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Abstract

In order to enhance safety and economy of fast breeder reactors, numerical methods for
complex problems, such as thermal hydraulics with free surfaces or fluid-structure
interactions, should be developed. However, these problems cannot be analyzed with the
conventional methods using grids. Thus, we have been developing a particle method, in which
large deformation of fluids is represented by the motion of particles. In this study, two
numerical techniques were devised for the particle method. One is associated with the weight
function for particle interactions. With the new function, the value is infinity where the
distance between two particles is zero. The other is modification of the incompressibility
model. Poisson equation of pressure is formed with a source term expressed by the particle
number density. This equation is solved by ICCG. By incorporating these techniques,
numerical stability and computation speed are much improved. Using this improved particle
method (Moving Particle Semi-implicit, MPS, method), wave breaking on a slant wall was
analyzed. When water waves are propagated on a slant wall, the shape of the wave is largely
deformed and wave breaking occurs. The fluid undergoes fragmentation and coalescence as
well as large deformation, so that this cannot be solved by the conventional methods. In MPS,
wave breaking was successfully solved. Two types of breaking modes were obtained
depending on the surf similarity parameter. This agreed well with experimental data. In the
present study, waves were generated by oscillating a vertical wall. The amplitude was
vertically changed to follow the cnoidal wave; it is the analytical solution of nonlinear waves.
Du to this, the entrance length was shortened and computation load was saved. In addition, a
floating solid was analyzed with breaking waves. It was shown that structures with large
deformation and solids moving passively can be easily incorporated to the thermal hydraulic
analysis of MPS.

* Nuclear Engineering Research Laboratory, Faculty of Engineering, The University of Tokyo
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B1E ik

1-1 BIROE =

HEEXHEZA I 2MAHEKOLZ IEEEKRENDDOTHD . HEEFIBLWTHH
RAFNDHBDTH DM, EERERTH LD —RICTNEEFTHLIIEE s
BEVE N, BT, REOREVNSHRBT 2EFTERKGORENE LD
BESE TTOHKEBRTAL L bABETHD. TOSHRREE/AIRERRO
RENZBODO—DITEBRICH EH R 2ENH 5.

HMEWNSET L TEREIIKENE SR LI ATIRHEBERE LHBEOHD &
WIZE D BRONHFEEREDODETHE L TRESES Y. BEICARD & 54E
ECEAT DL, TOBEAROREETHERERE LOBHEOHND SVAHRN. BE
IR LD, TNRHDBRICET HEFEMENSBET S, O & EHKIT
AHEU, KLEREZE LT EZEEABBBSHANTNL,

—ERBOEEETRIIOWTEESMoHRIN, HETRTOERDARRE
BN ERSE TR INTWS[1L12L8]. XEAFEXEL T BRKERIIHL TR
Korteweg-de Vries (K-dV) FER[4]14. HEAKRERKITHW U TIXEERESchrod
inger (Non-Liner Schrddinger : NLS) FERIVERINAEINTE
[6).[7]. ZNEDHFEKXIL. WbWwadV U Ly MK MEHFDL. TORIEH
BEDT /A FREA -V ABERELETHEETHD., BEALOEEERITT
WiaWhERERDTEEASND, BKERTO. AROEBICLDEOER
WTIHEB RS TORTNS[8],[9]. LHL., BRICHEFEIHO. &%
HRREBICLZBEAOELS, B, BEOEROMEF OHRKICK5ERMED
BEVWNEZZZEORZINS TEMIILVEELRHKTH 3 LBEHONDIHEK
WOWTI, BRERITNIEETHD, BEIFELR IART2OSE TEICE

2-



B, BESFTERAVTHREINTEE,

PRZICI3 R 2 BB B DAY, —MRIC, BERHE (plunging breaker) . Hif1
B (spilling breaker) RUBET FHEBHE (surging breaker) O=DNHR
WAEEND. FEHEEYNOREENRENOREEZIRETH D, HHERCE
DOREFENEVWORBNBRE THS., RITFEHEBFEIZER TRESMI<E
BlEna, HEETIIRERESRNBEICBNIRFICR VST 0ER SN
IBN[10]. IR Ly S S Hy LD E5 NDRBAE [Hy [ & EEXE
tanf E DL TRDEINDERIT/NT A —F TH D, BEHALUN S A—-F &S5
FETREERBHESIND ZENEBRN SN2 TN B[3], LhL. EREBNE
ARTH2 I ECHMBRE TOBRUORE SN SBIEEMT TEDREFEFHEOE
UPREEND, HEO L IAREHITIIBNTIE, FERETIRIIMACEZEDE B
ERWTEEINTEYD., A=A, 7 /1 RERICRFIZ-HLTWB[11],
HEROREROBAMETERT > v UREEI D ENTETH Y., BRE
*i& (BEM) [12]. HRERE (FEM) [13]. HELHRE14)1ZIC X 0EEINT
W, UL, BERIE. BNOENPROBEENHD. RF v IliieE R
BILIBTEY. MEREEZES EVABTSLEIZZRZ M, BEBOREKORET
Z2L7ZHDEL T, SMACHE[15],[16]. VOFE[171,[181% OFEHISNWL D d
BIEFTHB[19]. Zhb OFRITBREMBOROEMIIFHEL THBI, Bk
KPP RRET 2R FETEHFERLTBLT. W OLORERAZBEL, &
BRXEDRT IRE/NTA—FOEEENZHD BN,

BlEE Nt F O DICHE &I HBRICENT 28T & B W R E R N R
PrFHETH DMoving Particle Semi-implicit Method (MPS#E) id. #F2£<
BRELBNWZDTHREDORERERCHEMRBEEZIERTE., TFHI0OE



BIE FFim

D& > BHEETREE B HEER S LEBIE201,[21], = 5ic. #ib
FERERICET TER LRET B0, kL BENNERICRERRT AL >
BEROHELMEEEbNS, HHSIIMPSEICL D, BRETHBIEEIR
(wave generater) ZBEHIED LVIERTHANSNTN D FEE BUEF K
THEL., EFRERE Y, REORFERALR2]. Lol, HEORERA
ECBERSHD, RELLETRERE SR BT ENTERNS Hed. THEN
ORBEHREBFRETET, BT A—F I X DREHROMEICIZE S o T
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1-2. XD EE

FHE T, ETHE-KMPSEDHEFEREREL., FFEOXEXROM LRUE
EREOERETI. CHEAWTBBSEREC I IRERELEMEBEHEL.
7714 FEEDER. RUEOHRIAHEDTENMOREZTS, 3L TREX
TLEZBEARLROHDHELICAHL . BERFEROCHNBRE ZBERL, BE/S
FA-IRELLSBRERADHEERAD, 51T, INETORFETIREBRIE
- BRG-ROMEEAREEL T, BRI DBEOBEANDITS RITEEITT 3.
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E2E  MPSHEIC & 2 RS HTFE

2-1 XEAEN

AFTBICBWVWTERIEERERAKZESI>SOTEEFBRATERGER O KT,
Navier-Stokes 52 TH 5. |

EHROR

Dp
— =0 (divu=0) (2-1-1)
Dt

Navier-Stokes HER

%:—%gradp+VAﬂ+K (2-1-2)

T, RISHATE. pRREOEE. vIZHERETSHS.

Navier-Stokes 5= O#L#IE, EHE. ANEEENT NG ITETIMEL,
ELEDLELZETHIEOBER2EHT 5. EF IMLOBRIIHMA TR TRIMEEIEH
TEEEASND, HRFEEBESNTF2EHNT L THEINS.

EHONITEEREHE LTI ANSD,



E2E MPSERIC L DHEFITFE

2-2. FAHHEK

2-2-1.BHB%

MPSEIRB W THERIIKRTOEET ZRICOAEZ5NBOT. (2-2-1) &K
TEHHEEZERL. EABERCLVRRTFRESEZPLELEEAREAOKT
EDHAEEATDEIICT 2, FELITEBRTHDHRELD, FERMOERD
EORBOEET 5. EHEKORRITFig2-1.1TRT.

1,
wiry=q7 (2-2-1)
0

. w
o o

0.0 0.5 1.0

r/re

Fig.2-1. weight function



F2¥E MPSERICXDMEBITERE

2-2-2 EHRBIT DN TOER

CNETOEHZBEIRD (2-2-2) ROLIRERSHEEMUT 22K0FEHR
THD. BREFig2-2lCRTEBVTHD. (2-2-1) AEALL LZHFRZEZR
&£5,

—(Zr/re)2 +2 (0<r<12t)
w(r)=4(2rin, -2 (2r<r<r)
0 (r,=r)

(2-2-2)

2.0

0.5 1.0
1/t

Fig.2-2. weight function
(2-2-1) R& 2-2-2) ROBDBAEFLREVR., B0ITED< & EFTE TIRWE)
HERKICE D ARE THAROEELLZETH S, (2-2-1) ARBWTHE,
COFMBIZEY. MTFRESBETZEMLTECATHNTFREERIEERKE» S
REH—EHELEZEA. RAVEE, HTRALMETETELD2H<S. LiL.,
(2-2-2) RITBNTIR, BFRENETVTORFREEN —EHE,0ZBA
ZENHD, BROKMTVE 2>DNWTLEDI ZENH o7,



$2E MPSEIC & AERIT R

2-2-3 BIFREE
RMTEEEZROXTEERT 5.

()= S uff =) 2-2-3)
2T RN JEFOUBAY FLTHS,
CONTEREEILTOLDICHEDEE p L HET 5,
BEEEPICEENARTEENET B L, NEATFREEOBRIIRD (2-2-4)

A

ROLSiTkD.
(n); = ‘J, w(r)Nav (2-2-4)
ZITNE, MFHEOEEMmERANWT (2-2-5 KOXDITETHOT, #ERTTHE

D p ERTREE ()12 2-2-6) ROX D HHT 3,
p:Nm (2‘2-5)

m(n),

P = Tw(NaV (2-2-6)
v

EoT. MECEE—FEND FERFHFRNTREE—ELWIRHELAET
BHb.
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B2E MPSER X SHMEHTTE

2-3 IHIEETIV

I EARBICHE > Y EEOSEOERGEELTEA S,
4. IEE (#zE) HER

L
S =VAf (2-3-1)

KDNWTHEZD, ZIT f=fr)liH2PBE. vIIEBRETH 3. HHEFE
RBBMBEOFEREN 6, YEROPYHSMZTINIELK (2-3-2) TER. &
FREERECHSETNREEBRSERX (2-3-1) B—BEITHET. T ORI
(2-3-3) DLDiTiEB[23].

f(r,0)=6(r-x,) (2-3-2)
(Y (le-nf
f(r’r)“[mj exp[_‘l?] 2-3-3)

ZIT, dREMOKRTTH 5.

AERBB O ZDOEDHBOBMEEZ KD S L2dvar £ 125, T THERET
WELTIE. HBEOHEOCERNEENIODHOEMEBIZ-RTEEL5R2DD2
#E2 5D,

RFINSAFINOYBRDHEZ fi»; TROT & ESFBEEZERANT

foy =y =)~ 5) 2-3-40
ERDTIENTES, BTN SR TADSEROSBOBIN 20vAt IZ—HT %
E2lCgaRDD &,

-11-



F2E MPSIEI X DHEMITFE

_ 2dvAr
3 w(ry - (2-3-5)
I#]
Elrd, Iz (2-3-4) T LALT,
2dvA :
ﬁﬁj=§;q%%gy%ﬁ—ﬂxﬁ‘ﬁ)

i#j

(2-3-6)

oM, 22T (2-2-3) . (2-2-4) REAW, £ETORTFILLOFLEERE
LEDESZ LICKDIRFOI T 7 T H—RIETTIV 2-3-7) 2%
55,

(N%=§Lﬁfg@12w$rﬁMﬁ—ﬁ) (2-3-7)

n® [ w(r)rtdy i
ZIZT, FRTFREEDYHNETHS.

ZITDORERETOIRTORTFREEDFHLTNEDBOTH M, 5EOD
B Do DR FHEE OMEHEE B,
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B/2E MPSEK L 2HERTFE

2-4 AEETIV

MPSHEIZEWT, H2RFINT 2PEED ARITTORTFOEEORTEOM
DYEEBOZIELIILDERINS,
iﬁ%mﬁ?émm%?»m,mﬁwqﬁ%b%ﬁéwiﬁmia@ﬁémw,mi
FLUNDOETORTFITH L TENEZRL &b, MTREE OVMIE, 0 TREILT
BTEREVBLND, L., ERAEKORENERSOTHM T OARICEET
BORTOEAEROBEANDKTFORS N5,

(gmd P)!, = io > Bi— Tz (rj - rl-)wﬂrj - I'I-D (2-4-1)

ZZT. B P, JRTOWEE. dEEMORTTSHS.
SRR T & DM E R OBF £Fig. 2-310R T

Fig.2-3. interaction with neighboring particles
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2B MPSHEIC XL AMGMRITEE

2-5. FEEMEHET I

MPSIEICBITAEEHEEGIT. EFEOR (2-1-1) LVETOREFIIHLT
LagrangefdicZ X RO BEN—EENS HDOTH S, HoT. (2-2-6) K&
DETORTFICH L TR TFREE—FELEWIEHEERETH 2. Lo T, FPFRIC
BNTHETORFORTFREBESRTEREEOYHME OICEL WENDIRAFEIE
FEREEMEE Uz, BT CHERSFHETINZEL,

ROBRIFEREBE <n>* 13, —BIC " I3RS, T TROZHEEZRT.

<n>?+<n>§—ﬁo=0 | (2-5-1)
ZZT. <> BRTEREEDEEERETH 5.

4, BHEOR 2-1-1) 2EAZ L, (KTFOEREOEFEUIIRDQ-5-2X %

Wz ERTNER 570n,

if—fﬁz‘l:—pdivﬁ 2 2-5-2)

T, pIREOBED—FEETH 5.,

Fio. URBRHEBEAGRELDRO LS ITHIT S,
U;= --{:—){ grad P! (2-5-3)

(2-5-3) RZEQ-5-QRICRATEE.,. BROICHEIREEHORTY VAFRER
(2-5-4) AN\ LHNB,

*
P <:Tl:>i'“110

AP-"+1 - 2-5-4
i At2 no ( . )

EADEADS T 537 ik, EIBETIV ( 2-3-7)R) THEHHRLL. ICCGET
%<,
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FE2E MPSEICXDWERTFE

(2-5-HRICE VE SN REOLER TOE B ZHEETTIN(2-4- DIARAL,
REMETFRU,ZKD 5.
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FE2E MPSEIC K DHAEITFEE

2-6 HHEEREET I

MPSEIZCBNWTEHHRAITA FOEIEICL > TEBRICEBN TEDIDDLRET .
HHERELICH DR T IRRERROR T & ik U GRS ORI OEER Dlan &
EZAONBDT, TORTHEEE BHMMI/NE WEHARESD, Ko T, FHEK
BOTIERD (2-6-1) OE4EZ2BTIEICIVPIRNTFHREHRELIISE I &
DHEEZEITD. BB,
<n>; < Bn® (2-6-1)

EZWZTRTREBEEER ECHEETS LBHRT, ZZT. BENSAY—TIOR
WTHBET B,

BEHEELICH DR TIRIIEREGE L U THEDODENEAZOEAOH DS ND
SEEZERLRT MR SVA, ERRICBVNTRIERER ELTHRSDT,
INSOHFIEBENEDOF V7 VEBREHEEZRT,
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E2E MPSHIXDHASHEFE

2-7E5BTINTY XL

MPSEEIZ BT BEET N TY XA EBFig.2-4.0 kD225, HREE. S HEZE
HICEHEL. EHRIEBBICHET 50 TEEKN (semi-implicit) FELIEIR, L
RHDOETFTNTE, BxORTIN L TRWTWEEEREEREE, SHEOETIVT
FENFIZH L T—RLUTEOT. FERENERI N,
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HF2E MPSEICE MK REFE

start

input of calculation parameters

mput of configuration of particles

=0 _0 0
Ui3ria‘e

or,w", B

e

explicit calculation of diffusion and source terms

T ®

[
L
calculation of part1cle movement (convectmn)
ﬁ' = 7" + AIU
W

solving pressure Poisson equation

increment of (iterative calculation using ICCG)

time step V2 prl _D_ < 2[
! B At n
calculation of pressure gradient terms and

modification of particle movement
Un+1 _n+1 Pn+1

check of\lc/)ut ot output of configuration
T P of particles

check of termination

end

Fig.2-4. calculation algorism
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BIE ETHOEN

3-1 BIRIRE

3-1- 1HUNMRIEIR & HRRIRIER

KOBIITELHE, RARNERVBESHRL DEENRH BN, FHEOENIE
WRICBITABREBREKOEALZO T, NRETIOREARD—DDERKERTDH
B,

KEEEET LT ERESSELICEA LR T 2 REE THRY 212E.
FFREEETTORERECERTACEMUETH D, FHRICBYTILER
# (wave generater) #AWVTEE2RESIEFORE—FAEOHELICAF Z
BHZEICXVPELETRIEEZRES R BOTH SH, EERICIDBHBICELE
SRFENBEERETE LU TEET S DIE. HIBEERVWERIZET ST E
BRICEDEENREBNEDIICTDIZENBRETHS., LML, MPSIHEIZBNT
KBEEEL T3 ERTHEMENL FERBNERXCRZOTY—JAT~arl
NVTIREENTRIER Y, o T EHEREFRREEOVHEAEDOEES T TE
MU, BWKETRELETREEHT LI L&A D,

—RICEE R EETTORREE SR OBRK T 2EERT T v b e(x,)E A
WTS752XH8ER ( 3-1-1) R) KXoEREN3,

Ap(x,1)=0 B-1-1

Fig.3- 10 &S M2RTDHEREEZ 5, HHEBMEAT DKBEETITDHD
BARAKER (3-1-2) ~ 3-1-4) KDL DiT2s.

o9
= — ——:0 -1~
y > (3-1-2)
o dp _dn  Jpon



BIE EfTHROEN

_. 9, SNE _
y=1: 5 2{(&] [8))] }+gn—0 (3-1-4)

Ty nx,)d7KEKE, g3ENIMEE., hiIKETHS. (3-1-3) RTEH
FHRRGETHO. (B-1-4) RFHEHHVENOEETH S,

A
y
1)
/_\ *
N e A \__———5

Fig.3-1.

WOEEOER L EHHEREOMIBIC L DH/NMEREER S ERIRIERERICS T
5N%. AIER,. Bl TRIAFEAOEHORES Z1IROMNEEEZT2X
LEDORUNEZER TSI Ec LD, BHERE COERSEHSE G-1-3) . (B3-1-4)
%4 (3-1-5) . (3-1-6) THLLFEAXOWMOFNERRIZT S,
an
o

y=mu: (3-1-5)

+gn=0 (3-1-6)

99 _
dy
—p- %%
y=n: =

-21-



WIE ETROMN

(3-1-5) . (3-1-6) KVnzRETHIE B-1-7) XAESNS.

ifw% (3-1-7)
ZZT. REABNTHEZENE 9D y=0DEBTOTaylerBRELD y=TD%
B2 y=0TORBICEZRA . COERFHEDODH LT 3-1-1D RNOMELTE
REEZEZADE, BRI 0 L BBk OEBKRKTH 20 HBEHFER (3-1-8) APBES

Do

y=0:

=13 ran(&h) (3-1-8)
REOHRREFERTREREHE G-1-2) ~ 3-1-49 Z2ZOEEANS,

ERRLLTOBERIBHFEIEEEAD L. ASHCEORERIBM/NTER
WOT, HOBBZERY 2 ICIIERRBEERZRVWRTNIZRSEN,

BT —RICEBAKE EFRERH D, INSIFEBKEKERZRAN T m>>1D &
FHKE, th<<c 1D EFBKFRICHEEIND[1], BAEREOEEGHZ LT HHEN
ELTIEEENA B EIERBHE ORIV SN E IR E L T1 9K iCKorteweg & de
VriesiZ K DEANEK-dVEHERNH D [4]). BKEEOESHZIDBTHIHEXEL
TENLSSFEXAHB[5]. CNH_D0FBREE4EFETERETHD7 /1 F
& (cnoidal wave) & X b— 7 A (Stokes wave) BEFD, INSHET —
)l (Ursell) #

gHT2 H h |
=gl -1-
2T (3-1-9)

U!’

WED U, >250&HTIEY /1 FEDN, U, <25TRA =7 AFENEHASNS3].
ZZT. HiES. TISAH, LIZKETH 2,

EHRICBITSETHE. gid9.8m/ ss. hiF0. ImTEELTH D . HITH

-22-



BIE BT OMAT

0.05m. TiH0.8~3.2sTHBDT. 7 —EIKEIIO~S00BETHVI /1 FE
OERESEEEEZX 5ND, Ko TUTTK-dVAERRRUY /1 REKDWTHAT
b
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BIE ETEOMIN

3-1-2.K-dVHER
BKEE (khc) DBA. (3-1-8) ROSHBEGRITROL S ICEETE S,

2
%_—.\/g_h{l—@%)—u+0(k4)} 3-1-10)

ZCT, AUE2He=(hk)? (<RI VHEOBI NEDEING, BOHEIL.
BERWS DN DOEHKEN SHBRINZBE, &2 OERENEE B AEETED
IEDWHEBOREFZRIT, &oT, HRORI  LEAREOREIDEEE S
DHEWERBEEEZAS & pp o 20/MEWEICKH L THOZ MR AT 2
EU<ERT2ITRARO LS EESRERTIZE N,

§=£”2(x—c0r), T=e"% GB-1-11)
CZTy ¢=+/ghTHU. TNRFEDOMHEEEZEDT.
— BERT v )l LB IZENEN e ORI,

¢(x,y,1)= 8“2{1?5(1)(5,%1) + £¢(2)(§,y,r) + - }

n(x,t) = g{n(l)(é—,f) + 8.,7(2)(5’1) +} (3-1-12)

TEhENBET 3,
CORRM (3-1-12) RESTFAHBR B-1-1) RIERAL. c¢DERFOHK
#EFoOEBITE.

2.(1)
8;2 —0

\
82 (n) 82 (n-1) (3-1-13)
8;*”2 ¥ (‘;’52 =0 (n22)

PREOND, BREHE 3-1-2) 11,
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()
y=—h: ﬁ; =0 (n21) (3-1-14)

LD, TOBEREHEDODLEIZ 3-1-13) 2FBLE{LTIE,

o = 60(e, )

‘ 1 2 .(1)
¢(2) =—5(y+h)2 8322 +fi(§,1.')
, 50 4 32 (3-1-15)
T e REACL

.........

EixB., TIT. fi. LRHEEREETH S,
KEDEBETo(E 1) & it DN TTaylerBELAEZBOE (3-1-12) REEHBAEE
TOHEFESF ( 3-1-3) ., (3-1-4) R) RATBE, y=0lcBI T,

gﬁ)_ . 377(1)

I dE

20 o 32 _ onV) e, 9’7(2) . 3¢(1) onV }

Y » o d%  dg (3-1-16)

B,
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)
0 an® =0

v

0) (2) m\?
90\ d¢ +_1_[9¢ J+gn(2)=0

gr O JE

(3-1-17)

E2B, TNSOEERNS (3-1-14) REFAVTEREZEERT L LKEKRORE
LIERRZ3d B2 ROBFRAMNBESNDD, ZHEIK-dVAERICHZ SR,

ot +3% 0 o coh? PtV

“or Fan 3 T (3-1-18)
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3-1-3.2 /1 R
(3-1-18) KOK-dVABRNIEHETEBETHDIRDY /1 Rig@Ed D,

N 2| [3U 2¢ 2% -1,
n()=770+U°n { i {!j— 2}3 [n0+ 32 U}c},s] (3-1-19

Z T, cnidJacobiDiEMBIRK([24], sEEDNTIA—FTHD, TOBEDFHEE
EFTELTE.

— 2E(s)
TI=7?0+F(S) (3-1-20)

L7822, TIT. K(s)» E()RTNENEIE. BROTLBRARES[24]TH 5,
ZOFET2K(5)DEMZED S, s— 0 OWRETEHKIEIZ. s— 1 OFER TK-dVHER
DOFEE LTI AMENIMILE (soliton) KWHHAT 2, 7 /1 FEIXEKEKICHE~
TWOBAIZL DS . BOBFREIDESIAR>TWD (Fig3-2.). 7 /1
BRICRED, > TRAUEE TEDINIEOFIEEX DT ENTES,

EVANSEVANS

Q.5 1 1.5 2 2.5
phase

Fig.3-2. cnoidal wave
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3-2 fRAT&RAE

3-2-1 FHEAER
Fig.3-3. R IR ERTERODEFEZERRE LTI /1 REOSAFEED
KEHZFMOBEEFHICKE> THNT ZEICLVEERESTE S, BEAE anfid
0.0750HE. SRTHII2655. FAKTHITI0THY . BEIEO. 1 DHBALH
THIZ2375. BRI TEISSOTH S, HHEUAOR T, REAMTHENTHIE
FRFLECEEYT 3. fEOKFIX, KFFRICEERFEFER CRRBTIEA. &
BEARICIZESF BT OEX an fOBBTANRD. MPSEIRBW TIHEREDRE &
FCEDWCHRFOEED L TERETI D, EREEZEEOEEIMICE>TH
M TEEBETHD. V1 REJEAREEANTELINZERLRKTS
Bz % DEEHMILI ROELE S LTRD B[25]
7)1 REOMAE, By TOEERWEY)ETS (Rig.3-4) & 1FALATY
7 At DEDIEFER DK EF R DM BOEE AT RORIZLVRESD,
Ax(y) = av(E,y) At 3-2-1)

CC T REERETH D, AFEI BT, BTRTs /A1 REEDRDH.L
TORMEFROEELFOLENS1.5TEHELEZ. TOEEREZAVDIERE.
MPSIEIZBN TR TR EEOEREXREHL TNSD, HFOMNENPLTHT
NTHNITEBFEREY /A FEOKEFROEESHICE> TENLAEE LTS,
TORENLETHRERTOAKEFMOEEL L TEHLIRTRAENVWIEIZLS
(Fig.3-5) .

Fig. 3-6.ICRBICBOB B T27d. Jhid. BEIECO.1. Bl .2sec. AT
HE0.058 1 mDBEETHD. IO TRUEDHIZHZDHNENTTHDEROEH N
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THRENEERTHD. BICHENLATOREMLTTHD. RERTNEHT
NBRTTEENY bV ERDT ., BREN, FA—OAARED T /1 FEOEE
57 (Fig.3-7) ERAUKIIT, KEMELDKEMETRKREREEEZ S DOMNS M
B, ZIT. frfH0.5. 1.50NKOE %, fHH].0NEDILERD T, HPOBEREILE)
HAKEOMEBEZRDT.
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Fig.3-3. calculation geometry

WHOBRLE =HeE



BIFE  BTHOR

N

----.........-...-.....-....--.--...-*—..-----.---

WS )

Fig.3-4. cnoidal wave

Fig.3-5. interaction between particles
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Fig.3-6-1. wave generater 0.0sec
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Fig.3-6-3. waye generater 0.2sec
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Fig.3-6-5. wave generater 0O.4sec
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Fig.3-6-8. wave generater 0.7sec

Fig.3-6-9. wave generater 0.8sec
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Fig.3-6-10. wave generater 0.9sec

Fig.3-6-12. wave generater l.lsec

-35-



height [m]

height [m]

BIFE  EITE ORI

0.2

0.15

1 ) I 1.

0.1

1 I |} L

0.05

i1 1 _t

i T T |

0 0.425 0.85 1.275
horizonntal velocity [m/s]

Fig.3-7-1. cnoidal wave (phase=0.5)
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Fig.3-7-2. cnoidal wave (phase=0.75)
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Fig.3-7-4. cnoidal wave (phase=1.23)
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3-2-2. AH&HE

Fig.3-3.1C R T HER THBEMNRE Y /1 RIEQEESGICH > THNTHa1c,
AHEHELTY /4 FEOBBROEBE S 5. AD LIS sE S
NEREN—F L TWBRERBVS, AHES. BORCHEOIREERLE
Table3-1.2. 8 BB EAHKE & HAKE I, BATEE22%, Figd5ems
6.7% T—HELTWAI ENDND,

. FFEOHEARICBO TR, BOBOMEBEOHENESER 2D, | ELEO
EHIRO MEOEBIZH SRTFOMBEE BOMEE L. KOWLOKEE LT,
EHDOKBEHRAETOMERNE, & OWLOKEEBOMEOENEA R &R
Do

MPSH:IC & 0 BHE L 7 470 OB T 4Fig 3-8 10T, UL, MIEATE0.075.
FAf1.8sec. AAEE0.05200BETH D, EMOBHRRICL DEREINICREX
T NKEE R EIT L T BBTERREIN TS,
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Table3-1. period & wave height (tanf=0.075)

period(sec)l input wave height(m) |joutputwave height(m)
1.0 | 0.0529 0.0526
1.3 0.0573 0.0536
1.4 0.0560 0.0571
1.5 0.0542 0.0584
1.6 0.0518 0.0573
1.7 0.0551 0.0564
1.8 0.0520 0.0549
1.9 0.0549 0.0534
2.2 0.0563 0.0625
2.4 0.0540 0.0638
3.2 0.0541 | 0.0564
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Table3-2. period & wave height (tanf=0.1)

period(sec) input wave height(m) |output wave height(m)
1.0 0.0625 0.0564
1.0 0.0529 0.0544
1.1 0.0532 0.0572
1.2 0.0581 0.0630
1.3 0.0573 0.0577
1.4 0.0560 0.0572
1.5 0.0542 0.0585
1.7 0.0551 0.0558
2.0 0.0578 0.0615
2.0 10.0450 0.0548
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Fig.3-8-1. shallow water wave (MPS) 2.7sec
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Fig.3-8-3. shallow water wave (MPS) 2.9sec
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Fig.3-8-4. shallow water wave (MPS) 3.0sec
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Fig.3-8-5. shallow water wave (MPS) 3.1sec
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Fig.3-8-6. shallow water wave (MPS) 3.2sec
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Fig.3-8-7. shallow water wave (MPS) 3.3sec
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Fig.3-8-8. shallow water wave (MPS) 3.4sec
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Fig.3-8-9. shallow water wave (MPS) 3.5sec
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Fig.3-8-10. shallow water wave (MPS) 3.6sec
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3-3 iR

3-3-1 KO H#:

Table3-1.,2. O A & TMPSIEICE DEHE Licir e, RUAHEEDY )1 K
BOWHE LTS (Fig.3-9.~29.) . MPSHIC & B IId s iR i i CId i AR 1
EBWA LD, BENROSSMELROTORETEAHEOZEITL 0ESY
AR BB EZZ 5N B, &oT. TNEOEEERGZITHANE BEDN B
WEARORVKEORR GERRONELEN 5HN0.SmOMHR) [ETORF
(Fig.3-8-7.8M) £ /1 R BT 2, 2T, RBIEREOMES FOEE
THY. PHKEOMEZ0 &Lk, BERAHTHD, BRETIL, LERRT
BERBESICESTHB. BRNY /1 R, ONMPSEICLZREEHES N
T (p.168F) E2ELT. R&D. BENKE<AS &, MENIINET 3
TMPSHEOEE LHES NAKTEROTONEL 25, il FHEAAE< A
BEEEVEARD. BENKBEOES #BATLUEDN, EMICEERNS -
B, FNL EE IR TOEELBRNAS TS, ROF v 7 3> 0 Hyid
Table3-1.2.DAHEETH D, v, 37 —LIIKTH,
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Fig.3-9. wave shape (tanf=0.075, L3=10, Hy=0.0529, U,=51.8)
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Fig.3-10. wave shape (tanf=0.075, Ly=13, Hy=00573, U,.=9%49)
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Fig.3-11. wave shape (tanf=0.075, Ly=14, Hp=0.0560, U, =108)
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Fig.3-13. wave shape (tanf8=0.075, Ly=1.6, Hp=0.0518, U,=130)
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Fig.3-14. wave shape (tanf=0.075, ILy=17, Hy=00551, U, =156)
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Fig.3-15. wave shape (tanf=0.075, L3=18, Hy=0.0520, U,=165)
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Fig.3-16. wave shape (tanf8=0075 Ly=19, Hy=00549, U,=194)
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Fig.3-17. wave shape (tanf=0.075, Ly=22, Hp=0.0563, U,=267)
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Fig.3-18. wave shape (tanf=0.075 Ly=24, Hy;=0.0540, U, =305)
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Fig.3-19. wave shape (tanf=0.075, Ly=3.2, Hy=00541, U,=543)
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Fig.3-20. wave shape (tanfi=0.1, Ly=1.0, Hy=0.0625, U,=613)
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Fig.3-21. wave shape (tanf=0.1, Ly=10, Hy=0.0529, U,=51.8)
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Fig.3-22. wave shape (tanf=0.1, Ly=1.1, Hy=00532, U,=63.1)
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Fig.3-23. wave shape (tanf8=0.1, Ly=1.2, H;=0.0581, U, =82.0)
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Fig.3-24. wave shape (tanf=0.1, Ly=1.3, Hy=0.0573, U,=94.9)
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Fig.3-25. wave shape (tanfi=0.1, Ly=14, Hy=0.0560, U, =108)
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Fig.3-26. wave shape (tanfi=0.1, Iy=1.5 Hy=0.0542, U,=120)
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Fig.3-28. wave shape (tanfi=0.1, Ly=2.0 Hy=0.0578, U,=227)
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Fig.3-30. horizontal velocity (tanf=0.075, Lg=1.0, Hp=0.0529, U,=351.8)

o

-H8-



B|IE  HETHROMRH

0.16

0.14

TIT I Th
111 L1

0.2

6.1

0.08

TTTTLTHT[TTET
| . | L 11

0.06

height [m]

\JU

[ atalest—

0.04

O MpPs
choidal wave ¥

0.2 04 0.6 0.8
velocity [m/s]

Fig.3-31. horizontal velocity (tanf=0.075 Ly=1.3, Hy=0.0573, U,=94.9)
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Fig.3-33. horizontal velocity (tanf=0.075, ILg=1.5 Hy=0.0542, U, =120)
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TWianizd, BEEERKBNTHTOEHNETAZETHD .. TOZHEBN
o0&, VA1 REETRICE—& Lo/, BEOF LB T BHESMEIL.
KEMETIEYZ /A4 RELED BB B8 ZNUATRETFOESDERSH S
.74 REERL—FK LA, 2, EXEEDHEORREZD DD, BER
BRI FAFNENAROHEERGER 2D DI &I D (Fig.3-10) . KETODE
IM—E LRSS, EADENEIACHERFISIEAZNEDEEZLN
%,

MPSEIZL U7 /1 REEEET 2 ETENBETELZOT, KETHIOES
WERIEL TRIES ¥, BERROSEERS 5.
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B4R BEOEN

4-1 BFEDOEK

4-1-1 BEOER

3ETHHALLETENMBRAEOH 2 ME LICEAT S &L, TRETHRENTY
RTHEROERBEE STHEDOH D& WHEAN, EENFRIENFRERD. 2
FRFICET S LT 5, BEANE 2 2 S 2Rk A (breaker position) &FETN,
BESMETRERDBRICENT S, BELEER, KEXRE SIZRDTBITL
FeR o TR OREER T, ITIRICES, BREANSITRICEDHREREF LT
O, ZETRECEIDHENSEHEISNTELIRINF—DNENDO LRIV F—ITE
REIND. o T, COREFTOROELSCREBOLENR. WEEHOTFHZ
TO2/DITREFRTARDBDTH B,

BOBTFHICIIFL BRSNS D, GalvinldEhs 2 DICHEL TWA[10]25,
—RENC L <BERIND DT, BZHE (plunging breaker) . AN E
(spilling breaker) RUFITFVERE (surging breaker) O=DTH 5D
(Fig.4-1-1~3) . HHBETHAS N2FEIRNER. BB BRUFEE
BEOETHY, HIZHRIFEERRE. BMEFETEIRESAEORE LTE<
Roh., POMDZDITHEARBENFL <), KUBXLREN. &o>T. &
MAKBNWTRREFHEIE<, Ho TERMEOBENENOEZEDRENEZD
TEMIHEETHEBATH 2B ERE. BhBREO-ZD2FRI DI Ledls
Do
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Fig.4-1-1. spilling breaker

=X

Fig.4-1-2. plunging breaker

\\__\\

Fig.4-1-3. surging breaker
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4-1-2 FANFEEE

BB (Fig.4-1-1.) BHBEBERIE RS PREEITHERE Ly E WK
B HDRRR THOIER A JHy/ Ly DRERENAR T2HEICR SNSBER
RNTHD. HAEFEI—RICEBNEAETH DD, RNBEEBERERMERCE N
THROEEHENEL, Figd-1-1.CRTE . BEOREBETRIINREBEZR S
TEE. KENRDTZICONFEEMNERD, KENSHEDRIEIC N > TREITH
NTHh<, IR, BREPBETIHESICODISEDLNS,
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4-1-3 BERH

BERY (Fig4-1-2. ) IHSNEAOROERTLI BRINBRERRTHD.
WOME ERETREVELCENBERD. TORET 3BEIE. TTHOES
FEMEII OIS, BRAEORENBRERL D, BENBNNREZ IS ITH
KIBENIDDOTHZ., BIRFICENBEORIVFIRETHD., 0D
BENFIICRSA DR TRAEOHEOWE2EE LWTs, E-8EMCERTLE
BRADKREN, BHERCBT 2REFEIHBNEEICOKICEN. Thiddh
D DRIRETFARKE VRS T 2 Stk <BHlE N3,
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4-1-4 FHEHHELNS A -4
BERE. BNBEEZAETIHEELLTE. T THRLAENSTA—-FBEEH
ENTWNBS (Tabled-1.) A, FHAFICBVWTIE., B RN T, BTHETII &
2T, TOHEEBHELRFEFRLNT A—F (surf similality parameter) ¢&
WIEER TN A—F[10] AN 5, TR BESROBEE ST RN
B Hy EI R Ly DL TH DB AR Hy / Lo R O, AR T 2RE OEE
Afgtan fEZANTROLDICEDEI NS,
E=tan B/ [Hy /Ly @4-1-1)
ERICKD, BEWE. HNBREESETHIRENTA—FYDEILE=046E T
Tn2[10],[26]. HERKELEENSAEOMNE TEEST <. ANBREITHERN
BYPRARLTREERTVEOREN S 22D, ETOBENBICIDOEMIEU T
BOONBEERBEARVWN, BHBRICEET 2L REBERARICB VLT,
E=0461ITIERETHAHLEZ SN TS,
FHFEICBNTIE, MEES i ANRELLTEASH, WEEE L) I3EB
EEELTRORXNGRD B,
Ly=T.fgd 4-1-2)
T, THEHEEKR BIEEELED ET27 /1 R OFH. gidEHINEE,
QAT TH B, Fig.3-3.0EER (g=9.8. d=.01) K OREUTHDHE.
.
Ly=T (4-1-3)
LD, HRERBERROBHICIFIE T2, £oT. BEFHEENISA-%
EEEICRDSNB, CHIZHL T, Tabled-1.12% 5 & 57 ikE Hy & B 7z
NRIA=FE, BFEISTOERORENRETH D, ARETIIAWEZN T,

-78-



BAE B ORI

Table4-1. boundary between spilling and plunging breaker

Galvin[10], Battjes[26]

parameter

spilling breaker~

plunging breaker~

plunging breaker surging breaker
By =(Ho/Ly)/tan* B 4.8 0.09
By = (Hy/ Lo)/ tan 0.011 0.00048
Bp=(a;/Ly)/tan> B 0.14 0.0048
E=tanfl[Hyl Ly 0.46 3.3
£g=tan f\{Hp/ Ly 0.4 2.0

Hp :wave height at breaker position , a;:

amplitude at shoreline
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4-2 FETSM

4-2-1.5THE&R

SR EFROEN TRAVADO (Fig3-3)EM0N5, BEEEDRHESL
T, B EEIREOBAI. MEE T TRAIRBREETSS. 2T, Hia<
EHEQWLBOETRVWERETEINE INOHEIXTERN, Lhl, EIK.
S AR T B IC IS R A B < LAY NIEA S BNO T, FFHEICEN TS
VEDBFICONTRARS 2 &7 5, BERTTEENIC ~4ARRES DN LER
ETRAIERAE X, A LTRSS E 5.

PR ORI T O L 31275,

(1) BRI & DBREIIIC BES 5B RIRABEET L. fELCELY
BB EREETICEOEEMETS (Fig.d-2-1.~3) .

Q) BRI, —ESED LELFUBE 2RO ELERERESE D, TOH
PENBE LI S LANBT S, REOBEIREE EVED, BEARIVAE L
#FoTk3 (Fig.4-2-4) .

(3) RELEMETAE S, S L5 Fo T B RERTFIMERAL, KO
BOERL. BRICGELEE S TRETS (Fig.4-2-5.~7) .
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4-2-2 AN&AE
HIBTRBERTTHRICOVNTIE. 7 /1 REEOHEET, K], ®OH
DTORESTR I, BEEBTORTORSD &, KE TORICLDERERL
THE—HTBTEERLE, £oT, Table3-1.. 2.OANEHEERNETE
AAEECASS &, BREESEETS I LRIUTHBEEDND, 5T, AN
GBI BEDTable3-1.. 2.2ALETS, (4-1-3) RXVBEIROAMATEH
BREL,EANTEDE BT, ANEHLED ORBEEREL/TA—F EER
T 5. MEESH, WMEEEL BEROBAMT . WEARnfO=DETT
5%, MPSHIZHEIT B2 F L WRERN B THERO T, A—0AAKEFIC
LTRE<ALHAESE5.
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4-3 FENTHER

4-3-1.=D0RERROER

&3 DTable3-1.,2. DANEHEER N TESEE (plunging breaker) . B
Byt (spilling breaker) OFRZE2#HAL, REERXOSEOERELL T,
4-3-2, THHAT BEEHET - A2 M EAVE,

Fig.4-3.~6IC#E AE tan f=0.075. tanf=0.1DFL DERITDNT, AR

EERE. BNREOSEFAZT Y. HPORER TN S BT D ERISHE N
oy EEDT,

Fig.4-3,50&% B OH T, BOMBTHHEERD DD KBEETLTER
FOBIE LIC AT D (Fig.d-3,5-1) &. KEISHHEHMEN Fig.4-3,5-2.,3) .
HHEERIZET 5 (Figd-3,54.) L HERFAENSESIDIITRETS

(Fig.4-3,5-5..6.) « E&D ., B2REOES. MELETOTL 2RERTOE
ENBNRE OBE (Fig.4-4,6) IWHNTKREL, HEMETOROREDKE W,
BEAENKEVEINEEREEZRELSTH 7

Fig.4-4,6DANEEOH T, KBEEET L CELEIRE LICART LS
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ig.4-4-1. spilling breaker (¢&=0.369

tan #=0.075) 3.2sec
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Fig.4-4-4. spilling breaker (£=0.369, tanf=0.075) 3.8sec

Fig.4-4-5. spilling breaker (&=0.369, tanf=0.075) 4.0sec

Fig.4-4-6. spilling breaker (£=0.369, tanf=0.075) 4.2sec
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