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A study on the design and performance verification of
U-tube type floating wave energy converter by CFD and

model test

Kim, Byung Ha

Department of Mechanical Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

Wave energy is one of the most promising sources of renewable energy,
with a potential of around 2 TW worldwide. Wave energy, which is one
form of the marine energy, is the energy source mainly generated due
to wind. But earthquakes and the gravitational fields of the moon and
sun also have an effect on that.

The floating wave energy device of this study was designed to be
smaller than the wavelength of the ocean wave and aimed at absorbing
more wave energy by increasing fluctuation of the float rather than
the physical size of the device itself. The design of wave power
generators and the design of offshore structures needs a study on the
validity of the wave energy resources in the subjected sea area and a
thorough understanding of the characteristics of the ocean. To fulfill

these requirements, test was performed and the wave measurement and
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the analysis were done for the subjected sea area. Through this, we
analyzed the energy density and seasonal influences of the waves at
the installation site. The wavelength, the characteristics of the sea
area, and the influence of the water depth was studied. Important
parameters of the wave are the wavelength, wave height, wave period
and water depth at which the wave propagates. These parameters are
expected to predict the characteristics of the waves. However, these
theoretical values may be different at real sea conditions. So an
experimental study is essential for the development of wave energy
devices. Floating wave energy devices produce electrical energy in
motion through the interaction of the free surface of the wave and the
float. The energy conversion process can be defined as the force or
torque produced through relative motion at the eaction point. In
addition, all the structures in the wave path affect the flow of the
fluid and change the wave. This phenomena not only greatly affects the
energy absorption and wave-float interaction, but also affects the
stability, natural frequency, and mooring. It 1s also necessary to
secure the durability to withstand the load imposed on the floater due
to the wave, wind and other extreme conditions.

The energy absorption response rate depends on the frequency of the
oscillation, wave period and the natural frequency of the device. It
must be matched to maximize the movement to absorb more energy and the
wave that can exhibit the optimum performance of the floating wave
energy device.

Since the frequency band 1s narrow, a float response test, a PTO
performance test, a wave tank test and an actual test in sea are
required to keep device natural frequency within the frequency band.
According to EMEC guidelines, at least 4-5 scale model test, PTO test,
and two or three actual sea tests are recommended.

In this paper, divided into 3 parts and proceeded.

First, the design and test of the PTO system to examine the internal

turbine performance and flow analysis model was done and the
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performance curve was obtained to determine the optimal PTO system
characteristics.

Secondly, the float response performance was analyzed and the
analysis of the natural frequency, the installation depth and the
mooring system of the device were carried out through the response
performance test including the float rigid body analysis, the flood
response analysis and the performance test in the large water tank.

Thirdly, the performance of the device was measured and evaluated by

conducting a test in the sea.
KEY WORDS: Floating wave energy device #-f2] =& %X]; Ocean energy

af ol A]; Performance analysis 4% 3l|4]; Performance test A% A13; Real sea
test A3 AF.
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Fig. 1.2 Averaged wave power considering waves of 1m

to 4m height only (Song, et al., 2004)
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7vehe =A17F A8k w. (World Energy Council, 2016)
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Fig. 1.3 Wave power market, global, installed capacity, MW, 2015~2030
(Global Data, 2012)
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Table 1.1 List of wave energy R&D project in worldwide

Oom;.)any Type Capacity Device Name Remarks

(Nation)
AXE (SCK)%H Floating |  23MW Argmmn:;‘ifwvgve Sea test(2004),
OTC:; (E‘;Z‘;r Floating | 507500kW Power buoy Sea test(2006)
A(};?jije;i)y Floating 200kW Aqua buoy Sea test
g;‘gyi;aé) fix 600KW Wave Star Sea testing(2009-2016)
g?;gg Floating | T50kW Pelaris m(mg
JAMSTECUP) | Floating |  L10kW Mighty Whele Sea test(2004)
WaveGen(UK) Fix S00kW LIMPET Cormmercial plant(2000),
WgevneterE(“;rrfy Fix A00KW Pico Plant Commercial Plant (2005)
WZTS%?SOH Floating 20kW Wave Dragon 4MVSVea cﬁéig)ﬁan




Archimedes Wave Power Buoy(OFT) Pico Plant{WavEC
Swing(AWS) -2.5MW -150kwW -400kW

/4 , 1

\

Aqua BuOy(AEG) Wave Star(WSE) Wave Dragon
_3T0kW _E00kW (WavedragonApS) -20kW

Pelamis P1(COPD) Mighty Whale(JAMSTEC) Weptos(Weptos)
-750kW “110kw -250kwW

Fig. 1.4 Various prototype wave energy converters in worldwide
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Table 1.2 List of wave energy R&D project in Korea

Company Type Capacity Device Name Remarks
Fix
2X W Yo | 15~
KRISO (OWO) 20k oungsoo OWC Pilot plant (2015~)
Gyungju Floating
- - Prototype test (2013
Univ. (point absorber) (2013)
ot
KRISO oating 300KW FPWEC Construction(201672017)
(Pendulum)
Hwa jin co. 30kW - Sea test(2016)
(Jack-up)
. Floating .
10K Yoyo Oscill 1
iKR (OWO) OkW oyo ator Sea test(2016)
Floating \
KPM W 7 Sea test(2016
(point absorber) (2016)
Fix(land)+
INGINE 135kW INW; Pilot plant (2015~
Floating(buoy) o ot plant (2015~)

KRISO(OWC)
-500kwW

-30kwW

KRISO(Pendulum)

INGINE
-300kw

-250kW

Fig. 1.5 Various Prototype wave energy converters in korea

_’]0_

Collection @ kmou




12 799 3 AT7EE

PTO(Power take off)Al®] AA| 9} & ,
Al2~¥l A, SCADA(Supervisory control and data acquisition)A]2~8l SO =2
s F do B d7E A gEEAAA d2 Figo 1.6o] JERiSd
1E9] FH LA fjddFolA 7t & AE TN AEA
A A 7E 2 EHe FEBHAAA] NEORE 2FAAE FASH FAAAW
of Uz el Wi AAE WEARASH WidAd s A7 A
o, AAY s wat {FAZE olFsAl HW, o AUAE U
Cross-FlowE| ¥1-& o] &3t 7] A ] AR WHIA 7= T2S 7R 2L
ok 7] &-8H FHF HRlS Choi, et al.(2009), Kim, et al.(2009) ol
st A7 BHle EEeAL IFEHES 54 AL, W 7HEd
< 7Hq B S g dHC mE 299 B Y3 FFelA =& A
= ¥ F Ank =3 AAE olFo g wjAste] ol PTOA 2Hlo] 23]
o Foll gl ok F2A, BREEZA A E & i, PTOA =" Y
gEREAdAE AFET.  EMEC009)914  ¥H7ke “Marine Renewable
Energy Guideline“ol] s2utA A28l 7§9tckA S Table 1.33 Zo] #2353t
t}. Phase 194+ Conceptd o] Asi2, 237} o] Fo]A ¥, Phase 29
Ae AFAIZE, PTOA Y 5& EHH2EE Foto HAFshe dAolH,
Phase 32 AA AN HES T AsEA ot £ AFdA= Phase 1 71d
AAFE Phase 37tA¢ w+¥ % A, 833 4, =AL A,
Aald Ald & T3 T4 FHLHARA HAesHME FHoE B ATE

s,

*

N
Lo

o
oL
T ou

=
o

0%
o

O

of 12 o o

e
=y
o}
N
1o
e

Collection @ kmou -



Inner Hull
Quter hull

Fresh water

Bi-directional Hydraulic Turbine
(Cross flow turbine + Nozzle shape)

Fig. 1.6 Concept graphic of FWEC(Floating Wave Energy Converter)

with double hull structure

Table 1.3 Technical output of phases (EMEC, 2009)

Phase 1 Phase 2| [hase 3 e 4 Phase 5
Validation model (lab.) Design Process model Demonstratio
Prototype
Concept | ‘Performance | Optimization | Modellab) | seq trials n
- IQeahzed with quick change  Distribued! —.Final design —Pm . Grid cor_ltrol .
options Mass (internal fabriccation electronics First Fully
Model - Simulated PTO = - view) operational
- Std mooring and mass ; ) -Mooring ~True PTO and | Emergency device
o design dynamics
distribution layout elec. generator | response
-Concept validation -Real sea
-performance variables -Performance -Verify -Wave-wire
Objectives -RAOs . —Djr.eq:i‘on phasgl mﬁomw
-PTO and mooring sensitivity -Active -Survival and
characteristics RAOs control seakeeping
-Diffraction and radiation Seakeeping
Measurement -Motion, forces, waves, power
-Short crest PTO bench Survival forces Quick release
. . Solo of small
Specidlize DOFED) seas Storm seas test PTO Salt corrosion connections ara
pe -Angled waves and Marine growth Y
. . . (upgrade)
as required generator permissions Service ops
-Time domain response model Ay
—Fini ]
Numerical -Hydrodynamic, numerical me wave§ and contro .strategy . interaction Int. Market
. applied damping | -Naval architects design codes ) -
methods frequency domain to solve the Ml fr for hull. mooring and anchorage Economic projection for
(computer) model . « » T00ITE e model and device sales
nputs system Flectrical stab
-Economic and business plan ’
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1.2.1 PTOAI 2] 4A

Flg. 1.7¢] PTO(Power Take Off)A|2®l AA Z2ZA|2E YA 7| &
Al JidRE e PTOANZ=HS ASS fstd fEalds ot 7|& =4
o] AAE AP aL, PTON =" HAFSS 9t 41 PTOESAARD S
A2t PIVAIZ, B4, B 3 d4, PTOAS, ZEto)d A &0 mE A%
< AFsRon, AFRDY {FEaAS Tt PTOAZE #5347 HE
7:1%?'5}9513}. d% 5l 7S o] &35t PTOAZ=E dtetv|EE A3}

A7) &

L EYL dFse] Byrx AP 2d, Y 45

[o

"

0_|.,

Concept Model Basic Design

| Concept PTO
Model Numerical

Analysis
i, PTO Test Model
¥
Experimental
Model Design .
5 ¥ - :
2 PTO Model Test -
5' 3 Numerical ]
N Methodology
-PIV Measurement
-No load + Load Test ¥
i Optimization PTO
-Optima 4 I
-PTO Performance Design Using CFD

. -Generator Option
Pilot Model PTO  _prediction of Power
Design -PTO Design Parameter

Fig. 1.7 Design methodology of PTO system
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Fig. 1.8 Design methodology of hydrodynamic and mooring system
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Fig. 1.9 Flow chart of experimental
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Fig. 2.1 Perspective view of FWEC and the degree of
freedom of the FWEC
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Fig. 2.2 Movements of a floating body in contact with a fluid
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m(t) = bhyf3 2.1D

Wi2 e 1 wi2

e 1 WAVE

Fig. 2.3 U-shape tank dimension, passive U-tank mathematical model
(Lloyd’s method, 1989)
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Fig. 3.1 Pilot chart (25000:1)
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Fig. 3.3 Hybrid generating buoy (Oh, et al., 2010)
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Table 3.1 Wave measuring information

Measurement | Measurement Latitude, Measurement | Water depth
region period Longitude data (m)
200m south | 2015.03.26.~ | 35° 07’ 53” N
s Hs, Tp 7.2
of KMOU 2015.08.01 1297 097 30" E
35
3I0 ] - & =
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Fig. 3.4 Scatter plot of Hs and Tp
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Table 4.1 Blade parameters

Type of Turbine Cross-flow
No. of blades 30
Blade inlet angel, outlet angle 30°, 90"
Ratio of inner &outer diameter 0.65
olgA AAE x=Z U EHWFNS Fig 429 Zo] §5I4 T Hng
g2 HUAdES AF3r] flsked FAaktistale] 91X 6DoF(Degree of

Freedom) =4 A B OIEE o &dka] PTON@AA Y AZAEL 33
o olol @ HMASAALA] AN T4 L A4S Fig 430 Y

#7420 AL Fig, 4491 JERIIT PTO ARAZL 9l5te] A%
= E@% gElel AA 3A%, g% CFDEDe AZS +dsdc

A Z Fo B3E AR &S No load conditiono A1e] £4E& B3l A=

2 F7) =744 31Xz =(Pitching angle)o] @& EHl¢ RPMS =43}
o HHo F|xAE ARt AFS APt old dig AlF =He

Table 4.2°] YERH A
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Table 4.2 Turbine performance test condition at no load condition

20
40

Pitching angle 6°

Pitching frequency 0.33Hz

=72 No load conditionA|@xo] we} 3HFE A5t AAE HZF
STolAe FXZtEe mE BRI FAEFESE Fly wheels ©]83t4
WA A #AY RHEZE HRIAGEY mAs FS gRlddon AFS H
of BHo]aE o] &3te Foll H3E Qs 2= APS IPFsIA T 0]
gk =718 Table 4.39] YER AT

[ oofN

2

Table 4.3 Turbine performance test condition at load condition

Okg
3kg
. 8kg
Fly wheel weight 13kg

18kg
23kg

0.25Hz
0.33Hz
Turbine Rotation Speed 40-50 RPM

Water level 550mm

Pitching frequency
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Fig. 4.1 Details of the cross-flow turbine used in the setup

Fig. 4.2 Water velocity vector and water volume fraction at various

time step at concept model

Collection @ kmou 42 -



Ultrasonic water level
sensor

Torque meter &
Powder brake

Pressure
transducer

220mm

2300mm

Fig. 4.3 Geometric details of the double-hull of the device

Collection @ kmou 43 -



120 0.16

A
e T
90 it ? ~a L 0.12
- ;|- " a
‘/
o ° 7
- 3 capapi T 2
8 60 4 . . s \) 008 €
= e " (e}

30 - 0.04
degree [°] N[RPM] Q[m3/s]
4 ———— ——
6 o ——
8 ——.—
0 0.00
0.50 0.40 033 028 025

frequency[Hz]

Fig. 4.5 The rotational speed, N, and flowrate, Q, at different
pitching angles, 6

120 0.20
frequency{Hz] Q[m3/s] NRPM] &
05 N\ — 19 T A
033 -~ —a—
90 s Sy -~ /"/---’ ol 0.15
F 3\ _gi '
= >
-3 =
& 60 - 0.10 g,
= <]
30 - - 0.05
0 T T T T T 00’0
0 2 4 6 8 10 12

degree[ °]

Fig. 4.6 The rotational speed, N, and flowrate, Q, at different

wave periods, T

Collection @ kmou - 44 -



60 60
#nglel®] Freq.[Hz] RPM
—— 4 05 40
504 504 e — & 05 40
——h— 05 40
w g o 10 05 40
; 40 4 o- "
e e - ——
o -./-E' By
- . I's [
£ 2 30+ = o °
= = Y
@
20 1 Anglel®] Freq.IHz] RPM 20
—— 4 033 40
" el clmgozalig
] —ioa— 8 033 40 10 -
~-@-— 10 033 40
0 r T T — T : 0
¢ ¢ 0 " 2 = 0 5 10 15 20 2
fly wheel weight [kg)
fly wheel weight [kq]
&0 60
50 50 4
° ﬂ—-—--%— ————— A A A
o —o o5 | e .
= s -
t—:ﬁ-/ffﬁ_' == Tem
= g - PRI
£ 30 4 £ 30 TTre
= = @
2 4 &nglel’] Freq.[Hz] RPM 20 °
—— 4 033 50 Anglel] Freq [Hz] APM
™ 6 033 50 o s oo 0
10 4 ——h— § 033 50 10 -
o 0 033 50 ——®&-— 8§ 05 %0
- a 10 05 50
0 T T T T T T 0 T T T T T
0 5 10 15 20 2 0 5 10 15 20 %
fly wheel weight [kg] fly wheel weight [kg]

Fig. 4.7 Hydraulic efficiency, », against flywheel weight for N = 40 and 50
RPM and for T=3sand T = 2 s

Collection @ kmou - 45 -



ﬂaue[%]

Tayel¥]

50

40

30

20

10

50

40

30

20

.
angle [°] frequency [Hz]
—— 4 (33
#—— b 0233
7 — ——— 033
— . — 10 033
10 20 30 40 50 60 70 g0 90
N [RPM]
."""——._.,‘_
-l -
] » e N
e ' \_.
. y N
N » \ *
» \
\
- . b
» angle [°] frequency [Hz]
1 —a— 4 0.5
- B 0.5
e B 0.5
——e— 10 0.5
0 20 40 60 g0 100
N [RPM]
Fig. 4.8 Hydraulic efficiency, 7, against N for T = 3 s =25s

Collect

on @ Kmou

_46_



— K
. ———- K-w SST
- ——d— K-w
B —
B — -8 — Experimental
_ 50+
b=
o
S 45
[
0
=
o
40 -
35 4
0 T T T T T
20 30 40 5 a0 T 20
M [RPM]
a0
50 4
40
=
= 204
x
=
=
=
ey
20 4
— K-¢
— % — K-w SST
10 —a Kw
——-m—— Experimental
0 T T T T T
20 20 40 50 a0 0 80

M [RPM]

Fig. 4.9 CFD analysis results & comparison of hydraulic efficiency and
hydraulic power at 6= 6 and N = 40 RPM between numerical models and

experimental results

Collection @ kmou 47 -



1 0 I[ms&-uﬂ
a)

[ms*1)

: ) i
l . . Hm
1 0 1(mst)
 celoe
)
los
o
[H

oo
mz]

Fig. 4.10 PIV vectors and CFD vectors for T=3s, #=6°, and N=40RPM, a) Fluid

flow moves from the left to the right(PIV), b) Fluid flow moves from the left to

the right(CFD), ¢) Fluid flow moves from the right to the left(PIV), d) Fluid flow
moves from the right to the left (CFD)

Collection @ kmou ~ 48 -



N
e
o 1
ot o

2

fo

z

o

i_r“

o

i)

lo

$

2

o

2

:?l:

1%

flo

ol

o

)

©

olo

ol

off
:(?{:1‘
ol
2
td
1,
o
2 o

e

ol
53 ZA 29L& Heaving =43} pitching =
E JTHAES st o age 23 #Ege AAsAT. fF
fral el RAazzsds 318 Y Wi
ndol AAo dA FEHAES F

3
=
71 A B 2E, E9e AE st
&

(2 o
bt
b
>,
b
iv
Ho
offt
&"
1%

b

£
b
e
i

o
[\G]
Mo =
o
X

ol
1
of

of
ol

kW siMmde] spx o x| HE U-Tanku]F-9] 2| =x|(Wave energy -
Hydraulic energy)®2<] #W8el 13} o] HPF LS 345%=2 e, &
Ho A e ElWe =% e(Hydraulic energy - Shaft power)7tx <] 2ol
A MEEEL 5% E&S UBHUWO HAFHOE FAEUARH FHFY
(Wave energy - Shaft power)7}x]e] 1kW mdleo] &8 19%9] ul=wbdx
A A&S YEAS. (Kim, et al,2014)

Collection @ kmou 49 -



15 [s]

15.8 [s]

16.6 [s]

Fig. 4.11 Side elevation of the floating body model simulation

6000
—+— Q[kyle]
3 —+«— shaft torque [Nm]

T 4000 : —— pres.1-pres.2 [pa)
— it
2
o~
= 2000 4
-
E
=
g
@
) 0
g
e
= i
% 2000
=,
S 000

6000

simulation time [s]

Fig. 4.12 1kW concept model results of (Hydrodynamic -
PTO) coupled analysis

Collection @ kmou - 50 -



Table 4.4 Wave reconditions using the linear wave theory and the calculated

results
Shaft Wave Hydraulic Primary WEC eff.[%]
Powerlkw] | energylkw] eff.[%] eff.[%] (overall eff.)
1.9 10.1 57.1 34.5 19.7
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Table 5.1 Measuring Parameters

Measuring parameter

Measuring range

Measuring instrument

Water level inside

0.3~1.2m Ultrasonic wave height sensor
chamber

Wave height DeSallledili Ultrasonic wave height sensor

Hull motion - Gyro sensor

Turbine rotational _
0~1000RPM Magnetic type rotation detector
speed
Torque 0~bkgf-m Torque meter

Fig. 5.3 Test device for 20W-class experimental setup in wave tank
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Fig. 5.4 Schematic view of the wave energy device and location of test

device

Table 5.2 Design parameter of 20W model test

Reference
Parameters Scale translation
ocean data
Test model | Sea model (1kW)
Scale factor [«] 1
0.25 1
Period [s] 5, 6 1.8 ~ 25 5, 6
Waver depth [m] 20 2.3 20
Object geometry [m] 10 2.5 10
Wave height [m] 05~ 25 0.05 ~ 0.35 0.2 ~ 15
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o] ¥AFHE AL 05melH, BF7]= 0.1s~3sF oA &<
& 4 Aok Fig. 552 A@Fx9 dgzxd BEAIHEZE YES]
. #3171 100mm~400mm7t A& AP A o2 dAst= AS g
T doen dstes RadA AldS 35y At A(G1)e 24
sto] Table 549 F7|98 W9 dgex HEESHY F s
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714 A1) g3 2

Measuring H= A(]nput H—B (5.1)

Table 5.3 Wave tank specifications

Length[m] 20
Wide[m] 8
Water depth[m] 2.4
Maximum  Wave height[m] 0.5
Periods[s] 0.1-3
Wave maker type Piston
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Fig. 5.5 Wave maker calibration

Table 5.4 Calibration variable

Periods [s] A
1.5 0.66
1.7 0.64
2 0.59
2.3 0.86

Collection @ kmou ~ 58 -




Aalg NP mde AAY Fal =6
R e
Ae A&
1.7s~3.4s, A3q7|E o2&
Fdol o o

524 Ag Aol
Zrzy o]l Aolxes 2SS
= f|o

£ 150mm~330mm

& FYstAo

=1
=

o 3
stgon BFLEAP 79 Gge
3.45-6.850|th, wtFFEA DA waz

ok Ay =12 0.6m~1.2me] oA Al
Trefzol e}

2~
T
=
)
3t

525 A% A7 (A
Fig. 5.6 A& o2 F7|d wE gdd= Rl No loadAlE ol
Aol HAFE YT THZE A HS H TAZ o7 Tz} 2.2
UERRATE o]l gk Al A#E Table
|
S Ve
s

A5E
=
£ A5E ek e sidst 20
e
l

g W g e el g
5.50 GERAITE A@ Aelxe] Ax e wd nh
A 05Hzo| o, Asle T Eow Ty 4650 w 7 e A
b A2 oustn of
o oz 4

Wt o] JA 1/ FFAA
U-tankWj §-9] o]

Ae

710] ¥ elEweha

JME mAf WER BFEIE AL
8He 27 9okl 77

3}7]
ANA ZAAo Hd &

RPMel| w}& A5 Table 5.7, 5.8, 5.9 ¢}
o ER A A 58S 22%E UEG o

oN oy oxt rIr
it
o>
ra
=2
Jo
5

A

T Aok A9 load =
2504 B E WA AR
J# = Fig. 5.8 YERY
- 59 -

Collection @ kmou



JEPT ols 14 1S Al

shapo] A& oA Fo] Thate] we}

LA s JJrBhﬂ]Hl 4 7}
] 3

= 1:
des Foto Pitchmga ol g3t= HHEELHre EAS o
(e}

Az ZA Y A5 dFF7ldd et & dFS Ter. dFFre 74
I A apell dFS WA, SAo] mElldole] o 2ujrl & uf vpEEbd
A=A o] XA ¢ Pitching®A o] Z713e},

EAE HHo FFEoA B fHIHAAA HHEEL 24%E ¥ &
&< etk HE&H AFEAH 5180 4% A9 Zo] Heavings
BATE ANRES A E&0 IA F7HE Aoz Hoy 34 Heaving=A
< A fsiME B Aok st o]dl AHE Ao WA
A FEe vE AoZ AHL,

AAZ Table 5.10, 5.11< H]aLsR S Al Ay I7} 0.8me] o] F ook
10%0149] B8 WASGOH A 4P F05moA N Ho| A WA
97 gg Aoz oaut

Collection @ kmou - 60 -



40

30 +

20 4

RPM

10 4

T T T T T T T T T

16 18 20 .22 24 26/ 28 30 32 34 36
Tslsl]

Fig. 5.6 Evaluation of the dependency of the model towards

wave period in regular waves under no load conditions

Table 5.5 No-load test results according to Tp

Test | Model | Real | Model | Real Load | amml | RPM Depth

No. Tils] Ho{mm] )
1 1.7 3.4 303 1213 X 4.5 4.03 2.38
2 2 4 274 1096 X 6.1 18 2.38
3 2.3 4.6 165 660 X 7.8 37 2.38
4 2.5 5.0 185 740 X 9.0 18.9 2.38
5 2.8 5.6 184 738 X 10.8 12 2.38
6 3.0 6.0 195 780 X 11.9 2.5 2.38
7 34 6.8 153 613 X 14.1 0 2.38

Collection @ kmou C 61 -




80

70 4 T.=2s
60 -
50 -

40 -

RPM

20 -

10

50 100 150 200 250 300

Hg [mm]

Fig. 5.7 Evaluation of the dependency of the model
towards wave height in regular waves under no load

conditions

Table 5.6 No-load test results according to Hs

Test | Model | Real | Model | Real Depth
Load | A[m] | RPM
No. Tp [s] Hs [mm] L]
8 2 4 66.1 264 X 6.15 6.6 2.38
9 2 4 103.6 414 X 6.15 25.9 2.38

10 2 4 136.3 545 X 6.15 31.6 2.38

11 2 4 187.4 750 X 6.15 36.6 2.38

12 2 4 278 1112 X 6.15 70.9 2.38
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Fig. 5.8 Performance at optimum load for three sea states

Table 5.7 Load test results (Tp = 2s, Hs = 103mm)

Test Model | Real Model | Real Depth Py P -
Alm] | RPM
No. [m] [w] [w] (%]
Tp [s] Hs [mm]
13 2 4 103 311 6.15 31.7 2.38 75 0.27 1.2
14 2 4 103 311 6.15 29.6 2.38 21.6 2.16 9.9
15 2 4 103 311 6.15 14.9 2.38 21.6 3.28 15.1
16 2 4 103 311 6.15 13.3 2.38 21.6 4.77 22.0
17 2 4 103 311 6.15 12.5 2.38 21.6 4.53 20.8
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Table 5.8 Load test results (Tp = 2s, Hg = 178mm)

Test Model | Real Model | Real N Depth P, P o
RPM
No. [m] [m] [w] [w] (%]
Tp [s] Hs [mm]
18 2 4 178 534 | 6.15 376 | 2.38 64.1 1.21 1.8
19 2 4 178 534 | 6.15 341 | 2.38 64.1 3.50 5.4
20 2 4 178 534 | 6.15 224 | 2.38 64.1 4.94 7.7
21 2 4 178 534 | 6.15 17.4 | 2.38 64.1 6.28 9.7
22 2 4 178 534 | 6.15 16.3 | 2.38 64.1 7.73 12.0

Table 5.9 Load test results (Tp = 2s, Hs = 256mm)

Model | Real Model Real

Test A Depth Py Ps T
N [m] RoM [m] [w] [w] [%]

0 Tp [s] Hs [mm] m m v v ’
23 2 4 256 770 6.15 | 429 | 2.38 133 4.14 3.11
24 2 4 256 770 6.15 | 40.3 | 2.38 133 9.44 7.09
25 2 4 256 770 6.15 | 36.7 | 2.38 133 1355 | 10.18
26 2 4 256 770 6.15 | 228 | 238 133 12.62 | 9.48
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Table 5.10 Load test results (Tp = 2.3s, Hs = 165mm)

Model | Real Model Real
Test A Depth Py Ps T
RPM .
No. To [s] He [mm] [m] [m] [w] [w] (%]
27 2.3 4.6 165 495 7.89 27 2.38 69 1.57 2.2
28 2.3 4.6 165 495 7.89 13 2.38 69 2.21 3.2
29 2.3 4.6 165 495 7.89 12 2.38 69 2.34 3.4
Table 5.11 Load test results (Tp = 2.3s, Hs = 288mm)
Test Model | Real Model Real X Depth P, P "
RPM ,
No. Ty [s] He [mm] [m] [m] [w] [w] (%]
30 2.3 4.6 288 865 7.89 45 2.38 211 6.6 3.15
31 2.3 4.6 288 865 7.89 34 2.38 211 11.8 5.62
32 2.3 4.6 288 865 7.89 26 2.38 211 12.1 5.73
33 2.3 4.6 288 865 7.89 22 2.38 211 11.8 5.60
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Fig. 5.13 Top schematic view of the wave energy converter and

location of test device

Fig 5.14 Overall view of experimental setup
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Fig. 5.15 Wireframe model of WEC

Fig. 5.16 Nozzle and cross-flow turbine setup
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Table 5.12 Wave height and wave length of tested wave condition
Wave
N 1 2 3 4 5 6
condition
A [m] 1.4 1.7 2.0 2.3 2.6 3.0
Hs [m] 0.01 0.04 0.07 0.1 0.13 0.16
st=e] sge 7719k el o8 AAHY I A oyt 2t
2
_gT 2mh
A= o tanh( 3 )
A714 T+ 3 7], h& F4< Jehdo
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Table 5.13 Optimum length of WEC device for operation at different wave

conditions
Sea state Water depth, h{m]
10 9 8 7 6
7 23.1m 22.2m 21.2m 20.2m 19.0m
6 18.6m 18.1m 17.4m 16.6m 15.7m
Tp [s] 5 14.1m 13.8m 13.4m 13.0m 12.4m
4 9.5m 9.4m 9.3m 9.2m 8.9m
3 5.6m 5.4m 5.4m 5.4m 5.3m
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Fig. 6.1 Fluid model for CFD analysis

Table 6.1 Real sea model parameter for PTO analysis

Turbine Diameter m 0.52
U-tank Hull Length m 5
U-tank Hull Height m 2

Bottom Angle degree 10
Simulation Model Thickness m 0.1
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Fig. 6.2 Mesh of PTO analysis for real sea model

Table 6.2 Mesh statistics for real sea PTO numerical model

Turbine 285,042
Number of nodes
U-tank 185,430
Turbine 205,840
Number of elements
U-tank 148,626
Meshing Method Multi-block Hexahedral
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Table 6.3 Boundary condition for real sea PTO numerical model

Analysis type Transient

Turbulence model k-wSST model

, ) 20RPM(angle effect analysis model),
Turbine rotation speed

10~20RPM (turbine performance analysis)

U-tank water level 1.6m
Inter phase transfer Free surface model
Fluid Air and water

o . 5 s (angle effect analysis model)
Pitching period _ .
5s and 6s (turbine performance analysis)
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Fig. 6.12 Hydrodynamic analysis model for real sea model

Fig. 6.13 Calculating the center of gravity and mass

property of a device through 3D modeling
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Table 6.4 General specifications of floater

FWEC device

Device length m 5.6
Device width m 1.6
Device height m 2.24
Device mass kg 7,548
water mass(in U-tube tank) kg 3,300
FWEC total mass kg 10,848
Side buoy mass kg 325
Side buoy diameter m 1.5
FWEC side buoy diameter m 1.7
Txx kgm® 23171
lyy kgm’ 11255
FWEC moments lzz kgm’ 27081
of inertia lyz kgm” -2736
Ixz kg,m2 0
Ixy kgm® 0
Surface buoy
Mooring buoy diameter m 1.5
Mooring buoy length m 1.7
Surface buoy Mass kg 250
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Fig. 6.15 RAOs in pitch(RX direction), roll(RY direction), yaw(RZ direction)
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Fig. 6.17 Time series data of surge motion from 250s to 270s
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| Nylon rope |

| Mooring buoy

Shackle and swivel

Open link chain

Fig. 6.19 1 point mooring method

Table 6.5 Mooring specifications

Mooring
Open link Thickness(d) mm 25
chain Length m 20
Concrete block ton 6 x 2ea (12ton)
8-strand Thickness mm 40
nylon rope Length m 12
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Fig. 6.20 Sea test equipment and buoy of FWEC

Fig. 6.21 Anti-biofouling painting management
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Table 6.6 1kW generator specifications (Seoyoung tech. co)

Parameter Symbol units
Rectified DC voltage E \ 24
Generator output voltage AC(3phase)
Rotor Permanent magnet
type
Stator Coreless
Output power Pg \ 1,000
Rated speed w RPM 400
Speed constant Kg V/krpm 70.4
Resistance Ry ® 0.087
Maximum winding
Cuvax c 130
temperature
Number of pole - - 20
Weight Wa kg 18
Diameter Mp mm 272
Length M. mm 93
Housing material - - Aluminum
Shaft material - - Steel
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Fig. 6.35 Photograph of real sea area installation

Fig. 6.36 Photo of the sea area test equipment taken on the land
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Table 6.7 Real sea test results

7 overal

No. Tels] Helm] Pstwl | Pylw] | h [m] " !
1 5 1.3 154 3993 7 3.86
2 5 11 145 2859 7 5.07
3 5.5 1.2 149 3093 7 4.82
4 5.3 1 102 9229 7 461
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