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Nomenclatures

. Cross sectional area of OWC chamber

. Horizontal distance of elliptic curve at water entrance

section of wave energy conversion system
Vertical distance of elliptic curve at water entrance

section of wave energy conversion system

. Phase velocity
. Width of the crest
. Total energy

. Kinetic energy
. Potential energy

. Ellipticity

Width of water entrance section in front of cross—flow

water turbine

. Acceleration of gravity

. Wave height

. Incident wave height

. Wave height in the OWC chamber without entrance loss
: Head loss

. Wave height in the OWC chamber without entrance loss

. Depth of water

. Height of water entrance section in front of cross—flow

water turbine

. Entrance loss coefficient
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Ps

Pr

Qp
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Cr

Cr
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Tho

. Wave number

> Output of cross—-flow water turbine
> Output of wells turbine

. Dynamic air pressure under the wells turbine

Static air pressure measured by pitot tube under the

wells turbine

Total air pressure measured by pitot tube under the

wells turbine

: Water flow with entrance loss

. Wave period

: Time

. Horizontal velocity of water particles

. Velocity of flow in pipe

: Velocity of air flow under the wells turbine
. Vertical velocity of water particles

: Horizontal axis

: Vertical axis

. Proportional factor

Vertical displacement of free—water surface

chamber without entrance loss

Vertical displacement of free—water surface

chamber with entrance loss

. Power factor of cross—flow water turbine
. Power factor of wells turbine

. Entrance angle
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in the OWC
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. Wave length

. Velocity of free—water surface in the OWC chamber

without entrance loss

. Velocity of free—water surface in the OWC chamber

with entrance loss

. Density

. Angular frequency
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A study on Output Characteristics of Wave Energy Conversion
System combined with Breakwater depending on Geometry of

Seawater Entrance Section

Sung-Hun, Han

Department of Mechatronics Engineering

Graduate School of Korea Maritime University

Abstract

This paper deals with the characteristics of wave energy conversion
system combined with breakwater including an air-driven wells turbine
and cross—flow water ~turbine. The wave energy converter with
Oscillating Water Column (OWC) has mostly been studied to raise energy
conversion efficiency. The aim of this research is to verify the
effectiveness of curved seawater entrance section of OWC chamber
through both numerical simulation using LabVIEW and scale model
experiment in the 2-D wave tank.

Incident wave was assumed as sinusoidal, and other minor losses
except for entrance loss were 1ignored, and also cavity resonance
wasn't considered in the simulation. The simulation was conducted at
2.0sec 1n wave period and 0.13m in wave height. And 5 different
entrance loss coefficients were used as parameters: 0.01, 0.02,0.1,
0.5. The simulation result which contains the velocity of free-water
surface, the vertical displacement of water and the available energy
to the turbine shows that the effect of entrance loss coefficient is

not significant under the assumptions as mentioned above.



Scale model with 4 different types of entrance section was used in
the experiment. The model contains a cross—flow water turbine and a
wells turbine. Experimental conditions were almost same as numerical
simulation at 2.0sec 1in wave period, 0.13m in wave height, 0.7m in
depth of water. Turbine RPM, output voltage from DC generator, water
level in the OWC chamber and air pressure under the wells turbine were
measured by CompactRIO system based on LabVIEW. The most obvious
difference found in the experimental results depending on the geometry
was a hydrodynamic performance from cross—flow water turbine: it was
about 25%. Through the model experiment, it can be inferred that an
elliptic curved surface whose horizontal distance 1s longer than
vertical distance can improve wave energy conversion efficiency by
reducing head loss in the fixed OWC chamber. The experimental results
provide a blueprint for the inlet geometry design of wave energy

conversion system combined with breakwater.
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Fig. 2.1 Wave anatomy and particle motion in deep water
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Fig. 2.5 OWC chamber including
wells turbine assembly
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free-water surface in the OWC chamber
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(3.92 Yerd 4 ).

P = pgQrHgi, (3.8)
1
Py = EpAégnw (3.9)

Table 3.1 Experimental conditions for simulation

Parameters Values
Incident wave height (H,) 0.13m
Proportional factor (6) 1.0

Wave period (1) 2 sec

Entrance loss coefficient (K) 0.01, 0.02, 0.1, 0.2, 0.5

0.066495 m”

Flow area (A)
(429 mm x 155 mm)

Power factor of

) 0.4
cross—flow water turbine (7,)

Power factor of
0.4

wells turbine (7,,)
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3.3 2213 FA]

Figure 3.3% Fig. 3.4% 77 "oy A T2 a3 719 A& oA

gl RUEY A|A~ES UEATE. Figure 3.3904 dlo]E A &

e BUHY Axdels WRE dHss 248 AEEI f5we)
FARG &2, F/HUG RN AAE FHS dehle sz
TAHe] glom, fEdATel hE A% s golasl s $lstel
7t AE el ANE Fakds a1 2E YEpdth. 48 sE YAt
i, F7], FdESAAS, 2 9l d, guEgAs, vedart Ao
21(3.8)3 2(3.9)o A4 RIS 27) Tl /AT 2hsstttar 7pAg sty &9
& Axargct.
Wave condition Entrance loss coefficient Others
Flow area
Incident wave height K=10.01, 0.02, 0.1,
0.2,0.5 Power factor
Incident wave period
Proportional factor
, . ;
Calculation
Displacement & velocity
Wave height (with loss)
Output of turbines
Waveform graph Dimensionless number
Velocity Velocity
Output of Output of

wells turbine

Output of
cross-flow water turbine

wells turbine

Output of
cross-flow water turbine

Fig. 3.3 Block diagram of simulation program
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3.4 AlEH A 23

Table 3.29} Fig. 3.5 K=0.01, 0.02, 0.1, 0.29] thst Al &g olA
B2 k=05 OF NS FAARL G gelth, F, FAASE

AlEdelddn A(2.13)e2 AqFd 5 kel MeFF WF A

K
K=0.01o14 AFHe 5= K=0.59 B3t
I:

Table 3.2 Dimensionless number by simulation: velocity of free water

surface; output of cross—flow water turbine; output of wells turbine

Velocity of
1.02019 | 1.01978 | 1.01648 | 1.01236 1
free—water surface

Output of cross—flow

) 1.04079 | 1.03995 | 1.03324 | 1.02488 1
water turbine

Output of wells

1.0618 | 1.06052 | 1.05027 | 1.03754 1

turbine
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=4=" elocity of free-water surface

== Chaput of cross-flow water turbine

==ttt of wells turbine

1.07

1.06 i
E105
g
5104 —&‘7“=-—'—‘—D\
- .. \
£ 103 ———
Z . \
S LA ¢ ¢\\;\\ \

1.01 N\

1 \
K =001 K =002 K=01 K=02 K=03

Fig. 3.5 Comparison of dimensionless numbers using simulation
results: velocity of free water surface; output of cross—flow

water turbine; output of wells turbine
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7] 2sec, T4 0.7m &7 stol 23 =3}
066495 m” (429 mm x 155

0.
SRl AFFF o

Table 4.1 Experimental conditions

Wave height (H,) 0.13m
Wave period (1) 2 sec
Depth of water (h) 0.7m
Curved entrance section Case A ~ D
0.066495 m”

Flow area (A)
(429 mm x 155 mm)

Number of wells turbine

blade
Number of cross—flow

8

26

water turbine blade
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A, BREN,

_ﬂ_
d=eNl, e AW, AFEA so= 5o vk [6-11]. Figure
=

Fig. 4.2 Scale model of wave

Energy conversion system
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ghelel 7, oldlgol ool ZHESE HAZHE ol Th. Case A
o) Case B ol41&0] 7}7} 0.884477, 0olth. §317E o] weh Zolz}
e} 7] W] Fig. 4.59 o] 27 WAl
ot [19]

1o,
HS
I8t
JE
'
o
=)
il
Y

X
o

_24_



Case A

Case B

P e X

Case C

Case D

Fig. 4.4 Water entrance section for scale model test

Table 4.2 Design value of water entrance section

Case A | 332.4mm
Case B 155 mm

Case C 72.3 mm
Case D 0 mm

155 mm

25°

45°
65°
90°

155 mm

429 mm

2.14

0.466

_25_
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Fig. 4.5 Water entrance section and front
wall of scale model

AFER 72 dol= 449mm, 972 299mm, W72 194mm, BRI -
9 &7 ol 155melth. HEl Beol=l 2gvjoln, F& sFon
13.8" Zwe] FAom wH U, Buel F3 Lelo|Si: 47 2
szgs) ojade AU (101, A=EE Seol=t 8 ulolu,
Hule] sl sRel 4z ehlge Axste] Hulel Aol A4

3]

SFSlth. Figure 4.6 WypA F-z28 g8 ubd 238 5o

Hoome o
(N ™ 1o

8

e
)
o) U
u
i)

Fig. 4.6 Cross—flow water turbine of scale model
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4.2.3 HolH+H ZA

dole 4y A2 oy x|, HuEEHRIZ, SMPS(Switching
Module Power Supply), PC, #(LAN)A Fo= A% o] v}, Figure 4.7
HolH43] Ala®e] FA4EE YERdT,

4-20mA| Pulse Proximity
meter :C[b sensor A
4-20mA | Pulse Proximity
Shire & meter E[I] sensor B
Laptop DC.2 4-20mA D:I Ultrasonic
Data level sensor
N acquisition |—
e device Terminal 5K§ ( :) Generator A
\ board
DC 12V 5K§ (; )  Generator B
SMPS (2)
4-20mA | Pressure Pitot tube
A: Wells turbine sensor (total pressure)
B: Cross-flow 4-20mA | Pressure Pitot tube
water turbine sensor (static pressure)

Fig. 4.7 Data acquisition system

dole 43 A& LabVIEW 7]¥re]  dlolg4d 2 A7 7pssh

CompactRIO(NI-9022, National instruments) % olg21H< YHRE

ﬂii

(NI-9205, National Instruments)® A% o] dt}. CompactRIOE= o =1
At JYRES Fotol £ doHE /M T Wt PCol dEs)
B g duh, bR YYRES 327] Aol I, + 200 mVH-El
+ 10V7HA 54 7Fs38tth. o] CompactRIO A|&=Hle] &%l AZAx o], Al
MzRE] s Fyshs 48 o [21-22]

Huld HEs 250 Q A&, 929X (Dip switch), AYE To= F+4d5

o] 9lt}. A7 ofFm AL HEREA YolE4do] TsEEE 4~
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20mA ARFAZTE 1~5VHAERE WHEsts IS st dA9xE= A

Ao FF7F A AY @A 94A7F vk A 2 A§-E dinlste] dgHow
AFAsE dlee MR 5 =S 87] fjste] AA =),

SWPSE 27H= o] 9lom, dib CompactRIOO] 27 24VE F5a)
o, o S FAvE} 25 2 AN AR 12VE TEE
t}. PCE LANA S F3F9 CompactRIO Al2=®lolA] dAEw 7+ AlA el SH 3%

S LabVIEWE o] &3l RUHY & & AEF o 9oy, foJHE A

dEAER AFste J&S . Figure 4.82 HoJHFH Al2"S UE

WA ol

LAN Data
SMPS cablg" acquisition

\ device

sﬂ"‘

“*‘\\‘(\ —‘,,\\\».\.\.\\\\

4 N

Fig. 4.8 Data acquisition system for scale model test

dolgag @52 d=gnlyt JFEe Jd&e, 72 gyl 2de
BHo dX" A el Ak, d=Enl s I GIY ' A
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Table 4.3 List of acquisition data

Proximity sensor Wells turbine
RPM
& pulse meter Cross—flow water turbine
By measuring voltage Wells turbine
Voltage
from DC generator Cross—flow water turbine
Ultrasonic )
Water level Inside of OWC chamber
level sensor
Total
pressure Pressure sensor Inside of air duct under
Static & pitot tube the wells turbine
pressure
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Fig. 4.9 Cross—flow water turbine assembly
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‘g DC generator

Proximity
sensor

-/_
|

Sl

] ‘I:‘
.‘l__ Wells
turbine

g

|\

A=l s gES Vg e JEFHY MHANE o] &3
HATh, FEFHE(TPL-03-300, KIMO)&= 217 3mm, Z°] 300mm]l LE}Y O]
AREEATE. M ERHB ] 9+ A% P, (Total pressure) 1 hole, % Py
( Static pressure) 6 holes®] ZH|Qlg|a2xdR FAE O Qo 7} =+
©  wEEel dHAAMe dAHA [25]. =AM (PSAN-COCICY,
Autonics) & 3ol 1/2000 Q! olFZ= 17} o, -101.3kPat-H

+100.0 kPa7}#] SHo] 7Fsstth [26]. Y EFHE= Fig. 4.107 o] A=

i<

=
(UM30-213113, SICK)&= 200~ 1300 me] SHAZE 4~20mA 9 ofd=

O AEE WEsle] 2EAEE Btk Figure 4,118 5545 UlFd A
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2539 AAME YERAY [27].

puil

Mol Ape e Aol

Table 4.4

Fig. 4.11 Ultrasonic level sensor in the OWC chamber

Table 4.4 Specification of data acquisition device and sensors

level sensor

CompactRIO
Data - -
it AElNi 90122)‘[ National
alog Inpu
acg‘“sjl on ol Instrument + 200 mV
odule
eviee - to £10V
(NI-6205)
Pitot tube TPL-03-300 KIMO _
Pressure ) - 101.3kPa
PSAN-COC1ICV Autonics
sensor to + 100.0 kPa
Proximity .
PRLO8-2DP Autonics 1 kHz
sensor
. 0.0005 Hz
Pulse meter MP5W Autonics
to 50 kHz
Ultrasonic
UM30-213113 SICK 200-1300 mm
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4.3 do]H#A =21

deolgl 73 AdEsAY Ads =24 + A= 7leel Ju. Figure

4.12% dolEEA z2aMel 25 et dolHE Tr2afe o

So] EA g

Experimental data Control
RPM & voltage Item selection
Water level (OWC chamber) Histogram selection
Air pressure (total & static) Data shfit(x,y-axis)

=

Calculation

Wave height

Velocity (air & free-water surface)

and etc
, ; ‘
Waveform graph Numeric values \ Histogram
Data (before filtering) Fundamental frequency
Data (after filtering) Max. & Min. value
FFT and etc

Fig. 4.12 Block diagram of data analysis program
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Fig. 4.13 Monitoring system for data analysis program using LabVIEW

oy =98 LabVIEWS] AeiwA1(State machine)7xE ©]-&3t

o AAFAT. A2 Ao~ (Case)Ti-°] While Loopoll 4Hd#
2A, 7t AolaTe] AYxds vE AT §, AZEHX2EH(Shift
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APA it dolEA ZraddME 7sel webA e FEE T
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Table 4.5 Description of State

Initialize waveform graph
1 Initialization
Return file name & path
Read text file
2 Read
Check data
FFT
3 Filter
Low-pass filter
Calculate air velocity
4 Calculation Calculate vertical velocity of free-water
surface in the OWC chamber
Shift data (horizontal & vertical axis)
5 Monitor
Make waveform graph
Make histogram
) Calculate wave height
6 Analysis
Find maximum, minimum value
Analyze harmonic distortion
7 Save Save data (after signal processing)

Table 4.5914 e 12 §lo]BF el E Z7|SA1A olxd] Ha=
=& AAlstal, BdAdE B agEy e e J3dHS whekste] A
UIA 2E ol A g
FH 2 Y9AE gdz A%E dolHERY 2D Holy widS ¢lolA,
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B Ak Prek A ﬂ@liﬂ%=Pf4p% olgdtel FL P
(Dynamic pressure)E T3 &, 21(4.2)S o]&3ste] A=EHRW 59 F7|
&2 V5 e ¢ ). Figure 4. 4% JMEFHE o] &3 F7]9 At

2 AGSHL e Aot [24].,

V,=1291,/P, (at 20T) (4.2)

Static pressure
outlet
3

Total pressure
outlet

Fig. 4.14 Measurement of air pressure: total &

static pressure using pitot tube
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Fig. 4.15 Measurement method of wave height: Zero—up-cross
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Fig. 4.16 Block diagram of data analysis program using LabVIEW:
initialization (state 1)
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Fig. 4.17 Block diagram of data analysis program using LabVIEW:
read (state 2)
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e HEN =
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T ol
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i ZEE ts e
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Fig. 4.18 Block diagram of data analysis program using LabVIEW:
filter (state 3)
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Initial values

jo Initialization ~|—{~]

Initial values

E "Caculation” Vt
Cocyl > Menitor '|—| AJ
W5 ~bf
=
; Analyze
- P(Static)
| ‘
[Valu
o I[E”I Air velocity
V=1.201,/P,— Ps
Cp 2 [oEiE | ] ccssssssscscssene
Calculation of
Arr velocity
o Stop [TE]-
Fig. 4.19 Block diagram of data analysis program using LabVIEW:
calculation (state 4)
— n
i
w =
Data shift [Dtiekedted b
R e B\ remccmoand
N F
Data(filte
Eiva] il E!’x?
Data L
] L
Anal [EET i .
sampling period | :
ol i)
Waveform
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Case D 7
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Fig. 4.20 Block diagram of data analysis program using LabVIEW:

monitor (state 5)
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Fig. 4.21 Block diagram of data analysis program using LabVIEW:
analysis (state 6)

o "Save” Vt
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File
save
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Fig. 4.22 Block diagram of data analysis program using LabVIEW:
save (state 7)
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Fig. 5.2 Comparison for mean RPM by wells turbine
between 20 sec and 50 sec
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Fig. 5.3 Comparison of phase-shifted PRM by cross—flow turbine versus
time at 2.0 sec in wave period, 0.13m in wave height
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Fig. 5.4 Comparison for mean RPM by cross—flow water

turbine between 20 sec and 50 sec
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Table 5.1 RPM by both wells turbine and cross-flow water turbine

between 20 sec and 50 sec

Max. 848 .34 563.124 | 576.586 0
Wells turbine
Mean 652.341 | 448.388 | 456.975 0
Cross—flow Max. 39.426 35.483 34.847 31.441
water turbine Mean 34.877 32.529 32.071 28.206
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Fig. 5.5 Comparison of phase-shifted output voltage from DC generator by

wells turbine versus time at 2.0 sec in wave period, 0.13m in wave height
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Fig. 5.6 Comparison of phase-shifted output voltage from DC generator by
cross—flow water turbine versus time at 2.0 sec in wave period, 0.13m in

wave height
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Fig. 5.7 Comparison for mean output voltage by both
wells turbine and cross—flow water turbine between 20

sec and 50 sec
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Table 5.2 Output voltage from DC generator by both wells turbine and

cross—flow water turbine between 20 sec and 50 sec

Max. 0.6353 0.4226 0.4332 0
Wells turbine
Mean 0.4865 0.3303 0.3391 0
Cross—flow Max. 1.074 0.9513 0.9106 0.8217
water turbine Mean 0.8812 0.7949 0.7988 0.7028

13

123

i

11

Dimengionless number
—
=
Lh

105

=== Nean RPM == DNlean voltage

N\

A

\m\\

e

N

Case A

CaseB

Case C

L}

CaseD

Fig. 5.8 Comparison of dimensionless number for mean

output voltage by both wells turbine and cross—flow
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Figure 5.8%} Table 5.32 Case A~C9 3 FEW H 3| A

) A& ef w4 7]
Bt ASks Case Dol gk Fapd= yehfo] vlagk Zojtk. Case A~C
oA FEIN B 3| &l ek Ak ZbzF 1,237, 1,163, 1.137
o], Case B9} Case C&= Case Dol H|3te] oF 14~15% A YES. 3
H Case A~ColA HFENR Hyt Hste] &3t

0
dat RS A 8 ASE

Yoy

R AN FAAT

Table 5.3 Dimensionless number of both mean RPM and output

voltage from DC generator by cross—flow water turbine

Dimensionless number
1.237 1.153 1.137 1
for mean RPM
Dimensionless number
1.254 1.131 1.137 1
for output voltage
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Fig. 5.9 Comparison of phase-shifted vertical displacement for free-water

surface in OWC chamber versus time at 2.0 sec in wave period, 0.13m in

wave height

ase Dol

_50_

et 1S5 H

o

Case A > Case C > Case B > Case D

Hl&le] oF 17 mm =7

& 5m Wl Folst M



Table 5.4 Vertical displacement of free—water surface and mean
wave height in the OWC chamber

Max. vertical
) 112.089 104.351 105.378 103.192
displacement (mm)

Min. vertical

) -111.06 | -102.551 | -104.358 | —-101.252
displacement (mm)

Mean wave height

218.78 204.027 | 206.725 | 201.523

el Wy vhais B ARe] vl 130mm Buh s,
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T
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Fig. 5.10 Comparison of mean wave height in the OWC

chamber

Figure 5.118 Case Dol tdl Case A~C9o A543 W& H v v &

S FAd4E ehfo] vlagk Aolth. Case A~CollA Hy vbare] thsh
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Fig. 5.13 Comparison of mean air velocity under the
wells turbine when free—water surface is ascending and
descending in the OWC chamber

Table 5.5+ d=HNWl stF = 279 o £ Hd £25 ved
Aoltk. Case A 5713 &< §7]19 BaE=s oF 0.58m/s=, 471
o 7T FolAM TVIE=7E 7 =9 dUErsar, Case B9F Case C=
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Table 5.5 Air velocity under wells turbine when free-water surface

is ascending/descending in OWC chamber

Max. (m/s) | 0.6072 0.6724 0.6881 0.6285
Ascending

Mean (m/s) | 0.5771 0.6377 0.6504 0.6003

Max. (m/s) | 0.7940 0.7561 0.8152 0.8284

Descending

Mean (m/s) | 0.7683 0.7273 0.7860 0.8139
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Fig. 5.14 Comparison of dimensionless number for mean
air velocity under the wells turbine when free-water
surface is ascending and descending in the OWC

chamber
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Table 5.6 Velocity of free-water surface in the OWC chamber

Max. (m/s) | 0.3501 0.3290 0.3315 0.3218
Mean (m/s) | 0.3402 0.3201 0.3237 0.3142
Max. (m/s) | 0.3292 0.3049 0.3102 0.3029
Mean (m/s) | 0.3265 0.3022 0.3080 0.2994
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Descending

Figure 5.162 g5 Wi Arrde] dd £E28 Hud A5 vE
ey
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WH | Table 5.6 25w Hdf
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