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Status and Subjects of Thermal-Hydraulic Analysis for Next-Generation LWRs
Subcommittee on Improvement of Reactor Thermal-Hydraulic Analysis Codes

Tokai Research Establishment
Japan Atomic Energy Research Institute

Tokai-mura, Naka-gun, Ibaraki-ken

(Received January 28, 2000)

The status and subjects on thermal-hydraulic analysis for next-generation light water reactors (LWRs)
with passive safety systems were surveyed through about 5 years until March 1999 by subcommittee on
improvement of reactor thermal-hydraulic analysis codes under the nuclear code committee in Japan
Atomic Energy Research Institute. Based on the survey results and discussion, the status and subjects on
system analysis for various types of proposed reactor were summarized in 1998 and those on
multidimensional two-phase flow analysis were also reviewed, since the multidimensional analysis was
recognized as one of the most important subjects through the investigation on system analysis. In this
report, the status and subjects for the following were summarized from the survey results and discussion in
1998 and 1999; (1) BWR neutronic/thermal-hydraulic coupled analysis, (2) Evaluation of passive safety
system performance and (3) Gas-liquid two-phase flow analysis. The contents in this report are the
forefront of thermal-hydraulic analysis for LWRs including test results from several large-scale facilities.
We expect that the contents can offer a guideline to improve reactor thermal-hydraulic analysis codes in

future.

Keywords: Passive Safety, LWR, Thermal-Hydraulics, Numerical Simulation, System Analysis,

Neutronics, Multidimensional Effect, Two-Phase Flow, Stability Analysis
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4. [RE_HERBERICHISIEY IR

4. 1 FRERPBRREZIaL—-23>

4. 1. 1 FLBHIC

AEEREEILTHOALERRIHT, BETERNI ETH BN, TREE &IIaTh. K
FHBALED SR EN NI A ZLAFHL TV THHE2—EDT h I 75 —D LEE-ST
NENEDIZBVWTREETHDIEDNZZN, TP 7 Y T DNIBMNSIEZT DL D 3 ikE)
BABMABTHS, ZITIREFOIHEEDN, UFCREEHENI OV THRRBANICEHEZL
THENRNEHBENNZ > THEIZILB7EAD,

AEERE &I HRD 20T L DRE L THEZMARICBN T, S, EF v >
I TOERTE, FICADOHBRRKRENWETF v > XIVANTORAOHERME (GRBFRRE. i
BRI SN FTEdH5) bLREFNULORAMTRELSLHTAEHSEN, B L < IZHER
TIERRRNKESED>TLEIHR LT S, [UIECHRF O R 5 7Rz E13Z 0HAN
MHEELUTIREMEZR > TWAEN, LRl OEBICTIVERLEREN S IR INS, F0LS
TR KBRS RN DOEENIETF v > N DOANHEZTIREIDET., @ME5NDHE (hEEF v
PHIIBREE) OFRPBET, FNICL> THEF v IV RNOREHICHHENS 25N, £
IAMDORIIIANF—EEBOFRE - B EES . 7F a2 AL —YOKREEREZT LTS,

CZTRETREERHOEANZANZTAIDONWTHHAL ., EEICL L0827, A%
ERIMIE DI EIELMEETRT 5. TO%. M. > Ial—TailonwTidNg, Z
CTORBIIRT, EEVHMAREED—AELTEEDEEED 2R—2 L LT3,

4. 1. 2 FRERBOHIE

A RIR B IR B 2 TS L CE A TH B, WE, TR EMERIENEHT 3 20EHD
JifgRiE

mi+cx+kx=0 ¢))
EREIND, TITxREM. miZEER. o IHMEMBERK. K IZThEkTh 5.,
WEc22Jmk £T 5 & RIZMELES TEIINM & &b ICREKBEEWICED TS, —4.
¢ < 2Jmk DBAGERNIIRIE LA SHEL TWL. 2B LARENMERT 5L 51 %%
E2DE, ROEHHERIL

mx ~cx +ke=0 (2)
LR, AR
X = exp(Lt)(A cosgt + Bcosqt) 3)
2m
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O THZHN, RHZEHLNVENSRIBIIKREL TWL, WbWLHMR#EZ TSI &2k 5.
S S IREILHNENLNEEEEADE. R

mx +cx =0 @)
LD, BEICDOWTHESTH T &ITkD,
mx +cx=A (5)
DED
x = Bexp(-=1) + A1) 6)
m Cc

DD —RfEEFED, ZZTA. BIIEATRTH 5. RO & ZIIERBEKNIZHEA T 578,
BREEOHOITITWIRERERNITRRT S I &Ik 5.

ITUFCBT 2iEmITE SR CRARDES TIXR <, HFEHTHO. X FEEZa—
k> OEEHEATIZA <. Navier-Stokes R THDH. LNLABNSATEREIEREZ, BHRHBIC
BRT 51213 LFEED & S RId- M RER EOMGERICER T2 S HEL LT V. TOEKRMN
5. REEREBMFEET ZOZTNNIRENTH 52N FRMWTH2NEIMHTIC, BICAHME
MBS REND T EITT S,

STRTRHAAANY Y — (FLF L) BEOLDIBARREBETF v > RIINLRE55%%E
EZDIEITTE, WETF v >R TOFRBFMIIRO) TV D EZADEHEECHEMREE
5z, NRRBECHESZS. R TREDXDIZ. KERERH (BEMIZIXTFa206L
— SR EQEIIRERNER) WIWR T, DOWEF v > FIVOEIRENFENRIIX@GD L
S8 1 KREARBIN, FOLIRBRRATAMBNMEHTHIERNIIRR TS LTk 5. —A.
FU XD RRTREREILANGEETIUL, SRAMREIVRAET 5, BRICHHAT 22 HEF
v )V OERIRERHINELS. ANTOEREFOMMHEHOTOMMIIKESENELD LD R
RTI, FOMMZE. DEOBEEBNCK > TREZBBEF v > RVOENFENE REICH
LTIENBRFIEMT 2) THoTh, HEMICEMEHRENA LR L5550 EET S, Z0
KOBBE T H REIRAET S, IKHEENA (REICH U TEABETIAETTS) OIS
BENNEEAREEARDAMREE. BEOREENOHRE L TOEMRERRENE LIRS
REIOWTNERET DRREMEDNH 20N, —MENITII K VIR DIREAN A & 755,

4. 1. 3 FRERBONE

BEF v RN BWTRETAALERE LZOA 7T — > THETHE. X4
1-10&5105. HL L2 57T — 23R ERE R ST v > RV RO SENRT
FOI—IZEITNWTTH D THD, BMFEFEHICE DS BDETFTENTVRW, [E->TH4.
1 -1 TREOLIRBOBFATNS, MWIEFHICHDALERBOET U > JITE-T
W, LW T hEDT7 oo —HR T a0 Lk,

I TALREREZAKHT S & CPEHEHUREICE D < AL E R E)(Negative resistance instability).
LRI T 4 — RNy 71280 < REE M #(Time-delayed feedback instability), 24 FEF# iz i D

—_— 55 —
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< L2 It B(Thermal non-equilibrium instability)IZ 3 I N 5. 55 1 O AMEIREICE S DI,
AEBDORDISEHE IR THRORDINERENES ., HNDOENDOYENROHHETITH
FOREBLRW, DEVARENAEEIOAICTERT 285G T, #HNikdEFlow excursion)

(Ledinegg A EE & BHND) &FE B T HREN(Pressure drop instability) & &80, 2 DA 7T —id
MNOEHRENDHMNICKELS, TNNABSEORE & 725 % E ik R B (Density wave
oscillation) & 380, TEDH 3 DN T T U —IIEAMNRIE LB OBMEFIIC L 2 BN FK &7z -
7= H A ) 2 (Geysering). F ¥ F > 7 (Chugging)/s E % E . REEHREN DRI DIKRIIL /48
|X Boure, Bergles & Tong?’ IZX 2 H DT, H oSO ETIRREHRAEB AL E. TR, BWR
REEREDBFTENTNS, WINBEL A INTVWARNL, FAEHLEENEIEER
TRWHDHH S, HlZTHBRAARLEIRIRNC LD ENERFEOZERICHE D EHH
INTVDEN, IRFOEEEZISEOIZBNTWTNOOEICERERNEET A2 HLIZ
RERTEN T 4 — RN IDEET DT T, TOBRKRMSIIENBETRES LU < I3EERRHIC
EHONDARENNH D (Sawai 52 DMK ESHD Z &),

IR, MEICHRSHNRFAZMA TH<,

* FIEE 4. 1 - LIORTEDICMBOMINE & BITENE TNEAT 2 a kBT
BT558I10. AFRELTORS TIZE > THMEINE RS TR EERORZ A, T74bb
EBRZFRDHA. AN LOFEFHATIIRNEENTEEL . EAROIEHRE THENK
E<BAELTLES. ROEBIRBITETINTIZ 1 RRORLEIIHIET 5.

¥ [ ENRETRE  ATRELTTF 2LV FREQLDIBEMRMETE, DEVIIEELENOD
BETOEHROFHEFREZAL. P OARRNEERITEZET 5 L&, B#MICIIMFEHA
MEMEERE Lz E Kiktg, RAMOK4. 1 -21ITR8TE52U 3y YA 7))L
BARAEL . EREAENKEWERICIIRSIINERENICLS. COXDIBRROREHTET
WZERA. 1—31I0RT. TNUZDODWTIEARRFTETIVITDOWTEHAT 5. WEETILT
AR NERICEREIREE L 55 BITHET 5.

* 5 R B« SE BN B (Kinematic wave) ® U < IR 1 RIEEDEERENEATRICE>TH
ZONDIETETORBED 7 4 — RNy ZIZEk> TABE SRS REFAMIIAERH SFC
F—=F =T, [ENB FRHMEOIEARTHET S, 4. 1 — 2 0@ AEOIRENIEENICEE
BRNREL D TH D, EAR PR EFAMMNKE RS [ICEBINZW, HIEF
v ORI RTIIHRICED N, B MUBALERNENVA S, BEKRINREET SR
B4, 1 -4IRTEIBDONH 5. (a) BHAOT L F LADORIZEEONINENETE
T o —MASBAHE, RA T, SG R EEREZLTWS., Fv o xNVEREWD, &F v
PN TDRBDEEF NS > TH T L FLAEERZEAE -BIZRIENS, (a)ld 1 AOWhEE
F v 2N L TRAOBRDNA NA JEMATH 570 L IFBENEZ S BWEREDT
WINEAD B %) ST d R T ARNANAZHENNE < ENFE FREEAEBHITE DK
DTRESND, LIeh> TRNA NATOWREDREN HFNIREIZ/Z 5780 KNANA %
RAKE ST OATRRE SRS, COLBBF v > RIVImDEEIZ—ETHD. (b)id
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R TEMBEF v o XINSRBZT.EZFERR S TREZEBEC TREEZHELTT7 4 — BN
v END, QRBENETRENEETSDEFEERT, LIRMOERESBNENBET SR
BEHOT7 4 — "Ny IREHX 5,

¥ HAL) 7 A T0—A = 2RNEOHRRNEHLTH D BERNRIES THREDEEAL .,
ZO%., 2L THRZEEIIRE LTS, EFICARR &L THREOERSRN HNIT, &
WHODOEDEHET & & BITHEBRN SWENF, BREIND. ZOXIREEEZHRDER
TOMNHA Y 7T BICHEDNHET v > IV &2 FTRLT, ERICAAE NIy 795K
SBEEITIE. REOSBSEKICE > TREREN/UVANREA L, KR THEICR
NS5, FrF2TIMEERLOBEEZMZEDERITEBOY A FI v I ALK >TEIE
BIZN2HDTH D, FETEHINSBANERORZERIIOVTIE, INLLEHBILE
W, AT Ial—2a  IZEHET2HDICREL T LFEAE FIRE), BERERHCD
WT K DEFFICHRET 5.

4. 1. 4 FTRERBICL>THER SN HHEME

1 OFNIRARKRICBETH2HOTH S, BRMRKIIBADOMGE LTI > TREET
THEAMNH D, 4. 1 —5IC7RYT Mishima 59 X BEREAD L, WEHENEHROR >
FIo& o T, BEF v > RIVOEHNEHOWMAKELS T -EEICE NI HG (DX
0 Stiff 72%) 1213, PRASFERIZERERBE EDITWML. 73U T4 1 OBITEWKRETH S
B, HEOEMEEBITZAY T4 1 OFEMOAN, IZE—FEMITRD, JOREBIEZT )Lk
CHF L 3IE—BT %, —H. NANARENGFHEL TREAEHICHAEENH S &, Kt Soft &
RLUTHIHEEMSHEEN LD, RIATA v IIKTTEIENDN 5.

4. 1—613HBEF v > FINCBOWTIREMNFEET S L, RRBBOBEE Z 17~ Mk
BORWVEFRKRENS EORERTT AN EEBRNICHARNMERTHS. RI17 7 MEGHEN
MEROMMREICH L TTOy b3 T T, REAMICK > TR MNOREIZRZSZBOD,
THORGIZOEEFIL N T2 I EMNATHRND, HxtREN 1 L EORETIEIRESHERT S
TEABERL, BECACERINASSHEELEEAICBEID S 5, 2FNREME L TE
FAHRIEOBME EBHICKELHA L, HHEEL EOHIRIEOHB TIZITIE—E OEIZIUER
THLEITH D, FAHNESREEMFOEENVIRELSLLD, INSOHERITWHEF v > b
BOBREBNWNSVWEETH-> T, NEDBEROF v >RV EDBL NG ZITRLZIE
CIZIR R T4 7 MEAFRRIIK T Lswn,

LLE. 2 EIRNSBBHLNEEDIT, REERHNFEET S L. BROMAND2< EBFEHH
OIS TEMRL, HHICBHENZNT &R D, BERELTALERINEETSHE, R
RAFHIILTTEENZ D, EEPEOHEIIBWTHBRRD LD BHI U T FrF 207
MFEAETDHEXITE, BEICE o TIIRIBOMIBR IR ZREN NN ANFEETH I & 512
IARLEREBEIC > T BBEZODOOEBIIIRE 2FET 25 GMWFET 5,
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4. 1. 5 @BFLOMEE

REEFRENCET HHIKRBIL T2 lEHD. TTHE1IIRFHEMOLDOMMTHO., F
2 B TROEDDMTTH B, RIFIINZOKBELZIREEZBS HDD, FH/NT A —F DRIER
Rt DD DOKRNILIEHEGZ DD TH D, HHEITRIVMEITIC XL 0 IIRBAITIC L 2T
Bl & U TE MR RN OB T v > 2L OMBASZ LR ENHAN SN, —KWIZIZaEa
—YA-ROBEEED, WTNILTH, ARERIMNBOROEDERNLBERTH S
EEBLTNWAIENS D, FNOBELTIE 1K, DEDBEF v > RN OHENDHRICE
OHBEREMDTHIETHRITNATREE 25, I HICEEMRET BN HZRRICEEXTHE
CA—F—LoblET v R TORNOBHFEEEANSMAERSR L LU THA T RTNIER
Siae —F, BAREERHICH U THR D ENWERITIEBETF v > )L TORNOMEB D2
FIME T, BPERR EH- TREIRAETRN,

4. 1. 6 EHBTIREIOBN

FITRLEEK4A. 1 - 2IREDWTENBE TIREIOMBELBITONTERERS, RITEHELK
FELTRADPEF v oIV EERUETEN S RDH LT 5,
HRalE@FHRREORBRIIRXD)-9)TEHA NS, HLEHREEREOEKEROEGII/NE
WELTERLTWS,

A p;  =UAc p; +uinAc p; (=constant) (7
Din~ Pex =d/dt jépu dz+Ap(ui") (8)
PiPa= d/dt [i* pu, dz ©)

JEMEVERRE Y, 35T HIREEZETHENET 2 & FRNOBAKDTRAEEw, EENp, D
BRIIAXTHEZA LGN %,

Uy = (ValAcpa) dpa/dt = C, dp,/dt (10)
5T, BT v RV DENE FIZEREERIAML T, ALRE w, OBIREL. 72 EH
HEABNOBBERBINMETF v >V OBEEERE M, . M . BEUWITA—¥ ¢, 13
MIZ—TTHDERETD. ZDOEEROEFHIRRTEINS,

(M+M,) d*(8 uy)/dt* + [d( 4 p)/du,] d(S ui)/de + (1/C,) 8 uyy =0 (1)
T T up=tiyy-tyyg THO, EFENPSDOMEET D, ZOXNSBHAS ML S ITHEEICIK
FENRETRIEODRNEIEZ YT %, TRTOFRBDEORFITITRIIFNTHEMICOEET
HO. H2EPAOHE, DFEO BRI w,WESIBETOANREICH 5 & &0, AME
ERD. RNTOMIREWICA D, RIGIIFFMEEDITHERTS, K4, 1 -21TRLEED R
—ERIBD MRS 2 KD 201213, IEREDRZHTICHAN TN RS0, flZIEK
ROLHITHEMT B &

d(Ap)duin = & (Uin - Umax) (Uin - Upin) (12)
FRO%EhT van der Pol D IERE A Z B I ENTE S,

i38 —
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dy dz?- c(1-2By-y)dy/dr +y=0 (13)
ZIZT
Y= (in = Wind )/ [(hin0 = Umax)(tomin - uin0))"*+ 7= 1 [[Ca (M+M, )]*
¢ = [Ca (M+M)]** & (in0 - Umax)(tomin - Uino)~ and
B = [tino - Umax + Unmin)2] | [(ino - Umax)(Umin = Uino)
INT A= ENZTEDER. TE e & Umin SESIRETREDRAME. RNMEZ EDHRETH 5.
THZE->TY Iy M VIR#IZRD D ZENTE, ENRTIREIOELUENESNDS, &
S22 ORI ZITIBREE N ¢ 1ZEKXKT/AT A—F ¢ ITIERBICHHT S, DED
T x [-d(4p)/duin] Val(Acpa) (14)
ERORME T \JEREERE Y, ICHHlT D LTk, ERERE KT S,

ZDEIBEFTY T OROH &L T, MBICHERZTEETTHE <, NE 1-2mm BEOME
MICZE KK HFERR L ZHEIC. ERd EFROAMHIENRSEEEZRT. ZORDEIMFMAANIC 2
BOEMERRBEZERL. MO OREBEEEIMBEROMICAKEZRENEZRTD L. 2hE
NOEHUEARBIITEAMBHBERICBITILENLEHITH L TR > HRNIREREZRT IO
B5, COEMAEF2—Z27T5Z8ICE- T, SEIERRFT— RATENLOERED 2
Al —3alilEo THREZEREZNA. 1 - TITRLTWS, PO yeldZK[FED EXT
ETHY. kLB EZETERTNAI A= TH S, WIANKE N E=1 DBFAEQ@IFZVI— Ty
TIRHE—O#EERE. —@Al. RIBOYU Iy M NVIREIZRL TS, EiiZ/hEL< L
T &, MHEEIR b — 7 2K &2 0 (b), BRI F ANEEZRT (c), ERAICITMHE
NHHHDOD, ERERTHRBRBHNESNTH Y., HETIIH 20 AENREEEZHAN
THIFIE. WEEMZVOIELERETE, XENTA-YOERBOHEERLS. RERAZTNER
DEMERNCIES DD, TTHFH L ITMEMPRBL 2L —2a i 7D L0EERER
NTER SR,

]0.5

4. 1. 7 BEBRIRBIORN

WERROEANZHEBICOWTHERET NV ZHVWTHIAL TH<, M4, 1 -8 (a)
REFKDOUINF ¥ > FNDERZBERO—BERL TWVD, BITHERZX DT, EERKREHO
FRAT TR OENICB T A HBRMICH YT IEE, DEDRT FROGHBENEZEET 54
ENH D, W0 THNICBL TR ERRELTOETINVERVS ZENLEEL LD, HIET
v ORVEALOHOOT L F LA, A, HIOOREHEG, 77— VI, BEE,r 5780, 22
TORBDIT A F Iy A&RDA2TNE RS0, L UEANSRERROHE 2 HEHT S
FOIIIAEZDO O ENHAERFTERTLENZ, EIIRA MEBROENHLA ENNIE
L, TITHT7—)LIIAOEHTAML., BEREIEPERRETSH. BETOENET
IO TREI R A, KA1 REROENZBEE & HOEROB O 5 1 F—IZH 85,
ZOX DRl ETIV (4. 1—8 (b)) K> T, BEBIREOEANEEIZDONTH
W9 %,
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BT 7=V EBOENETIRIETELEREMTUTOL I IcEZN S,

Apy=M,du;, /dt + Kiz p, Uin' (15)
ZIZT M EYT77—VEOBEYEER. w, BALRETHZ, J4F—HTIHEEEEI/ NS
WEgs e

Apy =Ko p,, ue' (16)
B EHTIT “HIROEEIZHERERET S &

Vpy =1/p, +(hg-h))h (1 p, -1/p;) a7
SSICHBRREDER p, un=pp up ZHNBE. Wi up IR TEZSNS. LIS T

ug =Up{1+( Py, lhig p, ) (Qp/Ac Py thin - A hyup) } (18)

T Qp WBBAT Ahgyy BYTI—INITINETHD. BEOEH Sp, 71— %R
i# U CTHIMEHUTET 2 £ TIT 6 (s220lup) DI B E T, 1> THOOFEELESH) op, 130750
MERU@l-1)ZHNTop,, = dpUlt-t)EH5R6NB, RBIA Y —HOFEZEITY V540
HOEBRERENERA RRIZIZEAEEN R EEIX M. dug= 6 un EARE L TR,
INANRARZE S THEF v > FINICB—EEEOBERFENFHEIN TN S,

6(4p;) + 6(4p,)=0 (19)
DI & — KD Pade ILBLICE > T—RKENTIHMUL . INSHEXZEHET S &, BRY
CROEHERT 2BOBIEMY HER (577 ALK BE5N5,

M\S*+{My/t 2+ 2 p; Uino[Kin - Kes(Nou - 1))S

+ {2[Kin - Kex(Wsup - 1)] + KeeNpen} o, tinolt 2 =0 (20)

C T Npeh = 01 Q/(Achig P 1 Uino)s News = P A/ (g Py YTH5.
COXIBBIRER AKX TH D, H2HOBRENE. ThLEANBOHAITIIAMIES
MRETZHIEIES, DEVRA ROBREBNOFEICL - TABBREICZD S5, R
EERIRIOILANERE TDH 5. £/- N> 1 OBEICHOER K, NAE< /5 & RITABE.
DEDALEADFMITEM L, ALK K, OHIMILEIcmn .

4. 1. 8 EBERRIOSHERRBHOEASTHEENDERKY

WM TIIETH T 7=V, ZHHOERFEERE I XN F—REMNEHDOD & ITHE
fbl. TS5 AEMT DT EITE> THWT, TNENOHEBIZBITA AL TORELREHIIHT
Lifid, TFIVE, KA REREOEEEZRD., EHEROBKERITRAL T, REEHICHT
BIENE T ORERECE FR TR (575 ABHH) TRDB, DNTH T 7 —)LEkE M
EEE, TRNF—0HRER (b0 T1 T2y IIb—)b. —&ibanzL 1 /I XDO@%EE
H) CED<EHEFHFZHOTEB L, BEF v o VALNREZEICHT 52 8HOENETO
GBI E RO 5, PIAITEERBREIIT 77 — B2 LTI Ri(S) (= A py*uy*). ZHIERICR L
T RAS) (A p2*u*) E72 D TNS ENODRMEMEEND T4 — Ny T OEEHED T,
EEROEFEEFN KD SNDB, DT 4 — BNy 7HEBIIHBOLINIH T H5L2KDE BT
Ap*DREMBOETHEASNS, WHF ¥ > RIIVFETIEK4. 1 -9 (a) OXS il

- 60 —
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THo. 4. 1—-4 (b) ORT - BEF v > RNVFR TR Ap*=Cuy* (C, 3R> THAE)
THEZSHN, 7OV 7HRIER4. 1—9 (b) OXDITHERTES, M4. 1-4 (c) DX
SIERUERENH UL, 4. 1 -9 (¢) ITRTEIIT, 74— RN 2N —TICHErEF
EROTEITR5,

4. 1. 9 DTWEHRICEDIBERRENOZH AN
FRTOREAFEHZ DOV TIRAH TERAZOTIITIRIKA. 1 -8 (a) KEDIWIZHETOM

BEIZ DWW TEEHT 5.
BT =) HOERETLXINF—DOHEER

(o, uy)/3z=0 (21)
a(p,h)/ ot +d(p, uh)/ oz =q, (22)
ERWTHRELE & T2 EAE & FREFEERTRD 5 EX23)D X DI85,
w* =wp* byt =-{[1-exp(- 6LS)VSHg p; ur0)uin™ (23)
Z 2Tt (=21l EH 77— VO BRI TH 5.
TAHER O R
d/otfp,(1-e)+ p,el+0/dz[p,(1-e)uy + p,u,]=0 (24)
d/otlp,(L-e)hy + pyeh 1+3/0z[p,(1-e)ushy + pg Euh,l=q, (25)

I TedRA KRy Eu, BEHAESHOERE L &b, BEMKAKOL I INETHS.
THRETNELTRYU 7RIS I AETFINERVWS &, ARR, WAHRE, SAHERE, R
1 KRR, HEEE, 71U T 1 DREHIUTORXTEZASND I LR S,

Rl *y ug*=Cod*. w*=[J*(1 - Cogg)+ £ * (o - ugo))/(1- £5) (26)
(g0 € *)S + d/dts[ugo € * |= - CoJ*(d £, /dty) (27)
Ugo € * =UginoeXp(- St2) £, * - (0, Coqo/ Py Mexp(- Cogotz)
- exp(- §t2)] Jin */(S - Coqo) ' (27)
m*=[S exp(- Coqot2) - Coqo exp(- St2)] p; Jin™ /(S - Codo)
- €Xp(- St2)gin0 P1g €1 * (28)

x*=( 0, P,/ Py )[1- exp(- Coqot2)Vin* + Py {Ugino exp(- St2) £, *
- (1 Coqo/ 1 V[exp(- Cotiotz) - €xp(- 5t2)] Jin* /(S - Cogo)}
- [ 010, ugino/(miCo 1 )I{ Py S[1 - exp(- Cogot2)] Jin*/(S - Coqo)
- [P Ugin0 €, * + P, Coqo Jin* /(S - Cogo)][exp(Coqot2 - St2) - exp(- St2)]} (29)
T TCo RAMER. Vy IR T NEEL g = p,q, (pphy ) THEE. B1 FROEH
REETOM ug & £, 13

ugo=CoJino+Ver+Coqozz = Ugino+Co o 22

£9=[ 0, (Co P )I[1 - exp(- Cogor2)]s  2=[1/(Cogo)]l0g(ug0/tigin0) (30)
INSOREYT 7 —)VE, IO ES R A
Apen*=p, 821* (31



JAERI-Review 2000-002

Apa*=Sty pyurotin* (32)
App*= (A 1d) pywrzioin® + (A 12d) Py (10)z1* (33)
A pkin*=2Kin p; Urotin* (34)
Apga*=-g Py, j:f £ *ugdt,—g p, 21" 35)
Apay*=[ mugur* + mFug + moug* + mg*ug Ig:

‘ﬁqm@@mmrHﬁwwmﬂ+SJymﬁuwmz (36)
App* = - AN24)( Py Yome) 1%/ py

+A1Q2d p, ) 5[ (mio) (D7 + 2mo( DG Ym/* | ugo dty (37
A prer*=Keemo) (@ L)/ p; + 2Kee P o Imom*/ p, (38)

WAL, 77—V E MRS BIEER) ToEsctzRLWTEETE. Rk
DIENRET
Ap* = Riup™ + Rouy*

= (Rgr1 + Ra1 + Ry + Rin)utin™ + (Rgrz + Raz + R + Rieex)uin™ (39)
MNRDHND,
ZITkOENREMEEK4. 19 (a) OEOT 4 — BNy ZRIHEFE, FAFX B
OFHFERETE > THERBER TES ICROLEENHHTES, HRO—-HMER4. 1-10
IR,

T TR UBIEAENTE 1960 R0 5 70 ERITNHITTH o EH—RWLFETH D, <D
ERNZI—- NI N, TOIEORENRODELRL. 1 - 21TRT, RITIXKEH TR
RHBEMEIRICBIT DML RENTNDS, ZOXIREEETIIBILNRH T . KT
MENWSHEERDZHDTHD. RN EDOEEDORIETEFMIT/RDENDOERITER,
UL UENLEIEH LTRSS BNENS BRI T T/ZZ2HDTH D, &ML
BIXaEa—%IkBELTH, NTA—YORERICKRIZTEE L EHEBT 5023027k
BODEVWZLD, B2 —FORENMNUM &R TREMICE B ZRIETIE. TOXIXR
AT LTS LIZBEET 2250 H L), HEOBEMBICIELELEHLET, BTH
W, ¥h&4. 1 - 3R3SHRTFOLERICKITTEZELTFMLERO—HITH D, BIRHE
PDEECTFHEORRBIIBVWTARERS,

4. 1. 10 BNBEHOHEIa2L—3a3Yy

PRI ARAT I I O R K S M RBAIR B £ ik e E THEBMICM S Fike, BT+ 2L %
WS ONDEFZIZHEIL., TOEMTOME, kE (R1 FE) | T NEORMEREL
T fRTHICH Y L TR E & RO DB ERRHNTO 2 MEIC S NS, fiFidx4. 1
— 2 TP 2 WATHYDNA O— RWREBTH D EH OFIT Lahey 5 DFEHTMBRENTH 5.
HYDNA I— RTEAY v TRETIUNHEON, BHETREERETINHLBFENENRY v
TRETICEDINWTND, RlLEITHESENE LW ZHREETICZMETETINEHNTOMR
MBHuFETHS (R, BF>) 2 BEROL P, ALERBNTENOMEHELODBH- &
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I =N DKERATLDIAFTIVIATHEIEEEZADE, BIRELBLIZIWIENS
HMEEM I AL —2a ETO0RGEDED SN,

CCTREHERREFNICOWTHECHHAL TB IS, £PERRETT I TR LB
I T A=Y ONHERET DT, FIAIEHET v > 2 ERTHETITBIT 5D &Rk
T T = E AR AEIT A ETNIE. K4, 1 -1 LIRTEIRGHENRETSHI &
B, WESN. WABAHMKEENS &, EHRREANERIHA,TE, EHIBRTOS
A F I ADETINTRDEND T EITRD, IHIING EKEBOERICTI Ty Y Ib—
NEAWNE. BOYA1FI v AZETIHERBOFEMRS HREANRD NS, ZhEV T -
Iy AERETHETNENKA. 1 -1 2IrTEDIREE L —RATHZENTE, HDOX,
SR EY —FTAHIEDARE (M4, 1—138B) ks, EREENNITETHLI L
#6\MMyBM@iﬁK*ﬁﬁﬁ@ﬁ%”éﬁﬁX%ﬁ%ﬁ@élt%f%éab#%@%ﬁ
HTHDHZENS, HBOZRERADZ EHHE T, FIZXERIRLEZRBRKORS1T D
NAKROBETENROBEELS TRITAZEHTES (K4, 1-6F0OKRETOY bF—
5 DEARZHR) .

4. 1. 11 Y[

RECHEOEME S I 2L —2a VIO RANRBEIDONWTHELZ. HRELUKE
TARARERBMNREELES, TTERNICEHRKOERIIED. HRHWICEANRIRG O %
WXL, 2O Z LA A B BIBENT 21TV, XTI A - OEHICERZBILEN
H5., TO%, EPERZTTINEROZEMERICBT 2 EREHETZITV. D AT LERKIT
REEHRINEOREDA —F —DEBEEEZ 50N ERARNTL . SSITEATALERD
MREAETZZEICE > THAIERT REEFHNEDLSITERL. ECTCHFBEI DM, £z
EORRNEDREOEEZRTONENL LHENOFMZRD DT, —HEETIEZED
EHRAETFNERNTSIab—2a T 500ERICRTFNTIEAS 20, AARILTEK TS 5,

B, AHTEHALEEZEOMEANRIIER7) —9) [ZFELV, P2 HWAREERE)
DEBRPHICOVTOTEAA L RELTXHKL 0) MMRITID,
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the Japan-U.S. Seminar on Two-Phase Flow Dynamics, Fukuoka, pp.273-278.
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Efferding, L.E., 1968: DYNAM, A Digital Computer Program for Study of the Dynamic Stability of
Once-Through Boiling Flow with Steam Superheat, GAMD-8656, Gulf General Atomic.

Jones,A.B., 1961: Hydrodynamic Stability of a Bdiling Channel, KAPL-2170, KAPL-2208(1961),
KAPL-2290(1963), KAPL-3070(1964). '
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4. 1—1 BEFv > RIVROALETE
Category Pattern Mechanism Feature
Negative Flow excursion or Negative Transitional,
resistance Ledinepg instability damping in 1st— significant flow maldistribution
instability order system appears in parallel—channel

Pressure drop
oscillation

Dynamic interaction
between flow excursion
and accumulation
mechanism of mass and
momentumn

system
Relaxation
oscillation with
large amplitude
and long period

Time—delayed Density wave Propagation delay of Oscillation,

feedback oscillation void wave (kinematic perod comparable

instability wave) and feedback with residence time,
effect provide negative appears in positive resistance
damping region of pressure drop vs. flow

rate

Thermal non— Geysering Insufficient nucleation Relaxation

equilibrium Chugging sites bring about oscillation if

instability large superheat followed liquid refilling

by violent boiling or
condensation

mechanism exists
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4. 1—-2 REMHa—R

Code or Authors Heat lux  Heater dynamics Subcooled Two-phase Superheated Nuclear
boiling model region feedback
Linearized and frequency domain
LOOP code'” uniform not included not consi- homogeneous  included not consi—
(Davis & Potter, 1967) dered mode] dered
NUFREQ code arbitrary in considered in S.R. not consi— homogeneous  not included included
(Lahey & Yadigaloglu, S.R., but not in B.R. dered mode]
1974) uniform in B.R.
Saha(1974) uniform constant considered drift-flux not included not consi-
heat input model dered

Nakanishi et al.>" uniform considered in S.R. not consi-  drift-flux included not consi—
(1978) but not in B.R. dered model, dered

homogeneous

if superheated

region exist
STABLE arbitrary  considered considered  slip flow not included not consi—
(Jones, 1961) model dered
DYNAM code® arbitrary ~ considered considered slip flow included not consi—
(Efferding, 1968) model dered
Non-linear and time domain
HYDNA code arbitrary  considered considered slip flow included not consi—
(Currin et al. 1961) mode] dered
DEW code uniform or  considered not consi—  slip flow included not consi-
(Takitani & Sakano, heat ex— dered model dered
1979) changer mode
Lahey et al. ** constant in considered not consi~ homogeneous  not included not consi—
(1989, 1991%°, space but  or not consi— dered model dered or
1992) changable dered considered

in time in BWR model

1*:  Typical linearized stability analysis, 2*: Detailed discussion is found in this handbook,

3*:  Applicable to SG in FBR, various extended versions exit,

4*: Lumped-parameter analysis with several nodes, dynamics is expressed by ordinary differential equations, applied to discussion on
non-linear dynamics including chaos.

5*: Takenaka,N., Lahey,Jr.R.T. and Podowski,M.Z. , 1991: Trans.ANS, V0l.63, pp.197-198, which is based on Numerical Study on Non-
Linear Two-Phase Flow Dynamics with Neutron Feedback and Fuel Heat Transfer in a Natural Circulation Loop and Paralle! Channels,
Takanaka, N., Intemal Report of Dept. Nuclear Eng. & Eng. Physics, Renssclaer Polytechnic Institute, 1990.
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£4. 1-3 BEFv o FINER (ERK BT 2EERIREICRETRELEREALEL
K (Boure & Mihaila 1967 IZ & %)

Section of Heated channel Whole channel
the channel
External loop { Subcooled Boiling Downstream
Terms upstream region region
Gravity no influence | Damping factor Driving factors Driving or
damping
Inertia influence only on the frequency Generally Driving factors Driving

driving factors

Friction Always damping factors Driving or damping factors Damping or
driving
Total Always Generally Generally driving factors,
damping damping possibly damping




JAERI-Review 2000-002

Pressure drop A
(internal)

Pressure drop

characteristics
(external)

Pressure drop
oscillation

Mass flow rate

Ka4. 1—1 AHEERSECED ARETRE

SFGSSUFG Density wave
rop oscillation
oscillation

Flow rate

Flow rate at
steady state

1ar. dod

Pressure drop

Pressure dro
P at steady state

K4. 1-2 EHETREOCERH]
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Pa Va Compressible
Gas [~ | capacity
l(JﬁconSt) H—Ua Boiling channel
—- )

p.,(=const.)

Pin L |

K4. 1-3 EAETRBMTOREET N

Exit plenumj‘ ,
f”;_'_J —

Boiling Large
channel bypass
| Compressible
capacity

\

JULJL L .
Inlet ple[;wu—mmﬂ__ Lu @

(a,) (@) (b) (c)

Ka4. 1—4 BEFv 2R (NERENER)
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| T
Ai/A1;5=0.07 p=1.01 bar
al Water
i Saff Soft Pool boiling
" . CHF .
<=]Q 10 o
~
-5: Froth—annular
< L transition i
3 Flooding
= limit
— [1}: Katto
—_—_[2}: Macbeth
<3 | | 1 {
O 0 107 I 0
Gy(r0gglo LG)LZ
M4. 1—-5 PBRAKRCKIFITRORENOZEMishima 5 1985 I2&L 3)
g
No.1(1.D.3.0 0.D.4.0)
R P =0.4MPa T, =80deg.C
E o
vy
5
S
~ = 2 4 6sec cal
| Gyp=200kg/m®s O O & -----ee--
400kg{m25 o m ¢
0 1 2 3 4
A G/G,
(4. 1—6

BRL 5% B RN B 3 IR B AR B A 1] & R 48 D B 4 (Umekawa & 1995 128 3)

70—
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| k=1
22 |
8 L
X
?;: -
() -
ot
_. T EETE TR NS
-2 2
y(t)

M4. 1—-7 (a) ENETRBOOMEEESHENFR

- k=0.08

oL
< I
* |
= I
)=
2"

—. TI TR RRTT RN

-2 0] 2

y(t)
4. 1—7 (b) EHBETERHOMMEEESH:EHFZ

,h’ilf
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| k=0.02
oL
o o
+-—
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=
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HM4. 1-7 (c) EHETREOMHETmEHENAA
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. Pressure drop
Ef(e'}mm in boilin “_q

region Ap,

Restriction > K f ?J% Kex
i 2, ¢
Boiling region hs Zy
58 uB (=uex)
23
Boiling 2,20 3] Hle. | Large
boundary T , £c /L :l “1" bypass
+= O
(7]
rSeLgi)g r? oled 5 % Evaporator
Oa
l Pressure drop
+uin —-z,=0 in subcooled

Restriction >< K, region Ap, % Kin
Inlet u.T
plenum n

(b)

(a)

K4. 1—8 WHHEF v o INREERERRAELETI
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A *
p IS p1 uln
“3§- e -
+ R,(S)
@  Apl®
uin*
Ap Ui,
pdlS 1 1/R1(S)
iy TI-
Ap, -
_1
@ Ap LSS

K4. 1—-9 BEFY > FINROBHEHOTOvIHEK (K4, 1 —41TH)
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]
60+ -
Co=1.0, V_,=0.01
/
/
« Co=1.2, V;y=0.091/ _ F
40— —#
5 C,=1.35, V,,=0.143_/
= /
< /
/
! W
20 A
/7 /
Analysis | Experiment
0 1 2 3

Q kW

K4. 1—10 HEERREFIVCEDBHMEITHER S EBRERO LR

_ Specific
4 Velocity A volume ¢ Enthalpy
N N N
5 Boiling
8 region
ey ta Subpooled
T region
u y 1

K4. 1—11 HPEBRRZREFNICBITIEE, HEE TNV EORTH
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T e S e e ALY

| p=0.3 MPa, AT, =7K a

q=20 kW/m K 330 K.=30
0.
Inlet velocity
HENEEEEEE NN
10 20 30
Time S

4.0

3.0

Pressure drop kPa

1—-12 HHPERRETVCED BHEBEIHREENTER (BRERTETIV)

m/s

”iu

llIlIl[TT]llll’Illlllillllllllllllllllll
Numerical
simulation
% .;‘3_."'. .'r. ,,,,,,
a® b T
/‘. L s S
o’,‘. Stable Unstable
hd
- Experiment
p=0.42 MPa, AT, ub_11 K K, =330, K,,=30
......... Lo N T S
0 10 20 30 40
g kW/m*

70y bRIRERBER)

776~,

1—13 H£HEHZETNICIZ>LERREFERBERSYE (BABERETTI,
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4. 2 ZREETFIOHFNMHEICRET M

4. 2. 1 LB

BT %e M BT 5 AR TR VSN TV A ZREE T OREREIT, ) E
MEE & U TECEMICAEYI TH B Z <M N TWS Y -9, FERENEERICREY)
THHENH T LR, PHERSENTLREHRSODE. H5EBUTHIET 2 LB B
BRICESBEAE K RELTLES ZE2BRLTVSY . ZNIER4OREBEIIHSMNICEREZDBRE
THDHOT. FREY e EREN S IYENICAEERFIRONBRWEEZ NS, LILE
N5, BECEZDHRET IV ERANWEMAEICE D MENICEL TERT —F bR —HT
BMIMELBOENTVNS, ZOLIBRFENECZFHEE. ZHRETTIVE AW HR#NT
D% TIE, HBHAZWERBTEEMRTAIEICEDBEROLHKD) ZRET D ELEDBIT,
BB E ORI L D ARBERICB T2 E S XNOMERZEOIEL LXK T, BHFN
AR AR S BIEMICEERENREENTND LD LHEBTES, LALRNS T
AEFN T, EBRORBEYHICERL T, SEBTOY XE2AILTETEVT AN,
H2VIRBHNRENESNZESICTNNYENLZ S ONERXOABETMICTERTL2H 0
DL MNHETH D N FEENEL TS, INSOBEERRTHIEEBHNEL T,
CHARE T ORBRERENCEYRBICERRT 22008 N biThTnd? 710, L
MUANS, MROETFI S +HoRIANEEAE L Thiankd, BERATIRECERNICREY) R
BREAVWTHENZTHOI2ZHBLBVIEEHE N,

THEEFIO LS, BUENRE% THEBZARLEZ AW THRINE 758811, #ir L&
EELRAEROBEBICENT. RERXOHBREEDNEOLDTREI N2EMBL TE<L
BERHHS, LNLENAS. ZIHEETF IO FMEEICET SHFEONME TR, MaREZaA
TWRWE (ERTE) 2ER L -GN E 0. BUKOLBRIEOAERTTT HHENE N,
DD, AREEEBICBIT A EEGREKIZARBICO KE<EEIND LMD ST, ERE
DEBEEHT _HATTINORFONEZEEICHET 2 I &3B I TR, £ ITAHE
T3, AREOEEHED T OREET I ORFEMEEEFMICHAZERIIOVTERS Y

12)
°

4. 2. 2 ZEeAER

Bt EdT s KT —HENZHRAEETNOXEHELE B L TH<. Fil - JEMHATH
BOBRWHREFREL, TRNF-RERIBRHN SN T 2. SMEITERTIANCE. &
7. REEANS. BEEANN. BRORKBERNEEETS. JZOHG. ZHREETIVOH
BREXBUTTEX 5N %,



JAERI-Review 2000-002

%(axpx)"'%(axpxuk):o 1)

TIT L Z B, IR, plXEE, o I3EHE, REOKIEG (KM £23L (K
) #£9, EXERETHIEARAZSES.

du
Pk Pk, Py il a'ZZK +agpy —-=0 )]

g ag 7*’ Pxlk toaguyg e
EHBERARIIUTTERA 5N 5.
ou JP
3

ou
aKpKTK"'aKpKuK;K_*'aK ;*MDK +Myg + My =agpgg

2T, PRIEAN. g REAMEE, Mp IREEAN . My JEETANS. M REEERS
Thbd, Kz, ZBRQ), QFKFNICHL BT 2D HBE LR BRRERYT, £7.
SH EMAOEREROBFRAB I REAFEXILLTTEX %,

4)

ag +o; =1

Pk =(P/012<)+PK0 &)

IT, BH I —EBEET S, ppodERTHB. Mp, My, My DFHITITLL TR HRIERS
BRAERNWS,

1
My =-Mp, = EcDaipD (ug "‘L)2 (6)

fx 2
My, = u 7
WK 2D, Pr¥xk %)
ou ou ou
M,=-M, =C,a tu, — - —L _y, L 8
VG VL vaGPr ¢ P L ®)

TIT. CplIRHIRI. o IRTHEBE. opldos 72130 fIFBEMEBIREL Dy 13RS DO FAM
EE, CIREERFBR TH S, N5 0ERICH L TIRIREHERIE U TELMAELZ 52

HHENRH 5,
R@)-@)ZRIE, ZHEERETINOREER(2), QIITHEATUTOL S ITBETE 2,
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Z&)%E(J)%W(wo ©)
$=(aG’P9uG’uL)T (10)

7504, BBEUAY MM OBEHE. &4UTFOL3THS.,

Pa aglch 0 0
S_l-p @ /c: 0 0 a1
0 0 agpy -Py
0 0 -P, ayp
Pl AglglcG  @6Pg 0
B=| P Ft et 0 a,p 12)
0 g agPylg —Pyu;
0 a - Pyug  aypru;
0
- 0
M = (13)
—agP8 +Mpg + My
—a;p 8+Mp + My,
XD py , ay, & BEXUFTHZSNS,
Py =pc +CypyL (14)
ay =a; +Cpag (15)
D, =Cyagp; (16)

PLEA, AETHEEHHEORMMRET I ZRBETINOXETEATH 5.

4. 2. 3 ZERABROKMALBUMOHEFE

ROWRLEZREETIN OXEARRIIIERBE R HREXZHERL TH 200 FRT
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IS ER OB 2 EER AT 5D ORENFEIBREI N TRV, £IT. KET
RO EMIAL L 7= L TEORFMMEERAD LTS, C0RD, ETRBEKICL DS
BENBARY ML BRRICERT I ICEERD § LB oo BET B,

$=¢+0¢ 17)

BB, ¢ IIRENARERRS THD. ERNREERS TIRZW. Ladi> T, XEHEADE
NME—THoeLThe X —EEEITRST, EBHEENIEHKRMMIZRDI LD, XA17)
EROICHRAT S E &I, EHENSOLHIMNITHZBDE L THETE KU LD
ZEEATIUL UTITRTESR D o BERE LERBAZREET VGO NS,

4909) 5300 G5y -0 (18)
ot oz

Pe Azl 0O 0

= =2
d=|"Pt % ler _ 0~ (l (19)
0 0 agpy -Py
0 0 -d, &p,
Pellg  Gglg /e P 0
E = _ﬁLiZL &Lﬁ:f /Cz . E) _ al;ﬁi (20)
0 Qg ag Pyl —Pyil;
0 &L - Dyilg dy Pridy

€1 S22 C3 Cu

¢ 5¢= € €2 Cp3 €y Y 1)

Cop =
32 07¢ €3 C3p C33 Cy

d¢¢

Cy1 €42 C43 Cyg

KDL V. THICIEEFRD OB BLOENFOERFUIHT HHANSHBLINSZ &
MHNs,
HIEFTHI G = A7\ (kB -iC) DEA ML, UTICRTHRESEANS KD SN S,

AA-kB +iC|=0 (22)

FNCEDEHEERDDEDIIHEELD § DZEHEMMNE. sp /o =0TH2IZ LEHNNITK()
L D RAERNTREITNICKkD 5,
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-~

ﬁ=_= ~ i
= B@) M) (23)

ERERODICRAL THSNATHC OEFRIT, (HERicHEELTH<,
4. 2. 4 EWERESLVENORE

PLEIZRUETFRCEDS@ETo--FIE LT, RETAN). BREAKS. REARNBX
Vg DZEMMY DR EEEHL =58 ORIBHREN, ZRMICTMT 5. 254 TS 5IZHN
FENCEAPMERLAZNDOE L., [T E HIEEMEOBRE LN A, IXKATEHEAS
ns.

hoy =k NECLPGPL G g 24)

APL + 2L PG

L7hio T, =i, THIUL Ay, BEED L ITH LT 0 L7227 X A8)BECENTEY) L7325,
—H iy =i, DBENEIALNT L ITHBIL THINT 2. ZD/DAidk =0 TLZARTRSR
50T, RAYIEEMNICAET L7125, THIIERD SEHENTW DM EE b, =i, -4, I
HEATAREYTHD., TOREITL, &L &BITHEEFITRD. R i, 0fREKIdap, =d, p; T
BAERD. [LUHABH CTIIZE OB E G0, >> a0 WHILT 2720, AFRMETIEI A
EFINORNEYOREL 5, DI THEHEFITR S,

KICT, =0 DEFTHRNUAFCEANERTEHOEL. 3510 OEMMOORELEAT
L& A ERRITEDHFA SN,

Aoy =Klg|/2 (25)

ERED, EHIERTBHEEITIEA, EVE ICRRHIL THNT 5 2 &ntbnd. LEd-> T,
i =0 THoTHA,ldk >0 TLIZARTARLRD D, RA)BKFMITABEY) £/25, FK
m%@éﬁﬁwm?é%étﬁg@%@ﬁﬁ@%g%ﬁﬁT%amtw\$&ﬁ@ﬁ%@%@?
7. UL, AL D ZiHAE T ORFHBE U ERBICE > THARET S alret
NHdIENHERTER.

REGEAM S, BEEEAWN., (REEBRNEERL, i, L g ZNTA—FELTAZ k DB
BELTROFEREN4. 2—1I1CRT., AR TIE 4 OEMMHPEERL. 370, 490, 560 K
O 3HEHEORESEICBT DMK - ARG MR ERFMRE Uiz, FREICBTSRMENE
DEMIIER4. 2 - 1LITRTED TH D, 2BNETH G DEAEMIFFEITHETENTD
{EFEE DR FE QR IZICE D BAEMIZ KR D =,
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AHED. £ i, =0m/s MD g =0m/s*> DEHFITITIRE « [EHZRM & ERBIMRICA, FTRTD &
WKL T 0 THO., RA)IEFMICHYTH S Z LMD, KiZi, =02m/s & LEHBITIE
ATk IZHBILTHEML TED, ABEYTHLZENDNS, ZOHE, KHEENEMNT 5/
DIZAFEYORERZENOEMEEDITHEIZRAL I EOHRTE S,

KiZg=-98m/s> ET B E. Aildk EEBHITHAAML ., &k >1000m™ TIRIF—T &85, Lz
Mo T DEMMWIZEELUEEEIE. EHICHEHOREICL ORI FWITRENIC
5V, LL., g=-98m/is* & LEBEEITIEL <10°m ™ OEREHEBICBIT DA, 00 1~2 12
FBICETRESHEML TS, TOMKR. 0,=02m/s, g=-98m/s> ELEHEDA, DEIZZD
DTHEROER TIREICHEEIKEL TREI NI, £k <10°m™ DEHEKOHEE TIEE
WHENKGFELTREI NS I LMD 5, —H, ZREETIVIZED<EEFETIZ01 m &
ELDHNINWEMLBENRANSNE ZE3D0, ZOHE 100 m' BEL LOEmEROE
HIERICBREINZOT, ZHARETNVICEDLSBORMEMEZEREE2E X 25513
k <100m FEEOEWIERICHT BA, MNEEERS, LN TEAEBZHREETINICE DL
Bt HORENITKRESEETZEEALND2D,. REDDEHE TILWIREIZMIZE M ]
e ZHMARET N ORMAEDORRE L WS BROEDITE, EHOXELEZEL THREET IV
ORFHHEEZHS NI TL2LENHDL T ENDN S,

4. 2. 5 FOHOEBEOEE

MEDOEH N, LFTIIRATAN 1. BREEAN . (KIEHEENZKXDR, WF, VM &
BSHRd %, RIEICBITZERICLD AT T I ORENHEIIENIIRES<EESNS LN
RENZDT, MNFRNICENPERT HHE E LIRWERITDNT, DR, WE, VM 28X (18)D ¥
FRMEIZRITEEERIT 5. ZHREAETIVORBEMILEEIZIDRICEDKESE LTS
ERHENTNBDT, DRAVKZVEAE/NIWNEFSEE L TDR, WF, VM OFHIZIZ&IERSB
FUOBRRITHT 2BEREH NS, 2EL. OAFRICEANER T 25813 RREIIERK
ENZNDT, KWEIRICH T 2R DOAEZREFNRET D, [HWHOFE. Cp, f, CHITHND
EREIIRANSEHT 5.

CD=Eia+uwR¢“B (26)
Rep

Re, = pd @7)
Vi

fe =0 (28)

f, = 0.3164Re;"® (29)



JAERI-Review 2000-002

Re; = —=— (30)

C, =05 (1)

I, dRIEBOEMERT 2mm. DIZABEOBEETIm &5, 8. vidEktEREEER
T BREOBEIIIUTICRTHEREZHA NS,

Cp =0.3164Rez> (32)
Re,, = “2P¢ (33)
Vg
fx =0.3164Re > (34)
Re, = “xDx (35)
Vg
20-H
Dg = —¢ (36)
1+ a4
4a,H
Dy =—">— (37)
1+2a;

T T2 a, =0.1, @, =1.0m/s & L. 3 EEIDRESH(370, 490, 560 K)IZ BT HRafk - KR %
Rt RE LU, 270, STHOZEBIBERHICEDRESER LD /TZDOT, LAFTIE 490
K DIREFRHTHONILHEDAZRT,

Tp=0m/s D g =0m/s> DEMHT. [ILHB L VFRKOEEAZ FHNZHGIT WF, VM 23
WRIFTEEEHANEREZE4M4. 2-2 (a), (b) ITRT. BB =0m/s DFRHAETIE
DRIZ0 &72572%D, DR IFHBFANSBAL TWDE, ARKED. WF ZZELBWEEITIEA, R
TRTOEIZHLTO TH D RA)IEFEMTEY TH DM WF 2EE L =HBITIIEL 5Dt
FER DB IO NEEERTHEML  FICERER TAREYORKZRED Z &b 5.
Ln> T, ZOBEICHRUS)DEFHIMHEIIERBICEIDRESELL TS, KRB
Tld. VM 2ZET5E& WF OEEIZX DML, NEEEETEAL THwWD, LEN> T,
ZOBREITIT VM BB LI RN H DD EMFTE D,

KIZ, Ty =02m/s & L2 & ZORBROMITHERER4. 2-3 (a), (b) ITRY. TOHE
213 DR, WF, VM & #BHRZIZ R8I FEY) /2> T A A, KWEROHBEITIEI DR Z2E5ET S

— 83*
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R B DA WRE ML TS, Lo T, —RIC DR IZEERLZELDZRNH S &
EZ2H5NTWEN, BICALELOERERDEELH DI ENDMNS. 2720, DR 2EEL
F BB i, ASEOZ 0 IR T B720, CORENEEICENDS L3P TRS
N5, BIRKEDOBEITIE DR AWAI N, A ld DR ICKDIFEAELLL TR, iz,
WEIZEBSDOHEERDEEITHALICIRIEEAEREL Tz, FLANBHOESG. VM Z
ZIETBHE DR OFETHNL EEEBEOAMEPLTBD. ZOHEITH VM BRI R
TILOHENB DD ETHEND, LAL, BEEKETIE VM 2ZE T2 2 EICKDHITA,
BHEMLUTHED, VMART L B, ZEOIE2HOTIIRNI &N S, 728, JOHAIL
HEHMENWEZICXVFHETH > /=
g=-98msELTRBHROBRNEMRN. #,=0,02,03m/s ELIEEDA, ZK4. 2—4
(a) — () IRT. 2B, ALXMHTDR 2EEL IS OMKEEEu, 1029 m/s BE LD,
T, =0m/s ELEBEARIZ. VM 2EET 2 LA, NRESEDTH I ENON D KiTi, =0.2
m/s & LEBAITIE. Al DR ICE DIRBEEE THAO L. VMIZKD IS L TS, 27K
U REIR DA 3. WNAICENAMER LR WS ERKRIC, VM 2Z 8T 5 2 LIk DI
DRML TS, BRI T, =03 m/s (i =u; )& LZBAITIE. DR 2FET D & A, \XKBIRT
KRESHAOLTHED, I5ICVM 2ZEBLTHA, RIEFEAERLANWI ENDNS, —HE
H ERSHKE TS, DR OZRICE D i i3FEPMTu, WK T S, Ldt> T, DR 2FET
AP ERE O KIS T il =u, KSR T O T, AF#SRMHTIADR 2EET 5D Z LITLDAEE
10D KIS TIRIEEIR DA, WMELSHIZ 5 NB, I5ICVM 2FETIE, p =up ARILLIZN
SEIIC BN T HIEEEIRIC BT B4, OBEMENZ 515, LEN-> T, VMIEDR IZXKSLEL
%ﬁ%?é@%%ﬁ?t?iéomﬁﬂmﬁtﬁbéf\WF&MKchE%Q%&&bT
Wiz,

4. 2. 6 BbYIC

THREETIE. L¥ET 50 MNMETEL S MROESHZ TRITHZDILHNSNTNS.
UL Lshs, ZHEEFINOXRARRIIONHEREE L TRENICREY TH 570, &R
BTOYA ZE/NE LT EL LEEREENICALEITRD, REFE O/ RIREN Mt
HENEHEAITENIYENLELONXEAHRXOKFMEEICERT 2 0N LIZ< Wiz
EORBEMNECTWS, NS ORMBEEMRT B0 OMmHLRIEO—Did, ZMHfEHnZIE=
HARETNEMRALAVETZHDTH S, LHALRBNS, ZREETIVIEERERIE LGt EHR
DNTDAEVWSIBANS R TENEZETNTHHIEBFRETHD, HIETHFLE2HENOL
S7FET5 Y R TEL L HROEHIZBNT, “REETIVESHRBILSERINHITEDD
EFHEND, FITAH TR, ZHATTINOXRAFBLERANTEYZHITHERT D72
BHO—BEL T, Bl - FEMATHEEDSZNWERO KT - —ENZRKETILORFINEER
EFAERERLOENERNOEEL GO THREICARNIBRIIDVWTEN, 5B INSDEE
EROBEZAT. ZHERETINORFIMEEM LS EDDOENPRELEZ HND,
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4. 2WOMEFE THC DER

RN BT BT5IE DERILUTFTEZ 5N 5.,

- B .
o L[ dds o i
12 CZ; G G &

Ca1 'L? PL?

1 (. da, . du,
Cr =—| U, —=+0a, —=
2 Cf(L P L dz)
Cy3 =0

~ da; . dp
Cyu =P+ L";L“

~ ~

JP ou ou
Cyy =—+(Pp +Cyp, Wi, —E ~Cy 0,0, —L - p.g + FD,, + FW.
T (Og y O ig e vPLUL P Pc8 31 31

1 Cy\dig Cy . . iy a,
cg ¢}z cf Z g

o= _ v LG
C3s —aGuG( S+ S agly > g +FDy, + FW;,

~

~ o~ ~ OU
¢33 = dg(fg +CVPL)_&‘G‘+FD33 + FWy,

~

~ ~ OU
¢y =-Cpagp; 7;“*' FD3y + FW;,

P .. Oy -~ o, -
Coy=——-Cyp i, —% - 5,1, 1-C,)—=+p,g + FD, + FW,
41 P vPLUG e Pritg( v) P PL8 41 41
Cy . . Uy, U, . ~ 0, a
Cy=-—Sagig—L+—L(@, +C a5)—L-—Lg+FDy, +FW,,
ct dz  c} o}

(38)

(39

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47

(48)

49)

(50)

G
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co = -Cydgh, izzi +FD, + FW,, (52)
cy=p(@ +CV&'G)%+ FD,, + FW,, (53)
LR D FD W, OB HVAERRICE D RS, £, HERGRROHAIEU FTEA
5N,
FD; = Kpppy (g _IIL)Z (54)
FDs, = Kppd (g _JL)Z /Cf - (55)
FDyy = 2K ppéi py (g =) (56)
FDy, = -2K 500, (g 1) 7
FD,y = -Kpyp, (Fg _gL)Z (58)
FD,, = —Kppd (il -, ) lc; (59)
FDy; = -2Kppa py (G ;) (60)
FDyy = 2K 58Py (B ~ 1) (61)
FW;, =0 (62)
FWs, = Kyyositg /G (63)
FWy3 = 2Kygp P66 (64)
Fw,, =0 (65)
Fw, =0 (66)
FW,, = Ky it/ c} (67)
FW,; =0 (68)
FW,y, = 2Ky 5,1, (69)

TITT Kpy=0.75C, /d , Kyyg = fx /2Dy THD. HHEENBRAEOCHEITIILLTTEA SN
%,

FD, =0 (70)
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FDy, = K g (it - 14, )* /C(Z; (71)
FDy3 = 2K s o (i —i1;.) (72)
FDy, = 2K ps g (i —i1y) (73)
FD, =0 (74)
FDg, = -Kpg(iig -1, )" / ¢k (75)
FDyy = -2Kpg g (i =il ) (76)
FD, = 2K1)sﬁc (‘76 “TL) (77)
FW;, = ZKWGSﬁGl‘TCZ; (78)
FWy, = Ky (1+ 234G /G (79)
FWy3 = 2Ky (1+285) gl (80)
Fw,, =0 (81)
FWyy = -2Kys ﬁLﬁLz (82)
FW,, = Ky (1428, )i [ ] (83)
FW,; =0 (84)
FW,, =2K,,  (1+2d,)p, i, (8%)

TIT. Kpg=0.125C, /H, Ky =0.125f /H TH 5.



JAERI-Review 2000-002

#F4. 2—1 HBRERFIIBTIHELRME
370K 490 K 560 K
P(MPa) 0.090452 2.1811 7.1030
o (kg/m®) 0.5375 10.938 37.134
5, (kg/m®) 960.37 844.41 738.18
¢ (m/s) 471.8 506.3 490.5
¢, (m/s) 1523.2 1258.1 9742
&g () 0.1
i1, (m/s) 1
Uy (m/s) 0or0.2
g(m/s?) 0or-9.8
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Amplification Factor ( x 104)

|
af @, =02m/s,g=-98m/s’ ‘,f >
o v
! /3; =0m/s,g=-98m/s !
2r ,/;,’ ___________ T
n 44,// u,=02m/s,g=0m/s’ s ]
:F?/ "ll
0 -
U, =Om/s,g=0m/sz/

Wave Number (m“)

(a) Temperature = 370 K, Pressure = 0.09 MPa

Amplification Factor (x 10%)

10° 10" 10> 10® 10* 10° 10®° 107

Y —— S— S
ni ! ;

E ! :
3k i 3

‘ e — — ]

- ,/’ ,ll -
2 ST T T T T T A
1 L ,/// 1’ ]

;,//;4 ]
b=t .

-1 '0. PP n s s vannl 2. sasuul 3. saraul 4. iasnul 5. sl 6. P .
10 10 10 10 10 10 10 10
Wave Number (m")

(b) Temperature = 490 K, Pressure = 2.18 MPa
Amplification Factor (x 104)
S ———

: i
4F ]
3F ]
2t :
1k e S — E

= /'

0(_,// ———— .

-1 5 ....|1. 12 ......|3........|4.......15. .......16........'7

10 10 10 10 10 10 10 10

Wave Number (m"’)
(c) Temperature = 560 K, Pressure = 7.10 MPa

K4. 2—1 ZiREETLAOHEEREK
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Amplification Factor { X 102)

10 —rrrrrer e
8: (a) Bubbly Flow
WF P

6k N\, /o
4'_'/ 2

L WF + VM
2:- None\<‘\”/2
of =

_2'0. 11. mnz .|3. N |4 .ns .AAG. ,
10 10 10 10 10 10 10 10

Wave Number (m")

Amplification Factor ( X 102)

1.0 e
8' (b) Stratified Flow
' wr_ /]
6fF \// p
4:- 1/ -:
2-— None d
0 AN
_2'0A A.|1 N |2... .13A ..|4 .......15. .16‘ “'7
10° 10" 10® 10® 10* 10° 10° 10

Wave Number (m")

4. 2—92 EBEEVAWIH WF S{ABEE SN VM OFE (HxHERE 0m/s, E/7RL)
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Amplification Factor ( x 10%)

4E (a) Bubbly Flow

DR+WF+VM\_.,

!

1L L sl L ad aaul . al ass

10° 10" 10* 10° 10* 10° 10° 10
Wave Number (m")

Amplification Factor ( x 10%)
) [Ty .
45 (b) Stratified Flow ]
3t .
2k None, DR, DR + WF.
1k .
Of ]

__1'0.......41........12.A J3 i .|4 N ...|5A 16
10° 10" 10> 10° 10* 10° 10° 10

BEEH AN WF L RAEE & VM OFE (FExEEE 02 m/s, B 7 L)

Wave Number (m'1)

_92 —
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Amplification Factor ( x 10*)
4: (a) Relative Velocity = 0 m/s

Wave Number (m")

Amplification Factor ( X 104)

T —— -
. !
(b) Relative Velocity = 0.2 m/s | ]
3 'I ]
3 None ) ;
t 1 ]
2t DR,DR+WF [/ ]
/ _/_/ ]
1 - e _—anﬂ"““"-—-,/ _
— —
0: ——————————————————— -
r DR+WF +V
_1 L 1 { al ul Y PR | A

10° 10" 102 10° 10* 10° 10®° 10

Wave Number (m")

Amplification Factor ( X 104)
4: (c) Relative Velocity = 0.3 m/s

—*= DR, DR + WF 1

10° 10" 102 10° 10* 10° 10° 10
Wave Number (m")

7

2 —4 YEEAN ERREICKT 5 TIREE T L OMIERE

~ 93—
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4. 3 BREFIOBZHRALEAL
4. 3.1 RLBIC

SR AR, AR EREART B, Pt DFEIC & o THRIRBPEE) &SR A 2 45
DRI - ZERIRICEEO KEVWHEHRTH D, ZNo&2BETDH I LA MK EIERIZHE
LKMERS PHITAS SR TERN AERIBIINS ZEBEROES T ENTERM 2120,
TR ETIWITREEIND L DI EEEBMIC L DRI - EITMICES N2 R E KD T,
ZHRERET BT L EE R ORBIZNT LU HY SN TR WD, iR ES 52012
BEIA IR R A L D K& <, ZRIMICIIRESEOREZAr — W& RER E) L DK E
SEZBRBENRHD, A LAT Y TRIELIBEEBEDTUDT LI EITER N, ZDOX
DIFIEHCBREIC KD, FRANELMROETH EIFEMMEHEL. FITREFEBICKRET
HINSOREMRAERNE L TERBRMICEAL TER,

FERWREREHIE <O TV Z Ko TiX. IREEETE O B30 ETH 0 LRk
ZRORTMOMOPNIARNEETH > . fill. FHEEEGRENO#EAIC L D HFEO LR
B <IThN B K DI/ =AY, BT —RICHNT O IE L T3 73 < SR R IT O R i
ZROADEMIC R DM E I EE2FH LTI S0, GFEEENEVESIE. K
iR - Z2MEICEIT R TE SEAIIY A LATy 7 - BN ERLCEBZBNEH T, 14
ATy TR E OB RFEE L GHE VB EOREFEENFETE S, 41%0 Mg
FALAT Yy TREFELIIBOMBEOHF TR . HROESH &GN GEE %Jﬁ?é&
hE BRI RTNEARS RN, ZHEICH S bNIEEDLENGAECEENROAHEEE, BE
B<FHIIQBREELRDEZIVREICHB T HICEEERFHEEMNNILETH D, (EROFELD
T ETIVORBEZNSOFHF L VERIZOWTHANL., BREBICFHERMOERIZOWTEST
%,

4. 3. 2 BRETIORK

THRORBBRIIRA PR - QIREEE - ENREEE - WEF KT L TRD TR
BikX (flow pattern) ZFFD7=, MMTMREEMITE U TR OBENETI (CREKETIL -
REETI - HEET)) - QEBBIFET L) BB INTERL. 22T INSORIFET I
DHIRZFHIT 5,

A ETNVIIREHEA Y L2l B ALK ERAEOEHE - BEEHETLFETHD.
SRR ZHDT, SO EDHRA RRTEDT., 842 0 FOMHFRFATIZBLTER
ERHOTELFETH D, —RIHITIZRNIER 2 OERNH 5. ZMIRE TIdtm %=
HLU-KEEOMEIER (REEE - R NEENTHEN, RuzfHBR0noTERT
—HCH@ICE BN 2R ELEE L, ZOMGBRAPHFITEEICEET S, — Koty i
OBRANE REINTHD, INSEEXCHMICOBEHTES., LML, RAH¥KLDD

94 -
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HBERTHN TRIUWMOBNEO TS RE BB EZHZITLELLTVS,

BT TN, GURME & A RIRIC /2 TENENO R T Navier-Stokes FEAZEHET %
THETH D, HREHROD D EHERTMEDMN TR, VOFE? -V | x—HEE> | KTk
)7 C I P (Cubic Interpolated Pseudo-particle) i% &, # B %L © | BAALBI%K (Level Set Function)
IO RTRILYT K VY ETHS.

REHEEOE M ESHIRNESK LB ET 2R —RICKEBELREEICR S, 1> T,
HEROHKN S BN DERFORSKOBTICRS NS, BECT T 2 MHEOBEBRNRE
PEERAMEIY, EEMRMESKTEZSLD FEMERZERTE 2 IREETIVARECERRTNER
59, EAE TRATETIVIBRROME 2 ERMBINBRKRENCR S,

BHEE TN OELIR & F O rh O 2 8 T & % iE OB B) % He i) U E ) B B
THFETHD. RETOBREOEERRIREEBHTELOT, WHOHN Z2FETNIKE
OB MR EFOEEEATE S, BEITRREES 2D, WEET ) HFRFICERD
T ONEFE LV, WHEOEZRIIR EERTE, WHEENKATEIDNZDRENOTE
FROBHEHNOFEH/ NI NOT, LEREOFEZIBET D Z EANRRETH D LKA
BICETTED, EFEL. BWHOBEADHRIIFETE 20, BROELNICK SR LT
R 52 BHENRSD. MEHESAORARKKRBLIBWR K I 1 v OMHFREZR O ¥
CHWwWSsNB 12,
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Gas Flow

(a) A Snap-shot of the Instantaneous Free-Surface Behavior
at t=18.15 sec
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(b) Expanded Cross-section View of the Secondary Flow
in the x-y Plane at z=9.125 m

4. 3—4 Turbulence in Free-Surface Flow (Kunugi'”)
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4. 3—5 Interaction between Solid Ball and Bubbling Pool (Minato®”)
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