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Numerical Reproducibility of Wave Response for an Oscillating Wave Surge
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Abstract : Analyzing various wave interactions with oscillating wave surge converters (OWSC) is essential because
they must be operated efficiently under a wide range of wave conditions and designed to extract optimal wave
energy. In the conceptual design and development stage of OWSC, numerical analysis can be a good alternative as a
design tool. This study performed a numerical analysis on the behavioral characteristics of the inverted triangle flap
against the incident waves using open source CFD to examine the essential behavioral attributes of OWSC. Specifi-
cally, the behavioral characteristics of the structure were studied by calculating the free water surface displacement
and the flap rotation angle near the inverted triangular flap according to the change of the period under the regular
wave conditions. By comparing and examining the numerical analysis results with the hydraulic model experiments,
the validity of the analysis performed and the applicability in analyzing the wave-structure interactions related to
OWSC was verified. The numerical analysis result confirmed that the hydrodynamic behavior characteristic due to
the interactions of the wave and the inverted triangle flap was well reproduced.
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2007; FEMP(Federal Energy Management Programme),
2009), (2) PA((Point Absorber) Barker et al., 2007), (3)
OWSC((Oscillating Wave Surge Converter) AEA, 2006),
(4) Overtopping(Powetech, 2009) %! (5) OWC(ISSC, 2006;
EPRI(Electrical Power Research Institute), 2005) 0.2
2 5 9, Z7he] o] SgEke B ER9 WECEO]
SU-9]A 0% A 4 JEE L QlTH(Lee et al., 2014).
ATeld ddoR dhs EEQ AAE sEdAA]
(Oscillating Wave Surge Converter, ©]3} OWSC):= A
o FAZ ge {2 E oz 39Tk OWSCell 2Hg-
Sz TR Rk A2k fr=sh, o) 25 PTO(Power
Take Off system)E AHE-3to] Thao] sollUAE 75
o7 Wghel 5= Qv 53], 9ke] sjiA; p-go] el d A
FEAE HYoR I8 ARt 78 A 50 T
Fu] = ok 1ol Ax|E o] QAkuke] = RIAL ol
Al oUAE FESHES AAIEIt(Whittaker and  Folley,
2012). Am7HA] thFet @A 9 vl o® 3 e W A
& OWSCZt 7 glom, o] 5 sfiArdel] JIA 2 e A
o] taE&el OWSCE:E WaveRoller(Tan Loh et al.,
2016), Oyster(Whittaker and Folley, 2012), bioWave(Flocard
and Finnigan, 2009), EB Frond(Engineering Business Ltd.,
2005), CCell(Bridgwater Court et al., 2017) 5= & F %)
TH(Tan Loh, 2018).
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AAQ A W SPH(Smooth Particle
Hydrodynamics), CFD(Computational Fluid Dynamics)©l]
o|= 77k vhekst who] A8 a1 gt} 1ev OWSC ¢
ske] pElgol= MY o2yl ur) 545 AFoE
Bl A9 229 A4S A8 (Fluid-Structure Interaction,
FSh= A5 Alggeld & o o, o drAl(=-+71)e] 4
A 271" 3} Navier-Stokes H7g o] 2-2-¥ CFD2} 2
< H)AE AP 0] o A ghel.

CFDell I35t OWSCo| A2 8h4 7554l
AtEl= OWSCel 2D 4l 3D B e oFe W Z9
Sofl tist el dd e niwellA] 3D REe] 4S8 7
%3 Rafiee and Dias(2013)2] 1", OpenFOAM®S A
sto] 7t 9l Ea13 3hs-of| 4] Oyster device(OWSC)ell T
3l AMI method(arbitrary mesh interface)s AR5l 3D
2EEs Fastal el vlwE 5388k Schmitt and
Elsaesser(2015)2] &7+, ANSYS FLUENT®Z ARE-3}o]
Oyster device(OWSC)oll t3t 4 A scaling &35 HE
Sk Wei et al.(2015)%] A7+, OWSC2] slamming event®}
=3 2 NWTS] wavemakerol 2]3f A ¥ HEALS] Fako]
tfst Wei et al.(2016)S] A, Fast fictitious domain method
7} 285 CFDE AHg-3te] owscell PTOS] ¥&Fs F7}
st AFEAAE #HESH Mottahedi et al.(2018)%] AT,
OpenFOAM®S- A3l OWSCell PTOS] A4S F71510]
A5 W #da 8-S AESH Benites-Munoz et al.(2020)
o] A5+ 5ol Tk
E AT E 71240 OWSC AFEA st HE
A OR QFEAN CFDE ©]&sto] J4te] 9o A
¥ Aol ohga e E90) s Agel tigt
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I Z9 Q129 AR S 9 33 7= (Flap
Rotation angle)E AHgate] A5 54| disl 1 zsta, 1
A3E A8 va-HdESY] 4452 A 2
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2.1 XA

Bl o] g% @ Z A CFD 7591 REEF3D(Bihs et
al., 2016)= |54 235 (Two-Phase Flow)S d141317]
213l 32kl RANS(Reynolds-Averaged Navier-Stokes equations)
WgAo] e W AFRES dsk] e ASTE AT
A A gk, AP A2 vel A ()3 ()0l Y=

A& A SEFREPF A0 P



V-u=0 )
ou _ 1 r
Gt w V= SVp eV GfVa s Vu') g 2)

A7IM, ue FEHH, oo HE, pe A, T8
oA, ¢ TE7 e o R ER Wilcox(1994)
of oJa Ak 5o uA] k(Turbulent kinetic energy)
2} TR A4S a(Specific dissipation rate)® -d F = 2-
17g 2] (Two-equations)] k-0 F@o] -850, Firld] &
A4 9 RS skl ALk

=3 7]l th3t &/3-7-5(Two-Phase Flow)2] A1
A4 2] a4 of| = Level-Set Method(Osher and Sethian,
1988)7} 21851, Zt At (Phase)e] AW 1A= F27F
ol F&ste At ol &l xdR. o= FAMe|
71 7R ArlE Aleekal, F-ao] Wslel wet 747t £
Aol gk 2 (Phaseys Tash =, =3 &7]9 AAHS
00 sto] 9] G AAHE 70 R e F&E, ¥
7198 49E ()8 FE5E Aol mpet Fofsith AR
T @Y AAHe tigk AlzhE 2 e el 2(3)¢] ol
g Ao] A g-H ok

%? +u-Vo=0 3)
A b S50l gl ol FEH F5 A HAo] A
Hell wje} o] £S5 A8k A RES BAsh] 9 v
AL AR BA] 2718k ofoF gtk whEbA, Sussman et
al.(1994)2] PDE(Partial Differential Equation) 7]R+ A %7]
s} g Alo] Ag-Hrt. 7F fAllell dist A (p)et WA (v
2 @)k 2 (5)F AHg-sto] AlRtE

p=pH(D) + p,(1 - H(D)) “4)

v=v,H(D) + v,(1 - H(D)) ®)

o7]1A, H= Heaviside &, oFlHA}F w, o= 2H2F 23 &
715 vERATH

AR S Ao}l H/d0) FAsh wishs X4 E2HY
S op7|g 4= 9tk webA AAHelE AR 7)ol vldEhs
AR T e=2.1AcS F-o35taL, sl P9 9] &)= ¢
3+ Heaviside $<7 H(2)(6))E 243t}

0 if o<— ¢

H(®) = 1(1 + 24 lsin(ﬁﬁ) if|dl<e ©6)
2 & &
1 if @>¢

2 (1)~(3)e] A aS 2w W AAE 2835 ekt
 (Finite Difference Method, FDM)°l| &J&l o]ih7gd2 o]
TEH, Frolikslelli= 52 WENO Scheme(Jiang and

219 gl the =214 A 773 205

Peng, 2000; Jiang and Shu, 1996)°] &&= 11 EHrkale 23}
SYAREO R o|akslE Tt AlTtolAkglelli= 3% TVD Runge-
Kutta Scheme(Shu and Osher, 1988)°] &85 17, WF Pl
Implicit Euler method”} &-8-%o] CFL Z71A 2} 77|
of th3t =4S g o= AAIE 42 Incremental
pressure-correction algorithm(Timmermans et al., 1996)=
A (D)~)el d-g3t] AlLlert, ojw] 32} TVD Runge-Kutta
Scheme?] Z} kA ©HAME 554 uO= 2(7)S o] &3t
o4l W9 obE FHlE AHgste] el S ek,

u(*);kZ;u(n) _ %{u(kil) RV Y%l) 7)
+v-(vu+va D+ g

A7IAM, a,=1.0, 1/4, 2/3, £,=0.0, 3/4, 1/3 18l k=1,
2, 3% uYERATE ©]%, HYPRE solver library(Center for
Applied Scientific Computing, 2006)2] PFMG multi-grid
solver(van der Vorst, 1992)%2 APdz7A¥} 3 Fully
parallelized BiCGStab algorithms A3l 98 HAJ3}h
Peor®l T3 21(8)2] Poisson &7 2o] AAbe T},
V-(3VPan) = v u” ®)

8-S HF2 07 2(9)9) 210y ©]

o =X
g-3to] ALt
p(k) :p(kil) +peorr - pVV : ll(*) (9)
* At
(k) *) Qe vp(k) (10)

2.2 FHI2t =2 MESAE ol M (Fluid-Structure
Interaction, FSI)

CFD EHdof|A 538k T2E7 43283k o)dis
(Two-Phase Flow)& FA[ell4 8= FSIS] 7|2 2=k A 2]
FHH oA A7 Moving grid method?} Fixed grid method=
253k 4= 9t} Moving grid method®] 73-%- 7-2&2] 34
of wle} ALtARE Ao = F R QoA FEst 4
= 95 T AR S AXG e B9 AR AT
of whE Alnh] g2l T7F 2] EAFRE WStk lok. vk
ol Fixed grid method®] 32l 7| © 2 Peskin(1972)
7} A9kt Immersed Boundary Methodi= ¥l 74 2 #}7} W8
=2 ¢kar BAeE GAke] 7xE olF 2 ANl AxE
e A a7t gl Aol Qlrk. o]F 7|HECE Fadlun et
al.(2000), Uhlmann(2005), Yang and Stern(2015), Yang
(2018) 52 7l 23l Direct forcing method/Immersed
Boundary Method®] 7i*F B! 7141 Q1 b o] =3 = it}

2 Ao A4H QEAA CFDE #AT 53k %

A rEEl Ao T2l U d9s et F

=
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At AR Ao T2 Es flgte] uiFe] A 9
oll 7H2] 9]EE A-E-A17]= Yang(2018)°]l &] 3l A9t
Continuous direct forcing Method/Immersed Boundary Method
7} 285t (Martin at al. 2021). FAGHS HHsH= +
ZE-2 Eulerian AAF9 %A Lagrangian points &3l 73
= F4E s W, Al el A3t FA S Level
set method”} 2-&-Ht}. 7352 428 X2 A (Triangular
surface mesh)= 7-J ¥ STL(STereoLitography format)3]2]
ox &uo J¥Ear, J¥¥ STL HHi= Ray-tracing
algorithm= 4 -8-3l] T2E2] UF-2 5 JHE Level set
sk @2 Z33T A E Level set 3HF o= 2(4)~(5)
E dAste] fA4 9 2w I9S Eehe A8Hh

p=pH(®) + (1 - H(D)) (p,H(P) + p,(1 - H(D)))
(11)
v=(1-H(®)) (v,H(®) + v,(1 - H(D))) (12)
7|, AL st FRES WERIT
Yang(2018)°ll 2al] AQkel ALag v} o-5akn =g
& 213)7 A (14)E A7 T E

V.ou=0 (13)
ou 1

= tu-Vu=--Vp+g+ 14
5 TV pp g+f (14)

A7NA, AHF = A15)E FoIFIT
f= T P () VR() + 2Vp g (s)

o71A, Puy= A1) %75 Lagrangian point® ©]F-©]
A FxE UHE T 58 ekt

2(14E A (1)~2)2 vlashd, FA§k 2fol= 2= o}
PGS & Atk wEbA, FAleM FERERS] HolE
LER]= Heaviside 3 H(®)9F T-25 AAHAA2] 92
@ f5 A8sto] AA Jol & WAAE A8t Al
AR olikst @Al 9 E fi= AR ARMAl n+ 1
oA A 16)= veRd = Stk

(+1) _ D)y P”™) — P
£ = ety (R

+P™)- VP(u®) + ivp("”) - g) (16)
AREA n+ 1614 2] Py mjxg=o]7] whitel gt

ARk P”) =u”E A3t o] AZE vl S A
A& Fahd A& ekl S Qlh
(n+1) ()
(n+1) _ N P(u -u
o = ) ()= u

+u® - vu® + %)vp‘"’ - g) (17)

Z8% - ol gs

281 e A Agstel A8 e & gk,

Dy
f(n+l):H(¢§n+])).(Pﬂu At! u }) (18)

21(18)2] AtellA] 27y 183 & aedehA] 9kar WA A
gsto] P )] AR Pa”)E FHEhd O 2197

AT 5 ok,

*) *
¢ _ 9y (P(u )—u})
£ =l (R (19)
231, £ 2(8)9] Poisson S E7] Hell 4(7)
of) F7falo] ARFRITE. o714, T R R
% P(u”)= Lagrangian point@ ©]Fo] % G-35-9] $-%o]
BAEE gHeEe] 2Fow ATk 7ol 71x5}
ol $14& astol APt

TFE] s 220 2o wHe] A2HH R %
dgt.

FX

Xsp % (20)
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A7IA, Fm T2ES 1Y, p= T2EY UE, Ve T
ZE Ry, X = & FAFAA MY ot

TE2EY FAES LA NN el 2 (Tait-
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Y= arctan2(2 - (e1 ey teg -eO), 1-2- (e2 ey teg ~e3))
O =arcsin2(2- (e, ey + ey -€3)) 22)
o= arctan2(2~(62-e3 te ~e0), 1- 2~(el et ez-eZ))

o714, 4712] @] w74 (quaternion)= e'e = 12] 71
o2 A7d¥rt, 18], Shivarama and Fahren-thold(2004)
o] A|eksl Hamiltonian formulationg #-&3fo] T+%& 3|4
+E2 By WE S At o] %, 7 xE] WY (F,)
I RHEM, )= 7250 BE A28 W2 &(Triangular
surface mesh)oll X o] 18-S 2&3sto] AlAtE ).



Fy= Ig(— np + pyn7)d(XX)

N
=>(=np+pwmo)-AQ +F), (23)
MX=J'Qr(— np + pvn7)d(X)
N
Z {(—=np+ pwn7),- AQ + reyxFy, 24)

Mz T, re
o= sHshs FAReE2] TAS 219l Spring
2 #8319l om , el (Fy):ﬂ]_ nHE (MX)Oﬂ 27y
o FAIT A AALIA A S A e 7} e B
roy x By 72 -l Enh Alkd RelERY

HE
B 7
£ Py AEs)m e e

w4

EE R 7Y

- Atk

Pu) =X, + o, xr (25)

FA9A oA 9] Lo

oM, X, = 7xE AT
Z&9 A EEEoIH

131 o=

:[L

23 ol Z=ut & &7
o] Il
2012), S<771" = Active wave absorption method(Schiffer
and Klopman, 2000)Z 4]-23}%it}.
FATsTE] 23 Al 285 Relaxation method™=
ghgo] A EE ATl 21(26)2] ©]9Hd ¢ (Relaxation zone)
= ZAg3to] &dstect

Relaxation method(Jacobsen et al.,

= T gnatyricas T (1 =
TOW gnayricar + (1 =
TP anaipiicar + (1 —
1) unatpticar + (1 —

[(%))ucompu/a/ional
Hg))wcomputational

ni))pcompl¢tationa1
LX) eomputationai

U(X) retaved =
W(X) elaxed =
PEretaxed =
P (D) retaxed =

(25

A7IA, x = ol A Aol StAl 2 H = TR A

42 ¢] shg-gel thet =214 A 7 207
= HER L, we R FHANS, we AN Y
A-45, g= Level set 37, p= & XY &, (1)
Jacobsen et al.(2012)°f] &]3ll Aty sbgA|olE 9t o]gh
3+=(Relaxation function)©]™ 2](26)¥} 72T},

JCas
Ix=1- Py for x € [0;1] (26)

Za7g AN dE2] Fihs o]k (k%) AMESRe] 1
FolEowRH AXkE 755, A 2 kel st o] &
aljofl A =] al = 2] @7617—‘1011 W3S Sl Y, 297
AZS] ANALR= FR|sllA o] Esll 2] MEks Tl S5
et ol st W& B3l AR HEote s WA=
T gro] bAoA dAstE 1S HA4g)s)
‘rx] TETRl] FTAA Al Rk sk 21sk
e SRS N F3E Y 5 FATET
%?Oﬂ/ﬂ T 3H= Active wave absorptlon methodE 4
Sttt 221 959] Airy FRsol@elA HrExaE 7HY
0]"5‘1 T8 FHA 5 TS o %]Xé s}, Active
wave absorption method 73 A1Z71-2 2] (27)7 o] F-d Hr},

U@ = J%C(t)

27
dn=mn)-d
A7IA, Uy 7789 55, ne o731 AR g,
d= T3ls HERdnh
2| ZHAH 7Y
TFEEPAYAL 9= 9|7 A 2k x50}
T;(@O] 30.0m, 3 0.7 m, 3°] 0.9 m)°lA FF= S

TR A0 AAAR 73S Fig. 10 UERITH O%ﬁ
g Z3 % JJr7liTE1 18.53 m AWel] MA= 30, A4
A d=0.425 m2] FAoA 3| A= Zu7]| Z5E] Table 1]
Foix JJr 0.09 melA 7] 1.6~4.0 s8] WS 74
23}2 A 7 o 220) Ptolle NS Aofsl]

Unit: m
Wavepaddle Wave
Wo w1 w2 W3 w4 absorbing
revetment
wwe/ N\ o | 11 !
0.425 0.475
4
L’ X 42 1.8 05 02 1.83 0.97 3.36
22.86

Fig. 1. Definition sketch of experimental wave tank.
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Table 1. Conditions of incident waves
Case Wave height Period Depth Wave length Wave steepness
(H [m]) (T'[sD (d [m]) (L [m]) (H/L)
1 1.6 2.902 0.031
2 2.0 3.791 0.024
3 24 4.657 0.019
4 2.8 5.509 0.016
5 0.09 3.0 0425 5.931 0.015
6 32 6.352 0.014
7 34 6.771 0.013
8 4.0 8.022 0.011
680.00
200.00 180.00 200.00 ‘
4000 | 10,00 10,00 2000 | | 15000 |
| T T
R \\\ ]/,/
8 S o8 § \‘ //10.09
i 70.00 [ o‘ : ‘
g === i n O Ag 88
3 120.00 8 ERH

110.00
(a) Side view

Fig. 2. Flap design with an inverted triangular prism shape.

(b) Photograph of flap

ot ZAmbyo] AXE It EHE 2 vl IIA 2 17y 5 128 kg, AR HE 127 kgm’, HARHAE 8.63N'm=Z 7
ol glom Aol o8] k= FAGHs AALEE . s, Bele] shiel AL 91X WMo Aol
FelEBAGIA FIFRe 2P F) AFele  Fxel AUk WA, y F3) 2 Fowo) AL A
A S 2 S HA 2 (Flap Rotation)7]- 7353l o oA oL, A& %/}:]Ei x %‘gifﬂ 311 7AERko] 58
714, ok B9 e 4Rl A 3EwWl, Bl 2710) foh 5l R AR 4a 9 o] B 1
w2 2 w3k 3 17 (Wa)oll Hx]f—d FFA A S o] & o} A3 AR Cho et al.(2020)S #H33817] BFgkch,
slo S5, SiLdaiel 45 S1glo) )]
(WOyell = T AI7F A it G421 E319] 8|7 4. =X[ol A
(Flap Rotation angle)x= A[0| 2 AAE 01%3}01 S AT
Fig. 201 94074 Z99] A ARl 2L 9302 et 41 FRITDSSE 74
uit}h, Za mele AR uAc 314, oakzke Zae) 37 Fig. 31| Uehl= whel o] Al & 913t 2] vker
o7 o|FoXH olgHE ﬂ]ﬂﬁ F5-2] a2y == 29 TS FEREAY duE Ao R vush] sl
9 Al A 4ol 15em, & 68 cm, =°| 40cm, =F TZE 9 QAR AL AT YA A s)
Unit: m
Generation-Absorption Zone w1 w2 w3 w4 Abs;;pl:m
Relaxation Zone 0.425 0.475 AWA
A,
z, 1L 05 02 1.83 0.97 1.46
L X 13.96

Fig. 3. Definition sketch of numerical wave tank.
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Fig. 5. Comparison of water surface elevations between simulated and measured (Casel~4).
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Fig. 6. Comparison of water surface elevations between simulated and measured (Case5~8).
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Table 2. Results of NRMSE for water surface elevations and flap rotation angle

NRMSE (%)
Case Water surface elevations
Flap rotation angle
Wi w2 W3 w4
1 6.89 5.40 7.39 11.12 12.53
2 5.59 4.53 6.84 7.57 9.64
3 4.00 8.18 8.88 8.48 7.96
4 10.34 13.78 11.85 16.96 10.48
5 14.93 9.07 6.73 7.58 3.67
6 12.10 7.86 10.63 10.80 8.10
7 11.64 10.02 10.21 11.27 7.90
8 10.90 10.46 12.23 11.14 15.70
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Fig. 9. Snapshot of the velocity vectors and free surface elevation around the OWSC for Case5 (#/7= 1/10~5/10).
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