value of P
i
inskðtÞ in Eq. (3) whilst P

0
insk ðunÞ at the natural

frequency, un, is the mean value of P
0
insk ðtÞ. PTk ðuÞ represents the

total absorbed wave power with N number of WECs in mode k (e.g.,
heave). PTkðuÞ at the incident wave frequency, u, is the mean value

of PTk ðtÞ in Eq. (4).
4. Numerical results and discussions

4.1. Validation of in-house transient wave-multibody ITU-WAVE
numerical results

4.1.1. Validation of radiation force coefficients
Before the presentation of the power absorption from ocean

waves with WECs arrays with and without a vertical wall effect,
ITU-WAVE computational results are compared with other pub-
lished numerical, analytical, and experimental results for the vali-
dation purposes. Truncated vertical cylinder of linear 1 � 5 arrays
with radius R, draft T ¼ R, separation distance between WECs
d ¼ 8R, and separation distance between a vertical wall and WECs
arrays wl ¼ 4R is used for the prediction of present ITU-WAVE
numerical results which are approximated with method of im-
ages and compared with analytical results of [18]. The computed
numerical results at panel number 256 on single WEC, total 1280
panel for linear 1 � 5 arrays in Fig. 1, is converged and used for the
814
present ITU-WAVE numerical calculations with non-dimensional
time step size, t

ffiffiffiffiffiffiffiffi
g=R

p ¼ 0:05. ITU-WAVE radiation diagonal IRF of
WEC1 (K11

22 ðtÞ) in sway mode is presented in Fig. 2(a) whilst the

interaction IRF in swaymode betweenWEC1 andWEC3 (K13
22 ðtÞ) are

presented in Fig. 2(b). In K13
22 ðtÞ, the subscript represents the mode

of motion (e.g., 22 is used for sway-sway mode) whilst the super-
script represents WECs numbers in an array system (e.g., 13 is used
for the interaction of WEC1 andWEC3). When the sway interaction
IRF are compared with diagonal IRF, it can be observed from
Fig. 2(a) and (b) that the behaviour of interaction IRF is quite
different as the sway interaction IRF oscillate over time in Fig. 2(b)
whilst the oscillations of IRF in Fig. 2(a) decay to zero after just
nondimensional time of 4.

The diagonal sway added-mass and damping coefficients of ITU-
WAVE are presented in Fig. 3(a) and (3b) respectively with
analytical results of [18] for comparison purposes. The comparison
of present numerical results with analytical results shows satis-
factory agreements. The added mass A11

22ðuÞ and damping co-

efficients B1122ðuÞ in Fig. 3(a) and (b) in the present paper are
obtained by Fourier transform of time dependent sway IRF in
Fig. 2(a) as the frequency and time domain results depend on each
other through Fourier transform.

The sway interaction added mass A13
22ðuÞ and damping co-

efficients B1322ðuÞ between WEC1 and WEC3 of present ITU-WAVE
results and analytical results [18], which show satisfactory agree-
ments, are presented in Fig. 4(a) and (b) respectively. Added mass
and damping coefficients in Fig. 4(a) and (b) are obtained by Fourier
transform of sway IRF, K13

22 ðtÞ, of Fig. 2(b).

4.1.2. Validation of exciting force amplitudes
The heave exciting IRFs of linear 1 � 5 arrays of truncated ver-

tical cylinder with separation distance between WECs d ¼ 4R as
well as between a vertical wall and WECswl ¼ 4R, and draft T ¼ 2R
at heading angle b¼ 90� is presented in Fig. 5(a). The heave exciting
IRFs are the same for K1

3E and K5
3E as well as K2

3E and K4
3E due to

symmetry of WECs with respect to heading angle 90�. In K1
3E ,

subscript represents the mode of motion (e.g., 3E for heave mode
whilst E is for exciting force) whilst the superscript is used for WEC
number (e.g., 1 is for the first WEC in an array system in Fig. 1). The
exciting IRFs in sway mode K1

2E of linear 1 � 5 arrays of truncated
vertical cylinder with draft R, separation distance between WECs
8R as well as between a vertical wall andWECs 4R at heading angle
90� are presented in Fig. 5(b). Fig. 5(b) also shows Froude-Krylov
IRF (K1

2FK ), diffraction IRF (K1
2D), and exciting force IRF (K1

2E) which

is the superposition of Froude-Krylov and diffraction IRFs. K1
2FK is

predicted in the absence ofWECswhilst K1
2D represents the effect of

diffracted waves from each WEC in an array system. K1
2D is the

functions of the size of WECs geometries with respect to incident
wavelength.

The heave exciting force amplitudes for F13E and F53E , F
2
3E and F43E ,

F33E of linear 1 � 5 arrays are presented in Fig. 6(a), (b) and (c)
respectively together with numerical results of [41]. It can be
observed in Fig. 6 that comparison of numerical results shows
satisfactory agreements. The exciting force amplitudes in Fig. 6(a),
(b), and (c) are obtained by Fourier transform of the exciting force
IRFs of Fig. 5(a). The present numerical results without a vertical
wall are also presented to show the effects of a vertical wall. When
the numerical results with and without vertical wall effects are
compared, it can be observed from Fig. 6(a), (b), and (c) that the
amplitudes of heave exciting force in front of a vertical wall are
almost two times greater than those of heave exciting force



Fig. 2. Nondimensional sway radiation IRFs of WEC1 in linear 1 � 5 arrays of truncated vertical cylinder in front of a vertical wall (a) diagonal K11
22ðtÞ IRF (b) interaction K13

22ðtÞ IRF.

Fig. 3. Nondimensional diagonal sway coefficients of WEC1 (a) added mass, A11
22ðuÞ (b) damping, B11

22ðuÞ.

Fig. 4. Nondimensional interaction sway coefficients between WEC1 and WEC3 (a) added mass, A13
22ðuÞ (b) damping, B13

22ðuÞ.

F. Kara Renewable Energy 196 (2022) 812e823
amplitude without a wall effect at zero frequency whilst the
behaviour of the exciting force amplitudes at the intermediate
frequencies shows significantly different behaviour especially in
swaymode in Fig. 6(d). The sway exciting force amplitude of F12E for
linear 1 � 5 arrays of truncated vertical cylinder is presented in
Fig. 6(d) together with analytical results of [18] which are in
satisfactory agreements.

4.1.3. Validation of response amplitude operators (RAOs)
Heave RAOs of the present ITU-WAVE numerical results for

sphere with linear 1 � 5 arrays and without vertical wall effects are
815
presented and compared with experimental results [42] in Fig. 7.
The separation distance between WECs and heading angle are

4R and 90� respectively. Heave RAOs of x13 and x53 as well as x23 and

x43 are the same due to symmetry of WECs with respect to heading
angle 90� although the experimental results do not show the
symmetric behaviour and do not satisfy the symmetry condition
with respect to incoming incident wave 90�. In x53, subscript is for
mode of motion (e.g., 3 represents heave mode) whilst superscript
is for WEC number in the array (e.g., 5 represents 5th WEC in the
array system). One of the reasons of unsymmetrical behaviour of



Fig. 5. Nondimensional IRFs (a) heave IRFs, K1
3E- K

5
3E (b) sway IRFs, K1

2FK , K
1
2D , K

1
2E .

Fig. 6. Nondimensional exciting force amplitudes (a) F1
3E and F5

3E (b) F2
3E and F4

3E (c) F3
3E (d) F1

2E .
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the experimental work could be due to the way that the experi-
mental investigation is set up. The present ITU-WAVE numerical
and experimental results [42] show satisfactory agreement in Fig. 7.
4.2. RAOs of linear 1 � 5 arrays of truncated vertical cylinders

Heave RAO for linear 1 � 5 arrays of truncated vertical cylinder
with separation distance betweenWECs 4R, draft 2R and in a range
of separation distances between a vertical wall and WECs at
heading angle 90� are presented in Fig. 8. Heave RAOs without a
vertical wall effect is also presented for comparison purposes. The
greater heave motion amplitudes implicitly mean that more wave
power would be captured in an array system.

As there are no velocity and acceleration at lower incident wave
frequencies, the heave motion is controlled by restoring forces and
816
WECs in an array system have immediate response to the incident
waves when they disturb at their mean positions. As the mass of
WECs are balanced with restoring forces at and around heave
natural frequency (un ¼ 2 rad/s) region, the heave motion at this
resonance region is controlled by wave damping. In the case of
higher frequencies, the heave motion is controlled by the mass of
WECs. As WECs in an array system would not have enough time to
response, the motion decays to zero at higher frequencies. The
heave motion amplitude in Fig. 8 is greater in the case of closer
separation distance between a vertical wall and WECs (e.g., 1.5R)
whilst keeping separation distance between WECs constant (e.g.,
4R). This is due to nearly trapped waves in the gap and standing
waves between WECs as well as between WECs and a vertical wall.
It is also due to the stronger hydrodynamic interactions at closer
proximity. When the heave amplitudes of WECs are considered in



Fig. 7. Nondimensional heave RAOs (a) x13 and x53 (b) x23 and x43 (c) x33.
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Fig. 8(a) and (b) and 8(c), WEC3 (which is in the middle of linear
1� 5 array system) experiences the greatest amplitude at the heave
resonance region compared to other WECs due to stronger hydro-
dynamic interaction, standing waves and nearly trapped waves in
the gap of the array system around WEC3.
4.3. Wave power absorption from ocean waves

The wave power absorption from ocean waves as a function of
incident wave frequencies in a range of separation distance be-
tween a vertical wall andWECs at heading angle 90� is presented in
Fig. 9. The maximum wave power is absorbed with separation
distance between a vertical wall and WECs of 1.5R as the strongest
hydrodynamic interaction occurs at closer separations distances. It
is theoretically known [33] that the maximum wave power is
absorbed at and around resonant frequency (un ¼ 2 rad/s) as it is
also observed in Fig. 9.

The absorbed wave power decreases due to the weaker hydro-
dynamic interaction in Fig. 9 when the separation distance be-
tween a vertical wall and WECs increases (e.g., wl ¼ 3.5R). Less
wave power is absorbed with a vertical wall effect compared to
without a vertical wall when the separation distance between a
vertical wall and WECs is greater than wl ¼ 2R. This is due to
weaker hydrodynamic interactions between gaps of WECs as well
as WECs and a vertical wall.
817
4.4. Effects of separation distances on mean interaction factor
(qmeank

)

4.4.1. Variable separation distance between WECs keeping it
constant between WECs and a vertical wall

The mean interaction factor qmeank with respect to a range of the
incident wave frequencies, u, with andwithout a vertical wall effect
are presented in Fig. 10 at heading angle 90�. In qmeank , k represents
mode of motion (e.g., k ¼ 3 is for heave mode). A range of the
separation distances between WECs are considered whilst the
separation distance between a vertical wall and WECs are kept
constant. The interactions between WECs in an array system are
measured with mean interaction factor, qmeank ðuÞ, for the inter-
acting systems of N numbers of WECs. Mean interaction factor
plays sensitive and significant role about the overall wave power
absorption. Mean interaction factor can have constructive
(qmeank ðuÞ>1) or destructive (qmeank ðuÞ<1) effect. The constructive
effect implicitly means that wave power absorption from an array
system increases in that wave frequency compared to wave power
that is absorbed by an isolated N numbers of WECs whilst wave
power absorption decreases in the case of destructive effect. The
constructive effect with a vertical wall up to around the heave
natural frequency (un ¼ 2 rad/s) in Fig. 10 is approximately four
times greater compared to mean interaction factors without ver-
tical wall effect. However, in the case of vertical wall effect, in some
separation distances between WECs (e.g., d ¼ 2.5R and wl ¼ 1.5R),



Fig. 8. Nondimensional heave RAOs (a) x13 and x53 (b) x23 and x43 (c) x33.

Fig. 9. Absorbed wave power in a range of incident wave frequency.
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the constructive effect decreases just below one which is the limit
for constructive effect. The constructive effect starts to recover
again just after the heave natural frequency although the mean
interaction factor shows destructive effect between 2.5 and 3.0 rad/
s and then recover to constructive effect again.

In the case of without vertical wall effect, mean interaction
factors qmean3 equal to one up to around heave natural frequency
(un ¼ 2 rad/s). This implicitly means that there are no constructive
and destructive effects as the same amount of wave power is
818
absorbed with an array system and the same number of isolated
WECs. As in a vertical wall effect, there are destructive effect in a
range of separation distance at and around natural frequencywhilst
the constructive effects are recovered after the heave natural fre-
quency. When the overall performance of linear 1 � 5 arrays with
and without vertical wall effects are compared, it can be observed
from Fig. 10 that arrays with a vertical wall perform much better
than those of without a vertical wall.
4.4.2. Variable separation distance between WECs and a vertical
wall keeping it constant between WECs

Mean interaction factor qmeank in a range of separation distances
between a vertical wall and WECs are presented in Fig. 11. The
constructive effect with a vertical wall effect in Fig. 11 is four times
greater than that of without vertical wall effect at lower incident
wave frequencies. However, this constructive effect decreases and
approaches to zero between 1.5 rad/s and 2.0 rad/s incident wave
frequencies.

Mean interaction factor shows the lowest destructive effect
around heave natural frequency (un ¼ 2 rad/s) with increasing
separation distance between a vertical wall and WECs whilst
keeping the separation distance between WECs constant (d ¼4R).
The mean interaction factors start to recover the constructive effect
just after around heave natural frequency for higher incident wave
frequencies. When the mean interaction factors with and without
vertical wall effects are compared, it can be observed from Fig. 11
that the performances of linear 1 � 5 arrays with a vertical wall
effect demonstrate much better performances than those of



Fig. 10. Mean interaction factor of linear 1 � 5 arrays of truncated vertical cylinder in a range of separation distance between WECs at heading angle 90� with and without vertical
wall effects.

Fig. 11. Mean interaction factor of linear 1 � 5 arrays of truncated vertical cylinder in front of vertical wall at heading angle 90� .
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without a vertical wall in all separation distances of a vertical wall
and WECs.

4.5. Effects of heading angles on mean interaction factor (qmeank
)

4.5.1. Constant separation distance between WECs and without a
vertical wall effect

Mean interaction factors qmean3 without a vertical wall effect for
different heading angles are presented in Fig. 12. It can be observed
in Fig. 12 that up to the incident wave frequency of 1.5 rad/s, the
819
constructive and destructive effects in a range of heading angles are
more or else the same. However, the substantive differences occur
around and after the heave natural frequency (un ¼ 2 rad/s).

As shown in Fig. 1, heading angle is represented with 180� being
the incident wave parallel to 1 � 5 arrays of truncated vertical
cylinder whilst the beam seas are represented with 90� being the
incident wave perpendicular to linear 1 � 5 arrays. When the
incident wave angles of 180� and 150� are observed it may be
noticed that mean interaction factor shows the constructive effects
just before the heave natural frequency (un ¼ 2 rad/s). However,



Fig. 12. Mean interaction factor of linear 1 � 5 arrays of truncated vertical cylinder
without vertical wall effect in a range of heading angles.
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after heave natural frequency, the hydrodynamic interactions be-
tween WECs shows destructive effects which continue over higher
incident wave frequencies. In the case of the heading angles 120�

and 90�, there are no constructive or destructive effects up to heave
natural frequency which means the absorbed wave power with
linear 1 � 5 arrays, and five isolated truncated vertical cylinders is
the same. However, just after heave natural frequency, hydrody-
namic interaction first shows destructive effect, and the wave
interaction then demonstrates the trend of constructive effects over
high incident wave frequencies. When the mean interaction factor
of heading angles of 90� and 120� are compared, just after heave
natural frequency, heading angle 120� shows better constructive
effect whilst it is 90� which demonstrates better constructive ef-
fects at higher incident wave frequencies.
4.5.2. Constant separation distance between WECs as well as WECs
and a vertical wall

Themean interaction factors qmean3 with a vertical wall effect for
different heading angles are presented in Fig. 13. When the per-
formance of linear 1 � 5 arrays without and with vertical wall ef-
fects is compared for different heading angles in Figs. 12 and 13
respectively, the performance of WECs with a vertical wall effect
is much greater than that of without a vertical wall effect in a range
of wave frequencies and heading angles.

When the performance of linear 1� 5 array system is compared
with respect to heading angles in Fig. 13, the most dominant
heading angle in heave mode is 180�. Mean interaction factors in
Fig. 13. Mean interaction factor of linear 1 � 5 arrays of truncated vertical cylinder
with a vertical wall effect in a range of heading angles.
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Fig. 13 show much better constructive effects compared to linear
1 � 5 arrays without a vertical wall effect in Fig. 12 up to heave
natural frequency and then demonstrate sudden decreases at nat-
ural frequency. However, this decrement effects are recovered at
higher incident wave frequencies at heading angles 180� and 150�.
In the case of heading angles 120� and 90�, the performance of
linear 1 � 5 array system shows the steady constructive effect
although around natural frequency this effect demonstrates sudden
decrease and then shows recovery at higher incident wave fre-
quencies and drops again.

4.6. Effects of heading angles on individual interaction factor

(qiindvk
Þ

4.6.1. Constant separation distance between WECs and without a
vertical wall effect

Individual interaction factors qiindv3 with respect to incident

wave frequencies, u, for linear 1 � 5 arrays of truncated vertical
cylinder without a vertical wall effect are presented in Fig.14(a) and
(b), 14(c) and 14(d) for heading angles of 180�, 150�, 120� and 90�

respectively. In qiindvk , k represents mode of motions (e.g., 3 is used

for heave mode) whilst i is used for the positions of WCs in an array
system (e.g., i ¼ 2 is used WEC2).

WEC1 (q1indv3 ) has constructive effect for 180�, 150� and 120�. In

the case of 90�, q1indv3 also has constructive effect up to heave nat-

ural frequency (un ¼ 2 rad/s), however, just after the natural fre-
quency WEC1 has destructive effect. WEC2 (q2indv3 ) shows

constructive effect up to heave natural frequency and just after
natural frequency it has destructive effect for heading angles 180�

and 150�. q2indv3 showsmuch better performance over a range of the

incident wave frequency with constructive effect at 120� and 90�.
WEC3 (q3indv3 Þ, which is in the middle of the array system, shows

destructive characteristics in a range of the incident wave fre-
quencies at the heading angle 180�. In addition, q3indv3 shows

destructive effect up to heave natural frequency and then shows
constructive effects after it at the heading angles 150� and 120�. At
heading angle 90�, WEC3 has constructive effect over a range of the
incident wave frequencies. q4indv3 and q5indv3 show constructive effect

up to heave natural frequency and destructive effect after it at
heading angle 180� and 150�. q4indv3 shows destructive effect in a

range of incident wave frequencies at heading angle 120� whilst
q5indv3 has destructive effect up to heave natural frequency and then

constructive effect after it. q4indv3 shows constructive effects over

incident wave frequencies whilst q5indv3 has destructive effect at

heading angle 90�.

4.6.2. Constant separation distance between WECs as well as WEC
and a vertical wall

The performance of each qiindv3 in an array system is measured

by individual interaction factor qiindvk which is presented in

Fig. 15(a) and (b), 15(c), 15(d) and 15(e) as the function of heading
angles.

When the performances of qiindv3 without and with vertical wall

effects are compared in Figs. 14 and 15 respectively, the perfor-
mance of WECs arrays with a vertical wall are approximately four
times greater than those of qiindv3 without a vertical wall at lower

frequencies whilst the performance of WECs arrays at higher fre-
quencies are even better. The hydrodynamic interactions in the gap
ofWECs arrays as well as a vertical wall andWECs arrays contribute



Fig. 14. Individual interaction factor of linear 1 � 5 arrays of truncated vertical cylinder without vertical wall effect in a range of heading angles (a) 180� (b) 150� (c) 120� (d) 90� .
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to the constructive effect for all WECs in linear 1 � 5 arrays of
truncated vertical cylinder. It can be observed from Fig. 15(a) and
(b) that the best performances are observed for q1indv3, q

2
indv3

and

q4indv3 at heading angles 180�, 150�, 120� and 90� respectively while

it is the heading angles 150�, 180�, 120� and 90� for q3indv3 which is in

the middle of linear 1 � 5 array. The dominant heading angles to
absorb wave power for q5indv3 are 180�, 90�, 150� and 120� respec-

tively. It may be noticed for q1indv3 in Fig.15(a) that the heading angle

180� shows dominant behaviour especially at higher incident wave
frequencies. The interaction effect in Fig. 15(a) is getting weaker
when the heading angle change from 180� to 90�.

5. Conclusions

The in-house ITU-WAVE transient free-surface three-dimen-
sional wave-multibody interaction numerical tool is used to extend
its application towave power absorption from oceanwaves in front
of a vertical wall. The initial-value BIE is solved with time marching
source formulation which takes a vertical wall effect into account
with method of images exploiting perfect reflection of the incident
waves.

Before ITU-WAVE computational tool is used for the prediction
of wave power absorption in front of a vertical wall with WECs
arrays, ITU-WAVE numerical results are validated against other
numerical, analytical, and experimental results. These results
include the added mass, damping coefficient, exciting force
821
amplitude and RAOs in sway and heave modes. Sway and heave
radiation and exciting force IRFs are first predicted with the solu-
tion of time dependent boundary integral equation. As the time and
frequency domain results are linked to each other through Fourier
transform in the context of linear analysis, the added mass, and
damping coefficients as well as exciting force amplitudes are then
obtained by taking Fourier transform of IRFs.

The sensitivity analysis of 1 � 5 array of truncated vertical cyl-
inder with and without vertical wall effects is used to determine
the effect of separation distance between WECs arrays as well as
between a vertical wall and WECs arrays, and different heading
angles on mean and individual interaction factors. The numerical
experiences demonstrate that mean and individual interaction
factors can have constructive or destructive effect in a range of
incident wave frequencies.

The numerical experiences show that the performance of WECs
in an array system in front of a vertical wall are much better than
those of without a wall effect especially when the separation dis-
tance between a vertical wall and WECs arrays are at closer prox-
imity. This is mainly due to nearly trapped waves and standing
waves between WECs arrays as well as a vertical wall and WECs
arrays. Mean and individual interaction factors are four times
greater in the case of arrays in front of a vertical wall compared to
without a vertical wall at lower frequencies although this
constructive effect decreases to around one at the resonant fre-
quency and then again increase showing constructive effect at
higher frequencies.



Fig. 15. Individual interaction factor of linear 1 � 5 arrays of truncated vertical cylinder in front of a vertical wall with separation (a) q1indv3
(b) q2indv3

(c) q3indv3
(d) q4indv3

(e) q5indv3
.
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