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Numerical Study on Integrated Performance of

OWC-Impulse Turbine Wave Energy converter

Jin, Ji Yuan

Department of Naval Architecture and Ocean Systems Engineering

Graduate School of Korea Maritime University

Abstract

Plenty of wave energy absorption devices have been invented, and
several of them have been utilized in the electricity generation. The
Oscillating Water Column (OWC) type has been widely employed in the
application for the wave energy conversion for last 30 years. Due to the
advantages of rather reliable converting technique and comparable
production cost over other types of ocean energy, wave energy
conversion system is considered to be feasible for the establishment of

commercial power production.

The present paper deals with the numerical study on integrated OWC
system for wave energy conversion. All the numerical study was based
on Reynolds averaged Navier-Stokes(RANS) equations. An OWC wave
energy converting system includes three energy converting stages: 1) The

OWC inside a chamber forces air alternately into and out of the

- Xvi —



atmosphere through the duct. 2) A turbine with symmetric blades
transforms the bi-directional air flow energy into a mechanical torque. 3)
An electric generator linked to the turbine transforms the torque into
electrical power. Since the hydro- and aero-dynamic performance analyses
are of primary concern for the thesis, the third stage for electric

generator is not considered in this study.

For the study of first energy converting stage, the numerical wave tank
is established. The VOF model are adopted to calculate the wave
generation and propagation in the numerical wave tank. The
two-dimensional & three dimensional numerical wave tanks are validated
with the analytic results and the predicted performance of oscillating
water column is compared with the available experimental data. Various
parameters of chamber geometry are investigated to demonstrate the
effects of shape parameters on the wave field, water column oscillation in

the chamber and wave energy conversion.

For the study of second energy converting stage, the numerical model
for rotating machine is developed based on MRF technique. To optimize
the impulse turbine, the effects of several shape parameters on operating
performance are investigated such as number of blade, angle of guide
vane, tip clearance, hub ratio, G/Ir, sweep angle & staggered blade.
Through the parametric study, the optimized impulse turbine is drawn
out in diameter D=1.8m for 250kW capability. The fully transient
calculation model is developed to investigate the unsteady characteristics
of impulse turbine, especially self-starting performance under various

incident air flow conditions.

For the study of integrated system of chamber and turbine, the orifice
module is adopted. The experiments on relationship between the air flow
velocity and the pressure difference between two side of the turbine

and orifice are carried out. The corresponding simulation is performed to
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validate the capability of the numerical model on the prediction of
pressure drop. The numerical wave tank is embedded with the orifice
module to investigate the integrated OWC system and interaction of

turbine effects.

The effects of wave directions on the performance of an OWC chamber
have been investigated. Two test conditions which are with and without
turbine effects was carried out in experimental study. The experiment
was carried out in a 3-D wave basin. The wave elevation inside the
chamber was measured at center point under various incident wave
conditions and wave directions from 0° to 90°. A CFD study using a
numerical wave tank was also conducted to compare the results with the

experimental data and to reveal the detailed flows around the chamber.

In order to evaluate the operating performance of OWC facilities in
real sea conditions, this paper proposed the integrated numerical
techniques for OWC - turbine system to induce the influences of the
other processing. The real sea conditions are considered as the
combination of regular waves to estimate hydropower from incident
waves. The estimating method for individual regular waves is based on
the numerical simulation of the OWC chamber with effects of turbine

effects.

The evaluation of the integrated OWC system by using look-up table
to estimate the averaged power output of Jeju OWC plant is also
presented. The look-up table contains three kinds of database: the orifice,
OWC - orifice and turbine performance databases. The orifice database
shows the relationship between the air flow rate and pressure drop for
different orifice diameters. The OWC - orifice database shows the
relationship between the incident wave condition and air flow rate
generated inside the OWC chamber with various orifice devices. The

turbine performance database presents the steady-state performance of the
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designed impulse turbine under various air flow rates and rotational
speeds. The real-time power output of the OWC system can be predicted
with the look-up table by iterations of each stage.

Finally the process of predicting the operating performance in the
real sea conditions using look-up table is presented. The software with
Graphic User’s Interface (GUI) contains all look-up table is developed
using Visual C++ language, which can complete the iteration process
automatically.

KEY WORDS: CFD Zd4HrA| <3}, Wave energy converter I} of| U 2] H3A%];

OWC %54 5; Integrated performance & %73 %5; Orifice 22|32,
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Table 1.2.1 Development Status of Abroad Wave Energy Converters

Developer Type of Power
Structure R Model Remarks
(Country) Converter Capacity
AWS Ocean Submerged .
1 _ Archimedes 7 AZ(2004),
Energy Ltd. wave Floating 2.5MW - Swi AN R s =
ve Swin, T
(A=) Differential 2 SWInE - e
Ocean Power A g AX(2006)F A
Point Absorber Floatin 40~500kW Power Buoy .
tech. (v]%) F ’ %, 48 wAg A9
Aqua Energy . . A9 AP LF(2006),
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Group (7% ¢ N 483} A9
Wave Star Energy . A CoRdle] gRRE A
Point Absorber Fixed 600kW Wave Stare - N
(dul=) A2(2009)F ¢4 +
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Delivery (=) A @F, 22 5MW @3] A2
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ixe N
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vl @A A
< O]E— 7, ati 11 7 1 N h 4
JAMSTEC(¥#) OWC Floating 0kW Mighty Whale A SHE(2004)
§H7 A49 HAx F&
WaveGen OWC Caisson 500kW LIMPET N A
WA 2(2000), =8 F
Wave Energy owe Cai L00KW Pico Plant 1999 #AA, 20053 B4,
V aisson W ico Plan
Center(X 2% %) FHo| Ad=o] & F
Wave Dragon ApS Wave Floati 20KW W D As]d A1¥(2006), 4AMW
“loatin Wave Dragon _
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Table 1.2.2 Development Status of Domestic Wave Energy Converters

Project Type of Power Project
Structure R i Remarks
(Charged by, Funded by) Converter Capacity Period
Jujeon—A . B . .
OWC Floating 60kW 1993-2001 Pilot Plant in 2001
(KORDI, KEPRI/MKE)
Caisson Water Reservoir Wave . ~ ~ .
. Caisson 250kW 2003—2005 Basic Research
(KORDI, KEPRI/MKE) Overtopping
Yongsoo 500kW OWC Floating 150w 2003—2007 Sea Test in 2006
BBDB OWC . _ . .
(KOREI, MLTM) Caisson 500kW 2003—2012 Pilot Plant in 2011
Reef with Vanes (KORDI, Wave Monopile or _ Optimal Design for
. 250kW 2007-2010 .
MKE) Overtopping Jacket Pilot Plant
Variable Liquid Column . .
K Attenuator Floating 300kW 2009—-2011 Prototype Test in 2011
Oscillaor (KEPRI, MKE)
Hydraulic Pumping WEC Point X .
K Floating 200kW 2010—-2012 Prototype Test in 2011
(Taekyung ind., MKE) Absorber
Pendulum in Standing Oscillating X Collaboration with Prof.
; Floating 300kW 2010—-2016
Waves (KORDI, MLTM) Surge Watabe
AWS with 4-Sided Linear Submerged
Lo 10kW Prototype Test
Generator (Yonsei Univ., Pressure Buoy 200kW 2010—2013 0 2013
MKE Diff. -
Resonant Power Buoy Point . . .
. . Suction Pile ? 2010-2013 Prototype Test in 2013
(Gyeongju Univ., MKE) Absorber
Cross—flow Turbine in Wave . Converting Wave
) Floating ? 2011-2014 .
Wave (KMU, MKE) Induced Flow Energy to Current E.
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Fig. 1.2.8 OWC-type WEC in Korea
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Table 3.2.1 Testing Cases of Various Shape Parameters

Case Lm) L(m) dm [m) [, (s) 0,(deg)
1 15 1.0 2.5 1.5 23.0 26.0
3.0 1.0 2.5 3.0 23.0 26.0
2.5 1.5 23.0 26.0
6.0 1.0 35 15 23.0 26.0
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Table 3.3.1 Calculating Cases with Various Test Conditions

Case I;(m) 1,(m) d, (m) 1,(m) A hy(m)  a,(m) NWT

1 1.5 1.0 2.5 1.5 1.0 0.0 0.38 2D
2 6.0 1.0 3.5 6.0 1.0 0.0 0.5 2D
3 6.0 1.0 2.5 2.5 2.4 13.7 0.5 2D, 3D
4 6.0 1.0 2.5 1.5 46.6 13.7 0.5 2D, 3D
5 6.0 1.0 3.5 1.5 46.6 13.7 0.5 2D, 3D

k! £ FA9%9 JUsaZ Fig 3320 YRR Ath 2DA
Ao Bug JAataR FAdstd dei e, A Fr1e QA #7218 A
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Table 3.5.2 Shape Parameters for the Double-duct System

Item se 01 02
Duct Number 2 2
d, 20 15
ly 9.1 10.0
L 0.6 0.6
ly 1.8 1.8
[, 35 35
d, 3.0 3.0
h, 33.0 33.0
hy 10.0 10.0
0, 0° 0°
d, 2.0 2.0
h. 11.0 11.0
Ly 4.45 4.45
l, 10.0 10.0
; 0.86 (0.48D) 0.86 (0.48D)
Wave Focusing Arms Installed Installed

Fig. 358 Instantaneous Snapshot of Free Surface for
Double-duct System
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Fig. 411 Turbine Geometry in 2-D Sense
(Setoguchi et. al. 2001)
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7hol= Wil A

Table 4.3.1 Specifications of Turbine (&$ : mm)
Setoguch et al. XA A
(2001) (2007)
D 300 1800
Hub Ratio 0.7 0.65
Zr 30 26
Solidity 2.022 2.006
Iy 54 360
Sy 26.7 184.87
./ S, 2.022 1.947
Table 4.3.2 Specifications of Guide Vane (%4 © mm)

Setoguch et al.

ZAAA (2007)

718t AA A+

(2001)

Zg 26 26

O 30° 25°

lg 70 462.175

S 30.8 184.87

lg / Sq 2.273 2.5

Ra 37.2 212.79

parallel section 34.8 208.8
thickness 0.5 0.5

Table 4.3.3 Specifications of Others (¢49 : mm)

Setoguchi et al.

FAAA (2007)

(2001)

G 20 120
G/ L 0.37 0.33
5] 8.1 0.7 0.65

te 0.5 5
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Table 4.4.1 Specification of Turbine

Ssigiufj};l li/i())gil) New Design Model
D (m) 1.8 1.8
Z 30 26
I (kg/m’) 1179.76 1253.88
mass (kg) 2,863 3,074
Volume (m®) 0.367 0.394
material Stainless Stainless

(a) Setoguchi (2001) Turbine (h) New Design Turbine
Fig. 44.3 Turbine Geometry
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Fig. 452 Schematics of Driving
Torques Calculation
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Moment of Inertia = 1253 kg-m2; Loading Torque = 60w

- Constant air flow : V = 20m/s, 30m/s, 40m/s
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(a) turbine test (b) orifice test

Fig. 5.1.1 Experiment Set-up
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Table 5.1.1 Wave Simulator Test Rig (unit: mm)
Size 1750W = 1500LD. x 3900L x 1970H
1750
Main Base Width Length 3900
Side Base 900W x1000L
Inner Dia 1500
Air Drum Out Dia 1700
(Cylinder) Length 1000
Thickness 6T
Dia 1500 ~ 400
Air Cone Length 800
Thickness 2T
LD. 1500
Air Board Thickness 115.5
(Piston) Guide Bar 3 Points (No sliding friction)
Air Gap < 05
Speed 0 ~ 50 RPM Max
Crank Stroke 200 ~ 500
Control Crank Speed 500 mm/sec
System Drive Unit 3HP x 1/4: Geared Motor
AC 220V x 3Phase x4P
Control 75 KW Class Inverter

Table 5.1.2 Configuration of Orifice Devices in the Experiments

Orifice Outer Inner .
) ] Thickness
Parameter Diameter Diameter
0.48D 0.380m 0.182m 0.050m
0.55D 0.380m 0.210m 0.050m
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Table 5.1.3 Configuration of Impulse Turbine in the Experiments (unit: mm)

Item Material Factor Nomenclature Value
Test Diameter D 380
. Acryl
Section Length L 800
Number of
z 30
rotor blade
Pitch S, 33.8
Chord length l, 68.4
Span b 56
Mean radius Tp 1615
Radius of
] T, 38.3
Rotor . circular arc
Aluminum
blade Semi-major axis
[ a 159.3
of ellipse
Semi—minor axis
. e 52.4
of ellipse
Round of
0.56
blade end
Inlet angle ~ 60°
Tip clearance 1
Number of
. 26
guide vane
Pitch S, 39
Chord length l 88.6
Radius of
) ) R, 471
Guide . circular section
Aluminum
vane Camber angle of
) ) 60
guide vane
Length of
) 44.1
parallel section
Thickness 0.5
Setting angle 30°
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Table 6.1.1 Experimental Cases with Various Shape Parameters (Unit in Prototype: m )

Item Case 01 02 03
Duct Position Top Ending Wall Ending Wall
Duct Number 1 2 2

d, 16.0 20 20
ly 6.0 9.1 9.1
I 1.0 0.6 0.6
I, 15 1.8 1.8
l. 13.72 35 35
d 3.5 3.0 3.0
h, 30.8 33.0 33.0
hy 13.72 10.0 10.0
0, 26° 0° 0°
d, 2.0 2.0
h. 11.0 11.0
Ly 4.45 4.45
l, 6.86 10.0 10.0
l; 0.86 (0.48D) 0.99 (0.55D)

Fig. 6.1.2, 6.1.3% Table 6.1.10l A= 0] Sl=ntel o] d,& A ZolE ehbi,

;= AW Zol, 1, Iy, 1, dy, h, T A4 2AE T, 9E A, AW F, 2AE
5, AW Eol, HE ZolE veix Ut 0= vte BAe AxE dEdL, 4,5
~AEY] FHS o], hE AW AW AAE FAE, I, AW AT Hol, |
T 47 gE] 0 A, g2 A4S e Qi

AlzEl &0 ol AWMU AR $F5e Al=E AAY des 2F3E Tt

T T8 FEFolth Case 2, 3 A A= FAAE Fig. 6149 o] FIZA7|1L

7190 stne] WeE AZSA Case 19 APNAE 98 A ALHAY v
& AZstded, e8v2st ge Aol

Fig. 6.15v A2 & AW JAd st 7AW AF5He HgE Hlws 1
Polth. o A%, Hie] AZE AW FFIA WA SAT FGUe Fhaw
= =

& geshuds TAASE LAL R, $AE HnE YA
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L, D, w D, w/ L,
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Table 7.1.2 Summary of incident wave conditions
(a) Incident wave height
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(b) Incident wave period
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Fig. 7.1.2 Experimental Set-up
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Fig. 7.16 Calculated Velocity Vectors Near Free Surface (H=0.125m, T=1.5s)
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Table 8.1.1 Shape Parameters for OWC Chamber (Unit : m)
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CFD Analysis of OWC Chamber :

- Grid generation : OWC J 7149 A 534S 93t
2 423 el iy Ave] = Fel yEhA #Ho.

- Analysis Setup : 2d® 2 A A4

WS AAsoF Hed, ¥ WES Y FAYE I Uyl dis

of ZAASHA YEbAl B

CFD Analysis of Turbine :

- Grid generation : B8] HAJs|HS % ndy 3 AA A A& AAS)

A Adwska ok

- Analysis Setup : Bd& 9 Az} Ao 45 =W Fluentoll A 3145 91g 314
WS RS or Hed, # HES Y5t A2 E e MU

of ZHAISHA YEtdA B

* CFD Analysis of OWC - Turbine Integrated System:
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3
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(B owe MAIN v1.0 MOERI 2012/3/01 [=a=]
OWEC SYSTEM ion Using Loak-up Table Evaluation Using CFD Cades

CFD Analysis of OWC Chamber

‘ Grid Generation ‘ ‘ Analysis Setup. ‘

CFD Analysis of Turbine

Grid Generation Analysis Setup
©sazz w1

CFD Analysis of OWC-Turbine Integrated System
Orifice Performance

Grid Generation

Analysis Setup ‘

OWC -Turbine IntegratedOrifice Performance

Grid Generation

Analysis Setup. ‘

[ Exeate Path... |

‘ Fluent

‘Gamht

UDF |

POST ‘

Ready CAP NUM. SCAL

Fig. 9.3.1 Panel of Grid Generation
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@ OWC MAIN v1.0 MOERT 2012/8/01

OWC SYSTEM  Performance Evaluation Using Look-up Table | E i
CFD Analysis of GWC Chamber =
d o B
CFD Analysis of Turbine
Grid Generation Analysis Setup i 5 e Carcticn Pt
& oty o, > ok Tt T ot
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CFD Analysis of OWC-Turbine Integrated System T T R R e
Orifice Performance. R R
Grid Generation Analysis Setup

OWC -Turbine IntegratedOrifice Performance
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[ Execute Path,.. ]

Fenjpe.

] [t

4 I ] 3

Ready CAF NUM SCARL

Fig. 9.3.2 Panel of Solution
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%3 Look-up Table % 7] A A
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7}. Automatic =&

Look-up Tables ©]&3% AFH7l #7|X= 2718 EE, 5 Automatic EET}
Manual 252 Y7ozt Automatic ZE2 YA =703 B9 2ZAF IHFE
deald AEHo T BHS sbg & RASE ogua AAL Fola], GEke AR
F Az 285 HolFe Aladolth # EEA Inputd}t Outputd T3 2t

Input :  JARIL, 7], QAL A= BHle 2 3
Output : A|2=H9] Ft &9
Y. Manual

Manual 252 2832, 28 3 A-OWC, Turbine®] A% H7HE G582 43
g & AEE FE 45T Select Calculation Type Z17te] RES Adegto=z A}
&3taat e RES AP ¢ Atk 24 25 Input? Outputd the¥) o)

- 289 Q5B

Input : F &% 4= 7ts}

Output : 2832 A7 H|

- OWC 4%5%7t

Input : YA}, 93, JAE 4%, QT A7 vl9} BNl 2F 3[4
Output : HEW #3F % A29] HFEE

- Turbine A 537}

Input : f33 A5

Output : E3, 543, 8& 9 Bd=9
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At F3b 2m, F717F 55s, QAME AT 0xelx ElWle] A% A5
400RPM & w Al2=E9] £& oS3t dAE A9Ysta ok

1) Input #<= 94

H:2,T:55 Wave Direction : 0, RPM : 400

3) A%

Mean Powerdl] WERE ko]l HF Output @ A|&=E HFEHo|il Export
Result HEAS o] &3t A5 A & 4 Ut} Clear Output HEH2 Outputs A9

Fe J15e £gsa Yok

[BJ] ©WC MAIN v1.0 MOERI 2012/8/0F == =]
OWEC SYSTEM Perfarmance Evaluation Using Look-up Table |~ Performanee Evaluation Using CFD Codes
Automatic Prediction Setip
Wave info
Wave Type
Single Sine Wave I ‘ Mutiple Sine Wave
Hi 2 T: 55
Wave Direction : 0
EELE ] 500 Mean Power
RUN... J l Clear Quiput... J
MeanPoner:  37.53509462629
ExportResult...
>> Interpolated Data ...
POWER @ [20.0] ==> 8.857903
40.034957
88.342274
153.671831
236,312386
Flow :: [20.0] ~ [30.0]
POWER ::== 37.536095
<<<<<<<< Turbine Power Calcualtion End.... E
Automatic Evaluation Manual Evaluation Orifice NWT Database  Turbine Performance Database Orifice Database
Ready AP NUM SCRL

Fig. 9.4.1 Example of Automatic Module
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2) A3

RUN HES 29
3) A%

Outputd] Y Orifice Diameter 7} #& Output k<l Orifice 274 o]t} §
ol 7t A}AFE RoF3 3 Clear Output HE S o] 831 Fol WY& A& 4

=

30

H OWC MAIN v1.0 MOERI 2012/8/01 [= & =]
OWC SYSTEM Perfarmance Evaluation Using Lock-up Table |  Performance Evaluation Using CFD Codes

Select Calaulation Type

Input AN =

NS E— >355555 35555 Orifice Diamter Calcualtion Start....
Q
Y oY 7 SN > Interpolated Data .......
Delp: 8000 [0.20] ==> 426903236190
] ==> 78686606571

[0:80] ——> 707.517430
Crifice Dismeter :: [0,4D] ~ [0,50]
Diameter ::[0.498D], 0.498 X 1.8(m) == 0897017

<< << << << Orifice Diamter Calcualtion End. ...

Output
Orifice Diameter : 0.459834269449213
RUN.... J ‘ CLEAR OUTPUT
4 w »
Snreli Beiio Manual Evaluation Orifice NWT Database | Turbine Performance Database | Orifice Database
et CAF NUM SCRL

Fig. 9.4.2 Example of Orifice Performance Evaluation
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1) Input #< 949

H: 22, T: 6, Wave Direction : 0, Orifice Dia

2) Al
RUN HES &9

3) A%

Outputel] Y2 Q9} Power’} HZF Output 3l HEU 3

H o 20 B

¢S ol HF AR

A At

400) uheh B9850 AL

Orifice

A A
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Clear Output HE S

748]7F 0.55D o)1
4% 757} 500RPM o o EEWe] HAGE BEG3T Rl 2He

d.

: 0.55, RPM : 500

[2/] owc MAIN v1.0 MOERI 2012/2/01 ==
OWC SYSTEM Performance Evaluation Using Lack-up Table  Perfarmance Evaluation Using CFD Codes
Select Calculation Type
GRIFICE ‘ owe J I TLRBINE
Input A 4 =
23 332533 >>>> > Turbine Power Calcualtion Start....
H: g
_ NI ¥ >> Interpolated Dats .
T: & POWER @ [20.0] ::>2944433
POWER @ [30.0] 748617
- POWER @ [40.0] .41631D
Wave Direction, : 0 POWER @ [50.0]
POWER @ [60.0] ==> 272.041508
Orifice Dia. ¢ 0.55 Flow 3: [40.0] ~ [50.0]
POWER ::== 121180116
S Bl s s ass Turbine Pawer Calcusltion End....
Output
o 43,4264483126 117
121.160115507854
Power :
RUM... ] ‘ CLEAR OUTPLT =
Automatic Evaluation Manual Evaluation Orifice WWT Databsse  Turbing Performance Database Orifice Database
Ready CAP NUM SCAL

Fig. 9.4.3 Example of OWC-Integrated Performance Evaluation
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Turbine A5 % 7}:
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1) Input &= 9=
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Outputel]l U2 ko] HF Outputite] EZ, 8 73, & 9 A 2H 9
olth. = Fo] Bt B Wo]F3 93 Clear Output MES o] &3lo]

=
& Ae F U
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{B7] owe MAIN v1.0 MOERI 2012/8/01 =&
GWC SYSTEM Performance Evaluation Using Laok-up Table ~ Performance Evaluation Using CFD Codes
Select Calaulation Type
ORIFICE I [ owe I TURBINE
Tnput o T
—_— >3 Interpolated Data - .uiu.
Q: “ Efficiency @ [20.0] ==> 0,053443
= e Efficiency @ [30.0] ==> 0.280418
REM: 500 Efficency @ [ > 0366182
Efficiency @ [50.0] ==> 0.339033

T~ — Efficiency @ [60.0] ==> 0.409115
| I Flow :: [40.0] ~ [50.0]
- N VS Effidency :: == 0.366182

. el << €< <<<< Turbine Efficiency Calcualtion End. ...

OQutput >>>>>>>>>>>> Turbine Torque Calcualtion Start....
Power : 94,4163102355587 >> Interpolated Data ....... T
Torque @ [20.0] ==> 56219148
6454,5960385235 15 Torgque @ [30.0]
DelP: Taorque @ [40.0]
Torque @ [50.0]
Efficency : 0,366181919714305 Torque @ [50.0] ==> 5198.023001 a
Flow :: [40.0] ~[50.0] 2
Torie: 1804,23740951908 == BT
<< <4< <<<< Turbine Torque Calcualtion End....
RUM... J I CLEAR OLTRUT =
« i a 0
Automatic Evaluation Manual Evaluation ‘Orifice NWT Database “Turbine Performance Database . Orifice Database
Ready CAP/ NUM SCRL

Fig. 9.4.4 Example of Turbine Performance Evaluation
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