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NUMERICAL SIMULATION OF IRREGUALR WAVE
WITH HIGH ORDER SPECTRAL METHOD

ABSTRACT

This paper describes a high-order spectral method for generating and simulating irregular
waves, the theory proposed and developed by West et al. (1987) and Dommermuth and Yue et al.
(1987) . The improved version of the higher order spectral model (HOS model) is also presented in
this paper, including the high-order spectral method with periodic free boundary conditions( HOS-
ocean) and non-periodic fixed boundary conditions of the higher order spectral method model
(HOS-NWT). We provided the examples to verify the efficiency, error and feasibility of these two
models. Not only that, but also the actual situation to achieve the two-dimensional and three-
dimensional wave field in the case of the formation of irregular waves, long-range large-scale sea
area of the irregular wave were studied, and the results were discussed. The study of the freak wave
is carried out under periodic boundary conditions, using the following two different initial setup
parameters: (1) Pre-set the wave phase to adjust the good three-dimensional wave pattern in order
to generate a passive focus wave ; (2) Let the two-dimensional and three-dimensional wave field in
accordance with the direction of the natural generation of development, looking for the emergence
of abnormal freak waves. Finally, we extract the original three-dimensional shape parameters of the
detected freak waves, and study the influence of the directionality on the generation and
development of irregular waves.

Key words: irregular waves, high-order spectral method, numerical simulation, freak waves,
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1. 1R RERMENX

BEE W AT AR IR T R, S 1E R TRE MRS AU S R &, X IR I 5T 5
7R 2 M E M. X AN R, AT R T R A ) 2 T
(Computational Fluid Dynamics) S B i EATAFF 73, I ELAE FH S8 £ ki LS AIE » Yang!!
SF A TARARRNE (Volume of Fluid) RIS LNG 25t i i i 52 3% R4 b i YR s i ik
17T R, Hrh g IR IZ 3 5] ANASTT B4 Euler/Navier Stokes 5 FEATESE F 4k i R A% AL R
43 SatoPIZE%t Wigley BUATAT 60 2 51 A ANLERLIU U (1 3 35 MRS st AT 7 7,
AR 1 O A2 3R\ Navier Stokes S FEHHE, FHAE] 7 HAHMLE R . ChenBIEEsT A
F) L YR FNUT R 5 M AR EAE TR THIEFE, T3 % AT K 4f Navier Stokes 77
FRIERE T WIAHSEAL, A interFoam KRGS H T IRIM B 7 6 . 5 BTk FRPLEE
e VR

RAERZHHERAR 0 FN A8 B RS AE 7R b, 34701 90 9 H AR B 1
FRCR AR IR AL 5 S BRifg 0 30 2 A R DX Y o B S (R PE IR R A4 — R A1 Al
AN E R, AR R A R — e, eI A R A AL R . T ELAE T R,
FUES AP R 4 ) R SR A 2 L) A 1) 52 B A i YR TR PRI AR 28 30 485 1) 1) S A R0 AR N 1
(1) A= iy 22 A3 T R R o 3 S Bl it 5 TR A BRI AN = 410, 1T ELE i FEAS R AL 1)

PRI, AN 30 %) B B T SR H R, KRR H S HF AR AR o AN F e 2 B AN
[FEARAL, ASRIARER 1) 1E AR 5% U S INAE — RS AR o FEAS BRI BUE A LIX AN 7 1) b, AT
T T4 56k (Boundary Element Methods), JitfA/4EA17% (Volume of Fluid Methods),
kY% (Pseudo-Spectral Methods) Fl 2 #Z&5#5 472 (Mode-Coupling Approach) %5. #1517t
FEAE SRR B AT UH B, FREAN AT I FE, AR F SR AR TR 2 A Y AT - 5 Il
A, 7E 80-90 FAX K Je B AR in) i, CUFERPIRA A AR, BEIRAE R . X Fh
IR WA SO A SR R0, AR TR R ST 44 B 2 O(N?), A& FH T 1E K IX el B2
R e o ARV R AN AR SO T SO B, IER TR . ARZESE, ARIcE
2, HnTEiT S 3D RIS (Engsig-Karup %5(2009)), 78431 FH s B 0 B4 A4 1k /N R
IRFER] O(N), fHH o R AE A E THEIR I TR, TR kR Mk tHERCR L AR T
PRI & . (HZIL Stk (BEM) AR (VOF) #R & Tt Sifk /1% (CFD) 1)
T, LEVHEL R 2R B A) AT o5 I BRI LU 22, AR ol 2 368 38K F 1) DK B o 38 P U TR 3
IRl BT LA, I B FRAT T3t B R AR 7325, B anis g v R A7 v 5OkS i R ASLADL

MNHE TV T SRk e LR E, RS T, R R R IR AL R AL,
T2 PR T HR A B UYL RE () 24, B2 d i A BIR A9 TR B 43 B B A FH AN 55 AN K0 A4 1 7
N, 7E 60 AEALELW], Phillips (1960) Bl, Longuet-higgins (1962) A1 Hasselmann (1962)
115 YR B IR B R A I 7 4 5 1 T 0 D7 iR (R 45 R (R ARA T PR ) 1 TR 2 TR) R AR B
PR e B AT el R ARk . 3Rk, Zakharovl7E 1968 FEHE HY T I IR AR Ak 1 5 2,
FLIR e B IR T IR R K I ) R R AL I A2 . XA T BRAE R TR bR A T
Hamilton &, FHfEifk 7REEA, KRGS EMAOCRA T 4 N85 MEIR A 1A BLAE
Mo oW, X2 Ui 4R 8 — IR EL A A T 4 S A SR it 74K 1Y) Zahkarov 75 F2
VTV ) 7 — AN T 1) IR TR G FE (R B4, TR DA int ViR ) 5 FEE A e v B b 52 SR A1 (1
B DAL G| N — AN B IR B U . IXAFE—2K, FRATTEHAR B — M55 EZk M Schrodinger 77
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S, XANTE E A — Xk Zakharov 7E 1968 4N FH T8 Uk ks R B 5, TR
SR Z N TR B A SR IR IR A Bl e XA FEAE 2 S5 XA R, T 1979 4E | Dysthe
JINT Davey-Stewarson RZEHIABRAKE T I E, HA a4 7 TR iR GERE iR . 7
JaoK, Trulsen £ Dysthe T 1996 4F4k 424 [, P IR A ik e 2 1 56wy i, S LU
Fiar ok T B KHIER].
AW R Bt 72 (High-Order Spectral method) J& T4l (i 59 H—F,

H Dommermuth 1 YuelP'f1 WestMO5E 50 Bl Y, IX Rl 124 78 4 38 h B e — R PIHFAE
BREL, R O (ST AR 3 1) 7 VR R S A, AR S TR CR AT RS B, RS IR T
MR YR AR LR M B o B8 S8 AKIR PO IR A BRI R o, B i i R B T i o
TAVARRE B = (B RIS 5, RER AN YE [ X 3 N B VR 37T Ak, AN I 4l e — 4k
I EUE AU AL 5 R

1.2 ERIMEXTER

7E 1987 4F, West &5 \sgtoxf i HAVE B il S AF I i i U7 VAR (HOS-ocean)
BT THFSE, W HOS ik AT 7 A 2 IR IE . 7F Tanaka (2001a) MU S BT, FRER T
R B = G IR AL YR AR R R, PR R R X I A ) HOS-ocean #5574 3147 4
EABEHUL R B 3R IE T Hasselmann [ AEZ: 14 3R 1 73k 2 (R fe B A 3R (1962). XANHIR
ST I A [ 0 2 R B R e R i AR ISR, JF HLBL DS Hasselmann FIERISE4T T EE
.

TE =BG 7 iR (HOS-ocean) W ST LT, XM ik (B S0 A 9 N H o B
ek (freak wave/rogue wave) & —F B ABRP & (—BEA SLEER 2.0~2.2 %), 5
BEFE (ka KT 0.3), FRmf a8 i ikom s IR G O, AATT— it 8 & I LT REME (wave
geometry), W44 (spatial-temporal focusing) FIEZASASFaE 4 (modulational Benjamin-
Fierce instabilities) M2, WU 1R AEAAS Z RN R FEMRERILEA 2 AN Hh
s, BEASHIATRENE, RIMEIRIIEZN, BIRMTT A BCE IR R RS . fEIX 4 2 R4k
PR N, S9RZRME 2 WP I RIS R B R AR X AT 5 o T H TR BN BLAE =4
iR, 1 HEAR AL R A, 2 E RIS RS AR E IR AR, IR e
A3 IR R T T ] Y S 400 5 LA Bk A o D 8] %) SR WA A5 0, XS T S b R 0 18
HUEAAUTE BA0ATYE, F AT T AR5 W 7 0 (1) T8 LB RN R PE AR 7 . BLAR
Wik, 754 R FHEUE BRI 7T A S M ) i 3 B TR T AT 98 78 i Bk P . Brandini #)
Mgtk (BEM) @i iR 7 m A 7 XGRS TG IE; Biausse RHUIA F o6 7%
(BEM) FRAARARFRE (VOR) A S & I AR 5T 1 W JE 0% HH R YR R A3 AR ) SR AR 1) ) L
X AR G T, ANE R T A R e X R o A SR tiE, R TR IS S8 BRI
PRRFE A R AT SRR AR, #TCIE PR A2 B L7 A BL B R e 3k R e R o sk
b B RO IR TR 2 A TSN, 3 VR 2 A0 s A R (RIS IREE ) 151N,
T80 48 51T S A ()R 3 (8] A (1) Kl 73 BE SR 0 7T GE S 75 22 B AN 23 a) 1 s A
ETAEEPHD .. IXE, BT Zakharov #fES R mB IS A R B SRR, &
THEORE BRI PLBR P, B /N BE TR IR T I B AR A e T, PR PR B AR e (Fast
Fourier Transforms) KR f# B B BN K R EL, AT SR HS T — B Z1 0 4% 37 (103 35 R0 v v

XoF = JE A [ 2 00 S 2 A ) v B 7 BB K A R (HOS-NWT) [ 9T 3 JL+4E
SR IR S 56 B 25 AT T FU I VR AR B 7 DA R & PR s ok 1 VR 28R, Jd KA & —
ANEUF BT o 15, EIEPRK I BT RSB0 RS 1 14 B B IR I AR R, R 2B JR g LIRS
PRI SE R IR, TE/NRBERERL R (00 22 L se 4 ROBE i BG ZE R e sc Y, HLSE
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REEMIS BB F . b —k, &Kkt a] LAl Y Bl st oKy R 1, aTBAA
F I TA) VAR F R M AN Y g S5 R R 55 5, BN IR v AE AR B i . 1T 7 52 Y0 B i o
bRy, FEBA (Numerical Models) 7EIT JL14ESR Bl & T EALI GRS ER) K
J& o V2 H0E TE A H IR IRATHBE SR 7 BERIER], b B &P K it (Numerical
Wave Tanks) #t/& FH 10 706 B i 5790 ] 1) 28 7738 10 26 i DA S A6 3 o BB I /KB R FE 3R
SR 3 Y 7Kt P T YR AR R AT 407 )2 5 3K 615 2% R A T 110 2 F AN SR i Y 7K Tt — 1Y) = 4
WL IR o (BTSRRI AR, 5 BB A A A RS AS R ) 388 YR A A3k 3ok R P OAS Fe VA AT Ae] &5 4
VIIBEES , 753 TR 1K B3 U i AS FO VFTR AR o 177 HL A2 ARG PRI, BIRIB T NE . Rk,
PR REAE LA I 1 TSN R X P BRI A

AR 1.C.ParkIMIZE N 243X 1 ARG PE A 1 N AR 2R Itk I YR AE = 4k 4 F 4 J& BBl (1 o Tl
R H P EIR ALK (8] 2 POl T A BUEARM A TonT EL AL 5, Sae FRGRR R 72 K
T TR P RO, 7% 5 i e AR T LV 9 KA 1) o B R AN A AR B R 7Y, b
S, YanMIZ5E A AR HE S4B AL AT PR VA SR K QALE-FEM BRI 7t RIIFIARLEBEIR T
Mol » XA T, BEFAAorismEm TRoasdkowke, ard
TR VR AU R R i 1 400 o XA ) R e i J —— i B 5 ot J7i2: (High-Order BEMD # &
PRI 2 B 1 532 (Fast Multipole Algorithm) ©.28 . T 5 0] AR I AR R« RS ik,
fe T 1 S TT T R I T B SR 2 2 3 I A 4 TR A S B PR, e S AR AN AR
2o BTRL, I pRod e B AR (FRTS) (1077 3075 21 (1 58 BRod SRS A A0 BB 7 ik sEN 7
TARER, G P K (NWT) ] DUEIFFEMSRE (ocean) —FEAS FH BE PR ()15 5 1%
AT RE ALY,

%[ Ecole Centrale de Nantes (ECN) 7Kith3& T8 5 R4/ T —Fr NWT iR, BN
SWEET (Spectral Wave Evolution in the ECN Tank) A&7, X4~ NWT #84 (f) fir 5 H 527K
RFAE, AL HECEHEE I A AR [ e 0 T R T E BN A R TR R A, #1572 B i 1
TR s Ik A 7 B DA% 2 1 R ST o XA B NWT B R 78 V5 22 — 4 Fn = 4451 1
BARBRNIGUE, H H S B P HER FE AT SRR . KB 217 8 RA I sl e
FE A& TCE 0T B FE IR PEARASEADLIRT, B DA — 2Pl ™ e 1X A B IR ABE 28 381 B 56 4 (1) B /i e
FERE, mPYEAE (HOS) B It e 2 T 2. —JFaa$e th (1) HOS Jy vE# R il 76 &
WIPE B R A, T HOX S A A BUE TR 5t b, REIaRAS . BOYIaG
AT, AT DA U R YR R A AR e RS R UL, WHRAIG R EA TR, B
AT AEAE AT AT R, IXRE 6 19 5 4R A SR B0 S0 E AR A5 SE N R xfE . s b, 7ERUE /Kt B B
W IR I A T R T i B N 7 it 4 X 1 S SR s, AR B ER T (R 2 e, A TR 4R
OTFRE IR % . TR W, HOL R C it kN HEE KA R T, a4l
53 56 AR AR 2R MU R A A A BB A v AL . BT DA, SWEET BiZU/E N HOS 1
BOMIRT &, Capifamscs, HraFy HOST (HOSTank) #7%Y , Hi G. Ducrozet %
NFEHIFENL . 7EIXAS HOST MR EL, SE4aEL M A M & AN F & (A4
SWEET HE8 — I IR Bt FE AUE B A A 2 e B i1 00D, B AR RT3 7 =B i) va e .

1.3 AR B

ASONT MR 7 AR AN RN AT T2 50 9 BA R = AN 43 o BB — 80 43 2 0 R A B E
TSR B B T VAR A (HOS-ocean) [URFFT. 7E 1987 4F West 25 A\ gtxf HOS J5i%
HAT TAEIAE, N7 PR urFeA 145 R BB A 2, A (E West STk B $2 31
() B VIE ABE 2R T P TR 1 ) SR BB s BB AT, IR T KRB LB (de-aliasing) )
BT e AR FF IO S5 HE ) - 1X A~ HOS-ocean 5 S 7E = 4 5451 Hp JEAT K s TR B0 (E ASEADL B0
betnn, 7F Tanaka (2001a) (6 3CHLM /R 1 K0 Bl = 4k IR IS AL0L B IR A UV I AR, 7EAC
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ST BT 22 1 U6 AT B e AR AL A5 R

S E AR X T R P AN, R ELR BB RUET 7T, FEUEW] HOS g A
R R ST EAAR E M2 e, BATRAI LT PR AS R (K446 B2 B 2 50t ST (1)
5 e B BIRAR AL A 4 (0 = 27 1R R, DU T AE 2 5 A R s R SR AR B s ()1
HEM = AEI BRI T [0 B R A SO R, R BRI R B TR, FRATTER IR
I3 (i A2 (0 R a6 = 4EIRARS L, BEIT 15 R CRLAE 5 TR A A5 ) J IR0 Xt AR
PR RN o fede, FATHRBURAN W, B NGRS T, IF#EAT VAR
W

B ek TR i A SUE K (HOS-NWT) BEAYAR 9T (1) 1 /e AR A%
ST BB A 2 3N B ) 2 3R, 38 75 B R A A 34 7 26 AF A0 NWT
HUE K A 3 ZRE AR RS BRSO IR R AR XD . (2) HUOR XTI B A VAR BT
TR B W AR PR IR W] DO =R T R BORAE A R R ERIER] . 2R
J S i RV 7V FO VR AR AL T 2 A VR AR I D0 T SR g B 58 A (1 AR R M R ) A R i
NWT 7Kt RO RIAER R 5 B 8. (3) & T RAIT TN BEE SF A1 B0 b HE G 2L
P, P sScss ok B ECN /K, -5 BUE BT LA, SRl 1w ] — 4k
ARE, FRIFERMLISR AW E, 5 Fr SWEET SALET 1 HEL, BBl sl
R (OGS, BORMERE, WRICEM ) R YRR T IR, AR AR E
(4) HJa, MG BERIRTHR T, MWANEITT T EEa M 1 — AN 35 I BB ARADUONT ECN 2
A, SR T IEBARARTY (FI G55 5 R T, 48 G AR 1 AR ZR VRS BB AR UL H R K ]
BESIA, I PN BT 15 BRSNS

1.4 RENE

BB EENA TN RS EG AERAT TR RS 7 IR T R T FE AN
VUl A, SR AT VAT ANRELLIMT . IE A4 T E N AN FERIBIR, R BIZ T T AR

W RABEE L, ERITFAR, VA BERIIBHCE R 5 1. fa i E0 9 7 At
TR =N, NIRRT FEBE 1 LA
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2. 1187 FH

AR T8 A AE S It B D A R 1] B, /2 R T Dommermuth & Yue (1987) 1
W, ZIBSCRE T &AL S PS5 (High Order Spectral Method)
TEFI KT b B AR IR 55, ARFR RONTE RIS R, Z AAAR R B ) b, B IR
BB D (x,y, z, t) KAEIR, pisi &£ Laplace 5l 7772 . % Zarharov(1968), 51 A H HH THI 3 & 25
d*(x,y,t) = p(x, ¥, n(x, y,t),1) (D
tbhbz = nx, y, ) Fw H BRI, BT A ELIESEN, ¢S A E A2 (8] 1K P 540
nTLIE R
¢y, ) = o (x,y,n(x,,8),t) + d,(x, y,1m,t) 0 (x, ¥, 1) (2)
VoS (x,y,t) = Vo (x,y,n(x,y,0),t) + d,(x, 3,1, ) - Vn(x,¥,t) (3

v = (a/ax'a/ay)?%%ﬂ@ﬁﬁ Bt LA E R T L 118 3h 2% 2 A4 R sl 71 2530 5 2644
AT LA S, nMlg /3 R Rm N

N+ VS -Vn—(1+Vn-Vn)eg,(x,y,n,6) =0 4
OF +1+5VPS VS —~(1+Vn- V)2 y,nt) = —P, (5)

PRZH KA, B REEMNRIEIMS . Bz, A & &A% 14
dS(x,y,0)Fin(x, y, 0). 4 /KH 2 FEGFE K Z AR, IEERN T LY i 52414

ST I R AT LU, REEE ¢, 5 i 52 (Laplace J7 %) FIH:
Ml SRR AR R BRAEEMFRIE L T, BN d,(x, y,n, ) FlpS , n HIER R H K,
27 (4> (5) FmT LUK B4 i T B AR s A B P T F2 2. — B4 i vIaR (A
¢S (x,y,0)Fn(x,y,0), AT UARCNT —ZIWE VI, —HIERITHE . HAKKER /
A <& TR PR AR DL at A2 ikt o

2.2 BEIRH
Dommernuth&Yue F-5H ELECK [ H o MFIE RIT, MR RETT, BRI
PHMIEO(e™), e LRI FERI/INSH, EoRBEe = kai/NT 1.0, kKNP, advlkiE, Jf
P A BN JEIT:
({b(xJ’:Z: t) = %:1 c[)m(x,y,z, t) (6)

MIXEIFG, (0MERMOE™) R E, #—2, RIS Mz = n BEHEUER
p™GEE z = Ofift Taylor feJt, I HAREBIFFK M B, T2 X (8)FT A -

M—m ¥ 0¥

¢S(ny' t) = ¢(x,y'77' t) = %=1 k=0 H@(b(m)(x,y, 0, t) (7)
Foszs (6)FI(7)RE 1 AT 1048 F IR e RO Lo 2% P& B FRATIBT T AR — NI TA) K

5 00 3L 40 W
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FEBIR A A o) R, 7R — AN E BRI t I, oS, n#UCAZ SR, M (2) (3
T T — 2B A (6 + AD) K1 @5, o XA ) BB R B 0% B AE T 02 (e, y, 2, t) M
¢, (x,y,2,t). K (7) FEd°(x, y, OCHIPTEIL T, HIAILM T HO(x, y, 2, ) (T HL1K)IL
FkAE. FLb, KX (7 MRS E—Z, 15

S(x,y,t) = ¢W(x,y,0,0)

P™(x,y,0,t) = —YM_ M- fn%aazk‘f’(m D(x,y,0,t) m=23,.,M (8)
JEIT K2
92 FERIEY)
$°(r,6) = M (x,0,6) + 22— (x 0,8) +n? =tn3 =t 4
2 5 02 ¢(2) 3 33¢p®
¢()(x0t)+n—(x0t)+n =
3) ap® 2 92¢® 3 33¢p®
¢ (x,0,t) + n——(x,0,t) + n* ——=—+1° ———

¢(4)(x: 0,t) + -
m=23,.. M 9)
— RIIELFRI T ¢™ [ Dirichlet 34 5251, T HA 2 5tz = 0. IXEEH LR HH)
H EEE <, Nt Laplace 3 74 75 R A& 3d B G SR AR AT %A, 7€ L T — RN E 9™,
= 2,3, ..., MIFJIL FHE ) R o AR R I ST AR IR e 77 25 RG] EL AR 0 T A I [ 25 22
ﬁfpﬁ% M AN FHE R, i BB m = 2,3, .., MO AR IR 2.

2. 3 FFER

BERFE R B, (x, v, 2), z < OCL5N, B T &2 Dirichlet iU A 25 4F41, 035 &2 Laplace 145+
TR, WEFH A RATE O™ IXAMHE R BURTT, FHEAEMBRESE N &% T
Ak, )

Py, 20 =) ¢ (,2) (10)

m=1

W (x, 2) SR ST T 7 PRI T S P R B, pU™ B RS (R, =k (8) 1Y
Dirichlet i1 F- 461 5E .
¥ (x, y) PRl 2 n AL, BAEwEAKG, 20 (100 AT PLE K

PO =) IO expllknlz + iky - x] (1)
n=0

%A K

(m) N7y gy coshlknlGrn)] L

Pz =) ) Tl explik, x] (12)

%6 00 JL 40 T
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RTH, k= (ke ky)s Vol = JKEFKZ, RAE STk, ke, A HBORAE AT, (035
0,+1,+2,..,=N,
R R O L R A BB 8, A5 (13) 7 750 B ks Bl e 0

O™ (x, t), W7 ik I A AR AR b P P O, (e, ), HHAR (100 T
13-

ak+1
$,Ccymt) = T TSN () Ly, (x,7,0) (13)

£ (13) | HRm R FEE G, (x, y,n, O (2) (3) KH M, TSR T
P MK T RE

ak+1
M+ VS - V0 = (L4 V- VD[S oy SH S8 0 (8) S (6,,0) ] =0 (14)
TEVEECAY

nk m k+1 2
—2(L+ V- V) [T S SN o (6) s Y (1,9,0)| = =Py (15)

JifE (14) (15) RS RinLUBISRIESS™ (x, t) FRIIBIRIEIL TR, Mol™ (x, )4 &
N H¢psiELt Dirichlet 214 (10) R EH

A B2 LR AR A WA SRR B, AT IR L, P IT RIS < x <, 4§
FERRBUR (1), ky = (ki ky), nHR0, £1,£2, ..., &N BTEL, [ ERTEB SR, RIHI#EE,
T 8 AT DLy ) R TE s

NGt = Yo (e

d5(x,t) = n——N ¢a(t) etnx
¢(m)(x Z, t) n——N o (t) emx+nz

2.4 REING

RIS, EMriE 772 mT LUy B K8 7k 43 #r -

(1) TEZE RSN Z) t B3 5 bR By (x, ©) FOR TR BE 35 @S (x, £), F A P i v 2 T
Dirichlet 2c1f (8) fRHIRSIRIEPT(£). B KHE, dMm(t), ¢5(x, t)Fin(x, t) )= 8 FHAE
WA TRITHEL, 1T ARG ) SRR N 7 A 3 2 [ 1) B i s AR X BT 5. X238 A i), B
PAR] LAME P fourier 284 (FFTs) {EPREUSAY S 2 M EH R, et EE. Xf
T N MRS, BEERENOWNlogN). XT M WrrgEsn, SR EEeR
O(MN log N). 7

(2) TEVESE FAV AT AR (14) (15), 1HEFHE(x, t + A)FlPS (x, t + At) . LLEH
F AR 43 3R 252 DU By Runge-Kutta 72, a5 ] 5 g . 1L8I001020]

NG SE VIR AR TG, B AR (1) A (2). Dommermuth 26 Nk & T
WA N B A iR 2 FIR B iR 25 A . Glimm 25 A\ 18 T = 4E IR 1 T-H AR 3h 2 10 1 &
JIPL (1 fl f (21



THANKEEBIESE 75 EZ SRR

</ SHANGHAI JIAO TONG UNIVERSITY

F=E HOS-ocean {#EAIFYFFR

3.1 iR E

X} HOS-ocean 15 2! [F i 78 712 [E LHEEA S50 = A2 HOS-ocean 15 5 kAT, #
AR Fortran B F 401k, 0 NERT, PRHER AL G AR T .

3. 1.1 B 5[]

THEARIINBIRY, N, = 1024F05, HOS MM = 5, REANIR T+ SR A
t =2.0x1071s.

ZHEARPGR, N, = 256, N, = 25651535, HOS (M = 3, MR I
I = 1.0x10%s.

3.1.2 FRFP

FHRF % H HOS-ocean.f90, RF-solution.f90, fftw.f03,bivar.90 &5+ B 4 ik, AN [H] A5
oz [)AG FEXT (B ST AR AV o BT TH L SR IR 45 SR ORAF B SO B AP 1Y) Results SCHF

BN —MEFR A input_HOS.dat, F TR nl i 2 AN [F NS 3 RN e
T E RSN R . FETRSGE LN Results SCFe b — 24 LLR SCF, ATLARF
Tecplot AT RLAL 5317 :

3d.dat i T =4k H e R T AR B RREAS S, B HE U S AR T E S S5 E B

a_3d.dat $&AL RIS HRIE A I [ AR R RRAEAS S, ALHE D R A0SR T E“¢kﬁ@£
(AT

2d.dat AR T 4E4E B BT BE I AR AR RHEAS S, BRI i AN R T S SR E
S

vol_energy.dat it T 7EAR LI A2 rh AR FRURD B & 1) 25 (DAL (S 2

Modes_HOS_SWENSE.dat f1 2 " HOS &R H i) TS5 B, IR () B A% 3

FEES. HEERE, AEAHERME TRAGEE, M HOS JiikA IR —4g5 M AE BAE

R Ak k.

3.1.3 Ja R

Post_processing 3= k4341 HOS_ocean R/ 15 H % Sk, vl BLo M AN 6] g
LR BISCHE, AN () J5 A B SO, AT A R E5 2R, 4 Teclot RIARAG 0 A2 it 1 4K -

Analysis.dat 1.7 T HOS_ocean AL IR B AAE ., 400 7 AN RIS 20 8 B B i
IR, R S Ry A S, IR BER, A EIRSEE R, I BRI e TR i 2

Freak_waves.dat $& {175 TH 53 A B A 2RI 21 I AN K000 45 B T A o

Caract_freak_waves.dat 2 {4t | BEANAHUIUE FTPEARRRIES B, ARG a5,

VP_card.dat $& {7 R /RAAAR R T I BEANE J3 0 A0 MR B, z AAR 5 [ () XA AFDGT x AT
y J7 1Al [E 2 ). VP_card_fitted.dat JUI & [ & B AE il A I

3.2 RN FH

7E Dommermuth (2000) [F1¥6 3C o 2 85 IR A6 25 1 1 s SO, BIRFEZ DY)
URBE IR S AT A BRI UG BUA T S A2 BB, W R SAR M FEAS IE 1) 07 AT 5, K4
SEBEENARER S, ERIPE R RE Wk, Dommermuth 45 3B B 1V 46
SRR BERME T AR, SRR 7 U BRI GG 5% TERITIRM) 5 F 10 Mg
%%N@W%ﬁﬁ,&ﬁ ANIE PR B2, FEX AN A M2 G, BATVCNRIAE IR 7

8 0l JL 40 W



) e x4
xlz'%s\ YAEXAAZ AR BB R % SRR

Zagy o ) SHANGHAI JIAO TONG UNIVERSITY

CAERAN “HIER” e dE MR . 705 R BUE AR, IR B K TR s AL #2518
T R AE 22 JE A 7 =, (relaxation scheme),  LAi S Rif I 26 0 A4 77 12 b FEATT UG 24t
H R L A2 A AR B s n T & g 2

20° om _ ) —
at tgn=F at W =G (16>

LE#% B Dommermuth (2000) HIVEEE 7%, NN T JELR M 2EIR T
ag® t\"
Sotan=rF(1-ew |- (7))
T-w®=6(1-exp|-(= )]) (17
% Dommermuth (2000) {45 %, FATEFLIEFMIT, = 10T,, n = 4/FNIEIBE S,
A PEAFR A Tanaka(0OL) U A IGIM IRy . LIS & 1 R
WasE I, FEIR/KHT T B, 45 JONSWAP i Al Pierson-Moskowitz (P-M) i . 7£ Tanaka

FIVe S BLH, AR R T J7 1R ¢ (w, 0) ANt BT S i = U R b (k, t) Z (B 9% £ - b(k, £)1E 1968 &
f Zakharov $2H, SR EmMEHIEEHGSH K, IR AT LS KL T T

bk, 1) = |24k, 0) +i /2 =k, 0) (18)
Eliﬁi:ﬁﬁ‘]'ﬁ%‘?ﬁ%i%ﬁ%%@iﬂfiﬁ, it AR THI B i 3R T T 35 S
AT LA b (k, t)ﬂ%i%?-

n(x-t) = —f — (k [b(k,t) + b*(k,t)] - e** dk (19)
¢S ) == [“D[p(k,t) - b*(—k, )] - ™ dk (20)
1Eb, (b(k, )MEHUE) Flow, O) KRR N -

Iby| =%¢(m, 6) 6k, Sk, 21)

FHerb Al MU Aley, 52 AEXF N7 18] BRI, XSS (R it 1 3R TTH R &

J7 1) ERIBES (w, H)XTF“Ibk(t—O)IEI’J?Ei& IR !c’l‘?)ﬂi?&ﬁ%fibk(t_oﬁl’ﬁfﬁ
B ABEHLIEC 7 E T EEAR BN 2 2 5 70 AT AE [0, 2 [IX A X 8] _E .

4 T 3 IR T B, = —i “”;" B AT ARV B, Ho Py R IR

RERER . wJa, WX (19) (200, F S B AR A5G 34148 1R .
—RORE, FATBTE T E ST R ¢ (w, 0) -

o(w,0) =¥ (w)XG(H) (22)
BT LA, B VRTE AT 7 I Fd 35 53 T DL S A
- exp| —(@=@P)" wP)
¥Y(w) = ag*w™ exp (—%(f) ) p[ 20° (23)

Hrhaf Phillips %8, wp NiGUERIHREMZR . 8RRk, Al LLE L7
IR T
A, cos™6,|0| <§
™ (24)
0. 8] > =

2

G(6) ={
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FATTXABA,, & SR
(2pn)? . _
A, =Ty Jn=2 (25)
n @2p+1)! . —op+1
2(2Ppn2’ ifn=2p

T, B R] RN 2 [R] A4 VT — AL AR 3, B i p A1 g #R 4 U9 21 1.8 1k JONSWAP
LRSS
(0.159Tpw—1)?

fisexl’[ 1948]3.3””[_ s (26)

T (Tpw)*

s y=on o=0e ]

Hrb B ZBORIN LRI RERE L SHL A ] LUE E SR TH IR

¥(w) = 319.34

H, ~ 4E.
FEAAG R, PR T 0] TR RFIR T, R n=2 B 75 i) JE T 5%
0\1?
GO) = %[cos (E)] 27)

3.3 EERBRMELIE

X HOS ik iRt i 2, OB WL % E AT TARMNA RERIE, Gk
LA FESCHR A2 West 55 N (1987 ) MBI AU ISR RS . A 1P IR UFFRAT M FH AR A
B, FTETE West SCHR BLTHIHE M A MEATHER M SE I8 AR 2 FLA, Rl R IE S IR
AL R A RO AT o X MBAAE = 4R TR A I 2 R AT T SIS
iE. Ebfm, 7 Tanaka (2001a) A1 Tanaka (2001b) HLHE 3 A ¥E Fl = 4k IR Bk (OB, Hzh
BEAT, H HRE SO 45 ORI . R HOS T2 3R b KR B ) B0 AR UL I St 36
iE T Hasselmann [FIEEZR 12 0 )3 R EFEF2 R B (Hasselmann, 1962). iXAMEZRPEREE
RS HR R I A (R 0 1 1 A B U T BRI R . TR AN B AR AR B B R 2 Ay
M. WESEER 2T, IR ZE DT, HOS B Bis 2240 M AiAk 25 K e v AN 5 T SRtk AT
AR, 1281024

3.3. 1 BAARFAIRE B R 22 A
£ HOS-ocean FURFET AR T = HEAR St AU 3E (A B, FH T I iE AR AR A R
BIRZE, EANYHAMBES RN EINT:

kpHs

® JONSWAP i, 5 i Hs = 11m, 5§ AT, = 12.5s, PP e = ka = 75 =01,
y=5
BIRTTF JEIT B = 0.14
TEBR KR

R LyXLy, = 40Apx204, ~ 50kZ,
BEARFEEIT (] Topop = 1000Tp ~ 208min
Wk I 4 Nx XNy, = 256x256

HOS M [ X% M=3

IRFIA] A 221077

RIS IA] T, = 10T,, n =4

%10 T 3t 40
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NEE LR T =BRGP AT e (AR RE A ER) 1R 22 E N AR
K ZR, i8I 1000 /M R 2 REUMT. WA BRI LG, T EARFR Z B
K, #E5x10710~2x107 15 2 1], {HE KEATIE2X107 52 N o RENREANFE AT $I 7 FE A 5
T A BHE T R, BT DA R AR PR A S, T S 8
R . BAAEMRRSE AT UKL, REEIRZE R RN, 45t 1000 A & 1 DL
5, M—FFUEII5x1073— B R B 35 K 11.5x1073, BRI 2ixRE, /2 UIE B fe B ~p fE e
HOS-ocean A% ff 14

0.015
2E-15

1.5E-15

{~d
o

1E-15

Error on volume (%)
Error on energy (%)

0,005 |k

SE-16

0

1 1 1 1 I
L ]
0 200 200 500 BOD 1000 0 200 400 600 800 1000
o, T,

1 BRGTHRERRE (B) MRERE ()
(£ 1000 MABMHEBZ 5, M=3, NxxN, = 256x256)

3.3.2 MIREERE T

B R, X =BRSSBT 0 M LB W16 2R AR K, R A
(IR 12 57 26 AF DT RR LR IR B IR JR T, AEAE AR A R A E R PR S5 SR DU AE x Ay 5
[ A ) RSSO =, 3K W] BAAE fif S ) S0 BL T 49 B30 . ATk, 6 HOS AR i Sl 17
i, 7 BRI LLRT FILE R BRI B )7 15 . LRSI T K AR S HAEBATAT LRI, BN
DR RN SH SRS E IR &R, T HBEE B (B BT AR M. K
IR B RE R R AR, e Mley. e fURBEYIRBIEBOVEBULIERI RE, LA
t = O ZIF RERAN FARPERIA REE (AT UMD TSR Z I EE B A3 o €18
FARA B FLRE BT RIVIIRZE, B SEMRe = OR 2 REEAMZ P 50 /il i%
JE et 2 SR I RE R R R 22 . R IHAR A LR R T A RIS EUT bR 2 e Mle, 122
5t, AL [ 3.0GHz I AR T SEAL AR A N AR IR EK CPU I T]. BR 1A% R ) (H5%
BHO AFLS, HADYIIGR RS 4.2. 1 WIGGR AR, H#EAT 78RR S A

£ 1 AFRMEETREREMESTHERN RS T

NxXxN,, Errore; in% Errore; in % CPUtimeins

32x16 100 0.05 0.02

64x32 100 0.05 0.04
128x64 92 0.10 0.32
256x128 45 0.15 1.48
512x256 16 0.07 12.8
512x512 8 0.01 26

T SE NG BEE A PR SR A S0 SR it SRR S o e 3X — 1 2 150
W], BEERSECE x Ay 7R N, PIGBERIEE A MR RE E WSk,

o110 o3k 40 I
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i HAFEBDI RO R . HIR, e, MR ZEAGMRE T AUE B =t BE 5 1T B P RS
Jnvin S s AE, HE R E R RS 9 R f), TR iR ZE B mT DLZRE AT
2T CPU # B TH LI A], tHEERCR R AT ILEEN log, NAK(N = NyxNy). HAIFK
IEEE iR A FRTs (2D 3R 0%

3.3.3 WhERZES T

TEPBERZ T, KA T Z4EREY, [FIFE % E HOS I £ M=3, ¥ItaHEKA =
6.5m, PLAEH (5 EH0 Nx =512, G HIT, = 5.0s, THERE 50 NJE T, FBH L
RASLIGHIE CRkE ECN /K P sk e R A SohE e FoidE FVa E

Kl 2 HMAER BEe = ka = 0.1,0.2,0.3 AN A I 221 1938 1 5 9256 BB 04T ELEL A H 45
Ro Me=ka=0.1,0.20, BEREAEMLEEE LT EARZE, HIS5EMYEEL; 4
e =ka = 030, FUEMAL S50 AR A o X2 R A 7775 BT R Rl 2 I e /s
T, EXAATHE T RITEES, A AT SR 22 2 b B BE I R — 3G K, Rel 2 e KT
0.3 LLJF.

02r
-y — Hl
S O e 1 e
E .
= 00r
-0.1F
0 5 10 15 20 25 5 10 IIS 20 25
x/m x/m
(a) £=0.1, =507 (b) £=0.2, 1=50T
— B4R
---- P

x/m
() &0.3, =30T

B 2 AEBEe = ka=0.1,0.2,0.30, HEIEFMEIBE K

3.3.4 HOS Mr#uiR 7t

KA 4. 2.1 FEREMTHESEG]), (HR D08 HOS FRHe M CB50 Mt I ) e s ARt A v
BARRED, HABWIGE AR A . BA T B IR b FE B I S50, oK A
S A Hpgy / Hgs TEVUANANTE] HOS B $ R 3E4T 28] 4041 (M=3, 4, 5, 6)

2 JIT CAEL R B3 v FUIX R — NSO AT FE, 2 DR A s TR P2 38 16— A B B v gt A2 B
KIS R I A Hypgre /Hg > 2.2 TEIXFKEIHRATATLAE 2], 23t 225 i 04 7 31
MHERELUG, LT BB s L. i BT LU R, BIES 7 X 4K R,
M=4, 5, 6 B 38 5 (1 LU ABLAT R -4 4530, AT M=3 N5 HAth = R i 100 4 B 22 1) o 346 1] DL 3] M=3
TR 2 it = 236,240,258T, I tHEL, AHXS T M=4, 5, 6 CEER T, I H 5 HA =M
TR ST, DERA M=3 (K3 2510 2 LUK I o FATAIMER, RILM=4 16t = 234T, X
A R A T, U6 BIE X I % (T RO AU S, R T IROR I BABUR % . 5 BRI R
AN EM=5, 6, XPANE AU LT R ESN, BUSEHEAMTMLE R, SHMEM 7L 5
DU IR BT AYE 2 J5 ) HOS—ocean B4bL, LU M=5 N A IRIFAGEL, BEARE T3t
SRERA R, WARIE T T 5 00 2 )RR ) B RN 2 1R K

12 51 3t 40
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—=— HOS order M=3
—e— HOS order M=4
2.6 HOS order M=5
) HOS order M=6

Hmax/Hs

T T T T
210 220 230 240 250
t/Tp

& 3 HOS FRIFr M X35 g BL ) R e

3.3.5 HOS-ocean 175 Fa & MEAE AL

TERARS) )7 224008, S A e sl A Fa e P — P S AR R LG, RN
T 22 A LR 3G 58, 3 BUIIE L5 (77 A, S U T 20 R o U v st o IX PP R 42 1967
HEER— X T. Brooke Benjamin A1 Jim E. Feir ZEA/F 5T 7K _F 1 J&] 3914 22 1#1 5 77382 ( Stocks i)
R Bk, EHEFRA Benjamin—Feir AfRE e, 12 7 Az B U I AT BEM LA AN R A,
MFATF — B A& — 5 B Lo

BAVENM BB RAFE 1 HOS M8t M 25X AN e A AT A 52m . B LR 4.3.4 41 [F]

A, X M=3,4,5 BRSBTS 7T

006 0.08

B 4 R PEpiRER P BOEESHZRML, =3(E),4 (F) L5 CF)

013 71 4t 40 T
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M4 thRaT B, 72 =0 I %], M=3 FIRESTE ky 77 Rttt M=4 F1 5 Z0 8, Rl
FEAEREHR: BT t=125Tp I %I, M=3 IBESTE RS2 H U B AR E Y BILR, M=4
A5 R RFFE RIFRIRRENE, ZHIEAZIRAK: SRIBHUSE R t=250Tp I, M=3 [z
HI T ARZRERIRE MR, KSR 2 OSBRI Kl A, B BORTE 270 i BT, ASBERPAS
i RS ULIRE IR A, X TRRE IR S AR 7 1 1) P . M=4 TR LA E B G2
EZ AT ARSI . M=5 A ORI DR B i IR A RGE P o TR T FROAIT T 45 SR )
&, TEZ M) HOS-ocean B3l i, LL M=5 Jy FER A REHUS LLBUIT RS Ao e TR 45

3.4 KB

X — & L EX HOS-ocean #EFER M HEAT VIR AMIBETT, 1A 1 BT T RANBLNEAT 2
HIFT L AIRIIR AT o O 13— P IRAESRA I R R, A (E West SCHR HLT $2
) A IO HE T P ARG E IR R SR UG A ORI AT, BAIRADD T K IR BB (de-aliasing) (1)
RERUATIRE DR FF PRI S RE RAT T ZM M BBALARFRANRE AR ZE 0T« BLSHORRZE T,
BEVRZE MM, HOS By iR 72 0 M MBS AR 58 1 T A 75 TR BEAT A R I, PANER T i
R PRI SRR EME . XN T — D SO B0E 1 R fi

%14 T 3t 40
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diag

)
-

3 . . .@
} .): ;ﬁ A l@)t T THANKEEBIESE 75 EZ SRR

</ SHANGHAI JIAO TONG UNIVERSITY

BNE FiAEERLENERSTHR

fil FH AT T FE3A ) HOS-ocean HUE AR, FRATHEFEPIMASFE 7 i T B BTG, JF
FLRIE U e ot W 3 A R SEM o SATTRFH BAR P R AN R ) A0 4 80 B S 350t T 3¢ (1)
TS B B IRA A T B U ) =45 TR0 IR, DAE 78 2 5 AR i sh (K R AR O s (2)ik =
YEA = eI BRI AL IR T [ B R A SO R, R BRI R B TR, FRATTER IR
I3 (i FE8 (0 R a6 = 4EFRARS L, BRIE 15 R CRLAE 5 T A A5 ) J IF IR0 Xt AR
PR RN o fe ), FATHRBURANW TR, B NGRS T, IF AT VAR

it
4.1 FIEBREARIUE BB K

TEXANER S, FATS VL E LHEEA 5256 % BRI 7T 11 T 5 7] 58 4 51 iR R ey 4 1
o XN BT U IR R A R JE T AR A B R A A B T R BRI R . R —
AR50 HIF 5T 10 AR 8 99 37 A 47 U 1) P R R 98 A ity 44 1) SR TZ B, T DA 38 70 B RS o
H.

4. 1.1 WIGREMHRE

HIUE B TR A X — AN 7 1 Y JONSWAP s, Uit o0 25 (AR A7 88 L& R 3 47
FrCAfEZE e R, KEMPIREEE R T FE R FE .

PR TC 2 VR 3 BLE I Ik by (¢ = 0) BIWILAAAL CFENL 4. 2) X — &L 13543
A AU e 51, FRATT DA ZIAE[0. 2] 2 [BLEE — AN BENLI A Fa, AENBENL T R M AL 4G
A, I Bl 18] R )

[o.2n (1 -55)]

XEHMELEx = OFAL B 2 F R —EB 2 IRV R e i, B FATTRT LI R B
PEBGR S VS 18]

— B EI O I LAS . 1ET, = 20T, RIRFSEIT E] P I — A s 7 Ta) e VA %
IXRERE, AEPGRAERERE T, KR AR SO R AT L RET, , B MIHRITER (m, n)
A B O ASREW,, = gkma. B, EEEHAT LSS &

+00 +00
(x,z,t —Tp) = Z Z Af;gzn (O f Kmx = WinnTp) g(kny — Winn Tp) exp(kymnz)
m=0n=0
IX HL e pR KL R g 8 A 52 B AR L PR R
FATHBEIRAT T — DRI BORY, et — Pk . FHmE 5 Eox 7
LHEEA SE46 S AU A BRI ML I, 7 Sk 37 05 1702 IR HERE (175 70 o

% 15 T 3t 40

=
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l 0.2 i

B 5 =HEAHBEREER:: E=0.005, L,XL, =401px201,, NxxN, =512x256, HOS
M EIRER S M=5, FELARMBIIRIE 20T p I RPEERT ]

FETHSRIRA iR, AN b SRR T F AR T R A PO IR, B (A

BB A
® AN EEH; =028m. HEFHT, =95s. FHkbEs = ka =22 =

5, A, = 140m (SRR FIILRTGFEHREIL)
PORJT R T B = 0.78
TERR AR
THEIRRSF L XL, = 4045 X204, ~ 50kZ,
FAUFF EEI 8] Tgppp = 1000Tp ~ 208min
% &I 7 Nxx N, = 512x256
HOS M KR AL M=5
KRR ZH X Fgflw,): E=0.005 #H%Fa=0.016

FEIX BAF AL G AL R PG PR 2 8, o, E = 0.005/ M Haver 25 A\ (2002)
FRHIC R B (A S v Hg PR AT G v HE 3 R B, XA Bt St 1 A 1973-2001 4 PLK
JeigdLEs 70000 A5, BIREIEHESH 0 E. /£ Soquet-Juglard (2005) [PIafgpt 1
ik AR T FIIBERE s v 0.1 IR, 7EIRANEC Y, 0.1 MRS L% T ArA
K s, o BT LR SRR AL i s IR s . 27
V2m? Hg
9T

HrhafREimes, HHARH; = 4VETLIER E M s 2 (8156 &
Szng;}- _ SZgZ

T 20emt T 2wyt

s=kpa=

ik, MK IS Hs = ka = 22 = 0.1 UHEH T DA IOBEIRAE RLE = 0.005.

4. 1. 2 8RR

Pl 6 SO0 T =4 A = S6T, WIS, I BT FHIA B K, BT 5
SR LT KO O SR R AR RO BIRT (R AE O — MR T 1, B B Al
R T AT -
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S 5 AT AR /0N 5 B G 1S B H 1 R R 90 9 W T o R0 RE 1), TR 2 PRI AR 75 B O 518 K TR/ SR«
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S

TATBAR — A = ZE MK TT AR BUE K, A5 Lo X Ly, BN 98 A1 — NG IR A /KRR, SHI5
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5. 1. 1 BEAK A

W 24 B, HOU BRI LA R 52 5, 40 RAS AT 5 B & T -
n=0, Hein REEEMEL IR . x = OX IR M AR E AR, X R7E 6.2 34 5
WEHRNA . x = LIEERRICEARIX, MG, 6.3 2.

RTINS R R K T HIIE B S A3 ) S Ak CRITT Y
1 H 3K ) © 2 B AN ), 3 4% 1 T L P 3 T 9 7 e, € RO 2 TR SO FE 94 R ML (v, ©) =
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FEIR TH . IRAVMRGIEIRIRAE Y J7 RSN, BRI R NAERT, & AR AN ]
TN
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EASVER IR, AR 12 B Bl B (0] 38 0 1 R 202 FE SR FE s e A, N
TV MU R ey AT B S PR R ZE o XK, B TR) o R R S B BUE R b, 8 T B IR
IR AASIE Sl It DL S AR IR 7 B ()20 13 1155 . 78 ECN W03 7Kt A st 1) b T bR B iR
FREERT Ko 3 Fheh 2 Ve sk B, AE J5 S0 FUKE 2 R IR AN B [H) R B A 0 o I AR B A
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M7 HHEESREP = pv()Ve, FERRMARKERE (S5 3k rui i),

PREY(O)IEFRIRMSHED, BB AT AEE, PABG kv E IR A B ) s i
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T SR B Kt ) AR B3 TR0 i N UL I D5 /K s A o 7 S 56 s P A 1 18 B E S B K
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CIIAT AN 2R B AN 5 , PR AR L AR 3 53 7 VR AR S AR R, DS T T S A SO
[ I CRAIE — 3 [PAG FAE

T 1 HOS-ocean LAY H5 By, FRATTRT LR J7 (68 AT 7878 — 48 A = 2 [ 3 9 A
i (1) AN T 30 B G —— W T o FRATT R T Al ik 22 NSRBI B UF 173X A ABE 2R A ol e T2 9 1) T g
PE, B, ARG IR R 2E G 23 i ) SR A R AR A AN I = AR T A . AR IR
BT, FRATIZRAT P W T2 30k 00 v B3 O, U i 2 A S I A o R T 3RS TR A5 S B
TE LIBT3, FRATTHEAT 1 BENLHI UG AR AL E ) I v A B TSR, TH 55 7 Rp4E 1000 AN ik i
FARAR) ek, R T AR REHERIRII A N B AR = AR R B N RE T SR, AT
BEAT 7 5 MR S 500t 53, L SR 00 81 1 e T2 0 AR I B AR IR KR RS E R T
A AR RE o AT 07 Wl R K IBIR T 25 4, W E 2, B BN M7 &
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NUMERICAL SIMULATION OF IRREGUALR WAVE
WITH HIGH ORDER SPECTRAL METHOD

With the development of marine renewable energy, port nearshore engineering and ship
airworthiness research, the study of waves has attracted more and more researchers' attention. In
this field, computational fluid dynamics (CFD) is widely used to study regular waves, and
experimental data are used to validate them. Yang and so on using the fluid volume method
(Molume of Fluid) at the same time on the LNG transport cabin liquid sloshing and external wave
effects were simulated, which introduced for the hull movement incompressible Euler / Navier
Stokes equations and unstructured grid Division. Sato and so on Wigley type ship and 60 series
ship in the regular wave of the heave and pitching movement were predicted, the ship volume force
as the ship movement into the Navier Stokes equation calculation, and get the desired results. Chen
studied the interaction between waves and nearshore structures under different sea conditions. The
two-phase flow model was selected based on the unsteady incompressible Navier Stokes equations.
Using the interFoam solver, a cylindrical vertical platform was obtained. Wind turbine base and
other simulation results.

Although most computational fluid dynamics researchers focus on regular waves, research and
achieve good results, but this simulation and the actual sea conditions are still quite different. The
real marine environment includes a series of waves of different frequencies and waves, while the
regular waves have only a single frequency, far from meeting the needs of the study. And in the open
sea, the ship and the marine structure of the building frequently and periodically affected by extreme
waves of the invasion, which the integrity of the structure and staff life and safety caused great
distress. These extreme wave physical phenomena are not only three-dimensional, but also highly
irregular.

Therefore, the importance of irregular waves highlighted, everyone's eyes began to turn to
irregular waves. An irregular wave is a wave that is superimposed with different sine and different
frequencies. Boundary Element Methods, Volume of Fluid Methods, Pseudo-Spectral Methods, and
Multimode Coupling Methods (Mode) are proposed in this direction of irregular wave numerical
simulation. Coupling Approach). The boundary element method is calculated using the Green's
function. It is necessary to list the boundary integral equation, which is used to solve the diffraction
problem of linear wave. In the 1980s and 1990s, the boundary element method is developed to solve
the nonlinear problem, including wave and structure interaction, wave propagation problem. This
method requires very flexible geometric boundary conditions, but the computational matrix
complexity is O (N2) and does not apply to the problem of calculating large regional scales. Volume
method is the entire fluid domain for discrete calculation, and now commonly used methods are:
finite difference method, finite element method. For example, in the calculation of 3D waves
(Engsig-Karup et al. (2009)), make full use of the characteristics of the sparse matrix to reduce the
computational complexity to O (N), use o- transform to solve the elements of fixed computing
domain, The The computational efficiency is much higher than that of the boundary element method.
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But the boundary element method (BEM) and the fluid volume method (VOF) belong to the method
of computational fluid dynamics (CFD), and the time spent on the calculation and the resources are
relatively large, especially in the long time, Field simulation. So, this time we have to use the
potential flow method, such as spectral method to carry out efficient and accurate simulation.
From the historical development of spectral methods In view of the earlier spectral methods,
especially for ocean wave spectrum evolution studies, due to limited theory and computer
performance constraints, are limited by the interaction of waves and weak elements The method of.
In the early 1960s, Phillips (1960), Longuet-higgins (1962) and Hasselmann (1962) first used the
wave mode coupling method to derive the results of the spectral method, but they limited the
interaction between waves

To the energy exchange rate change. Next, Zakharov proposed a wave mode change rate equation
in 1968, which describes the evolution of the wave system for a long time. This evolutionary
equation uses Hamilton in the integral form Operator, and simplifies the expression form, the
solution process only uses four or five waves between the interaction. In any case, it was the first
time in nearly two decades to derive a more complete derivation and to solve the simplified
Zahkarov equations. Another step of the spectral method is the order of the wave steepness, since
the steepness order of the waves is limited in the calculation, so a narrow band wave spectrum
hypothesis is introduced. In this way, we get a weak nonlinear Schrodinger equations, which have
been widely applied to hydrodynamic waves since the first application by Zakharov to the
hydrodynamic problem of gravity waves in 1968 generate. This equation was later modified in 1979
by Dysthe's formula for the limited depth of the Davey-Stewarson system, which included a
description of the fourth-order wave steepness. Later, Trulsen and Dysthe continued to improve in
1996, extending the narrowband spectrum of the waves to the broadband spectrum, bringing greater
convenience to future research.

In this paper, the high-order spectral method is a kind of quasi-spectral method (spectral method),
which is proposed by Dommermuth and Yue and West respectively. This method expands the
velocity perturbation into a series of characteristic functions, The method of fast Fourier transform
is used to solve the derivative term, which has high computational efficiency and computational
precision, and can simulate the nonlinear phenomenon of wave well. In the wave generation and
propagation of constant water depth, the higher order spectral method exhibits higher efficiency and
accuracy than the boundary element method and the volume method, and can simulate the wave
field evolution in a wide range of regions, whether it is a two-dimensional or three-dimensional
value Simulations have better simulation results.

In this paper, the study of irregular waves generated by high-order spectral methods is divided
into the following three parts. The first part is the study of the high-order spectral method ocean
model (HOS-ocean) for periodic free boundary conditions. In 1987, West et al. Validated the HOS
method, and in order to further validate the validity of the model we presented, all experiments in
the West document that validated the accuracy and stability of the model were re-implemented to
ensure that The de-aliasing model remains fast and accurate. This HOS-ocean model performs a
long-term numerical simulation in a three-dimensional example. For example, in Tanaka (2001a),
the paper shows a wide range of three-dimensional wave spectrum simulation of wave generation
process, in the study of this study which has been very similar results.

The second part is the simulation of the irregular waves in the open sea, mainly the abnormal
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wave. After demonstrating the validity, accuracy and stability of the HOS ocean model, we use the
following two different initial setup parameters to study the anomalous waves: (1) Pre-set the wave
phase-adjusted three-dimensional directional wave spectrum to facilitate the subsequent generation
Passive focus wave situation; (2) to the two-dimensional and three-dimensional wave field in
accordance with the direction of the natural generation of development, looking for the emergence
of the abnormal wave. Next, we extract the original three-dimensional shape parameters of the
detected anomalous waves, and study the influence of the directionality (including the direction
angle and the number of direction expansion) on the generation and development of irregular waves.
Finally, we extract a single malformed wave, study its internal flow and pressure, and discuss it in
detail.

The third part is the study of numerical model (HOS-NWT) model for high-order spectral
method: (1) It is necessary to deal with the formula of the theory of potential flow in general sense
to apply the formula of irregular wave, and also need to verify different boundary Conditions and
the main characteristics of the NWT numerical pool (including the sponge absorption zone
associated with the wave making module).(2) Secondly, it is a detailed study of the wave-making
model, especially for the first-order second-order model, which can have a heuristic effect on the
third-order wave generation. Then the higher-order spectral method allows more complete nonlinear
wave problems to be solved in the case of detailed boundary conditions. At this time the efficiency
and accuracy of the NWT pool will be discussed. (3) Next, under the condition of small steepness,
the validity of the data is verified. All the experimental data are from the ECN pool and compared
with the numerical simulation data. Firstly, the two-dimensional irregular waves are simulated, and
the results are in good agreement with the experimental results. The results are compared with the
second-order SWEET model, which shows that the high-order spectral model (including wave
propagation, wave propagation, absorption buffer) Conditions of accuracy, effectiveness and
stability.(4) Then, under the premise of moderate wave steep, the numerical simulation and ECN
experimental data of two-dimensional irregular wave are analyzed and compared, and the
enhancement and promotion of the wave-making plate model are emphasized. (5) Finally, the reflow
phenomenon is studied, and it is pointed out that the nonlinearity of the wave plate will bring about
the possible influence of the numerical simulation. The flow velocity and pressure information in
the basin are also included as reference.
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