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a b s t r a c t

The wave power extraction by multiple Wave Energy Converters (WECs) deployed in a Y-shaped Water
Channel Resonator (WCR) has been investigated. AWCR consists of a long water channel, and a V-shaped
wave guider installed at the entrance of a water channel. If the period of the incident waves coincides
with the natural periods of the fluid in a WCR, resonance occurs, as a result, the internal fluid in a WCR is
greatly amplified. To estimate the wave power by multiple WECs placed at the antinodal points in a WCR,
the heave motion response, time-averaged power, and capture width ratio were calculated for several
design parameters. Also, the systematic model tests were conducted in a 2D wave tank. The numerical
results are in good agreement with the experimental data. It was verified that a WCR helps the WECs to
produce electricity more effectively by amplifying the wave energy in a WCR.
© 2021 Society of Naval Architects of Korea. Production and hosting by Elsevier B.V. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Renewable energies such as solar, wind, current, geothermal,
wave power, etc have attracted attention as an alternative energy
source replacing fossil fuels. Among them, wave power is known to
have higher energy density than other renewable energy sources;
thus, variousWave Energy Converters (WECs) have been developed
(Drew et al., 2009; Falcao, 2010) for the extraction of wave energy.
Almost three-fourths, 71%, of the Earth's surface, is covered by
oceans, but sea sites with high wave energy density are limited to
some sea areas, such as the northwest USA, western Europe,
southern Chile, and south and west Australia; most areas are
disadvantageous in generating wave power due to their low energy
density (Astariz and Lglesias, 2015). When considering the future
explosively increasing energy demands and environmental issues,
new research is demanded to overcome these limitations.

Many researchers have studied the design optimization ofWECs
and control strategy techniques to increase the efficiency of WECs.
Flocard and Finnigan (2012) investigated the extracted power of
bottom-hinged point absorber through the inertia adjustment of
WECs in waves. Koh et al. (2014) studied the shape optimization of
f Naval Architects of Korea.

rea. Production and hosting by El
WEC based on design parameters, such as the radius and draft of a
single cylinder. Babarit (2015) investigated the CaptureWidth Ratio
(CWR) of various WECs by numerical simulations and model ex-
periments. Various control techniques, such as latching (Jinming
et al., 2018; Cho et al., 2015), declutching control (Zhang et al.,
2014), and active phase control (Park et al., 2016), have been pro-
posed. Even if a highly efficient WEC system was developed, the
amount of energy that can be extracted in the sea with low energy
density is too low to operate the WEC. Therefore, we have to
introduce a new concept to the previous WEC for being capable to
operate even in the sea site with a low energy density.

To analyze the motion responses of multiple cylindrical WECs,
we have to solve the diffraction and radiation problem, taking into
account the interaction of multiple WECs with incoming waves.
Yeung and Sphaier (1989) solved the radiation problem when
multiple cylinders were arranged at regular intervals in an open
water channel. Thomas (1991) solved the diffraction problemwhen
cylinders are arranged in an open channel. In addition, there were
several studies involving multiple cylinders arranged in a water
channel (Butler and Thomas,1993; Linton and Thompson, 2007). As
for studies of multiple WECs, Lee et al. (2018) analyzed the effect of
interaction between a large floating platform and 24 cylindrical
WECs supported by the platform. They formulated and solved
numerically the equations of coupled motion with 30 Degrees of
Freedom (DOFs). Similar researches dealing with the interaction
between several WECs and a floating support structure have been
sevier B.V. This is an open access article under the CC BY-NC-ND license (http://
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published (Pecher et al., 2012; Taghipour and Moan, 2008). Ning
et al. (2018) investigated the performance of the multiple WEC
array in front of a fixed-type floating pontoon numerically using a
Boundary Element Method (BEM) based on the linear potential
flow theory.

To have a better insight of the physical mechanism by reso-
nance, consider a long water channel with the Y-shaped wave
guider at the entrance. A small portion of incident waves is dif-
fracted through the entrance into the water channel and reflected
repeatedly by the interior wall boundaries of the long water
channel. Some of the reflected wave energy escape the channel and
radiate to the ocean again, while some stay inside. If the incident
wave frequency is close to the natural frequency of the water
channel, resonancewill occur, so that incident waves evenwith low
energy density oscillates with a large displacement in aWCR.When
the WECs are located especially at the antinodal lines where the
surface displacement is the greatest, the wave energy extraction
can be greatly improved.

Along with the wave response in a WCR, the heave motion
response of cylindrical WECs was investigated for estimating the
extractable power from the WECs placed in a WCR. To this end, the
Boundary Element Method (BEM) was applied to analyze the wave
response in a WCR and the commercial code WAMIT was used to
obtain the heave Response of Amplitude Operator (RAO) of the
cylindrical WECs arranged in a WCR. The systematic model tests
were performed in a 2D wave tank to validate the numerical so-
lutions. A satisfactory agreement between them was achieved. As
numerical results, we investigated the optimal Power Take-Off
(PTO) damping coefficients, time-averaged power, and CWR
numerically with the PTO system assumed as a linear generator.

2. Wave response in a WCR

The BEM is used to analyze the wave response in a WCR. It is
assumed that the fluid is incompressible and inviscid, and irrota-
tional flow so that linear potential theory can be used. The velocity
potential and free-surface elevation can be expressed as shown in
Eqs. (1) and (2):

Fðx; y; z; tÞ¼Re
�
A4ðx; yÞ cosh kðzþ hÞ

cosh kh
e�iut

�
; (1)

zðx; y; tÞ¼Re
n
hðx; yÞe�iut

o
; with hðx; yÞ¼ iu

g
A4ðx; yÞ; (2)

where A and k are the incident wave amplitude and wavenumber,
respectively. h is the water depth; g the gravitational acceleration.
The wave frequency u satisfies the dispersion equation (u2 ¼
gk tanh kh).

The velocity potential satisfies the Helmholtz equation given in

Eq. (3), and the wall boundary condition (v4
vn ¼ 0), with n normal to

the internal walls, and the radiation boundary condition at far-field.

V24þ k24 ¼ 0 (3)

The Green function that satisfies the Helmholtz Eq. (3) and ra-
diation boundary condition is expressed as shown in Eq. (4).

G
�
X
!
; X
!

0

�
¼ i

4
Hð1Þ
0 ðkrÞ;

r ¼
����X!� X

!
0

���� ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðx� x0Þ2 þ ðy� y0Þ2

q (4)

where Hð1Þ
0 ðkrÞ is the Hankel function of the first kind and X

!
0 ¼
179
ðx0; y0Þ represents the location of singularity. If field point

X
!¼ ðx; yÞ is placed on the boundary (GT ), the following integral
equation can be derived by applying Green's theorem to the Green

function to and velocity potential 4ðX!Þ,

1
2
4
�
X
!	þ ð

G

4

�
X
!

0

�
vG
vn

�
X
!
; X
!

0

�
dS ¼

ð
G

v4

vn

�
X
!

0

�
G
�
X
!
; X
!

0

�
dS

(5)

where n is the unit outward normal to GT and outward from U.
Eq. (5) is a Fredholm integral equation of the second kind for

4ðX!Þ. By dividing the boundary GT into discrete elements and

approximating 4ðX!Þ in each element by a constant 4i and then
carrying out the integration, one obtains a system of an algebraic
equation for 4i; i ¼ 1;2; ::;N, which can be solved for 4i.
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The influence coefficients bHij and Gij in each element are defined
as follows:

bHij ¼
ð
Gj

vG
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dSj; Gij ¼
ð
Gj

G dSj (7)

Eq. (6) can be rewritten using Eq. (7)
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Eq. (8) can be expressed as a matrix equation form as follows:

½H�½4� ¼ ½G�


v4

vn

�
: (9)

The velocity potential and normal velocity on the boundary are
obtained by solving the matrix Eq. (9). The following equation is
used to obtain the velocity potential at an arbitrary position

X
!¼ ðx; yÞ in the fluid domain with the values at the boundary.

4i
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X
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v4j
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XN
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4j
bHij (10)

To apply the BEM to the presentWCRmodel, the fluid domain is
divided into the region (1) and region (2) as shown in Fig. 2. The
matching boundary between the two regions is denoted by GM.
Velocity potentials in each region are distinguished using super-
scripts ‘(1)’ and ‘(2)’, and the velocity potentials at the matching
boundary were represented with the superscript ‘e‘.

The velocity potential in the region (1) is divided further into
wall (Gb) and matching (GM) boundary, expressed as a matrix
equation as follows:

h
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where 4ð1Þ; v4
ð1Þ

vn are the velocity potential and normal velocity at the



Fig. 1. Definition sketch of multiple WECs deployed in a WCR.
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wall boundary (Gb), and 4ð1Þ; v4
ð1Þ

vn at the matching boundary (GM).
The velocity potential in the region (2) can be expressed as the

sum of the incident wave potential (40) and scattered potential (4S)
radiated by the piston action at the entrance.

4ð2Þ ¼40 þ 4S; (12)

The plane incident wave potential for the incident wave angle b

with the x-axis may be expressed by the following equation:

40 ¼ � ig
u
e�ikðx cos b�y sin bÞ: (13)

The scattered wave potential satisfies the radiation boundary
condition at the infinite distance (G∞):

ðkrÞ1=2
�
v

vr
� ik

�
4S /0; kr/∞ (14)

Assuming that the influence of the scattered wave on the
boundary (G±) of the region (2) can be neglected, the matrix
equation in the region (2) can be written as:

h
H
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where 4S;
v4S
vn are the velocity potential and normal velocity of the

scattered wave at the matching boundary (GM).
The matching conditions at the matching boundary between

region (1) and region (2) are
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Substituting Eq. (16) into Eq. (11) and Eq. (15) gives the
following equations:

h
Hð1Þ H

ð1Þ
i


4ð1Þ
4

�
¼
h
Gð1Þ G

ð1Þ
i2664

v4ð1Þ

vn
v4

vn

3775; (17)

h
H
ð2Þi


4�40

�
¼
h
�G

ð2Þi"v4
vn

þ v40
vn

#
: (18)

Assuming that perfect reflection (v4
ð1Þ

vn ¼ 0) occurs at the wall
boundary of the region (1), matrix Eq. (17) and Eq. (18) can be
combined into one, as shown in Eq. (19):
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The final matrix Eq. (19) is solved for unknown potentials along
the entire boundary of the region (1). Eq. (10) can be used to
determine the velocity potential at an arbitrary point in the WCR.

The amplification factor Am at an arbitrary position in a WCR is
defined as:
180
Am¼4ð1Þðx; yÞ
40ðx; yÞ

: (20)
3. Wave power extraction

The cylindrical WECs are installed at the antinodal points in a
WCR, where the surface displacement is the greatest, as shown in
Fig. 1. To get the heave RAO and extracted wave power of multiple
WECs deployed in a WCR, we have to set up the equations of mo-
tion of multiple WECs. The heave motion of WECs is only retained,
and the other modes of motion are restrained by the guide frame.

The equations of heave motion for threeWECs can be expressed
in matrix form as shown in Eq. (21). The external forces on the
WECs include the radiation force (FRAD), wave exciting force (FEXC),
viscous damping force (FV ), and PTO damping force (FPTO).

½M��€z¼fFRADgþfFEXCgþfFVg þ fFPTOg (21)

where an overhead dot denotes the time derivative.
Eq. (21) can be rewritten as the equations of motion in the fre-

quency domain as follows:

�u2½m1 þ a11ðuÞ�x1 � iu
�
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�
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X
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b1;jðuÞxj ¼ Af1ðuÞ

�u2½m2 þ a22ðuÞ�x2 � iu
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X
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�u2½m3 þ a33ðuÞ�x3 � iu
�
b33ðuÞ þ bV ;3 þ bPTO;3

�
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þrgS3x3 � u2
X
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a3jðuÞxj � iu
X
j¼1;2

b3;jðuÞxj ¼ Af3ðuÞ

(22)

where zi ¼ Refxie�iutg; i ¼ 1;2;3 represents the heave motion
displacement of each WEC successively from the end of the WCR.
mi is the mass of each WEC, aij is the added mass, and bij;bV ;i; bPTO;i
are the radiation damping coefficients, viscous damping co-
efficients, and PTO damping coefficients. Si and FEXC;i ¼ RefAfie�iutg



Fig. 2. Definition sketch of a long water channel resonator with a Y-shaped wave
guider.
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are the waterplane areas and wave exciting forces in each WEC,
respectively. The added mass, radiation damping coefficients, and
wave exciting force are calculated using the WAMIT commercial
code. The viscous damping force is described by Fn;i ¼ � bV ;i _zi; ði ¼
1;2;3Þ. The viscous damping coefficient bV ;i is calculated from

bV ;i ¼ 2kirgSi
uN;i

, where ki is the dimensionless damping factor and uN;i

is undamped heave natural frequency of each WEC. In general, ki is
determined experimentally by the free-decay test. But, In the pre-
sent study, the viscous damping coefficient bV ;i is simply obtained
by minimizing the difference between the numerical solutions and
experimental results without the additional free-decay test.

The time-averaged power PiðuÞ and CWR are calculated using
Eqs. (23) and (24):

PiðuÞ
A2 ¼ 1

2
u2bPTO;i

���xi
A

���2: (23)

CWRi ¼
PiðuÞ
Pw$2R

; (24)

where Pw ¼ 1
2 rgA

2cg is the incident wave power within a unit crest
length of a plane sine wavetrain; cg the group velocity; R the radius
of the cylindrical WEC.
4. Experiments

Model tests are conducted to investigate the characteristics of
heave RAO of WECs placed in a WCR. In general, the cylindrical
WECs are designed to resonate with incident waves for maximizing
the extracted power. Accordingly, the shape of WEC is determined
by tuning the heave natural period of theWECwith the peak period
of the irregular waves at the installation site (Kim et al., 2014, 2015).
The peak period is assumed to be 1.0 s in themodel scale. Two kinds
ofWECswith different drafts are tested. The heave natural period of
a Cyl-1 model is 0.7 s, which is shorter than the peak period (1.0 s).
Table 1
Specifications of WEC models.

Model Radius (m) Draft (m) Mass (kg) Heave natural period (s)

Cyl-1 0.08 0.08 1.68 0.7
Cyl-2 0.08 0.2 4.02 1.0
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The heave natural period of a Cyl-2 model is 1.0 s, which coincides
with the peak period. The detailed specifications of the WEC are
shown in Table 1. Fig. 3(a) and (b) show the photograph of the two
WEC models. The model is placed in a donut-shaped guide frame
shown in Fig. 3(c) to allow only heave motion. To minimize friction
between the WEC and a guide frame, eight ball rollers are attached
inside of a guide frame as shown in Fig. 3(c).

Experiments are performed in a 2D wave tank
(18.5 m � 0.8 m � 1.0 m) at Jeju National University. One end of the
tank is installed with a piston-type wavemaker that can produce
regular and irregular waves. At the other end, the dual perforated
wave absorber is installed to reduce the reflected waves. A WCR
model made of acrylic material is fixed to the bottom of the tank.
Fig. 4 shows a schematic sketch of a WCR model and its experi-
mental setup. The length and width of the channel are 2.92 m and
0.2 m, respectively. The wave guider has a length of 0.79 m and an
opening angle of 10�. The water depth is 0.4 m. The incident waves
are measured using a wave gauge 4 m away from the wavemaker,
and the wave elevations in a WCR are measured at three different
positions. In regular wave tests, the wave periods within an
appropriate range are selected with a fixed wave height of 0.01 m.
The generation time of the wave is 60 s and the sampling frequency
is 100 Hz. Fig. 5 shows the photograph of a WCR installed in a wave
tank.
5. Results and discussions

The wave responses at the wave gauges (WGi; i ¼ 1;2;3) in a
WCR are represented by the amplification factor jAmij; i ¼ 1;2;3.
Fig. 6 shows the amplification factor at the position 0.73 m away
from the end of the channel. Solid lines denote BEM solutions, and
circle symbols represent experimental results. The numerical so-
lutions are in reasonably good agreement with the experimental
results. The small differences can be attributed to frictional loss on
the wall boundary and separation loss at the tip of the wave guider.
As the frequency of the incident wave changes, the nodal and
antinodal points move in a WCR accordingly. The amplification
factor is maximum at the antinodal points, on the other hand, the
amplification factor is zero at the nodal points. For this reason, it is
desirable to position WECs at the antinodal points for the
maximum extraction of the wave power.

Fig. 7 plots the amplification factor at three different antinodal
points whose position changes according to the incident wave
period. The antinodal points are reset in a WCR by the change of
wave period. The BEM solutions of the amplification factor at three
different antinodes distinguished by solid, dotted, and dashed lines
are in good agreement with the experimental results. Each BEM
solution at three different antinodes gives the same curve. The
amplification factor curve seems to be a sinusoidal curve whose
amplitude and period increase gradually with the wave period. The
successive resonant peaks occur at points that the incident wave
period coincides with the natural periods of the WCR. In both BEM
and experimental results, the amplification factor is ranged from 2
to 5. Interestingly, the amplification factor even at the non-
resonance periods has a value greater than 2. It can be explained
that viscous damping in aWCR is not high as much as expected and
a V-shaped wave guider contributes to enhance the wave ampli-
tude in a WCR.

The wave power Pw ¼ 1
2 rgA

2
i cg is proportional to the square of

the wave amplitude (Ai). In Fig. 8, the wave power at the outside
and inside of the WCR can be compared by investigating the cor-
responding wave amplitude. Given the effect of the wave guider
and the wave amplification in the long water channel, the wave
power at the antinodal points in a WCR increases significantly



Fig. 4. Schematic sketch of a WCR model and experimental setup.

Fig. 3. Photographs of two different types of WEC and a guide frame model.

Fig. 5. Photograph of a WCR installed in a 2D wave tank.

Fig. 6. Comparison of amplification factor between BEM solutions (solid line) and
experimental results (symbol) at the fixed position (0:73m) from the end of a channel.
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compared to the incident wave power outside of a WCR. This result
is an attractive aspect because the introduction of a WCR allows to
extract wave power even at seas with low energy density.

In Fig. 9, the dotted line denotes the heave RAO when a single
Cyl-1 model is placed in a WCR. On the other hand, the solid line
represents the heave RAO when a single Cyl-1 model is placed in
the open sea. The symbols indicate the experimental results. The
viscous damping coefficient bV ;1 ¼ 1:54kg=s is determined by
minimizing the difference between the WAMIT solutions and
experimental results. The numerical results are in good agreement
with the experimental results regardless of the existence of a WCR.
The heave natural period of a Cyl-1 model is 0.7 s. When the inci-
dent wave period is close to the heave natural period, the heave
RAO has the peak value due to resonance, as expected. The heave
RAO for aWEC in the open sea converges to 1.0 as it approaches the
long-period region. However, the RAO curve of a WEC in a WCR
fluctuates between 2 and 4 with the wave period. These differences
can be explained by the fact that a WEC follows the wave response



Fig. 9. Comparison of heave RAO of a single Cyl-1 model between WAMIT solutions
and experimental results with and without a WCR.

Fig. 10. Comparison of heave RAO of a single Cyl-2 model between WAMIT solutions

Fig. 7. Comparison of amplification factor between BEM solutions (lines) and experi-
mental results (symbols) at the antinodes (WGi ; i ¼ 1;2;3) in a WCR.
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in a WCR which is greatly amplified by resonance. At the antinodes
formed in a WCR, the heave RAO looks to be higher than 2 even at
non-resonance periods. As a result, the heave RAO maintains to be
high over the entire range of periods. It is proved that a WCR is
effective to enhance the performance of the WEC by resonance.

Fig. 10 shows a similar figure as Fig. 9 when a single Cyl-2 model
is placed in a WCR. The viscous damping coefficient is chosen to be
bV ;1 ¼ 2:24kg=s as before. As the heave natural period of a Cyl-2
model is equal to 1.0 s, the resonant peak at T ¼ 1.0 s appears.
The higher resonant peak exists at T¼ 1.1 s by resonance of internal
fluid in a WCR. Although a Cyl-1 model shows a slightly lower
heave RAO compared to a Cyl-2 model at the resonance period but
maintains relatively high RAO values over the short-period region.
Overall, a Cyl-1 model may be more effective in the energy
extraction than a Cyl-2 model.

Next, to have a better insight regarding the interaction of mul-
tiple WECs with waves amplified in a WCR, we situate three WECs
at the antinodes in a WCR. Three WECs are installed at multiples of
half-wavelength (l=2) from the end of the water channel, exactly at
the antinodes. Fig. 11 shows the heave RAO curve of each WEC
when three Cyl-1 models are placed regularly with an interval of l=
Fig. 8. Comparison of wave power at between the outside and inside of the WCR.

and experimental results with and without a WCR.
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2 in aWCR. The numerical and experimental results agreewell with
each other. Until T ¼ 0.9 s, the heave RAO has the highest value at
the first WEC and the lowest at the third WEC. After the period
passes 0.9 s, then the heave RAO curves of each WEC tend to merge
to one. Consequently, all WECs show the same heave motion
response greatly increased by the resonance of internal fluid in a
WCR.

The experimental heave RAO between three Cyl-1 and Cyl-2
models placed in a WCR is shown in Fig. 12. The Cyl-1 model
shows a higher RAO curve across the entire period range compared
to the Cyl-2 model. In other words, the Cyl-1 model is more
effective than the Cyl-2 model from the viewpoint of energy
extraction. Additionally, the Cyl-1 model with the shorter draft is
also advantageous in reducing the manufacturing cost.

Figs. 13e15 show the heave RAO, time-averaged extraction po-
wer, and CWRof eachWEC as a function of PTO damping coefficient
and wave period when three Cyl-1 models are placed in aWCR. The
extracted wave power is calculated while the PTO damping coef-
ficient increases from 0 kg/s to 20 kg/s with an interval of 1 kg/s. As
expected, the heave RAO of each WEC decreases as the PTO



Fig. 11. Comparison of heave RAO of each WEC between WAMIT solutions and
experimental results when three Cyl-1 models are deployed in a channel.

Fig. 12. Experimental results of heave RAO between three Cyl-1 and Cyl-2 models
deployed in a WCR.
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damping coefficient increases. The time-averaged extraction power
shows a pattern of variation similar to the amplification factor with
the wave period. Fig. 14 shows that an optimal PTO damping
Fig. 13. Heave RAO of each WEC as a function of wave periods and PTO d
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coefficient exists for maximizing the extracted wave power. The
CWR curve shown in Fig. 15 represents the energy conversion ef-
ficiency from the wave power to the mechanical power. There also
exists an optimal PTO damping coefficient giving the maximum of
the CWR.

Figs. 16 and 17 show the maximum values of the extraction
power and CWR of each WEC applied at an optimal PTO damping
coefficient. For comparison, a single WEC in the open sea and three
Cyl-1 WEC models deployed at the antinodes are considered. The
optimal PTO damping coefficients are obtained from Figs.14 and 15.
In the case of a single WEC in the open sea, the time-averaged
extraction power and CWR have the maximum value at the heave
resonance period (0.7 s), and decrease greatly in the long-wave
region. Whereas, for three WECs placed in a WCR, the time-
averaged extraction power and CWR persist highly even in the
long-wave region. The maximum CWR of the third WEC located
near the entrance of a WCR exceeds approximately 100%. Mean-
while, those of the first and second WECs are high with a value of
approximately 80%. The reason for the high extracted power and
CWR is that the energy of the incident wave is effectively collected
by a wave guider and the wave amplitude in a WCR is significantly
amplified by the resonance of internal fluid in a WCR.
6. Conclusions

In this study, a Y-shaped WCR is proposed to enhance the
extractable wave energy by the resonance of internal fluid enclosed
by a WCR. A WCR composes of a wave guider collecting incident
waves effectively and a long water channel amplifying the wave
response by resonance. First, the numerical calculation is per-
formed with the self-developed BEM code to investigate the wave
responses amplified in a WCR. The numerical results are in good
agreement with the experimental results and show that the
amplification factor at the antinodal points in aWCR is significantly
increased.

To extract effectively the wave energy amplified by the reso-
nance of internal fluid in a WCR, the cylindrical WECs have to be
placed at the antinodes where the surface displacement is the
greatest. The heave RAO of each WEC is obtained using the WAMIT
commercial code based on potential theory, and WAMIT solutions
are validated by experiments. Two models with different drafts
such as a shorter draft model (Cyl-1) and a longer draft model (Cyl-
2) are adopted. The corresponding heave natural periods are 0.7 s
and 1.0 s. When the peak period of the target sea is assumed to be
1.0 s, the Cyl-1 model with a heave natural period lower than the
peak period shows a persisting high performance within the wider
range of periods despite of slight reduction of peak value at reso-
nance. The adoption of a WCR amplifies the wave energy and
amping coefficients when three Cyl-1 models are arrayed in a WCR.



Fig. 14. Time-averaged extraction power of each WEC as a function of wave periods and PTO damping coefficients when three Cyl-1 models are arrayed in a WCR.

Fig. 15. CWR of each WEC as a function of wave periods and PTO damping coefficients when three Cyl-1 models are arrayed in a WCR.

J. Kim and I.-H. Cho International Journal of Naval Architecture and Ocean Engineering 13 (2021) 178e186
extends the available period range. In this viewpoint, the WEC
system equipped with a new-concept WCR can be operated effec-
tively for the generation of wave energy even at sea with low en-
ergy density and narrow-banded frequency. Also, the fact that a
WCR works as a supporting structure of multiple WECs is advan-
tageous for cost reduction in fabrication and maintenance.

In real seas, the waves are highly irregular by composing of
different wave heights and periods. In general, the shape of a WEC
installed in the open sea is designed by matching the heave natural
period of a WEC with the period of the prevailing waves, such as
Fig. 16. Maximum extracted wave power of each WEC when three Cyl-1 models are
arrayed in a WCR.
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peak period and energy period. The representative value of the
peak period is determined by monthly or seasonal averaged value
because of temporal variation. In the present model, the position of
WECs in a WCR is quite more important than the detailed shape of
the WEC. Thus the WECs should be situated at the antinodal points
in a WCR, which may be changed by the peak period at the
installation site. The position of WECs has to be appropriately
moved along the rail installed on the top of the channel by using an
actuating system monthly or seasonally.
Fig. 17. Maximum CWR of each WEC when three Cyl-1 models are arrayed in a WCR.
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