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ABSTRACT

To develop efficient WEC (Wave Energy Converter), which can extract the wave power
from the sea state with low wave energy density, a WCR (Water Channel Resonator) was
proposed in the present doctoral dissertation. WCR consists of a long water channel and ‘V’
shaped reflector, and the electrical energy is produced from heaving multiple cylinders
independently by using linear generators installed at WCR. In the present study, we mainly
focus on the wave response amplified by the WCR and the performance of the WEC using
multiple cylinders arrayed in the channel was verified by means of the model tests and
numerical analysis. The wave response in the channel is highly amplified by the resonance of
the internal fluid in the channel, when incident wave period coincides with the natural
periods of the internal fluid. At resonance, the channel's wave pattern in the channel looks
like a standing wave and the position of maximum wave height is at the anti-node point.
Therefore, the proper position of the cylinder for energy extraction should be located at the
anti-node to improve the heave motion. The position of the anti-node changes according to
the incident wave's period. Thus, in order to maintain the position of the cylinder at the anti-
node, a mechanical device is needed to move the cylinder to the anti-node points. Thus, it
acts like an active WEC that handles a variety of wave conditions.

The WCR system is divided to be fixed or floating type depending on the water depth of
the installation site. The wave response in the channel of WCR has been analyzed and the
performance of the WEC in the amplified wave of the channel has been investigated with the
heaving response of cylinder, extracted power and efficiency. WAMIT commercial code and
developed design tools were used. First, the wave response in the channel was analyzed from
MAEM (Matched Asymptotic Expansion Method) and BEM (Boundary Element Method)

based on the linear potential theory. To validate the analytic and numerical solutions,

vii



systematic model test was conducted at the 2D wave tank of Jeju National University.

In the model test, WCR with reflector at the entrance of the channel was observed to
amplify the wave amplitude over a wide wave period range. The reflector helps increase the
wave response in the non-resonance period of the internal fluid. If three cylinders with long
drafts are located at the anti-nodes of the fixed WCR, the second and third cylinder's heave
motion response was not amplified as expected. It can be explained by the fact that the first
cylinder located at the entrance of the channel reflects the incident wave significantly so
much that waves are no transmitted to the second and third cylinders. On the contrary,
cylinders with small drafts have a shorter heave natural period compared to incident wave
period and follow the amplified wave response in the channel, which greatly increases the
heave motion of cylinders.

In the floating type of WCR, incident wave energy can't be fully used for electricity
production. Much of the incident wave energy was escaped from the bottom of the WCR
before entering the channel. The wave energy entering the channel is also partially
transmitted at the end of the channel, depending on whether the bottom of the channel is
installed. To investigate the characteristics of a floating WCR, we considered two models of
floating WCR with and without bottom, and computed the wave response of each model
together with the varying drafts. In the region of long wave period, much of the wave energy
was lost and the amplification factor was greatly reduced. However, in the short wave period
region, the high amplification factor occurred at the resonance period similar to that of the
fixed type. This means that waves with short period entering the channel are mostly reflected
from the end of the channel.

Through this study, it was confirmed that it is possible to amplify the wave energy with
low density by the resonance of the internal fluid in the channel and to develop a new wave

energy converter which can efficiently converts the amplified wave energy into kinetic

viii



energy by placing multiple cylinders at the anti-node points formed in the channel.
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Fig. 3.3 Measurement systems(Computer, DAQ board, amplifier)

Fig. 3.4 Capacitance-type wave gauge in wave tank
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Fig. 3.8 Comparison of amplification factor at first position from the wall among
MAEM, WAMIT and experimental results
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Fig. 3.9 Comparison of amplification factor at second position from the wall
among MAEM, WAMIT and experimental results
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Fig. 3.10 Comparison of amplification factor at third position from the wall among
MAEM, WAMIT and experimental results
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Fig. 3.11 Comparison of amplification factor at fourth position from the wall

among MAEM, WAMIT and experimental results
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Fig. 3.12 Comparison of amplification factor at the anti-node and fixed position

between MAEM and experimental results

Table 3.1 Positon of anti-node from wall for each wave period

Period 7, UL 4
[s] [m] [m] [m]
0.80 0.49 0.99 1.48
0.83 0.52 1.05 1.57
0.85 0.55 1.10 1.66
0.90 0.61 1.22 1.83
0.92 0.64 1.28 1.92
0.95 0.67 1.34 2.01
0.98 0.70 1.40 2.10
1.00 0.73 1.46 2.19
1.05 0.79 1.58 2.37
1.08 0.82 1.64 2.46
1.10 0.85 1.70 2.55
1.15 0.91 1.82 2.73
1.20 0.97 1.94 2.90
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Fig. 3.13 Amplification factor at second, third and fourth anti-node from the wall

in case of L=50m, a=2.5m
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Fig. 3.14 Amplification factor at second, third and fourth anti-node from the wall

in case of L=60m, a=2.5m
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Fig. 3.15 Amplification factor at second, third and fourth anti-node from the wall
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with reflector(Fixed point)

54



4m 8.1m 6.4m

A
\d
A
v
A

WAVE MAKER

= =
|
—
]

/f // _ABSORBER

/7

WAVE MAKER // /) ABSORBER

]$02m

7/ a 7.92m 7/

(b) Top view

Fig. 3.20 Schematic sketch of experimental set-up for a water channel resonator

with reflector (Three anti-node points)

Fig. 3.21 Photograph of the water channel resonator with reflector installed wave

tank and wave gauges in water channel

55



ol

Al EA ST

3}
=

=
=

] AAF A 3HBEM, WAMIT)

Zex

A A3E YERH,

b A

o] dxfoln. el

=

™
ofo

)AO

}

A Ay= WAMIT

4 3loltt, WAMIT

ARE AR 2 wert

)

Hola 3l

EeX
=

Zn oF 349 F& g

1

o

PN
T

sk
=

]

o

s+
ol

Fig. 3.23 o 13 th 19 olA

=
=

ol g FEn

o

)31

=138
=

J &x1o]

Z

o
T

& Ape Sy

™

2UE SFix7t JFH o] 1

=g

ol
e

mj
o

)
(-
o

o

)

—_
fiie)

oF
mn
i
Njo

o|]
A

oo

71 o

=
T

w ohel A

jpage]

[e;

I 2o A

9|

2 Holw, o2& whbe]

o

56



5 4
4 v
.\\. [ ]
- /,
SEEY B b
£ &}7 7
@ ]
21 o V\%{‘; \VVV
[ ]
1 V'Vf.
v
I
0 T T T T
0.8 0.9 1.0 11 1.2
Period [s]

Fig. 3.22 Comparison of amplification factor at x=0.73m from the wall among
BEM, WAMIT and experimental results

BEM(w/ reflector)

6 ®  EXP.(w/reflector)
MAEM(w/o reflector)
v EXP.(w/o reflector)
5 4
4 A
<
~ 3
£
2 ° .
11 ﬁy
v
0% , , , ,
0.8 0.9 1.0 1.1 1.2

Period [s]
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(a) Cyl-1 (b)Cyl-2

Fig. 4.11 Photographs of the two cylinder models
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o
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(a) Accelerometer (b) Calibration data

Fig. 4.12 Accelerometer and calibration data

80



(b) Top view (c) Front view

Fig. 4.13 3D-CAD modeling and photograph of guide cylinder
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Fig. 4.14 Schematic sketch of the experimental set-up for one cylinder in water
channel resonator with reflector
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Fig. 4.15 3D modeling of one cylinder in a water channel resonator with
reflector(mesh : 2474)
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Fig. 4.16 Comparison of heave RAO of cylinder(Cyl-1) between WAMIT and

experimental results
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Fig. 4.17 Comparison of heave RAO of cylinder(Cyl-2) between WAMIT and
experimental results
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Fig. 4.18 Schematic sketch of experimental set-up for three cylinders in a water

channel resonator without reflector
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Fig. 4.20 Comparison of heave RAO among single cylinder without water channel
resonator, first cylinder(Cyl-1) in fixed position and anti-node positon
from the wall
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Fig. 4.21 Comparison of heave RAO among single cylinder without water channel
resonator, second cylinder(Cyl-1) in fixed position and anti-node positon

from the wall
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Fig. 4.22 Comparison of heave RAO among single cylinder without water channel
resonator, third cylinder(Cyl-1) in fixed position and anti-node positon

from the wall
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Fig. 4.24 Experimental results of heave RAO of two cylinder models(Cyl-1, Cyl-2)

at anti-node position in a water channel resonator with reflector

93



o Z1Aeld

= A7y =

—_—

S|
=

o] o= 7 what

A HA AAY 71Eol

ol &

of M2 v=7]

P

RboobuEh, AR A7]9h oy A Wk

HH
Run

A=

Wl
=

W

olct wepd s

a7

Ao 7 W

9o 49

A A

F Akt AR b

Tl =

=
=

# 9

3%
(¢}

21 (2113 o] AArEH,

o
e

hs

&oh(Babarit, 2015). olU#] 5%

371

29 dee

AF

=
T

==

d dolZ HAee Vs AA(2r)e®E Y+ CWR &

E
=

1714

o
e

Aol dEbxith Cho et al.(2014)

=13
=

2750 upe}

=
=

Bl ) oy A

A7) 25

(€]

a1, Park et al.(2017)> AAE A

bz 284

5]

A7

£ EUE ¢

EEIEE

<+

ol
)l

o £

|
=i

o] anti-node

=
5

]

Rind

47

Txael 371

H
ﬁo

~

N5 BT AE cyl-l Bmdolth HA e PTO 7 AS 9} A

2l

o,

A=0.005m ©] ™, PTO %4]

9 a8

94



A= 1kg/s H-E 20kg/s 744 1kgls HA o WSIA[ATEFAA AZE sHot 99
Fa oy W a&S Aikssih
Fig. 4.25 > PTO Zr&Al gl JAbate] 7] Wste] & 3 7] AVls9] +

2] & RAO &} AR F4t

&
o
i

BolFa gt AVee] 4 sHse 4
A el & 5 3ol PTO A7 S7kekel whef 2hagint,

=
9971 AbEE = PTO A AIFS HA 2 PTO A ASFZ Aokt A7

[-‘O
_O|L
2
i
rlo
N
N
=

@
=
>
Hi
flo
>,
)
o,
4
%
o
)
©
O
o,
O
k=
S
oo
kit
Lo
rO
i)

95



A\

)

N
y

1

|| s 0.000
“ . 0,005
JN . 0.010
i'.‘\\\“-- - { (\) 1 [ 0.015
...'.'.‘\\\\‘\"'\\\ ’ /", XA | | =2 0020
= \‘\‘}: é..\ - AR ‘ = 0.025
20 Q\o‘,\
715 &
N
10 &
N

09 08

F’efiod Is 7

(Time average power )

(Heave RAO)

Fig. 4.25 Heave RAO(left) and time average power(right) of each cylinder in
water channel resonator with reflector as a function of PTO damping

coefficients (A=0.005m)

96



Fig. 426 & 7+ 7]5olA 5 olyA A5EE A58 AFoE v 7
A stE oA WE Z&(CWR)= YERHSITE 24 d7%e 5862 54 PTO
AT 74 w5l A FEEHE FEUY A Fx T4 A YE
w3 91tk Fig. 4.27, Fig. 4.28, Fig. 429 & JAtgte] 7] Wsle] & # 4 PTO
daAFek 2 PTO HAHAIFE AEste] €2 A ARF o 99 agx
AU Walass 47 azch Ad o] tiske] dAlute] F7)o uwial Wa)
= HZF PTO #aAG WL oF 1-25kgls Atololtt. H A9 PTO #AASFE
43k HH A7 HE Y= 7] 1.08s oA 7HF 2 0.02W olH, H1 5§

F7] 0755 Bl 2 thoelA 04 o9 s UERIT 53], 2 YT

flo
O-

7i7kolell A gk A E (&) T4 % FAFII} FEU FA 3T A
°F 100%°] °|=& "¢ % &85 HTh ol #o], w2 a8 ¥ T
=2 Qlte] FRU] FEgwo] A LAY anti-node F ol A7]EE $AA]
A Folxl g g o® AV]FY 74 FFOE o] &3 F QU] wiEo]

.

97



W
i
g
"

(AWl
M\‘o‘
o
G
()

i

Fig. 4.26 Capture width ratio of each cylinder in water channel resonator with

reflector as a function of PTO damping coefficients ( A=0.005m)

98



@ 25
~
2 | =
% 204 % o A
o A AN B
Q &g A : v
(@] C W JaVaN
A we
£ 15 4 N ; ‘A 100
o A AVQV i
% A el A g
Av,v4 L]
o 10 v AAA AN Ave ey Agl
oo @ .
|C_> a v M My A v VAN
o 108 77 DN v AN v
DN JAVAVAVAN v ev [ ] [ v.v. ]
= v v : s ©
S 51 0A YWAMA w e oA
WM, VY OROe L)
€ ° VIV TVee 008
o000
O oL ; ; ; ; . :

Period [s]

Fig. 4.27 Optimum PTO damping coefficients of each cylinder in water channel

resonator with reflector (A=0.005m)

0.025
— Single cyl. (No vis.)
I g
= 7
5 0.020 - ¢ 8
% 8 [\
Q. T §9 (/‘ // \
o 0.015 4§ i AN
o /- Fo /s AN
S /‘\ A \ [ ‘\ / /// \\\\
o A /Doy 1l W
> ! . 7\ ; \ v
& 0.010 - AR W AN 7 N\
(0] R Va \ 4 ~
£ / /V//\,/ N\~
- /o
= 00051 ey
?é e il /.

1y Vo
0.000 === , : : : :

0.6 0.7 0.8 0.9 1.0 11 1.2
Period [s]

Fig. 4.28 Maximum time average power of each cylinder at optimum PTO

damping coefficients ( A=0.005m)

99



18

Single cyl. (No vis.)
164 ______ £,
144 ———— 2’58
o 12{——— &
| S ~
% 1.0 AN I A I\
. | A \/ \t . / \ / /\\
s 08 \ o N
/ / 7N
= | AN
0.6 1! < 7N J N
i TN N\ N
0.4 17 |y = o N
it /i~
021 | 7
JV‘\ A///
0.0 L—===" : : : ; ;
0.6 0.7 0.8 0.9 1.0 1.1 1.2
Period [s]

Fig. 4.29 Maximum capture width ratio of each cylinder at optimum PTO damping
coefficients (A=0.005m)

100



EEENE

v x| &

o
=

-
27175

471

el el

o

—

A ARl AL

A}

uj ¢} anti-node % ¢

=0]
5 =

152 A7 29 148 91X

7

o

o

=z B
= ¢

A9 Aot M@

FR AR WAMIT

e
=)

)

7 et

X2

otk WA Sl =< 3 719

5|

=
a5

]

] 7

>~ o
T =

of glol, tt

=
=

SHA

el A

O %

3 vEbE @7

013

oz o)z

)

Ho

Mo

iy

el

i

o] vhepif,

ol

e AR A eE v E e v Ak

Ho

ted 1 AaE A

A A&

i 2}

o

e

9] anti-node 7ol XA

101



TZE Qlo] =07 EAE uo] 97

k

Ho

3t

Anti-node ol $3

of whz}

ol

ol ofy7] u

A} anti-node

Ad7150] w3 AFdolM &

o
2

7] Wsgle] uwhef

5

Ho

217F 0 o 747t

, FEU 9

Mo
o
B
ojiy

Ng
o

Apele] 7] wjeleld £17]

= 2=
= T

NS IS NEEY

Wb o]

o
A

L Aws} v of

25 W7t Eobn)

el

AA Qb= AA

tol 744

= Y715l s

A =

Aol F2u

2

£ Y @ol ugrlY]

7} 71 Cyl-2 R & QlAaba}

kA

=
=

Cyl-2 2 {IAfs}

Eis

2 R S 7ol $1A

[e)
T

|

@-o

o]

o)},

7

Ho

dl

Z

NEEZ 7k AGEA gl YT

A

Eis

1

7152 "iA

<

| WEREA] ekskek = uiell 3 7R

719 YolA= Cyl-1 Edlo] Cyl-2 Xelx}

TO

[ml

Mo
B
o

2 AgAoR 2 werta Qe melFolth 1oy

ZE!

3]

Rk

1
-

o}

;OU

s

T 7] w5

B

102



fie)

of

—

=

Fo 2 Ao A

°©

xl%_

=y

J)

o

RN Y

A g2 el el

7t

)=
Ry

=
L

ol

0

of YAt =E A7]F9

Z]

[e;
=

%3

skt

2]

o

gl

-

i

= 0|
103

s uc Bl

Ry
ar

SEER

I

A

S
=



Hs3E

Mo
160

<

<r
o
I

xr

{10
Jjo
0

PR AU AY FREER ouA] FE

S

TE

3ol

[}
=

e} sheholu | 9

W o] el wEeiA s

&+

| Axwe] FHn 52

%

ol
il
N

T

U d=gd A71& 4%

o

47

| —
L

Al 4 o] Aife] wpEW, FRuUS] dEgHe A7)

FAA Sl 5

3 WY = AN SR YR 71E9 gA 9

il

=

O

5

o] &l o

=)
)

-
ol

104



A R.gkt

&

ol

;OB
=)

i

3]

ke
=
L

2]

=

=
&

o

P

2y
2] A
z}

T

ha

[e]

A /\] 5
A A

ofE R A

ol A

T

=

T s
g

2~
=4

5}

5

]

A
=

1t

2

-

°©

2 =
2.92m 9} 0.2m & A 4 ZoA T
5= 0.24m o]t}

H2t

Z1

3 O
=

o %% Zolg}

_zrl

Mo

=
T

PAR=S

o

=

Il 0.01m =

[

33t} Fig.5.1(b)

[e)
}olom, F7)= 072

[9]

0.28m = ko] 7k

i

3

o

T

Ao

A Q1(148g/m; in ain) .= 4 & A

Table 5.1 ¢ A&

o

2 %7k 719

]
o
R

1t

o

bol 7}

3 WEurh=

S

o]

, olul 4=l GM(Metacentric height)

2stg i

J_?]_
ZEo] 1t %FH(Drift force)ol] 2

(Slack mooring)

I

of

=

g A el st

B 1.25m "Holzl

2

—_
file)
%o

™

o

o

A=A

°
=4

=

=

A 3H(e)

Al &
“

=

[¢)

b A () o} B

A
ful

2 A

PN
T

WAMIT

T

R

Fig. 5.3 Il

o Il FAA

71(0.78s,

= =
T T

FE07L b A We 4 2 09

1T},

o

PN
T

sk
=

|

)

T
el
ojn

105



0.88s)& AlEslo] AE=gH a4 A3E Fig. 5.4a)% (b)ol 242 YeERfSith A

Fol 4% A 9NE W ek 72 EAFAE Ak

F717F 0.78s @1 A9, dtarA 2] x| o|A node Fo] FA Y

2
olN
Bl
R
~

(a)

Wave gauge
z R 125m>
Wave o g &7
— 1 B (E— | 16w
(}ﬁm * I "
1.45m L 2.92m » o - Center of Gravity

% : Center of Buoyancy

(b)

Fig. 5.1 (a) 3D drawing of experimental model (b) Schematic sketch of a floating
water channel resonator (side view)
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Fig. 5.2 Photograph of a floating water channel resonator in wave tank

Table 5.1 Specifications of a floating water channel resonator

Item Unit value
Mass [ko] 53.06
Draft [m] 0.24
Depth [m] 0.6
(Ieo Iy, 12) from CoG [kgm?] (1.3773, 36.7082, 37.2776)
CoG [m] (1.5088, 0, -0.0392)
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(a) Open bottom type of a water channel resonator

* Closed

(b) Closed bottom type of a water channel resonator

L

Fig. 5.5 Open and closed bottom models of a floating water channel resonator

Table 5.2 Properties of a floating water channel resonator

Open bottom type

Draft [m] d=0.2 d=0.3 d=0.4 d=0.5
Mass[kg] 12.12 18.18 24.24 30.30
lyy[kgm?] 9.2495 13.9500 18.7414 23.6540
CoG [m] 0.1 -0.15 0.2 -0.25
Closed bottom type
Mass[kg] 18.566 24,626 30.686 36.746
lyy[kgm?] 13.9172 18.6869 23.5788 28.6235
CoG [m] -0.136 -0.191 -0.243 -0.295
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Fig. 5.6 Amplification factor of a floating water channel resonator (OBT) at anti-

node as a function of draft
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Fig. 5.7 Amplification factor at anti-node in a floating water channel
resonator(OBT) for d=0.2m
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