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Abstract

In liquid metal fast breeder reactors (LMFBRs), liquid metal of sodium is used as the
coolant under the atmospheric pressure. Thus, the coolant system has free surfaces in the
components. In addition, the structures should be thin enough to reduce thermal stresses
because the coolant is used in a wide range of temperature. Therefore, troubles may take place
due to the sloshing, its interactions with structures and fluid-structure coupling vibration
induced by flows. However, there have been no numerical methods to analyze large
deformations of free surfaces and structures. Moving Particle Semi-implicit (MPS) method can
be applied to topological change as well as large deformations of continuum since the
calculation is based on macroscopic particles. We have developed an algorithm for
incompressible flow analysis and flows with wave breaking on a free surface were
successfully calculated. The objectives of the present study are development of the MPS
miethod to analyze fluid-structure interactions and analysis of sloshing in a tank made of elastic
walls. First, finite amplitude sloshing in a two-dimensional rectangular tank made of rigid
walls induced by an external oscillating force is calculated to be compared with experimental
data. When the depth of water is small, the resonance frequency is larger than that of the linear
theory. The calculation result shows this phenomenon and the calculated amplitudes agree
well with the experimental data. When the depth of water is large, the resonance frequency is
nearly the same with that of the linear theory. The calculation result is the same as well though
the quantitative agreement of the amplitude is not good. For the elastic walls, free vibration of
a cantilever beam is calculated. The calculated natural frequency is the same as the theoretical
solution. The fluid flow and structure analysés in the code are separately verified by the above
calculations. Then, sloshing is calculated in a tank whose vertical walls are elastic. Higher-
order sloshing modes are generated due to the vibrations of the elastic walls, which is different
from the calculation result with the rigid walls. As a conclusion, a numerical method for fluid-
structure interactions with large deformations of free surfaces and structures is developed
based on the MPS method in the present study.

* Nuclear Engineering Research Laboratory, Faculty of Engineering, The University of Tokyo
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BFE— X b M, & E AT,
M, = EI¢, (2.32)

@%%M%%@?,:hu;ofﬁii%%bumgﬁwiﬁﬁﬁﬁ%&%ﬂ%ité&
5, ChEZBRICOWTEHEL, HOMEWS Z EICL o THERAER (2.29) HLD
F1H, ThbbARNEIHET 5,

Fig25D & 3 2EBHiX, HEPICE— AV POAFELSE, JOBME L TEED
hb, BeADERTCHOBME U ELTWADT, ke ABEWFAERL-ELTD
NOBMPE I BZ EMBEHEERD, §Eo T, HEYO APV IRETRG L T
TELThH, BEPOELFFET IOV TBEHL T Z LiEHEy,

R OFE L EOEQENZIC X o TEL B, EENECHEEROES
NI AT L C/ORA,
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Figure 2.4: A EEE
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Figure 2.5: EAILL o TELBE— AV}
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2.6 FE-ASEREERAOSE7LTY XL

2.6.1 IBEVOEICE 5 HEOH

WGP HEER MERATANE., BEERTECPPAENENTEINET S, Fh
PROBEERE, EHLETCENTRENTEFEE L. A6 BRARBOES
BOREL LI, HAENROEISIEAOET vV v ABERIC Lo T8 sh 2
M. TOBRIEERRETOENER Y., 71V 7 VEREG L LTEARAD,

EHDORT vV v HRR TR 2 BMSThHET 7T V7 VAR TFRMEEEL LT
MR LT 2BV D B, F7 7 VT Y ORTEBEERTF VICOWTIEEEICHE L.
3, BHEEOBAICEEF VEOMENEL 3, HTEATARREAGRICES T
T, COBELBBOE ) BEIIRTEEREO 4L LTV 5, fto T, BREEICH
BRLFHRIIHE, EABRBOHEBIIBERORICOET S, £0O4D, ThF TOMPS
HORETHERR L LT 3FI0OBS T2 RE LT, FANT0EH MO IEME
+ARBORFVEET 5 L3I L TR, 29 Lank, SRISESOERART,
MERAT 2EFEFRLT 2700, BEIECSELAZ LICE S, LA LEND, &
AEERRTIE, EXOABICENER*BEEL, LE50MIFL & 5 AT O
BEFTULEFSHE0T, SNETO LD BT R EBFIE5 2 &R CE 0,

% Tk@iv&l%%%ztoﬁﬁh?#%ﬁﬁLﬁihﬁowfﬁft%h\%L
%?@E&tLf%@%ﬁ%?@%&@%ﬁémxékwo%@f&% e % Fig.2.6
KR . MR FOEARBOTEHMRETEL TV, 4, REETH L R CEs
REDFR L L APHBOBEROBEABEORSELY . FOBEEZOEABEDEL LT
Avs, Zhid, BE0OBHTFHEET 2BE0, FRICHEATHARFOEREHS
EMABILEERL TS, ZOBRSEBITHICTE

AR T, BREEEZT CL AL HECHWTY A, BFEIBVWTL S
DS E AV BEARBOFE AL LT, 1FIOBERST CREREET L 121
TWa, COBEFREFIFTEIRBEIC L L), BRICEET AT HE KECHRT A -
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ENTE B,

2.6.2 SHKADEEIZHT BIEEHOIEL

MEOEREFMAT v 7 CTOREIL, BRABEEZEDBSIMEEEZOBRASLFEL (.
EADRT v v v FRAOHEDBIIERZREZTOENZT 1) 7 VEREGEL LTHEM
i&bo

2.6.3 EENFOHE

ﬁﬁ%ﬁ%iwﬁlulb\ﬁ%ﬁﬁﬁﬁm%ﬁ&5&%ﬁ%ﬁ%®%%tﬁﬁ?é%
BRED, I Z 200K FHFEVIGEEICHoE LTh, HHRBEETHETORATY
ROMEER L2V IS L2 EL b kv, ¥, 2 00REHT 1, jFEWICEL
@ﬁwﬁEW®ﬁﬁﬁéottT%oC®ﬁ\Zowmﬁﬁ%%ﬁsﬁﬁﬁ%ﬁ%ﬁgi
ERDoT L, 200FGFRTOBIIMM IR TRE 0L L TEBRTFOY A
Lir, T, BEERIMECENERFEEL CBY., EHFOMEHTFOS b+
EEZFOEDMICHFEL TR DDA FHE) A MDFIZANSE X3 IT 5,

2.6.4 EE7ILTY XL

MPS Sl EE TV A EEEEEROET VT XL 2 F 2-4 1R T,

TTRERAEAL CHHEEBHCHE L CER TN L. HFEB8H s €5, KT,
BEEZONR N ENBH2BHICHE L, BEERLHLBEEO R BE S5, #
BEZOR SHAOEHICOV T, BEEEOMBIEIC 1 0—ElIcBNB LI
BB, ZZETOFER, MANTIBEEZDELLOBHLFTELZLTVWADT,
BIDRHEAT v 7 OELPERET. EVICHNLIEETE 5, BHREEI b6,
ﬁ#ﬁ%&ﬁﬁﬁi%%bﬁfﬁﬂ%wﬁﬁ%ﬁ&50ﬁﬁﬁ%u:w%L(%&th
NG TENHEOHEZT R, EELNBEEBET 5, BEEZLOVWTHIITELR
PEEFFE S OREAT v 7 OFFEICIIERE ST, ROBEXF v 7 TOSNHEIC KB
SH5B,
BEEROBHICEINV VY - v s BEEAC D, hid, —BRICRBMECENT
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B, 8BROAF—LEHAVRVE REFIERLAZVBEELLZNDTE0THE, V>
F e Y ETRAEBOSELITRE ). FTHVRE n DEFEMNE & AV CEFk i
723K (2.29) DEIE TRV, BENRT PV ERS,

4 = f(zn) (2.33)

COFEERT P VEHFLOVERADEL THEA AT —ERECRS, 8T, JOHEENRY
FVERAWCTIAL ZTER BB SE, BUBENS P VERIET 5,

iy = f(on + 5Ati) (2.34)
 DEEEBCCH CEEE b 5 1BE D 5,

iy = float g A0) (2.35)
COBEEERWTYER 5 BRI THENY PVERHET 5,

s = f(an + Atily) (2.36)

RRICINITHO ML 4 OOMENS MVEEY L TR LVWERZ o+l OFENZ bV
£ 5,

W“:gﬁ+ﬂﬁd@+%) (2.37)

HLVWEBAOBERVESECEIOEERZ P VERWS,

FH = gn 4 At (2.38)

2.6.5 1EEWMOETEICHT 3FFLIARDHE

HELBENO VL L BHAHEE LTWEDT, I S EBEAAEAL FEEE
FHICIhHEB IS, TF, HAECR IS VHEICIDEIBRSINSE, WFETEI—F
VERERD YD EET B, |

- o (2.39)

CCTLIZMBRELBITANTFHERTH L, FEHETE I —F 8% 02 &£ LTRH
R AHEE BEMICE R e HEEEZED TV,
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—HEEWE, RLYECEHOBREES T FCHESAS, BbEVELESL. B
EIBEEZHCELIBHNL L OT, F0EHI,

_Jﬁiz
Ti=\357 (2.40)

ThH5b, HEHEONBAAEO LBIX, R2402FELTADT—5ELTELS,

7= VERTHEFHESED 1 RICEA LTV E01 L., BEES CRESRERD
2EIHBIL TV 2, SR, BEEFEEEDI L LTV ICoN, B0 B e &
IEORRABEL 22 2 L 2B LTV S, KB ICBV T, BEESYOEAED S
5EIRES WA BEZAAMEOFINEV, 22T, HEYOTHE CIRITEROSHE ORI A
BD 1/n & L, 1 ROWEROBHHLEEICH L TEBEOHEE n BfF 2> X 12T 3,
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Figure 2.6: S5 51 5 BAMBORS X 5HE
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o O [l SRS (EFD)
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Figure 2.7: B EHEEHOETVITY X A
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CORBIIMPS BB R0y VORI EOREEEREART 5L -D
AT oo HEBOWHR L LTI [18], K [19] DEERE V7,
3.1 EtEMAFR
3.1.1 ESDELRF

1. h/l
FROMRERET PERELEAT L LTKRLAEOBIETRET O NE,

Figure 3.1: KD EIR

IR [19] TR AIOEZ BV CEREER L, BERBORREICT T 258 0%
WHTRERTVE, TITCRINEHEVEROERFEL LT h/IZHVE,
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2. A/ X,

KEEDBRFHIREIO A X S Xy, TRICHTHEDIEEIZ A LT 5, ELEOE
S OFFEN [19] IKHEV A/ X, TIT2 9o

- Figure 3.2: {DIRIE

T ORE A LRTHREIFOKE DT KRR hna (S L D XKD L ) 2RO B,

A = h’ma: - h (31)
3. w/cﬁ

wiXBEHIIRE O HFEHE. o IBFEG L VRO LN IEUAEOEFIREH TH
%o XoDEAFFLTH > T A DERWITEKFLTRE (BT 5o w I [18]
TRDDEEPTED, B
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3.1.2 #HAKFECE

SR & U TIOCHR (18], TR [19] & DB 725 b/l = 0.1,06 DEAEHWTH
%o AHEOTKE h/I =01 Dk X Figd.3, h/l =06 DL % Figd4 CHRTAE) T
HbHo PLTTEA/N=01DKEEFRNKE, h/l =06 DA R VKBEIER, T
122 1800 & 3600 T 5.

110,
100 §
00 1
080 & : - .

070 ] '_”_.::_:"ﬁ_ ;
o0 i

0.50 L

040 1

Figure 3.3: h/l = 0.1 DK (B & AT IE m)

0.80
Q.70
0.50 .i

0.50

Figure 3.4: k/l = 0.6 O (H & B 1 m)
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3.2 FHRWKIEICHITAEIERE
3.2.1 AOvyv I TOEtEHE

WEERP 58765 EROERIREIE LI 2.055ec TH 5, Figd 5 REIRS D EL
2% 2.15sec. RIEADY Xo = 1.0cm DHEOWORT 2R, OHEREESOFHITE
g e TIREEAE,LORE (R TWE, BEFIS LIRS IEERET B, 2h
B RREEBEELEV. . L, e

100 = 0.400000(sc) 100 = 1.201000scc) 100 1=2.20100scc)
050 L . _ 0% . _ ] 050
i LA _ : ) e
%0 020 o
050 050 060
050 050 050
0.40 040 040
030 030

020 020

(S M-

Li0 110 110
100 t = 6.500000{2¢c) 100 L= 1.600000(cc) 1.00 ' 8.800000(scc)
0.90 050 050

0.80 0.80 030

0.70 070 010

0.60 0.60 050

050 050 050

040 048 t40

030 0.30

020 0.2¢

030 010

1 .10 0.20 030 0.40 £.50 060 0.70 040 090 L0115 G 0.10 0.20 0.J0 040 0.50 0.60 0.70 0.80 050 190 110

110 Lt0 L0
1.00 t e 13.001000(es) 1.00 L=z 13.201000(sec) 1.00 to 14.001000{kec)
090 e T U R T SRR T SR
080 S g Y™

o om0 om

060 080 '

030 050 030

040 040

030
020

Figure 3.5: VKB IC BT 5 5HHEIER GABEEIER 2.15sec)
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RICKBTHEHEE LT, BRESHOEIAD 1.80sec, HEIED X, = 1.0cm DEASDE
DEEF & Fig 36107R T, BEP X oNENKREHBIBEINL08bI 5,

Lo [ U] L10 .

1.00 t=0.400000(sec) 100 t= 1.201000(tec) 100 t=1.661000isec)
0% 050 ’ 050

080 0.80 .80

070 om - 070

0.60 . 050 0.60

0.50 . 0.50 050

0.40 G40 040

030 030
020 0320
Q.10

"0:10 0,20 0.30 0.40 0.50 0.60 0.70 0.80 090 1.00 L.10

Lo 110 110
1.00 = 6.200000(cex) 1.00 1= 6.600000(zec) 1.00 t =6.300000(s¢c)
050 %0 050
080 o8 080
om0 070 o
050 050 050
050 R L. bSO el 050
040 el D0 o0

030
0.20

030

020

o0 |} oo

¥ 0.0 0.20 030 040 050 0.60 0.70 0,60 050 LOO 110 0

110 LD - 1.0
1.00 = 15.001000(s0¢) 100 1z 15401000{zec} 1.00 L 15.801000(sec)
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080 0.80 080
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0.60 0.50 060

050 _ _ i 030 i 080

Figure 3.6: VUK IC51) 5 B85 5 (SMERIFN 1.80se0)
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3.2.2 HIBTBHFEEL D THVFEDREDHLE

+ R T BV E L TESRELLBORA Ty Y X7 OMTF 2, B2AE LS BH
TR DEEHIIREI 24T & o 72556 (T = 1.80sec) & £ ) T2 V5E (T = 2.15sec) & T
Y5,

£10
1.00 = 14.001000{se¢)

0.70

030
020
010 J s oo Lokt

Figufe 3.7 EBLTVRVISE

1.10 .
1.00 t = 15.801000(sec)
0.90
0.80
0.70
0.60
0.50

0.40 2

Figure 3.8: B LTV 55E

Fig.3.7,Fig3 8 # N FNOBETCTARELI- ROy YV T ORFTH S, XY 5%
I KERATY VU BREL TV A,
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3.2.3 REBUCZOEEREERE

MEHIRE O AREB L RORBOMIEERIC LI, FHED/NF A —F LR ERTA
T AHRDOFETLTIZRT,

o KFEDNE [ = 100cm

o JKi# k= 10cm

o KIEDEHIRENEL Ty = 2.05sec
o SRTIIEE)DIRIE Xy = 1.0cm

FAERBRILUTORDEBYTH S,

Table 3.1 L3RR

FAHA T(sec) | BAIKIR Paman(m)
1.60 0.130367
1.62 0.130533
1.64 0.126322
1.70 0.133267
1.75 0.143497
1.80 0.164600
1.82 0.172237
1.84 0.168873
1.90 0.168392
1.95 0.160447
2.00 0.144624

- 2.05 0.138414
S 21000 0 0.131451
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Table3.1 % HEKTTAL LEER [19] L B L 72D D% Fig3.91Z7R T,

0'1 T T T T T Y ¥ T ¥

& experiment

== calcuration ®

0.08T ) 7
0.06 [
S 0047 T T S EEE

%8 09 10 11 12 13
O/®,
 Figue3s: BRMBEOREERLEROME
ERMERIET B, S

o EETIHEBEEI b LS & B & e, OED b EEBICT R SRR B
WTHBSE LTS, REEICBV T TAEEENCR(BIAIA TS,

o bol bEBTHROWHIH L CEERE D bEDIRHASR TS,
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3.3 BRUWKECHITIEERE
3.3.1 X0y 2T DETERR

HIEEHIC X 2 KRR DOBEFHFEE O E I 0.90sec TH 5, Fig.3.101Z58HIHRE) D FEH A<
0.80sec, EIR Xo = 0.6cm DHEDFE DT 2R T, BT H2FEMA LD HEHREORER
FNOTHIIHIBELEFELEV,

1 = 0400000 ec)

122401004 {sec)

14401000 o 00 . t=as000fice)

Figure 3.10: IRVABICBIT 220y ¥ 7 ORTF (AKIYRENEH 0.80sec)
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KB Big4A L LCHMHAHEE O BT 0.90sec, RIE X, = 0.6cm DBEEDIEOHE
F# Fig.d.11ICR T, MHREZMA 2 O TRECHERT %,

.80 0.80

0.70
060
050
040

030

020 [RENEIEN

cccccc

0.80

eh ]

0.80

0.50

040

030 8

020 |

L= 1000004

(sec)

Figure 3.11: RV KB IZBT 6 A0 a4 0)1%?' (5l H=ENE A5 0.90sec)
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3.3.2 HIBT3HEEZI THEVWESDHFEOEES

TAMRREIZ 4R ) E L TR L R OBEROKTZ . LB 2 E L 5EHE e
DIEHIRE 21T 7% o 72356 (T = 0.90sec) & % 9 TLVIFE (T = 0.80sec) & CRRT 5,

Figure 3.13: B LTV 5154
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3.3.3 RIEBICEDETERR

ﬁﬂﬁﬁ@ﬁﬁﬁﬁt&@ﬁﬁ@ﬁm%iubto%ﬁ@ﬂﬁx—&tﬁ%%ﬁ&%m
TAHFOETUTIRT,

o HHENDIE [ = 60cm

o JKiE h = 36cm

o KEDEEREEE 1 = 0.90sec
o AHIIREIDIRIE Xo = 0.6cm

SEBERUTORDLEI N TH S,

Table 3.2: B LSTEER

A T(sec) | BAIKIE Bmaa(m)
0.75 0.410535
0.80 ~ 0.424578
0.85 0.452220
0.90 0.486812
1.00 0.410538
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Table3.2 % R TTAL LERR [19] LB L - d © % Fig.3.14127R T

0.3 T —* T T T
. o calculation
025 - + experiment
*o
0271 .
All
+
015 ' ° .
+
0.1F : + * .
-] + -]
+
+*
0.05 * + .
+ + *
+ + + + *
L I ] I [

I 1.1 1.2 1.3
w/a) -

Figure 3.14: BEHI0EDETEE R L EERD K
BHTL L,

o FHERRTRABLRITEHHIBHER,LEINIDOLIFIZE L LD, X
B [18] DERERECE AL Y ERESECF AR TY 0TI DA TIIERE—
BLzv, L2 LBROKEOFTELR L T2 LERI LYV RASHMICE TN A
DTFOETIRERNICITECABOBEIF KTV,

o XIELZVEDEOBSIFERLYVE(EHEINS,

o HIERF DR D BT SBORFEIERL DL,
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CCTHERICHEEEDN FEICL 3582 20y ¥ UV BBEICERT 3 8T ICMseED
ADFE T oo TRIELERERT,
4.1 FEHR
4.1.1 HEEDO/INT A -4

FREITHETEAEL., LRPERE LAREETHE, £/97 A—F7 3L TOIFETE
) TH b, '

o E%é [, =10m
o BEDE K p, = 7.86 x 10° kgm 2
o YU/ HEE=206x 10"Nm—2
o BEIE X h=06x10"%m
o BMAREYDELIGHBHRRIC Lich- -EHEEHIX
Ti=ﬁ%%ﬁ¢§;2 (4.1)

TROLN, ZOBA T, =1.0sec TH b,
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4.1.2 RN TFEE

I R DT ORISR &80 Th 5o BT OB LU X ) EA RS
ERET 5
1.10 4
1.00 | t = 0.000000(sec)
0.90 1
0.80 |
070 L o
0.60- 1@
0.50 1

0.40 24

0.30
0.20

0.10

c1 0.10 0.20 0.30 0.40 0.50

Figure 4.1: BMEEOHE DMK TEE
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4.2

SENEEE DREIF IREND

ETEDORER

110 110 110
.00 120.000000(sec) 1.00 L= 0.170000(sec) 1.00 1= 0,2600001s¢c)
" - o
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L ] id L
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a » L
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(B 020 0.20
o0 ¥ 0.10 0.10
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110 LD i.10
100 = 0.310000{s¢c) 100 | 1= 0.500000{c2c) £OD t = 0630000 ezc)
- L] L
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Figure 4.2: BHEEED) &5 =8

DTEAREERE T BEd b 3G EORIETE L,
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5.1 EHEHHFXR

5.1.1 f#EINFECE

AT EBEDR VA OB &Y BV THEL 2, AEOHREITHEHOLI Y TH S,
XKEOMBOEETEEMEEL L, KEEREEL Lk, 0RO ATYy Y 7D
EFREREER L 0.90sec TH A,

0.80
0.70 |
0.60 ]
0.50 J

0.40 4

B
0.0 Es

Figure 5.1: A/l = 0.6 0)7]‘(#%’ (BEDEALIZ m)

5.1.2 MMED/NT XA—4
FHEICHV MR T A -5 2T ICET 5,
o BEE &, =08m
o BEDH R p, = 7.86 x 103kgm—3
s VOI/EE=20x10"Nm?
o BEEX h=11x10"%m

o EiFEIHIREEE T = 0.36sec
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5.2 ETEOFBER

Figh 212 SaHiREI OB i 0.80sec, IRIEAT X; = 0.6cm DFADFEOMTF 2R, BEL
KEOBERBDBHI—HL TV wOTEERARIEL v, HBREOCSRE L HEL
TINBROE-FIFENTH S, '

030

£=0.500070(of F)
[1%]

¢.50

050 050

040 2 0.40

030

Figure 5.2: BEMERE % fIBE \CHOAAE T ORI HIER CABHREI R 0.80sec)
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SAHRE) DI 1.0sec, IRIEAS Xo = 0.6cm DIFEDHEDOBEDHT % Figh 312K,
BB LB LEDEROESSHEA ., BFERT 5548 %4 L s %EESOEH E

VEHICTR S, BEERIC X AKEOEE R 0.9scc ZACOEETH HREH
BAEELS,

0.8

t = 0.8002T0{F<)
0.7 A

12 1100370}

060

Figure 5.3: SR % IBEICHFOKME CORIEA R (CRHHEEE 0.80sec)



PNC TY9620 97— 005

5.3 RMEEEOIRA & MMEBEOIESOLS

MREE AN D54 L BB KE DR E THROBTFOENE BT 5,

Figure 5.5: BIREEDH S

2ODBANERYFIETALUTOLICR 3,
o HEBROFRATIINERDE—FOEIHREINLTVS,

o MEHHRBNANE ATy VUV BBICRBSETH, TR0y Y T PEL R,
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5.4 FERMICEOHERBE

HEERHOAETRE EORBEOMNIGEEIC L, SHEONTG 1—F LERLERTTIL -

TAHEWMORTLLTIIRT .
o FKIEDHE | = 60cm
o Ki®R h = 36cm
.mﬁoﬁﬁﬁﬁ%@ﬂ=&%%€wﬁ ii ?
 BEORAEBUT, = 00
o BMEBOEE X, —06m

%ﬁﬁ%@ﬁT@%@kﬁbf&%;

Table 5.1: B L E&ER

JEHA T (sec) | BARIKEE hunas(m)
0.70 0.419722
0.80 0.470460
090 0.467709
1.00 - . - 0.480016
110 | _ 0452860



PNC TY8620 97— 005

5.5 BB DIBE & ORBIISE OB

Table5.1 % HRTTAL LRIABEDFTHE L B L7/ D D % Fig.5.6127R T,

0.3 ¥ (I ¥ T :
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