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Numerical Analysis for Sodium Leakage and Combustion using Particle Method
(Final Report)

Seiichi Koshizuka®, Tami Mukohara*, Yasushi Okano** and Akira Yamaguchi** _
Abstract

Leakage and combustion behavior of liquid sodium can be analyzed by considering
combustion of sodium droplets and pools, spreading on the floor and accumulation of
combustion products, and jet breakup. : ' '

Japan Nuclear Cycle Development Institute (JNC) has been developing a code using a
particle method to analyze complicated behavior of sodium leakage and combustion. The particle
method for thermal-hydraulic analysis was developed by the authors. Compared with the
- conventional finite difference method, the particle method is useful for solidification and
accumulation as well as fluid separation and merging. In this study, development of particle
models for solid motion and solidification for the purpose of sodium solidification and
accumulation of the combustion products. _

A new particle interaction model of elastic materials is developed. The elastic properties
are described by Young’s modulus and Poisson’s ratio. In this model, elements, which the finite
element method is based on, are not necessary, so that fracture as well as large deformation of
clastic materials is easily analyzed. Particles have a degree of freedom concerning rotation,
which leads to conservation of the angular momentum. In a test problem of assuming a sine
distribution of displacement, the present model provides comrect distributions of stress and
pressure with those of analytical solutions. '

. Next, a particle interaction model for analyzing solidification by combining the usual
MPS method for thermal-hydraulics. and the new model of elastic material for the solid are
developed. We apply the present methods to the analysis of spreading of liquid sodium, which is
initially located as a two-dimensional column of 10cm wide and 20cm high on a stainless steel
floor of lem thick and 1m long. When the viscosity and the heat conductivity are artificially
enhanced, the spreading is suppressed by viscosity and solidification at the front. This model is
also available for accumulation of the combustion products, o

A particle model of surface tension is developed to incorporate its effect. Quantities of
differential geometry, such as curvature, are evaluated from the particle number density without
the shape of interfaces, so that this algorithm can be applied to fluid separation and coalescence.
Vibration of an ethanol droplet is calculated and the result agrees with that of VOF method. This
shows that the developed model is proper. Liquid spreading is analyzed when the surface tension
is strong. The result shows that the spreading liquid is divided to droplets by surface tension.

Jet breakup behavior is analyzed by the MPS method. A continuous jet is dispersed to
droplets after traveling a certain length depending on the calculation conditions. The jet breakup
length is longer when Weber number is larger, which qualitatively agrees with the existing-
correlations. :

* Nuclear Engineering Research Laboratory, Graduate School of Enginéering,_ The University of Tokyo
** Japan Nuclear Cycle Development Institute, O-arai Engineering Center,
System Engineering Technology Division, Thermal-Hydraulic Research Group
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THILDHEETH D, VA Z7UBHETIEITL—) 25Dk, WBLFdUY
LADEHRBREZB IRV, BLRUBCORTEAGRRAELTWS[14],

B LY =y RS WA EE Yz y T L—s 7y THEBEE RS (B 1.4),
Py PV =07y I Lo CHEBEHEL. COWED S 5 I2@EPVIREA L 2%
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‘oKD, 5b# WO ABLERIIME T L — 7 T v T LR, fEoT, ﬁﬁ&%%
AT iditiE, Y=y }*7’1/ PP ITBIVHEIT L2 7w IR RERLSTHIT
BZLBRBBETHD,

Szw L= 7w TEECEL T FESOHEBRA[I]I B EDOR TV,
ERELULZOMERDD L LRIZEROXFTIE. Yoy VA LESESREGOMEER
PEETH S, £z, Kolevil6]® Vierow[17T1HBY zw P 7V —0 7w 7IEEEICEET
BINETOMHBRITONTELD TS, REFHE DAE SRR T,
ZHSREOEEBZIEMITNE {2, Y=y VREDESFTY 2w b TV -7y
THEPREISNS LIRS, 23 LESFMHETOMEBEA L LT, Grant-Middleman
DHDHH 5[18] '

1.2 RO BERY \ '
RIFZTlE. M¥$L;afbUﬁAﬁ&%ﬁ$ﬁ@#%ﬁﬁ$ﬁ@ﬁ4®tm\ﬁ
HoBe2ERTA2ELOERORFEEEFNEHAT 2. BANICIE. BEEOME
BHORTHEETN L BENRERBREOHEFHEOBEE. EREABRHORFEET
Tw@%%tWW®rﬁb$%®ﬁﬁ\%;Uvzzb7v PPV 7O BT
5. ,
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2.1 PEFEDFHE: :

BEVOFN I IRRERERELEEH V08BN THD. LHLERDL. AREE
RETHBEMEERDE T LPLETCHD, REREMS METRERALYHR
Biokb, BLLLBARERNELZ S ETHERENCEHERENELT 2, #
I BRAEESBEL LRV EEROMEIMEEBA R > TET WD,

23 LEED S HIRSAFEER A L TH 5., |

Nayroles LR N"RETCEMEZAFE L, ChicHS>—F > e @A Lk=[19],
Belytschko &% Z D7 #%% Element-free Galerkin (EFG) 3 &4HT. BREEEE-
WA U(20]e —7., Yagawa-Yamada I3 BR % —BHDPORFNICERT 22 LT &
REGOHBBEREERRE L (2], Thid7 V—R w2k (Free Nesh Nethod, PM)
CHRNTFONE, FMM iéEf"’ﬁE‘f&ﬁﬂ’LﬁﬁﬁL%i@ﬁéh’Ch\%[22]o X, WHIBTIC
AWBH T Wiz Smoothed Particle Hydrodynamies (SPH) Eﬁbﬂﬁ&%mﬁﬁﬁluﬁm L=
BldH2[23, 241

BMFREEEHETFVELTNRLY vy 2Ky b #52 % Distinct Element
Method (DEM)iZ. R®LiBOBEMEITICER Xhi s [25]. BAEIMEDOFERIZES A
WENTNWS[26]. iz, BETHEICBNT, Bk% DIN. BEZEIECR = L
XD, REBBORBRERZL2ERT 22 L5k LTW3[27]c DEM Gk Iz EEB0
HHENHZ L WSEHEDBH 2, L, Skl LT OREYMOZE AR 2B EL
LAEEF VIR - TRV,

CNETHPS HICBNTIE. BERICHT BRTF L L TR 3MELH - .

(1) FBEITICBI 2 BER RS

(2) JiEH 22T CHET 2RI

(3) HAHEN
MPS HETEHBABEITICB I 2BERRML LT, MBR2EELANTERELTWE.,
COBEEFN I MOBE T2 MM T LH UERE B, BEEEEIh T\,
W 7 i BREAZZ Y 7 BN TEEORKE T LA U ES Lasls, Mtk
FOENEE LUCAEHE 2 RF L4225 iEE FROENIE 2 TECRT L WS
REZT 5. BN T CIIEREREEE L TFET. SRR OTESES
RIEVTWS. BREOMERFAREAEZNLTVS, LPLEDLES, o —RHN 2 E
REEVMORFREET VI ERERIh TRV, 22T, =2 TIPS HicES0
EREREEYOR FHEETNV2ERT 5. COSETFNICL o7, BERETR T
CHIGRFOH—LTHIB LSk 2, T5ic, ERDOBEIC L - THREN FHEHE
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BPCEER T ELTIRALINETE S,

2.2 ZEHFER
2 W B B EREEMOELL o £ 0T HeDERIE.
(e 1< o |
1 % alf”x] |
sulsyl=|0 El j=u ' ' (2.1)
ly J li __a_]uy' |
) |y ]
DT H L5 oD BRI |
'ml 1 v 0 1e) | |
a-! y}-— E Iv 1 o0 H éyl=s | (2.2)
1 .
{xy] 0 0 '"i'z l”ny
TIZT |
EF: ¥ r/=

_ R G b2 AV AV ¢
BRI ciRR(2.1), (2.2) THAEN, REEZSDEINEROEDIZE. &
DEBHHEADPLBIZRD,
3%u '
,o;— =V-o _ | (2.3)
(2. ) BRI A LT —RIC R D 0 b O T HREE A U HhOEe AR
DU TH Do WAL tEDB N, R(2.3)DHETIH BIEHT ¥V VOBRRTH
&ﬁﬂzwéﬁﬁwkﬁ?%ﬁﬁﬁtbf\Eﬂé%Uf&?VV»%ﬁmt%Hﬁ
0-,2

o5t v [A. £140; +2¢u£q] ' . (2.4)
' Ev_ . :

A 1*1’2 : 7%@%& (2'5)

-”=ﬂ1€_v5 : T ADER | (2.6)

CERL. SAOBBOSBAE. 2WTTOMEEERL TS, IRTEBT 2 EH A
i
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E |
1+ v)'('{— 2v) - @n

X(2.4) FRkD LSz TES,
Lk dp 90

A=

3t2 =—dxi O'bﬂj ' (2'8) '
p=-Ney : EH (2.9)
O‘ij=2u8§ _ | (2.10)
I K -7 —\
= 3[a V| OTBTYIN (2.11)

R(2.8) DHIE 1 HREAGEE L3 HEELTHY . FhOEH BRI B 2E
AAEELACTH 20 727 L BRI B BEHE. R(2.9) OL3ic. DFHT

- VINDONBRAORNIS A DA BT ELOTH B,

SH. BEMOEBOEHLERTINEDRD 2, OFAF VIV EEET Y VI
BEMNERAVWSLRD LS -T2,

1M .

sﬁ:i[?xiq'gx?] P OTARF VN | (2.12)
1 gy

w,-j='2'[7xf-%} - EEET Y - (2.13)

:nam&yv»%ﬁm%&\E&ﬁ&@&%tt%o?&bé\ﬁﬁﬁv#au&%
B E MR L 2RAPSEHRINS,

Ui (e + A ) = w(x; )+ A (%;) (2.14)

Arg(x;) = A () + A (x;) - (2.15)

Auf ()= e5hn; 1 DFBI L DL O (@18)

A" () = wyAx; [RERIC & 55T (2.17)
AHADREEHOZEAFERIZ. 2RAEOHESIRD LS Ik 2,

I£?=M | (2.18)

of

6 : EUEARE (RMFHED) wy-20 (2.19)
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r-m : WiEOEHEE—A> (2.20)
m = pl§

: BEOEE (2.21)

2.3 RTFEHEEFN
2.3.1 BIFRENEM :

2EOKT 1, jOUHEEE 2h2hio, fo, BEQCKER,, j LTaL, 4
ORI B R0 =Fo-Tio, BEOHMUEBRA =T-itks (K2.1).

Z T BEFVNVEBHCMLRER S I RVD S, HNEMD S bEEIC LS
AEBRDEDNH B, THOBMUBICHN L. BE 6;; OEESD - EBSOMENIE
RO LS BB, — | _
| rg=TTjo . 3 L (2.22)

[cosfy; —siny |

T 9.23
I_sin Gij COSBij J ( )
G465 (2.24)

| 05 =3

ZZTo; 05k, TRBRET 1, JFERL LT TWAEEAEL T3,
BREOHSMED SR (2.22)Ic X o TRDEREBI &, VTR L >TEUREN
HEsNh3,

Auf = Augj — Ay =7 7 | (22
Eblz. COBMERERS LEERACATS (H2.2).
A¢;=Au§~|—;fﬁ ©(2.26)
v i
A = Auf - A (2.27)

2.3.2 OIHTVIVERE |
BT L,/ BB 20RO, MFRMMIE~RY MV EEME T 2 BERS L I
Bt MROEMORERS L WHRAS b Th2hlbhd.
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En = Vs (2.28)
fi]
Auf _ ,
£y =—% (2.29)

BRERTEHAHBRIDFHTTIN TR, 0Ta5 ‘))b@%‘(@ﬁﬁﬁiﬁ%%&bwfﬁ:
RS ZZRRLERERD LHHBEABHhIE LN,

2.3.3 EAH

BRI BT 2EHRRQC. D ERIh TN 2, EH2ZRDBEDICR. 70T A%
FOMAMDPMBETH 5. ZhiZR(2.12) & H &M OFS(divergence) i/ 2 o

s = divl) = difu®) (2.30)
< Yoon B HBER L 1 SHOK FRIBE(FM T L (281 £ T % 2.
ex = div(a) = dif® )= 2(" “'r) GB6) - (2.31)
%(2.26), (2.28)& b, L—:J’L&Uﬂ“;l@ﬁ*a‘ﬁﬁ’é}fi%ﬂltﬁff%%o
)5 3D ) 45 ) 2.
A(2.30) B R(2 O RATD L KT 1 a;;ﬁa.:s i BEABREN D |
i = A (e | (2.33)

2.3.4 WHF IS
KT LJETIHT YV VA EEHET B0 28 Ly BTREAENIERY L% 38
LT3 BERHE L CHEBAEADS LT 5.

(cr)q = 2y(8,,)ﬁ ' (2.34)

(z); = 2ue;); (2.35)

2.3.5 BFODOEH
R(2.3)TRTFOEB R RIS,
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52
p—az-2-=V o _ (2.3)

ZHICHEBORFEMREERATCTNVEERTS L.

*u 2d (" "‘”z
Pﬁtz = 01# r,, (q) (2.36)

—-

z 2 TR(2.36) D ELD o -L— :J: R WNVE - BERFC DD EHCHD. &
heFriasl, %@Eﬁﬁﬁﬁtﬁgfﬁfﬁké}i%n%h(@ga(f)gkfst%o

32
P kI | (2.37)
j=i'y .
%h%h@ﬁﬁ%LOb\fﬁHf%b‘ ERD LS l"tz%o
= 2 ’ij)' ' o . . (2.38)
: J=i 11 .
3 a2u 2d  (7);
ol BST0G) o ew
j=i Y ‘

W [ ZHAPBHOBERS (R(2.38)) OMERT —"OJJ'J‘F]Guﬁéo E7. BN
Akgr (R(2.39)) ok LA RO 90 EREEHE D ICEES ¥R BRICR 2. ﬂ‘t;::b
B,

-a-

o - iL"L | (2.40)
ool W -
COKB, BATY vwkomtﬁ\ﬁ%ﬁﬁﬁ&ﬁ«?%»t@ﬂﬁkxvgna
BERAENRYZ MDVEOAR-DP D> TaRIE L W,
' EjJL'DL\’CIi\ EERHELRLEOTENET S,

= 2& () | (2.41)
ji
pg=%? | |  (2.42)

H B WL :ﬁﬁ:wrﬁlﬁtﬂw MPS %@@ﬁﬁ(gradlent)%r)lx%ﬁib\‘t?JEGJJ:')L

FEHZLDBTED,
2

p-ﬁt—;‘=—grad(p) 0}‘,@’ P‘r) G- wirs ) (2.43)

j=i g .
HEDEFNVTRE, RF [ & JUJEJ’JUJIPi’SJ’J:ERD\ ChhkiF 1 JETEERHL




- JNC TY9400 2001-009

Lf@(thoETwL&ofma RiGZ hid SPH B 2 EHEDRHE SR L L
THdo BB LIEHDOROENRIEREH L LTOBEEREE->TE Y. EOETH
mwﬁ¥%tﬁbﬁﬁ§\ﬁ@ﬁ?&nﬁﬁbﬁ@<oWHﬁEﬁﬁﬁhmztﬁmé\
NTNBHET EOBED SEHNEHET 3. 8> T COEHKENEDTH D
%TEmﬁéﬁooL#L&ﬁg\#E%ﬁ%hf@%ﬁﬁkﬁﬁ<t%&ﬁﬁ%ﬁb
Tho Ly EHOHIHEIZEHI RV, HEDTFNCRADEHDEL 2 LET
RICEIIDEL S Z LoD, EERERNOSE T OBAICK TR A
2TLEW, BEIPRELCR D, F. WZOEFINTR. FEHPERESET—IE
E%ﬁbt%ﬁﬁ\%%ﬁﬁ&6EM5ﬁEﬁﬁ%awiﬁ\Eﬁ%ﬁﬁéﬁf—ﬁﬂ
Lﬁéﬁ%t\ﬁ¥ﬁwﬁﬁﬁ%M?%o:hﬁ#E%ﬁﬁht%H%Eﬁ@ﬁﬁ@t
tatﬂibhki%i&ho%ZT\MSEfﬁ\ﬁ@Eﬁ#EBttLT%ﬁ?ﬁ
BIABREELBRNLS LT B0, BLU. FHO—HLRELOEESSTRVESI2
T3 REOHBESNEZRHELTVWS, BEOEF NV CIREFREOEHEI Lo
THBEL 2 LW BRI R TV EDT. 2ODRTFOEH BT CEEIFEME
LTONFREEEERIZEZZT RN, ' '
FERTE, BNORBBIC Lo TEAIDRE S, hid, ZOENMENEATHS
CLEERLTED. EREFRhORREEMNTH B, &5, WA TR
tE&Dﬁ@Eﬁ%ED%%Q%LT\ﬁ@ﬁﬁﬁibtﬁALﬁh¥ﬁLmﬁ#$b
35z k#%ﬂ%k%%éf%%ﬁ&ﬂ:$ﬁ%fﬁ#ﬁ¢®&ﬁ@%ﬁ%rk&bf\
BHEDEFNERBT LI 3,
EFRFOEBE(2.38), (2.39), (2.41)2EbEEHDIRS,

u"+1=u”+At[aZ+a:.'+a;- (2.44)

P % A (2.45)
ﬁ@4®ﬁﬂ®bo;@¢@ﬁﬁ%n%h\Eﬁmﬁ\@ﬁmﬁxﬁbk£%Mﬁﬁf
b HIEBENOHET D, MTHRORES VS VU7 Tth B EWVNSRBEEPT
D, R(2.45)D &S IR FMBEBET 3.

2.3.6 KFOEER

RIRICR U R P OEB ¢k, BEIGH, WWEH, EHOWThb, FIZIEET 17
DRTE. TNZThORF N UHRHERE LW ENCROFHOH L LTl . B
EI5A LEAR L BHDWTR, BT EENY MV OFRTH Db BT 1]
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DOETHbHEING. LR LRMS, BEEAIE L3 H0BAKEEAERD, HET
— AV IMBPRETD (EIZ 3o

1} "(r]"rz) A ] . (2.46)
#(2.39) L b, E%ﬁﬁk&bﬁ?fﬁb#%ﬁM’
F 22 (’) w(y) | (2.47)

Lirbo ﬁﬁﬁ%ﬁ#@ﬁﬁ#& uh%&ﬂ%{ﬁﬁ‘iok\ WF LiCEhZNEST

O‘-‘E"—“x/l‘%‘%‘zé KL?'%O

13 3My - @)

J=i
I I3RT 1 fEpEET— xyb@bao::Tﬁ\ﬁﬁﬁﬁtﬁ¥&ﬁ&tﬁﬁfaz,
L LREZT. FORTHEMS d L UEBOESRICHT 3EERENS,

2 4 )
Iem%-p% | o (2a9)

ZCT, o BNFIEDERTH S,

ST RQB)FRD LS TR L. AEE v LEES 6&2RD2,

Wl oW + At(wa)* | (2.50)
Gn-!-l 9“+Atwn+1 {2.51)
= 2 TH(2.50)5500D walXAMEETH 5.

C M TOWNRIFIC A BT S EMTE T, PS ICESF DIC (Direct
Simulation Monte Carlo) % SPH (Smoothed Particle Hydrodynamics) Td. RiFicid
[E 0D B H B A o o WPS 35Tt Navier-Stokes AR BU 2 ilEIH 2 M~
MVORH L WS TR EAEA TEEE LTV AR, JhZEHCR DEEE—A Y
NESEXED, 2T, CORBEE—AY MIFEEF VBV TERIhTNGD
T EEHBEEEINTVARV. DM TH RN 2B FROEEREEZ 52 L TR
EAZ MU SHEWEEE—A Y MSRET 2D, ThEEBEL TV 2 RDICAES
BPREIABRVWE VWS S BUBI X biEMEh T3 [29]. —%. DEM (Distinct
Element Method) TR T HEED HEEEZRK>TH Y EFHTAENE 2B T 5,
ZOkD, DM CRAENRZ EEIVLILHTE S,

2 2 CEIR L B OB TEEF VTR, RETFHEEDHEEEK>THED,
WIS Lo THEL BERE—A L 2T N T L IRTEEES BTN 2. 201D
AHETTN TR, BRRBESETHFERICBWTAZHRPRESNNS,

- —20—
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2.4 RELETH

2.4.1 BIEYIH QWM

MROBEHET I ERPROBME 52, BHARDE L HESNDDE S hER
BT o AEGFREM 2.4 TR T, 180.20, K& 1.00 ORI Y L, 205100 HOBTF
TRT o o TRTFHIAE 0.0In L 2%, BOHME x B BSHAE yBETE
To YUURRI0% F7 vV 0.3, MER103ET 3,

y FHOER u L LT, ROBDEEZ .

u = Asin(awy) - * - (2.52)
TIT AR o RAREMTHD. Tk, BE v R, |
v = —weA cos(wy) (2.53)
THZlo TIT ¢ i, HWBHE TS EHIIROBMRDED 2 8,
/Zr.{_zu 1/2 o
= 5L ) (2.54)

243,
HERFERICHFIRBI W TV R HEIKE., AR TERE LMt hom FatEE s
BTARKEFRTHETIE. EARBHOIRIZBIRYL —3§ 2, 22T, B2
EERMLTETHBERESLOX S BT 2P EHA<D, EXEO 1 E5% 64, 32, 16,
8, BIU 4 HORFTELEBAKLDWTEZ 3o BMER(2.52)CEL 2L SOE
15345 DI ARIER(2.9) & b |
p=-wlhAcos(ay) _ (2.55)
LRBLNBODT, ChRHERRLLET 2. 2B, APIEOELETIE. BLDN
SA—FIIROBEI 2D,
' Ey

Al= = 329.67 .
Y (2.56)
£ 384.62
_ ,u==m= . _ (2.57)
¢ =1.04828 7 (2.58)

VA% nEORTTRT L. AREBEERD LS k3,
a)=2nfﬁ%z | | (2.59)
£ RE A KR ERAHT 2,
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-4 n _
A=10""¢7 (2.60)

Fie. RFHEEELERCBD 2EAHBICE, PSEERILBOZANWS.

r
L _4 r<r,

w(r)=4" (2.61)
[0 rzr,
BEAHBEBOLRE r, &, |
r, =4.0d (2.62)

YV B, REL dIHREBCBIIRTERCT. 22TR0.01 275,

Zh2hOREEIC B 2EEEREF M 2.5? 2.9 RT. RIR CHRESEIFET, B
WD ERETH 2. F64 CHEDLOBENEHZH, BHBL I —BLTWEZ LS
BrDo F32 THMNRL SHERREL IR ~BLT WS, FI6 o722 2, EHDRA
BLE/MEDHEME L LTRDNE R RoTWB, ThiZKTEIFTRLTVWAI L
RLTWBo 18, 4 LRFHEDDR L 2B I DN TEADEEINS LHEIhTWS
Zrhbhb. LiWZ, HERAORREED 4.0d LRXEVIDPIHE TEHS
HROBRVKTETHHE VEFEP SR THhZ L REEIh TR LHbY 3,
SHERSEE F LD TR 2.10 KR T E—2E 2 MBI (0.324) LHBLTH2 L, =64
DB 10242 DOAZ VA, 732 Tl 100%. =16 TIiX 97%. =8 TIX 91%. 4 Tk
63%2. LEWRNE S RoTN T Libhr s, HTHRIDRN LEEN IS {3 &
SICREDNEL S,

g, STOMERRECBNCTHENCRITEL KE B> TV B0, SEBRT I
LD BAMAICENEDTH B AWTFEHEEFNVICBIT 2 BREECOVWTIRE 24
CRALTEL T, SBRORRETH D,

Wiz, =64 DFBET? t=2.0x104 2 LT 0.25ec ETEEZEDE, ZOBEE. R
R T H ISR D B D, |

u(y,t) = Asin(w(y - ct)) . (2.63)
V(3,£) = —acA cos(w(y — ct)) (2.64)
P(y,t) = ~wA'Acos(w(y - cf)) (2.65)

B, HERRICBUAEASHOLEOKF 2R 2.11 IR B LA EED-T
WABBRFDEEINTWE L Pbh 3. L. 200MRERPHD. 12, FHE
KRADED 0.2 LERTHADT. HMEEBAWTELENDERR> TNV, EIH
TIRBHZDE L 2b P, ThEL>TENFEOEREEDS NS R%, 351D
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i DI TIRORETH 2. BRLMEZ 2 CIRBMR EHBIC LT WS, 2079
SEHENEC B, %L\tO%mL$MT\iﬁﬁﬁkﬁhﬁﬁﬁﬁmT\TﬁLh%
LTW3DOHRZ 3,

t=0 sec & 0.2 sec BT ZHEFHRLENBEOLERX 2.12? 15 27T, =27
& BB MOBBERDRVBEED I (20.1) LBIF2 ¥y HHOSH Sk
REUVTHAVE. B2.12, 2. 13 MM B L EEAEOIRTH 3. GHEEE LR
BIZOWTEBLHHBEN—BUTVWERV,. 27, 2. 14 CRTEHIFITONTIE
BRI LRI L B IR ~BILTW 3, [2.15 OBER AT ONTIR JHA 2
KFETEEINZBOROT, 1 DORFIN LT ZOEELET L OBEAEhED
BUEET 2. 20k, KTk 120 y BEIZHLTE S SADEPTENTNS.
t=0 sec BT, FFEIEWEOMBIZR L. BLFEEIASVOIL, x BENEL
EBRT L OROREER/IT. BB L ZBFRIC—H LT W3, (Mhizidfidrmic sir
BRBOWH PR TRINTNB.) Zhd b SIREODI VR, BL0, FRIED
EOHBRICOWTIE, x BENERDEENTLOb0T. BOSHAOBEEHICE-
TWBBDTH Do t=0.2 sec IKDNTIHE. ﬁﬁﬁﬁ%ﬁﬁﬁﬁaﬁﬁw\ﬁ%ﬁaﬁ
NS POBBPASBoTHB Y., BHRLDO—BULE < B2,
| EERESAHECBLTENIOR, BEADENERTHEEDEEL SN, b
BB, W7 vV EBYODOBAIIE. MAHOEHIEL 2 D B kOEFIEET
HBZLORENNL, CEHEEIERE BT 5E5 Iz, 2k, BB HEE
LD HRELRBOE, 1 WHEDRBENRF - LOBZORELEL NS, —
I IRBIFEDOIEAT I BN T, EROMEEA 2 ¥ —ARBICT 5 L RHT X)L ¥—
RAERD, BIICT 3 LMICNE {RB, AEEEFN TR, BN ZRD,
HTPEEOBEZIICESNTIT I Tk, MTFOBBICOWCREF S hi-HE 3
BAWTWS, ¥E54 I EETH B0, BErL->TREFSEEI NI DLEZ
Ed. FREFHEFNVEBVWTREIHOZRINE—5—BIHT 3 L3 RBEES R 3 —
LARZDWTRHSEOMERETH 2,

2.4.2 2 DOBEKDOER

2 DOBMEAHEIET BEERIT, AEBEIMEEINTNSZ L RS 5. 2t
%ﬁ%%ﬁﬂdﬁtﬁ?o&M@m&?iDﬁ@éh%ﬁﬁﬁﬁ@%ﬁﬁéETtEt@
2EACERE L. BWERET 3 L5 ROEEE5% 2. A FORERTR. KEC
BTBH5DDRFIZDA0.1n/s OWHEE R 52 2, fo T = OWEAIFAERICOT
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HEECODLENEEEN T 5. £ EOBERORTIIXETIC-0.20/s DOHIHTEE
R 5LBDT. ZOEEABICOTHEEL B L RBYT . $H. 2TORTI
BV, THOAEEIIEOTH %,

BN B BV TENORMIE R TE LTV ADT, ZOEEREL 200
BEMHERELTH, BEWETFBTIILRTIATTLES, 22T HTEH
BEhOBEROBERE L, 2ohboENEHET S, BREEINLD,

A
=8 = —div(u) (2.66)
P
CNERTEMETEL 2,
0
P Se=divw) (2.67)
INEDEANBEND, R |
Pp = —A'div(z) ~ ’ (2.68)

H(2.33) 2V TEROREL VEHELEES p &l BFEEE L HR(2.68)2ANWT
HEUEEH p L. AEWAEZORTOEHET 3,

WERDEHRTIX. EMIC L3 EOEAXRBET M BRI CREVCEhTLE

3 DTAPEARRE LRV, AFHEEF N TRINES ELEHETII LN TES,
Fh, WATHOEHPEHETIOC, EHEN LEFHEL OWEEA N LT H ARG
BEFNEFAT B LATETH 2. L Land, BEGRTIEMT S L, %5
RREHZF TR BEBHOHLET 2, £, RETOBERC X o> THEIGBD 5L
T5, LPLRSS, RFEEFLCRINS RFHEINT NS,
WGP L LT, YO TR 103, AP vV LI 0.8, BER 13 L L, A2
Tote WREN 2.17 IRT, Osec TRATFOMYPRE S L OMPRESTRIRTY
3o 0.2sec Tl 5 LOBEEKTRETORTIMEEER Rk EE b > —HOME
HIZESNT VB, ETFOWERE. VHEEAFFBRFNTHZOT, BEAREO
VTHEMNUTREOMEIICEL L, Bo< b2 LEIEEl: L CHEESHE LT
W3, 0.3sec TIEHBMEMERLEPEOLPSBNZMNETHRL TS, 0.6 BLU0.8sec
Tk, 2D0ORMEEDIFHRBEICEEEDEEVRDPSERL TV RTIbD 5, EiE
I 5 5 OB T L RIEEE D TH 2,

T DFEI B MWL EOAENROELEE 2.1 LRT, HTOWEEHIC X
PAEHRE. HeOMTFORERY FVEOWTERORMESLE Uk AETEE
BHELMER-2bDTH 2. MFOREES K & 2AENRIL. HeONFORIER

—24—
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LBAEHROME L o dDTH B, Kl 0.0sec Tl HFOWEED - L 558D
BLDRV. 0.2sec Tl 2T OBMEGSEIRER 2103 25, HFOEER L 3%
BHESDTHRBSHELT VS, ZOAERRI 4.552100 kgn-s] THB K. &
BOAEBRIZ 100 DHFE THHIEL —B LTV B30T, ASEEFIVIC L > THEE
EDPREINTWBZ EBDH 5. 0.4sec MIETH. BIHAOEZEIC X b TFOEEE
Bz L 2AEHED 2.2x104 kgen-sl BEZITHMUTNID, ZOBRSSLEOH
EHBIX 04O E CHBIEE —BL TV 30T AENEPEESh T VA LS 5,
BB, BEEBDEDRGBEINTVNDEC LEEPDT VS,

2.4.3 BRIC L 2RI | |
BB, RAEAFEOTENEZ R 2D, WROBMAER EATCROBMEAEEN
HETHRS €, WOFThIBTEE T2, FEAREN 2.18 Io5RT. Wik, o
ZHE 04 RB7w v V0.3, EE 1032 Uk, MEEYL LT, Hlod 3 EARROB
HEARIZ-1.00/s % 5 % 7=, |

AEREREN 2.19 TR Y. MYOKTORBENZEL TS, EATSROBEED
WRICED, BOEAPED, ZO%R, BMBREEBL TS, Bic, HRE AR
TREABPEIRIBIEEDBABEL BH, HRECL3HDPT NI BT IkEh
TV o FEETIRBNOSEICEABSSENT 5T T, hik TR
BRBIFLNERBED. HIEEEMIBNTUES LEED SHREI R R,
ZITHPNTUE 3o EROBSHROBESBIITA-EHIGICHS O T, 20HEE
ANTEHELRFNZPERICELWEEL XS 2 20. L LRSS ARSEI LD,
C IR L EBEROR FIEEFVZ AVhiE, B RO RERETOARR S
T\ BREBHOIBBEES LB TERZ L BRI NS,

2.5 ER

AETIE. HEEORNFHETFNERACERE L. YU URERP vV U HTHE
ESNDBEEROEY AN 2MFRBEER &> TSt L. BRstEr LTy
AL X D BEEROBR R REREB OB BAEETH 5. 272 L. BOETI BT
SRR OMITICE, BRR7NVTY A2V ESBIRE2 IR TH S
DT, ThIZOWTRSBROBKRETH 2, BEPhicERpRosirE52, H
PRITOARPFNRL —BT 22 BRENE, 27 L. BiEROEROHE R,
RIBPROEITL L HICKEL B RE, BRZEARF—~ACEEHETASIADD S
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ZeNbhok. | »

RFCREOHHERELD I LIEL D VTROHNOEEEAZRETEL LB,
FEBROBRIFEDSERT o ik 2 DOBEHOEROFEMIC &> THPD S
Nizo Ty MTPREECESWEENSELERT 52 LT, HEC L 5HEHOF
BRI Lo Z ORHERI DV TR A-BIE B EEA OB b AN S Z LT
&, ¥z, WEDAZVHAL B ROWEDEE T ES I LIRS W, 2 L,
REOBEAOV T RSN OBRRE X ZEREI T TORNDT, PEEKICE LW iz
BOBTC OV TR ORFEZI— RICHARE R CERER .



JNC TY9400 2001-009

- R2.1 AEBRGEEOKRT

AEHE [kg-ms]
el [sec]
HPOLEEH | HTOHEED &t
0.0 2.5x10-2 0.0 2.5x10-2
0.2 | 2.49545x10-2 4.51327x10°5 2,49997x10-2
0.4 2.48194x10-2 2. 174535104 2.50369x10-2
0.6 2.48043x10-2 217573104 | 2.50219x10°2
0.8 2.47871x10-2 2.19177x10-4 2.50062x10-2
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3.1 CECHER
B ARRICE. #Fﬁﬁﬁhkﬂ?éﬁ%®ﬁ\fﬁ? « A b— 0Zﬁ&f\&0
BImEAEAE AW,

- BFEORN

9P _
&_0 (3.1)

- FEP - R b= RAEBR

Du VP

1 -
E=_?+W +PF ] (3'2) .

- FmE TR

D—h ~kV2T (3.3)

: B [ke/nd]
1 i [m/s]
: 1 [Pa]
: EDRELRE [m/s]
S [N/m]
T A NE [J]
: BE [°C]
: BEE [Wa/K]

< Yo &0

L T~ T

HOATH., BEOREMAZEOL L TEh, EEHES2EERLE DR
2 TWdo MRDESETR, BERENCRG.DERALT, HEOREPEOTH
BLWHIHABEE, ThEHVTWS,

FEP AU ZAGBAB LSRG EATE. EXOBEMANS IS oY
WAz >Tn%. ChIZBREZEAEBD, ROLSITBLZLHBTES,
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L_9 vy o | (3.4)

R H)OEDDE 1 EFREUAECE 2EIBRETH 5, WS HTREFHEhE
BORERY MV TEBTHOTS 75V V2% Ths. HPHMBEOEHIC L
TSV vadis, TiRbbR(3.4)DED, HEFHEXh DD, BREERICEHET
3 LBV, REROEAETREWEDEN R F— A & o THESHPRERD
HEU, BEFER EOASRRESTH oM MTETRIOBESE RN,

BEMXSERTE. BE2LEERTIZ L3510, SETFRIVINE LBEDOTRS
DOEE 2R, BERZ VYNV COBRKL LTS3 L5T 3,

3.2 MPSEILa5EEFTN
3.2.1 Eﬁﬁ@ﬁl
%ﬁ?@ﬁa%ﬁm%z6Eafﬁ%®ﬁ?t®ﬁﬁ5¢%?%oia%ﬁ%ﬂ@u
T@ﬁf%zao

e _q O=r<z)

w(r) =i r

(3.4)
0 (r.=r) _

r: EHBHROE
Iy : K TROREAE
THbo |

EABEROBEATOEBORT L ONEAROES 2K 3.1 k2R, EAEKD
M r, 2 EROMEE T 52 L CHERRT 2B TFORMIBIND, BIZIE, HoHE
BO &S IERRA ECHEER OS2 EABRBE LTEVWS L, BT 2 RIZHH
UTAERAOHEARHEINT 20T, AEMSETRE LSRR, Sk BT
FAEERE r 2% 0 TR EABEEDERAIC RS, &OMEREEREEES)IVICBI 5508
LZEEEN TV S,

WPS B BN T IR EABIMORE r, FEBERES A— af@5o_@ﬁﬁmsm
LAAEER T 2R TR S O TEHEIEE S R B A, BHEREDNEL D, ohE
TOMET. HERE LOBER r, 2 ROIFELSRINTE D3] BTR<2ET
BREPHRETNVCTE 2.1y, 5753 PUEFNTR 4.0 BB THZLINT
BY, AFRTO ZOMEEANDBDET S0 2 L. L BN FEBIC B 35
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FRERTH 2.

3.2.2 RTHUEREE
B BRT r ORLIET, ORFEEE 0 EHK FOEARBOEOME LTEREIh D,

(r), = Ewr-rl) | (3.5)

et

:foﬁiJih?fmﬁ%E@%ﬁ?f%%g
b aRTForER (G IEBEOEFOYEES BEABBICR-TE LbbE, KT
R 0y 2RV THIRET 5 2 L TRAT 3 2 LHTE 3o

f - .

(£G)- DA G w(r i (3.6)
ﬁof,—ﬁth@Mm

(FG) =)= 7 (3.7)
TH 5o | |

BRI T h T osEs (N, X,
(m), |

(N),.=J.Vw(r)dv | (3.8)

LELZLHTE ShEMAND LFEEoERE(, X
~ __mn), |
(p), = mdN), -f A (3.9)

LB, L, niBNT IESOERTH %, r'e H—ETHNIIEABRBOEIED
—ETHDd. IHERTORNTOEEIELITNE., REOEEIZRFEEE AT
be

FEEMERN TRERORL VREOBEN—ETH B LWVWI AR 2, ZhigR
B.DNE VR TEEBE -BORBICEBTES, :@ﬂaﬂiﬁ%rﬁ@—ﬁfﬁé i EELZ
b Nl 3

3.2.3 HEETN

YiEge; ZRONT 1 D OMEE 2FORT JOYBREROFEIL, RFREOH
MRENICL T, |
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$i-%r .
2 \j ’i)
-7
ERTIEWTES. ChEBEABBOEAIR->TELDDE, FRbLTizLick
b, WF I OMEICBIT 208 (gradient ) DREEFNVE T 5, Ha2K 3.2 2mT,

(V¢,-=;:%Zl%(ﬁ—?z)~([§ —ﬁ-l)] - (3.11)

i

V=5 (3.10)

Vil ON

d @ =R |
BB, EEHTFLOEFORLHDEDOK, KT i BHLOEHIHRNT 3,
BHABWET VK. FEP » 2 b=V 2AHBAOELARHICANS I D,

3.2.4 STIVFUEFTN - _

STV AN REEREEZEK L TVWEOTH 3.3 KRT XS, WF 1
_ﬁ%O%ﬂﬁmﬁﬁéﬂﬁmﬁ%mia%ﬁwﬁatﬁofﬁm?%o®331ﬁ#i
%#ﬁ@%%&ﬁbthéﬁ\Eﬁ%abr®777/?/@\'

v 2@ - -7l) (ﬁm)

B ILPTEB, IIT Miiﬁi%tki%%ﬂ%ﬁ#ﬁ@ﬁﬁ@%ﬁ%ﬁﬁﬁﬁ@&—ﬁé
B3 EODORET.

=-l w(r ydv |
A J;w(r)dv | (3.13)

T@%o ) ) B
RS 7SS PUEFVE, FEP - R F—2 2 5BERNOHEME,. BERRSEROE
AR, BT AEHORPZ vV U ABRRICBI AFEHOS 7SV PV iAW S NS, &

NoDEETERYBEOREER2EOEDIC. WRBEHEZMTE TS L 208N H B,
Thbb, HREPEHTONTWBEGDOS S 7 ORFEBEERES NV,

kvz =0 EE‘EJ(‘F’J ¢'¢)"{J‘r|) | (3.14)

ET%, 2373 <‘:’C\ B+ 1 & JioRUTHfici b, IjETHRT (0K YHEE
CRTF JORBYWEBLIEL D, 2DODRTFIESYE CHBEBEIRR>TW
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HEAIE. BROTHIE Lo TR FROES 52 5.
1 1]1 1] . -
E;=2I|:kl k_l (3.15)
| RABHEETE. 200WEOESHBZh 2 LIThIE. T8 L= EEa iR
(3.1)B 2. ZORERTI VEOD SRR, BHIEHREL MESRETH 5.

3.2.5 JEFEHMESME: , |
FEMBHEREOBEN—ETHEILTHD. EEORTEINS,

P _o
ot _
&&zﬁfﬁbtiat\ﬁ%@ﬂ%ﬁ?&t%bm&?%t\ﬁﬁ@%ﬁaﬁ%&%
BEIBIT B0 & 0T EEMRMRRFREE—RORELRD, Z20—EEE PL
T30 & MTEEEDS BT, P LIZRR>TWB LT3, 2UT, KMPOFM LS
EENTNE BLUT RFEET 52 L CHTIMEEE P CEBS BT L 2E L 5,

n+1

(3.1)

-0+ (3.16)
F,“=F + ', At _ (3.17)
n’=n +n', (3.18)
HHEOEEREN LD, RECBTE &:*\J.?%IE‘EUJ{%E% I T ORRDSSH %,
aal VPn+1
Pl p (3.19)

k. FEP - R =2 XSBROBNREHAEHC &> CHREFMEEIND LT3
L. '

* 0 ’ ) 7
vzpfﬂpztp;i'?’l- ) (3.20)

PESN3. R(3.18)ZR(3.INICRA L. ZORBEER(3.20) DR EE - = b DIz
RATZ L, UTOEHORP vV U ABRPES NS,

WF“=j§ﬁjﬁ- | (3.21)
EEDZ 757U, 3.2.4 HilcmULES 7S PrEFNVIC L > THEY— kAR
CHBLTEILBTED, TNERNTESNEEASER(3.20) IRAThidsms
DOBE@ESSBE B, 2L, R(3.20)DELOFEHHEITIL. 3.2.3 HiloR LA

BEFNVERVS, REDBEMEZR(3.16) & C.ANIARATHIE, LWL ntl ©
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Wl LR FAEPRRIICES NS,

3.2.6 BEFNITYZXA

MPS MIc B BEHEPNTY XAD 7 0—F v— b 2H 3.4 WRT. EEMERIN
DEtFIFEERRPIVIN XL R>TNE, FTHET » A —7 XA ABRADENE
BHAZBROWEMEEHEANE, CCTRENEHOATH I, 2BRICEHE L. RTFO
RN EBEZEH T2, 20H, ENREHOR7 vV UV ABREZHE L TCEHEZE
FidLedio, BETS. 22T, BRI NEENDORT vV ABRRIAZELD
L R S —4id & 3 A1E% (ICCG ¥:, Incomplete Cholesky decomposition conjugate
gradient) ZAVWTHE <. MhOFHEDE, MBESBAZEHE L. TV IV EEL
T 5, MEBTVZIVEOBEBRE LTRDS, EEL. T2 THEEEHEOBOHEEL
ZERT D0 : :

3.3 BEOFETTINV

CNETO WS BT, WML EHOBOEELcEEREEMEE L. B URFSE
MHBVEMRERT LD REHEEFN LR T ee —H, WD b SHAORZE
LTk, O TAERAREEEMES 25, HFLOSHBTFEREXRZZLTE
FIMELT VR, Z2TH, Rk AR, R o 2RRTHERE LTS, 20
i & o CRTF 2 B 5 W IdwiE & BT (123.5)0 BMAOEHES 0 2T 5o
2.1 MICRULELS I, SRTREELIVINEDOE S5 BERLTIH>T V3,
ZUT, #up AR (R(8.3)) 2EEv3 Loy NV ENEHINS, COEHXh
Ty ZVE K DERELEERESET 3. BEMEHOBARRRICH > CRELE
MEERET B, |

b= bmetrg
.1;:'_: Tm+ Cpl hl >hmelt,l (3‘22)
Tm hl Shmelt,l
gw A b > Fyeir
o = —% 3.23
¥ i Z: By < ety (3.23)

¥ WPHEHEOMLKOREA NS,
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me B= hmelt,s ‘ )
T, - - ' 3.24
l iTm + ]h—é—"l;zehi _hi < hmelt,s : (
[1 _ hi "hmelg,s hz -
m=i Pat melsl (3.25)
1_ hz < hmelt,s
ZZ T, ‘

hlat"'= melr,l“hmelts E b (3.26)
: BRE AR S

bmeu,; BREABRECBT3BEo I Ve

hpert,s + WEMARECBI 2EME0 Ve |

BAENFICBWT. BfEo; PER B LDNE L BRokBEICE. Z208TFE
BRI B EE 5, £, EEEFICRNT, BERSEREL DAS < RokE
FHCEHIHRR AL LIRS, ChoOBERERS.EICELOTRT.

BT T, ChETREMEREZAELTIZL T, BEETLRATENEL
Tz, ST, B2HTRUHBMEAN TIELIREDDL TS, REL, BiE
BEESNEbDL T2, BEOERSN-BIEAR T, BRSBTS
REBLLUTHWSONBEHDTH 20

AP ERTRHETIE. RhOFHEOBIC AW AR S, MUEENTELTE S,
BN TFOENZHETIRIE. BERTFOEHG WS U LICB#r — R ABRICHARA
ATEIRT 2 M TFRBEIC X 2V —EE, BN T OB F LR Z2H N3,
A AR TR T L B TFORE 28 3CEET 5,

3.4 WEDIED b ZEBOEHE R |

3.7 ICEHEMR B R HWRIK2WTL Ly IS 10 cn B 20 cp Ok |
VY LADBEN ES1nEX 1 cnDRF 2 L RROEBRD LIzEsTNWEHD LT3,
BREOEMIERT VL AR TEZ BN TE D BRERERIEOAFI TN BD LT 5,
TR T BREAA T, WA M) Y AOWHIEES 480° (. AFY L ZOYEE
BEKETE 15° ¢, ZMETREES bU S ALEL 480° C LT3, F 1Yo ADR
EREE® 98° C & L. ZOMEHEIC AV RO MERR L POy EEE 3.1 1
FLDB. ThbOPHHERASERIKEE RS Z0ED, &2 CIRESLE. Bis
LMD T MY Y AOYHEEIRBE L2 REAREOEDTH Do i, NS



JNC TY9400 2001-009

NSA—SBRILCELD B, FHRE B 2R TN 2.5 . Wi 2 ERD
BUROEMRE 0.5, HRFRE 5216 ., 205 BF YDA 3200 HTHZ. D
EEL TR EA R TRIEL) LT3, :

it 11 Tk, REEFRINBE L5, GEOBRIRLRENRD >k, 2T,
(TAERICHART b YU 7 ADORERSE 10365 Uk TRE21 BEO HWKF MU LD
FEMEREE 10859 20 TRBAF P UYL, BRF P SABIURF VL AD
MEEED 10452 L. S ITHET M) Y AOYEER 98° CL Uk M43 2o
WTHEE L. 2B, TE&H 3 TREERAFT VLV ABORED 98° C L Lk,

3.5 WKDEH D EHOFERLRE LUOER

R 3.81C T4f 1) ORHERERS 0.0 sec 25 0.4 sec TTRT. Wtk b U D AR
#0.46 sec THIRBIZET %o FHETEROEZZ 1o ULHARITTNRWED, Bl
LT MY YA 0.46 sec BT IENEBTUE S0 3.9 10k 0.0 sec & 0.4 sec
CBITHBEAFRT . WEOT QEHEDF b)Y AOREMET LTNBETT,
FREDWAT MY S ASTHERER R EETH DB, —H RFV VAR THEERD
BEFERLTWS: F M) YAD%KRKE. BEWAF Y VAR EZE>TNL =8,
kD HRPINTNBZ LBbI B, | -

X 3. 10 351 T B MAE DB T T 2 TH 2. BRI, SHHEERLIVE
RACBY 380 BEOASRYF MY ANTEREOT T, 20 XER2ARAEL
LTWae 0T TE2 ) © TS O XS ISR AS VST, JREEa s
HHEIC Lo TR RD, KEL DR LHICABAEIBENG, K311 TR,
B2 EBEBEOEE EMEL2, 3, 30, SI] B LAESDRETRT, ASHERKRI.
| REROESEIC LB EEWEMBETH S VOF(Volune of Fluid)kosHERER1301. B
LUTHNETO MPS I L HFERRBI LB —BMUT WD, Fi=, Martin-Moyce D
EER[31]. 3L Koshizuka & DHEER[2] & b b DD HETHIMTEOBBNSE
& D HBVOE. KROFBIVEE & b EE L MEORICERADH ADTHILELD.
hde Shd b, AMECHBLUESEI— Mok 2 HERERTDRYTH B L
PP B,
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