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Kz Ry a s U, REEORERITHRE S A7 LY 7 MU =7 FAAS (interFAce
Measurement & Analysis System) Z AW/ EEfEANITE DS AJEETH 5,

3.1-2 EERZEE D KYOWA Drop-Master DMo-501 $fih 5t

HIRIZK (SRIRCTHEE 1000 kg/m3, #hM: 1.0016 Pa s) A L7, HT7AE—X Bk
Stbo = 8 UB-2325LN, KI5 1.70 ~ 2.36 mm) % 3 v — LI ANEAK 78 % 1F
L7z, RirEOREEFEOIZTHHIC, Yy —LDOHETHRS S VAL, RmWrtfE s
LT, KOKMEBESIA0.072 N/m, K& T T ZADMOEAA D 07 1T,

2R DB, Ao BB LUH UMREZ R L7z, BEER 7 U 2 —|2 X - T
Bz YV oo a7y v al, K916 £ 1 u L KOS EMICE T 5, Wik E
BEELRELZEZA, ZOBEAE 3.1 m ITHYETS, E5I1C, YU U POHEMEE
FEESTHLIZL T, B FHEEAEX TERLT,

Q) EERHER

FETEREDEWIEFEBL., ZNF—VDERBEREZHRET 5.
D EEEICE T 51HEES

FP. SRR TR RIS 2 — 228875, V) U0
Fea R EIEST ., W OBEN & & bR RENICHEM S S, 07 atR2BIT 5K
250 2 HEfib A FHARRICIR D 1 72 0 A 7 CTlRie L, IR ER T 528, X 3.1-3 ©
IO A BN, MBITRENT K DT, WA AL — 7R m I Har LB, Rif
g7 LA OK - BT ADEER 00 ) OVER CTHRYNZEES L LR+ 0 5 I 5 L,
WHIRIC K E 2@ 0 BNAE Uz, £io, bRz uEICiEnegad, sHEn b5l S,
KA BN A~TERICRA LT, 2 ORIEAZEBNIRE R E S 4, 920 ms OFR§HT
A LT,

3.1-2



(a) HEMERT:t =0ms (b) $Efih#g -t = +8 ms

(¢) t = +16 ms (d) t =+24 ms

M3.1-3 EETEEICETHHFBADREMNEZEE (T L—LKRERERS ms)

Q@ FYBWETREICHTHEREH

WIZ, FVEWETHRELAT DREOFE A2 BT 5, HMAFTEMORIRE VU
VEHEMEIIECE T THER I TH D, WUNEIRIZ 2305 225 O T2 . ERMECHE
THEZHETLIORNETH L1, TOHEMEITNO0. 4 n/s BETH D, ZHITHEBICE
T LR OB OESFRICELS =BT 5, A%, BBRAFIZLVE TEELARENT LT
BEEBRTLITETH D,

X 3. 1-4 IR ENTHE FIBRICHER Lc k 24, A KiF 8RBl Uiz, #en
(R TENEB~NRA LT Z LD, T2, RO 3.1-56 DEFEERNA AL — U RAF
(1024 * 1024 px, 1000 fps) ZHWREITZ OFEEOFEME R LT, [ERER I Z @ik
L7RERICE B35 &L @ik 0% 6. St bERR A E T8 ms LRI,
ZDRIZHOWTHIEIOEEF E BB E R 5, £z, HIRRRORTIC, BERKHEER
BEINR2 o7,

DX OIT, TR & BRI B OM EAERIIE, E FEENEER AT A—ZTHDH &
MR ENTe, AFFEICBW TR SN ERFIEEZ NN T, BUEET LV OBRFE - ikl L O
W RTEOBIGRI 2 D T2,
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3.1-4 BETEE (0.4 m/s BE) ITETHFEH (7 L—LKERERKERSE ms)




M3.1-6 @& TREICEITHIRBEFEBD/NARAE— MR (TL—LRERT ms)
(4) BIERRNHER

EERAE R L DI EREITH 7212, EEE TOWRMEE T =2 L—1 3 > % DEM-VOF-
DNS FIETEIT Lz, T 2T, RIKEFEBRKOMMEIC K EZZROEEFER LZ, £z, /3

3.1-5



v F 7 SN ERKLFE 2 BB D 72012,

SFEN IR T IV a FETT VA L

RRERIAFIE A AR L7, 2K 8 mm X 6 mm X 8 mm OFEFZEMIC., B 2 mm QBRI 708
52 fEBCE S 72 (RIS RE 55%) o EAL 3.2 mm O 2R B o EEICEE L, f)
HWIHEE A 0.4 m/s ERTE LT, MOMATSIEOZFEMIZE 3. 1-1 12T,

K3 1-1 REETHRITD/INS A —4

Physical properties

Liquid/gas density
Liquid/gas viscosity

1000/2 kg/m®
0.001/0. 00001 Pa s

Surface tension 0.07 N/m
Contact angle 10°
Dimensions and sizes

Domain size 8 x 10 x 8 mm
Particle diameter 2.0 mm
Particle number 52

Solid layer height 6.0 mm
Solid volume fraction 55%
Liquid droplet diameter 3.2 mm
Computational parameters

Grid size 0.125 mm
Time step 1.0 us

fEMTBRMET: 8 ms ETOARF v 7 ray MK 3.1-6 1T T, BRI 23 B Ak -1 2 fik

L ERSE IR S L DR F R HBLS TV D, R OYIHIERE (Kt = 3 ~ 5 ms) T
. KIEO EENRIEEE L hodlz, Eilo, KR OB O EREREIZIRN 5 E TO%
X, K10 ms ORI AT — /L CHERTE /2, TADLDRIZONTIE, ERICK2BIELE
PERNC—F L TWD, —F, IREOILHGHE XEEBR L ) OREL o TV D, Ziud, EEE
D TR LR T DBENI LD bDEEEZLND,
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3.1.2 ARKRHER-ERRERTFEOMFE (Fak29 - 30 F£E)

(1) FR29 FE

D-1 ¥2alb—Ya U@

1) fEEs

B S AR OFE Y I 2 b—Ya VG R VX —FE T b aika— REHE L T,
G0 B OHERERIRAE L EE AR A & OBMRICOW T B RE Lz, FHREAERITATE O KT L LE
BEBEEIE CH D, 72720, KIEEOHIHIE S 0. 40m, ZALEM O FHPRIAE 1. Omm ([ZFRE LT,
ZODFE S — 2T, ZHEBEOZERE L ZNE 0.9, 0.7, 0.5 IZFRE LT (F3.1-2) ,

2) BER - BN

3. 1-T ICEEFE R A "9, Case 1 Tl porosity 28 0.9 TH Y . LAERE CTHIKIEIE L
B AT AR OMERE X172, Case 2 Tld porosity 28 0.7 C, Case 1 & HBZ L CHiED
HEDHE SN TV AR ST, RIER T, ZAERICBT 2 B AER D O FEIC
AWHNHRFRIEITETL 0 m & [ UEZ AV TWS T2, ZEBRERIC X - TR EE S .
HEENEDD Z EDNRBENTZ, Case 3 TiE porosity 78 0.5 T, FMAHEEDBENKE D
ZEPIRS T,

TIDOREFRZIIZ, MONP & W T IR oy ORI ZFHE L2, % 3.1-3 12, MCNP
DA Ty MW EFED R R 2 T, ZUERE ([EFR) 13 4. AR & 7 IR, <A
29 AT K & LT, MONP B/WIZH 1T 2 45 i Ok 808 B, VOF BA¥k oD fE & 2 ALE KD
ZERRR A FLICHR LTz, kopr DR LA 7 2 v B LTERERDK 3.1-8 Th D, Porosity DOEA
RELRDIZONT, kerr DIEP/NEL T2 o TS, SRIOFHEAERTIE, FHEOFEHBIT
FRIT6F U CRIAE IR P < P23 SICEHRBIR DS AT L E S 7201, KOstk -
THMEFOEINTE Z 57002 E DRI I L7,

VL EOFER S MCNP & DEM-VOF {2k S5 2 & T, HFAR ke DRFE B X O AL
FIEORFIZKII Lz, 77 VR M LEKEO U 27 34l 2 85I AT 2 720, ZatkEom ki
ETHRETHDLZ RSN,
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x3.1-2 HESH

Case 1 Case 2 Case 3
Domain size 0.89m x 0.58 m
Cell size 5 mm
Liquid phase Water (1000 kg/m°, 0.001 Pa s)
Gas phase Air (1 kg/m®, 10° Pa s)
Water dam: Height 0.40 m
Solid phase 4. 4wt% enriched Uranium fuel
Porous media: Porosity 0.9 0.7 0.5
Porous media: Grain size 1.0 mm

x3.1-3 FRFHEEDOEH

Material Nuclide Atomic density [atoms/b/cm]
235 1.03467E-3
4. 4wt% enriched Uranium fuel 238 2. 21965E-2
150 4. 64624E-2
_ 14N 4.39292¢-5
Air
150 1.02232e-5
_ H 6. 67382¢-2
Light water
150 3. 33698e-2
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(2) k30 FE

®-1
1

2)

UEXal—3 3 Ui
REBORFIZRITZIR

3.1-9 (a)lZ. RLF—HLFMITHERL S N D IRAME ORI FEIR 27”3, R, H. a. 6,
bid, THNLIRIFHAE, KRR, RA. SAlA, SAEEERLTEY, MY
D1ELP2FZENETNHRA 1, 2%2RLT05, X3.1-9 (b) 1, Ri-BERRI R S
NOWRBZ R L TEBY, AR FAEEEEHICE S ML DN TWD, RF-BERF OHR
BURBICRI LTI, A2 ERT DI LT TERWD, B2 D, 1R 7R -] DL
BERBRIZED D Z LN TE D,

BHRP XA THLHEZRE . HIREEOREIT—EDMRE2AL TN D,
KRR AE Tl dhBrklL 2 SO R CER T MmO NI p,, & #7044 il
P poe) EHONTHRATEEIND,

1 1
K= — —
Pin  Pout

I, WG ) D BARR 725 IEIZ DWW TCRRR T 5, Bif-—Ri [, RF-BEm I 1
T LEBEIE, 777 AR REmEHOMTRIND

F = —pnR?sin? a + 207R sin a sin(a + 0) 2)

ZIZT, plE T I RAE, ol FREENEZ T, o, WERBNICEBIT 57 77 AEIEER

R EWFENORD D ZENTED,

(M

p = oK (3)
Rl Pout R1 Pout
b,| 1 R, b,| 1
ay P 4| b2 a3 ay phi\P7 | bz
H H
(a) Axisymmetric liquid bridge (b) Axisymmetric liquid bridge
between two spheres. between sphere and plane.

3.1-9 REBOAEMZHIFIR

BREOERRBNETIL

WG I DT ET MIZINETICHEZIBEINTE Y, Israelachvili (2010) <°
Rabinovich et al, (2005) DOEF/IL, FOHMINSEBOMETHERA I TNE D"
@, LinL, ZOOONITET ANZY R EA S T ok, RE, ki TRim ., 8
fil f4 S B N S WG BICRE SN TV D, fIch, BERE L THONERT — 4 %
TAvT AT THILT, BT AVHFERALZEETL L0 FIERDH L, T DT —
B SOERLFEDR RN — RS TICx L CIEFICIEE SR WAREEREZE X b d,
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3)

KA PRI & - THEME OIS 2 i35 2 &1, TRAOEHEZESIZT 5 1
THMERE LS, TH b A ZVIEPITREGET ) o 7 K< S Tn b Fik
T 5, Huppmann and Riegger (1975) DRZREIIET IL. hua A XU S0
7o, BEOLSRPIDOBEENET NV THY , ZURBE LML b > THREE 12T
HTxrY, oA X VERlE WD Z & T, BRHRRKEGDO AV T 4 A F AR
ABICT7 4T a7 aSnb, ZHICEY RGN OEPEZ RO 512H1-0 | B
D8PRG T 5 Z LA RE L 2D,

Huppmann-Riegger 7 /L CTld, MEAREORITH LT huA Ziifla1TH Z &2k v,
fRfa & R pn . poue PENTIRDBRAL Y SE> TNV D,

pin = Rsina — pyy: (1 —sin(a + 6))

_R(1—cos®)+H/2 (4)
Pout = cos(a + 6)
Bl Aalt, WEVIZH L TROBEBREZ > TV 5,
V, = ZTT(COS((X +0)—(m/2—a- 9))(pgut + Pinboue) + T[piznpout cos(a + 6) (®)

WG 1 2RO DI, EORBEE TR E | WAaZ RO TITR 20,
ZDOEMESIZH D 5T, Huppmann-—Riegger 7 /WF IR HIPHSAF O W AAE (208 ] AT RE T
&%, Lo L. Huppmann-Riegger E7 /WL, [F L/XNT A —F ORFRIZEBWTHEAET D
BEAEIZOWTRIR L7 b DO TH D720, X 3. 1-9 D L 9 ISR RO & o 7okl 1
DINT A =2 BRI DYE13, Derjaguin U EASW AR TR Z W5 Z & THR

TE 5,
1 ( 1 N 1 ) h h
1 {2 R, TR, sphere — sphere
Rery 1 _
k 2R, sphere — plane (6)

1
CoSOpfp = > (cos 0, + cosB,)

BEBHAOBIERNFE

AHFFETIL, Sun and Sakai (2018) |2 L AWKZMEIET VAR L712W, Z OWREERE )
FTFME e A VT EIEER L TR0 TR O &R L O fl/A 2%k L CiliH Al R
Thbd, MAT, BARDR PR LA ZHTHREUGICH L CHEBEEATE 572
B, AR VET L TH D,

X 3. 1-10 1%, KK OWRIEREET V2R L TND, B8R, Ry, KK
HEH . #flfh0,. 0,. IEVICOWTIEIBLIENED B TWD EIET D & 2R
fla;. ay & HRPREpin. Poue THD, TNOHOEHKICK L THBEXAZEH L, £ %a,
DI H T Z & T, BAITIREUE 2 BN T 5,

MR R v pinlE. WD LS IRy, a, TRTZENTE D,
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R,(1—cosB,)+R,(1—cosB,)+H

Pout = cos(ay + 0;) + cos(a, + 6;) 0
Pin = Rysina; — pout(l - Sin(al + 91)) (8)
Pin = Ry sina; — pout(l - sin(a2 + 92)) (9)
X@B), RO LY., WAa. aORICROBEFRARELNLD,
Rysina; —R,sina, Ri(1—cos6;)+R,(1—cosb,)+H
- . = (10)
sin(a; + 6;) —sin(a, + 6;) cos(a; + 0;) + cos(a, + 6,)
INHOREMLS Z & T, aplda, DB E LCEEATE 5,
Rysina; —R,sina, Ri(1—cos6;)+R,(1 —cosb,)+H
- . = (11)
sin(a; + 6;) —sin(a, + 6;) cos(a; + 0;) + cos(a, + 6,)

EROFEALY . BRay. pins Pou TT X Tay DB L LTEHET L2 LAAATREL
%, RBIZ, WBV, P —ETHDLZ LM THBEAL BT 5, KGOS 5 # % [H
HR S5 Z LIk » TEL D IRFEV, o 1T,

Vrot = TPout ((Pout + Pin)? + Poue?)(cos @1 + cos @)
+ Pout” Pout + Pin) (B1 + @, — 1)
= TPout” (Pout + Pin) (sin By cos By + sin @, cos B,)
(12)

T
- gpout3(cos3®1 + cos3@,)

0y =a,+6,
P, =a, + 06,
L7= o T, WEVIIRA Z 72 L TR T i 7e 570,
Vi = V(ay, az, Pout Pin) = Veor = Vi — V2 (13)

ZIZT, VEVIE, HIRTICR SR OERER S ORETHY . TRERKRD LD
iR,

T
vV, = §R13(2 —3cosa; + cos3a;)
(14)

T
vV, = §R13(2 —3cosa; + cos3a;)

TRERFEDSFREZ A L T b & & A (12) 121 Huppmann-Riegger E&F /L DA TOIEN
GENTEY ., ZOEFALOZYMEEMITTND,

Rz —BE i [ OIRZEIG T 7 M DWW T, HRIOR A a, & BGEARTEV, R L7220,
ZIZTIHER, =0, a, =0&FB<, RUD IR END Z i n, (M), K@), KX
(13) DBMRITHERF SN TV D20, WG OFENATRETH 5,

ARG DM S DONLEIZ L - T, G OFEFETD LRLR S, K3.1-10 (a) TR
SN DIRZEAE Tlx, i aUE N B SRR pp (S5 U CREBOWRZEE LIk T 5, €D
i FlZBWT, WRENE 7 77 AEDEFR 3) ZHWVWTKRO LS IZFHE SIS,

F = —prpy” + 2nop;y,

(15)
=10pim (1 + pin/Pout)

BISEITIEH D25, K 3.1-10 (b) D X 512, KR ONLE DKL A PERICALE T 55603
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FET D, 20X RIEREIT. RFREOHBNIEDPRE S BRDGER L
REND, LIEBR->T, ZOWEBBHETNATIE, LV IAEZ D5~
Graloxt L COBRIE N Ot R ZEE L T 5, FEREO 0
X, = Ry cosay + poye cos(ay + 6;)
A RO x BIELEFETHD, Liendo T, ROFMEBHLT D,
Rycosa; <x. <R+ H+R,(1—cosa,) an
ORI SN WESEEIE, EEROBERmEICAMANFELRN I L2 BRT 5D,
ZO%E, WHlEEEp, N TndA (15) ZHWD 2 &F@Eb) iy, 2 2Tl
P FULTFTOREMEHN L THEEST 2 2L TE 5,

. ERRICHE
Z DR

(16)

1
pm=§0h+m)

(18)
b, b,

sin(a; + 61)’p2 - sin(a, + 6;)
Z 2T, by B LU EERKL T LM O TH D,

b1 = R1 sin a1

p1=

(19)
by = pout sin(@y + 61) — pouc sin(az + 63)
A (1) DpppZprbiEEifiz 2T, X Q) LVIT T A EpERODHILENTE
%, LT, A (2) KV, 2 00EMEICKIT HHEBHNENENGREIND,
F, = —pmh,? + 20mb, sin(a, + 6;) (20)
F, = —pmb,” + 20mb, sin(a, + 6,)

IO NG B EOFE LR WIRZERBIZ BT DB IR RO b b,

F=%ﬂ+5) (21)

ZOMET, %< O OMAE DY EH T D capillary WZREBIZE > TITEE D
0)&7‘@'01%60 Flo, RIFREEM DG EIZONTEH, Ry, =0, a=0LEDDH T LT,
LXK E BT HZERLHET LI ENTE D,

uuuuu

(a) Toroidal approximation

of a liquid bridge.

(b) Liquid bridge without

real neck point.
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4) ETILISH

1.

EEH

PREFT 7 U ELD ) LIRRIC I, W RO %82 TRICE 55T ARNMEE 2D, KI5
Tl DEM IZEIT DURZENE €T V& -V, IR RO 2B 23 EPER A FTRE & 72 2
Z L ERT,

3. 14 [TWMHE A RS, EAEICIET 7 A —=XomEZ2 Tk v | BEEIL 2,500
kg/m*, ANAREEIL 1,000 N/m, BCFEMREIT 0.9, EEELREUL 0.3, FifRIREIT

72.75x107° N/m, R OERIT 1.8 mm & U7z, FEAKIFO#EffI1% 60° | BEf OBzl
13100° & L., HKif-EEf oA 2t 1Tk EES5 % 80.6° & LT,

1
cos Oy = 5 (cos @, + cos 6,,) (22)

F 3. 1-5 ICHE S A2 RT, FHEDRI 40T 70, 000, BRRIZIA 1T 2. 5x10° sec, WK EILKE
FHRFED 5% T 1. 07x10° w® & L7z,

BI3.1-1112, ¥ alb—ya ANTHWEEEE RS A%27R-7, F7 AOEIL 120 mn,
BATZIE 100 mm T, [EHESHEET 30 rpm & L7z,

BR-EE

B 3. 1-12 12, FHERERZTRT, K 3.1-12 (b) X 2.0 sec (1 [Bl#xR) RO f-FliE 27~ LT
B, WBEBEIZE > TR MMUEICK 0 AT 2280 MR T& 7z, /2. hrEIX

FEMBREZER L, FTAEOMIZIEF vy v 7DRAELTWVWDHZ EAK 3.1-12 (b)-(d) T
MR TE e, ThU, RFOBREENRGI 1 E LTI bW R, BERE TR L 72
TehbEZ2 DD, D%, SHICRTLEEEESE, X3.1-12 (e) DXL HIZ 15 HEES
Hblenb, RIZLERFEOMEGE DR OX ¥ v 7NIEEAERI Y, P
KHEFRTHZ NV Ialb—vaillo TSN, Z0LE, N7 AMlHIZ
3 Uik 13 3.1-12 (b)—(d) L L TENREL 2> THEY . M Eomun Ko
AERIASE SN, X v IR RholceEXBND,

B4 3.1-13 12, Bk OMES A R~T, X 3.1-13 (b)-(d) TiE, BEREIZATFE Lok
FOREITEEARTHO L ZATHOE S LY BV LR Ehz, RET /LTI,

BT AT U TR B A 55y LT D 728 R~ R 18] O WK ZEKE 71 00 J5 H3RL-— B i ] 0D
WEERG ) L0 b E L7 D | ZORRE LT, BEKR T THED KT A0 RIREE
LV HES ol bBEZOND, ORI E & b, Bl ’H%*f%*ﬁ%@?)i JBL 7
S>TL b &, BERTHIZBITARFOREILRT AORHLEE ISV TEY, X
3.1-13 (O L oIz, 30 FEHARFIZIL, 7 Ml UT O BEAKL- O B IR E—4%
Lol EHEEN DI RFIFEEER & L CHEE L T\ 2728, *id_@)%@%ﬁélio‘b\f
R OJEIX0. 1 m/s FREEE T ADOEHAERE & X TEN - 7228, FHERENHIINT 51
PV, RT D E > TRL EIFoNTR R ERO L D IR FBOE R Z KD 5%
~LBEB LB, ZORRE LT, FBREICBT DEEELFORED K7 L0
MR S FFFSED 0. 18 m/s FREE T EH Lz, BLEOREENS, K ARo=E %
DEM IZ & » TEMHIICHHE FTRETH D Z L AR I T,
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& 3.1-4 YtkfE

[tem Unit Value
Density kg/m 2,500
Spring constant N/m 1,000
Restitution coefficient - 0.9
Friction coefficient - 0.3
Surface tension coefficient N/m 72. 75x10°°
Contact angle (particle-particle) deg 60
Contact angle (particle-wall) deg 80.6
*3.1-5 AHEEH
[tem Unit Value
Time step sec 2.5x107®
Number of particles - 70, 000
Liquid volume m 1.07x10°
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3.1.3 T AEMRES L UY Y MiRRETE (FRk 29 - 30 &)
(1) FEk29 F£E

ZAVERMEDOWNEA~NRA LT 2 B 2ICH T 2 Z E AR Th 5720, BEFEFEL N
TE2, ERRICZIVEMNEICB W T, MifLi#E (Pore structure) (24 -C, Hifeh)72 i
MIAETE T, EREEISAE LN mis ok S s, mindo VOF B o 4 mry S dh 373
BITREZ IR L 20 R RZHEOMEICE S R TUT R 6, ZORE AT DRIE
WIEIZXIT 5ET UV I RNFEE 2D, RFPEICBT DHERK A7 — TR T, Z4LEM O
ZEHLYA AR KD /PSSO T, T TS ZR O Sub—grid Scale EF /MIZAHYT 5,

Z 2T, ERIRRL RIS K o TR SN S ALEFRIBICIRE L Tl T 2. X 3. 1-14 TR S
NI X DI, WK EEEE h Ll 0 OFRAEREZREL, ®H0ET (HEI7REDHNHIEH
E) DV HUVIRBEICE LT, REORRIERE r O E LTESEEITES L L, TofiRp
RO I VPR TX 5,

k=711 (23)
DT, ERIRRL I RT, 2ROV A AR5/ SN ERET UL, BA72 M2 B 6R )
HIRADEDND,

h = 2r - cos6 (24)
SFED ., ZABENTZEILICAE LA momRiIkXo L 2ic5Ex2bns,
o ~ ZCZSH (25)

ZOX oIz, FEdhEREOFRMEIL, ZAENTORRNRZEZARORAEL Y LAETHHZ &
MDDy T,

BEEHI IO EVE 2 S FUEM BN LT, T D2 h N2 ¢« OE 2D DIZART
bAH D, KT, HMERFEIEIC L2 ZAVEEBROSE . 28 LR RO h/d 1 XZERRICE LT
HEINEE 2 " R&ETh b, ZOWREAMRE LT, =0 TERrEARD (FERARL) | =1
THRAR L 722 GERFK) . Himn - ERICZOBREZZEH cEuE, EERPNEEO R i
REFEATLZENAGEL 2D, 1220, ZOMBEICKHT 5T 7 0 —F IR Y 17 0 %t
BN THY, EBEOZIET 7 VS E T 2 fROMBEIRMK T REELZ 20D, 20
Rbviz, BEEOTO, ERFEESZIEDOZEL - b2 LI EERE L, ZOEBEREES)
SR TFIEZ AEMNT 7 L— AU — 728 AT 5 Z LIk o T, BEERNE O BME DR & T
XHZLERT,

FHRGIE LT, WK & AV OB A T Lo, AFHEICE T DO, A
i CHY BT ARE R - R E — B Lo, BEMIEER 3. 1-6 IRV, kM E R
A1 mm T, PIHLEEA 0.1 n/s THD, £/, KFEEICERE LI ZAEMIL, B/ 22pmsR
0.5%#HF L, EFEd = 0.1 mm DERRKIFIZ L > THER SN2 b D LT 5, ZOZERED F T,
BN A6 IS 2 B8 L 7ohi - [ 0 F/ NIEREDSKD 0. 05d,, B KEREEDSKY 0.8d, EHEE TE 5,
O, ZEBEROHE Y228 % 2 OHPRIEIZIIV h = 0.33d, ERE L, BIEREFICRBW
T, ZORFEIITH DBREDALEMENFAET 208, FREMEICESWIZET v 2 HnTER b
LT LWARETHD, £, HEiALErE GEREN) 52, InbDOLAE FmEDwitk
EEF31I-TICEE DT,

3.1-22



HEFERORTH ATy I ay NER 3.1-15 1277, WRIEEREICH D ARVBITIETE &
LENRZZET HERERT, 2O —ATIL, ARG L 0 ZHLUEERNEO 2 7 a iy 7p i =kn
MITRE WD, ROVAEJE L WS DRFE LT, ZIVEHE A BimT B0~ T,

%
j%

DEEEMDP X & 220 | B EES RIS AERNT~RVIAER T (< 5 ms) , R
PED @ WRIA DRI 2 EMRC LS HR LI Z LignoTlz,

x3.1-6 YUBRRERTMOFESRME

Case 1 (low speed)

Case 2 (high speed)

Domain size 1.6 mm X 1.2 mm X 1.6 mm
Cell size 12.5 um

Liquid density 1000 kg/m?

Liquid viscosity 0.001 Pa s

Gas density 10 kg/m?

Gas viscosity 10° Pa s

Surface tension 0.03 N/m

Contact angle (floor) 90 degree

Contact angle (particle) 10 degree

Particle density 2500 kg/m?

Particle diameter 100 pm

Droplet diameter 1000 um

Time step 0.1 us 0. 01
Droplet velocity 0.1 m/s 4.0
Re number 100 4000
We number 0.333 533
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X 3.1-14 BRRMFZERHR O RFEEE

x3.1-1 ZHEHKROYILE

Parameters

Porosity 0.5
Contact angle 0°
Particle diameter 100 um
Equivalent gap distance 33.3 um
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M3.1-15 BHEZHAEFROERELIVCEA (VOFEHA0.5 LLLFEEEERTTLR)
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(2) k30 FEE

1) FROSFRET

1. fBiEH

FHBEICHWE T A0, BE 1.0 kg/m®, KiE : 1.8X10°Pa s, HZEA : 1000 J/ (kg *
K), BMzER 2 0.024 W/ (m+K), B 27 CL Lz, FADHEILT.85X107 m'/s (FEHIEEE
0.1 m, WHBEEE 0.1 m/s #HY) & L7z, FHREZEET L7 —ATid, EEESO MR
MR A ANFEEE 35 KW & 527z, FEFILSAN OEEIRREICIBV T, RERE: 27 C, s
EAREE: 167 W/ (i « K) OBEREIFICTH A LBEM OB A EE T D, HAOYMEER LORHE
SR FNENE 3. 1-8 BLUE 3. 1-9 1TRT,

2. RITHER

PLFIZ, BB EENRNDT ADZEINZHOWCRT, BYROFE XA Sz —A (102. 96
fam%) R4, KMOFHE~2Z Fv (3.1-16) I LT, BURAR LD — 2 TIIRfo L
FBEBRRLENZRD->DICR LT, BURHY O —ATIXKRAEE L ICBE Lz, £k
HL7ERIIEZE D%, HBEZIh > TR HFICKRIMNBEI L2 & bnaid, 2YidH Y or—R|Z
B LT, WINOREST &K 3. 1-17 1R T, EiEE1L68.5 ClEo7-,

*3.1-8 ARDYEIE

[tem Unit Value
Density kg/m? 1.0
Viscosity Pa-s 1.8 x 10
Specific heat J/kg - K 1,000
Thermal conductivity W/m- K 0.024
Temperature °C 217

Flow rate m’/s 7.85x10™

* 3.1-9 REDYMENE

[tem Unit Value
Gas outlet diameter m 0.1
Thermal conductivity W/m? - K 167
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—
1300000

R L BEHY
®3.1-16 K[RDFTENY ML (BERKFEL)
KEDEE ERSFIRTHE GENE) LOFREDOKRESELVARERL. KMNOEIXEE
[CEELGRSLED-REREMEEZTRT .

REHY
®3.1-17 ARRE (BEMFLEL)

2) FFROLY ¥R
1. fEWEH

L FEIX A ARITRI 2 AT 21T > 7, W AR L OGRS+ 2 950l - SRS,
KR Lor—2 (BJiRHY) LFRLSENZEFNRR I 18 BLIURE 3 1-9DEY THDH, K1D
WML, #EEE: 10,970 kg/m’, FERIFEE: 0.025 mm, RAFRIFEE: 0.003 mm, FCFEFREL: 0.9,
FEERARSR: 0.3 TH D (F£3.1-10) ,

2. FRITHER

[FERIAE: 1.0 pum 7213 10.0 pm], [BRALE: g 72 3BEEE ] OM AT HOETH S 4
r— A7 HONT [FERIFR 25. 0 um, BRAZE: BELEF] O 17— (BF5 7 —R) ZFHR Lz, LA
Tz, 260 —2ZBE LT, M3 1-18IZFWNICERIT 2 H APIE~Z hv, [X3.1-19 ITIREE
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A, X 3. 1-20 IR DRER Y bV ERT,

T AR ST LT, BURNLER RIS H 57— AD G RBERT D r— A LD H K&
7R EE DN F R TR ST, ROV A XEKFRITZ R e o T,

ESAICE LT, BYROAEICIS U TR Y B RO, FRIZH D7 — A TIERIFR e 5541 0315
bivlc, KL A XKFEITR b hho Tz, RmIREITET —AT67~68 CThH-oT,

R DWERZ FVIZB L CiE, T AFENZ v, BESAAICH S, R 1.0 ym D7 —
AL 10 mIBEUN25 um D — A TR LZBMA R O, BYRBBERLTE O 6. B8N0
10. 0 pm VA BTl ms# 2% L < (0.8 m/s), I 1.0 um TIX R VIRV R mEHEN R Sz
(0.75 m/s) o F/NEEICHOWTIE, LOm D7 —ATT.1 x 10°m/s Tho7-DITR LT,
10.0 imBLN25.0 pm DA/ —ATIE 1.3 x 107 m/s o722 &b, 100 fEFREDE WV RS
Nize /INSWVRLT (1.0 um) OFNREAICRE BN DEM B G4, AR THE L TV HHR1
B L TIRWIE 2R LT E BB AR TWD Z & gnd, i, REWRF (10.0
um B LU 25.0 pm) 1L EFITRE BB DRFOFIGIT/ RIS & D7 JFIE TR L T
Frlk L WD FREHR LN D, EEBRENTRMATICH D56 TH ., Rl E O K/IME TR
FRLO um OFPRLAFE10.0 ym D7 — A L0 b 9FRERE oo, ZHUL, KiFDOFikIC
XD IBIEEDEWTHIITE 5, /RIFITBEERE < FNRERIZE LS T ABEICAE DY
TIEE A EORLFRBEN AT D DIZH LT, RAFITBMREENRZUZER®m < W 2oz, g
BOFEIRDS B WERA T O B ABEN 2B AT, T 20 bR - Ear comRoBENCx L
TSI ETENRL DML TH S,

% 3.1-10 fFDYitiE

[tem Unit Value

Density kg/m? 10970

Actual diameter pm 25.0 /10.0 / 1.0
Representative diameter pm 3.0

Restitution coefficient - 0.9

Friction coefficient - 0.3
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(1) J. N. Israelachvili, “Intermolecular and Surface Forces,” Academic Press,
2010.

(2) Y. I. Rabinovich, M. S. Esayanur, B. M. Moudgil, “Capillary forces between
twospheres with a fixed volume liquid bridge: theory and experiment,”
Langmuir 21, 10992-10997, 2005.

(3) W. Huppmann, H. Riegger, “Modelling of rearrangement processes in liquid
phase sintering,” Acta Metall, 23, 965-971, 1975.

(4) X. Sun, M. Sakai, “A liquid bridge model for spherical particles applicable
to asymmetric configurations” Chem. Eng. Sci, 182, 28-43, 2018.
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PLEommy , BREFT 7 VR LIRS = R A > b ERs A, —RAOICE A rTRER ) R 7 %
H7ovA BET 7V LO —SDODX AT xRl L) A7#EEOHREZEMLT-, i
EBICEMRI, EEATHZLICEVRET 7YV ORE LD OS5 2T AR TE 5,
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[1] An introduction to the IRGC Risk Governance Framework, International Risk

Governance Council, 2012 ISBN 978-2-9700772-2-0
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ENAT v 74 L AT v 75 CEREMET 5, KT VADOREIZIAT v 73, 4, 5 TEN
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Y NEROIFEICHE LTz, Y AT L BRERICETERIL, T X LR, BARES,
Ea—~vU 777 X =S BLICHET D, fERERIT, a0 OEHKRE L EEOITH)
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X 3.2-6 lZ/REND L HIC, ¥ A7 EEBOMAEDLEDOZNZNIZONT, —DD YT
FTREZRIND,

Step 4 Step 6
Step 1 Step 2 Step 3 X P Step 5 . p
- Failure Risk-Informed
Success Path Threats Initiating Event - Consequences e
s e L O Scenarioand o Decision
Description Identification and Likelihood oo and Likelihood .
Likelihood Making
( ) ( ) ( N ( ) ( ) ( 3
) Describe Interpret Risk
Define Ild_f_nt!fy Failure Evaluate and Risk
p nitiating Scenario Profile
Endpoint Identify Event Consequences
Threats — —
| | |
— — Describe — Value Impact
Provisions Analysis
| y .
. Describe — Quantify |
Identify Tasks — Provisions R Likelihood )
Estimate Compare
~— ~—— Likelihood ~— alternatives
( ) Decide ( \ ( )
Possible —— —
Affect Estimate iori
Order Tasks Possibility Evaluate Risk Judge Priority Decision
Importance making
L J L J . J L J . J L J
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Threat System and Equipment Factor Societal Factor Management
Factor
Random Natural Human error | Public trust Malicious Project
Element of success path X L
failure hazard activity management

Sub-Endpoint

Fuel Retrieval

Task

Transport Fuel

Loss of
power supply

Earthquake

from Spent Fuel | using Fuel
Small
Pool Handling (Emell)
Machine

Earthquake
(Large)

Typhoon /
Strong wind

Miss
operation
Report minor
incident
Lack of
workers
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SIHIZ, ZITEEINDENENO VT VAL CTY R FHMEfEENERIND,
3.2-7, ¥ 3.2-8, X 3.2-9 X, £hEh, ERFESL (XTv73) | KT IF (X7
74) TV FOBEEMT (AT w7 5) IZONWTY AVFHEERE A ERE L, ERLO
BERAHErR"THDOTHD,

Step 3: Initiating Event (IE Likelihood)

Initiating Event | Countermeasure and Reasoning of Likelihood
Description Likelihood (H/M/L/VL)
Combination | Built-in countermeasures are H (high),

of the task considered. M (medium),
and threat, L (low) and

likelihood is evaluated with reason | VL (very low).

possible
initiating The reason will be used in the peer | Initiating events
event review that follows VL are screened

out
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Step 4: Failure Scenario (Scenario Likelihood and Risk Importance)

Failure Scenario Quantification and | Likelihood Risk Importance
Scenario Reasoning of Likelihood (H/M/L)
System failure | Considering mitigation H (high) H
scenario measures event M (medium) (high/unknown)
analysis development (scenario) is | L (low) L (low).

listed up
System Consider Failure scenarios
analysis Likelihood of the scenario is | mitigation odrank L are
methods evaluated with reason measures screened out
(ET/FT, Graph)

The reason will be used in

the peer review that

follows

3.2-8 KBRS F VAITET B R U FHEHEE

Step 5: Scenario Prioritization

Consequence Likelihood (H/M/L)  |Priority
Consequence of Likelihood of failure | With the
failure scenario is scenario and consequence
evaluated in detail | consequence is and likelihood,
evaluated in detail priority(1-10)
Possible measures is determined
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271X, 1) what can go wrong?. 2) How likely is it?. 3) What are the consequences if
it happens?& W72 3 DOEWEZ A Z LI VEESTOLND, ZZIWRLEZ6 DDA
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B M LUFEST 7Y OMEEENRFRIEINLTWARY, BRFRCREEZE X HEE%E, HKH
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3.23 YRV EZAYLUT, YRVEER (TR0 EE)
(1) FTURYHLIZE T 2BMBBORTHHT

BT 7 VO I LICIE S E S ERIERICHT OBEREL ZOMEITS, VAT E=F
YTV RTEROIZDDEZFERET D, BT 7V 20 By EEIL, —RpIiRY 27
WEEINT DB ME AR T, REMICY A7 PP SN T BEA~BATT 270 &, w27 5irE
fTrebiei i, #ERFIEZEDZ2VRIAET 5 D, £ T, VAT LAORIERE %2 R4
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ABSTRACT

We present a three-dimensional multi-fluid macroscopic model for the numerical simulation of
multiphase flow through debris bed with phase change. Each phase (liquid water, vapour, and
debris bed) is modelled separately, and has its own characteristics, density, velocity, etc. Phases
are coupled via the parametrisation equation and the phase change between liquid water and
vapour is achieved via Stefan condition. The NBS/NRC steam table is integrated in the code,
which provides saturation temperature, density, thermal capacity, etc. The spatial distribution
of different phases is modelled using the volume fraction representation. The resulting computer
routines is implemented in the adaptive multiphase framework FLUIDITY.

KEYWORDS
phase change; heat transfer; steam table; boiling; debris bed

1. Introduction

In the event of a severe accident, a large part of the core may collapse and form a debris
bed. Debris bed coolability is important to avoid releasing the radioactive materials to the
environment [1]. If it is not rapidly cooled, the debris bed will begin to melt and become harder
to cool. To stop or slow down the accident evolution, the main approach is to inject water into
the reactor core. However, the success of the cooling is not guaranteed depending on the debris
bed and the operating condition [2]. This procedure is challenging to understand and model,
as it involves the complex multiphase flow, heat transfer, and sometimes, boiling. Numerous
experimental studies were conducted in the last 40 years [3-6]. Establishing a mathematical
model and obtaining its numerical solution is not a trivial task. This paper aims to offer an
efficient computational framework to solve these complex multi-physics phenomena.

Multiple-fluid systems have been extensively studied in the context of computational fluid
dynamics (CFD) for several decades [7,8], primarily driven by oil & gas [9], chemical engineering
[10] and nuclear power industries [11]. The physics of such flows involves the strong coupling
of number of mechanisms, such as the interaction between various phases, phase change, heat
transfer, density contrast driven instabilities, etc. Several models and correlations for boiling
heat transfer already have been developed.

For the gas-liquid-solid type flows, all the phases can be considered as a continuum [12]. At
these phase boundaries, the exchange of mass, momentum, and energy occur continuously in a
dynamic manner. each phase can have a different temperature and velocity. A possible approach
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to resolve such flow in a large-scale system is the mixture model. Here, the liquid water, vapour
and, solid phases are now treated as different quasi-continuous phase independent of its physical
phase distribution in a fixed Eulerian frame. In this sense, the macroscopic feature of the fluid
flow and heat transfer are predicted rather than resolve the location of the phase boundary
at the microscopic level. The mixture can model n-phases (fluid or particulate) by solving the
momentum, continuity and energy equations for the mixture.

In contrast with the macroscopic model, the interface capturing and tracking algorithm are
often used in the microscopic level, for example, Level Set method [13,14], Volume-of-Fluid
method [15], etc. A single-field Navier-Stokes equations is solved.

With regards to the inter-phase momentum exchange, there are various inter-phase forces
that are considered during the momentum transfer between the different phases. The most
important force to describe the interaction between phases is the drag force. This corresponds
to the inter-phase forces acting on the liquid phase by the gas and solid phases, respectively.
Depending on the flow condition of the system, other non-drag forces such as lift, added mass,
turbulent dispersion may be taken into account. In the case of absorption and boiling processes
occurring in the large-scale flow system, significant heat and mass exchanges that occur across
the interfaces separating the gas and liquid phases must be appropriately accounted.

The structure of this paper is organised as follows. Section 2 introduces the classical Eulerian
conservation laws (conservation of linear momentum, mass and energy) for multiple mixtures of
fluids, by considered each fluid separately. In particular, the correlations of the water, vapour,
debris bed and phase changes between water and vapour is presented in Section 3. Section 4
discusses the details of numerical discretisation of the multiphase flow governing equations. An
efficient P1IDG-P1 (linear discontinuous velocity, linear continuous pressure) element pair set in
an Eulerian unstructured mesh is chosen for the spatial discretisation in conjunction with a well
established fractional step method for the fluid-pressure decoupling. Section 5 presents some
boiling problem which involve vapour, water, debris bed and the phase change, illustrating the
capability of the proposed method.

2. Continuum modelling

The objective of this section is to provide a brief outline of the fundamental equations governing
the problem. We consider mixture composed of n different miscible species. Each fluid may be
considered separately; it then has its own characteristics, density, velocity and pressure denoted
by pi, i, p; in the Eulerian description (p; = p;(x, ), etc.), i = 1,...,n. In a complete description
of the flow, we would write the Navier-Stokes equation for each fluid with viscosity coefficients
i and A;, i = 1, ..., n, specific to each fluid.

2.1. Conservation of mass

We call I'; = I'(z, t) the production rate per unit volume, at point  and at time ¢, of species
¢ and assume that the total mass is constant, mass being only transferred from one species to
another; this is express by the relation

N

Y ri=o. 1)

i
Let us consider a volume €2; of species i that we follow in its motion; the corresponding mass

conservation for species ¢ reads

d

il e / v 2)



Take Eq. for differentiation of a volume integral, this yields

0
/ [@(amz‘) + V- (aipiwg) = 1| =0 3)
Because ; is an arbitrary open set, we deduce the equation

0
a(%pi) +V (vipiwi) =T, i=1,2,3. (4)

The T; is a source/sink that accounts for mass exchange.

2.2. Conservation of linear momentum

The conservation of linear momentum equation can be written as

ou
p§+p(u-V)u:—Vp+V~a/+pg (5)
where o’ is the deviatoric part of Cauchy stress and p is the pressure. For multiphase problem,
we have

Bui

e +aip(u; - Vu; = —;Vp; +V - o+ f, + ipig, i=1,2,3. (6)

Q;ip;
where f; is the coupling forces, consists of drag force, added mass force, interface pressure, etc.
, which will be discussed in section 3.

2.3. Conservation of energy

The conservation of energy equation is

De

—+V.q-V-(ou)=r 7
etV a-V-(ou) 7
where e is the internal energy, g is the heat current vector, r is the heat received by radiation.
For certain materials (for instance for perfect gases), the internal energy e can be written as
e = CpT, where C), is the heat capacity and T is the temperature, ¢ = —xVT and & is the
thermal conductivity, the energy equation becomes

oT
pcpg +pCp(u- V)T =V -kVT =1+ V - (ou) (8)
Ignore the viscous contribution to the Cauchy stress, the pressure p = %tra and the continuity
equation V - u = f%%, which yields
1D,
V- (ou)=—pV u=p 5o (9)
and the heat equation becomes
oT 1Dp
— V)T -V -kVT —p—— = 1
pCp 5 + pCh(u - V) V- kV pp D =" (10)



In the case of multiple materials, for each phase i

IT; Da;
aipiC i} + aipiCp(ui . V)TZ -V -k, VT, — p( DO;Z

o )+ #T = aury (11)

Directly solve for temperature equation is convenient, as it enables heat exchange between
the phases and diffusion terms. The coupling between phases are modelled by correlations fiT,
consists of inter-phase energy exchange f and the exchange due to the phase changes fi,
which will be discussed in section 3. ayr; is the heat source from each phase.

2.4. Equation of State (EOS)

Equations of state (EOS) are expressions that describe the Pressure/Volume/Temperature
(PVT) behaviour of pure substances through parameters obtained from fitting experimental
data. Each EOS is designed for a particular substance or for a group of substances. To complete
the sets of governing equations, it is necessary to introduce an equation of state relating density
to pressure. In general, fluid can be assumed compressible with

_ MW,p
pg ~ RI, (12)
pr=po+c2(p— po) + Beap(T1 — To)
where
c= (%}: )s is the speed of sound;

Bexp = %(%) p  is the volumetric thermal expansion coefficient.

In this formulation, we are assuming that water is in thermodynamic equilibrium — steam and
liquid phases through minimisation of Gibbs/Helmholtz free energy, G = A + P/p; Therefore,
the open-source NBS/NRC steam tables code (US National Bureau of Standards and National
Research Council of Canada)[16] , was embedded into the FLUIDITY, in which

A (pv T) = Apase (pv T) + Aresid (pv T) + Aideal (pv T) )

where

Apase :  modified Virial EOS with a perturbation
expansion in density at high pressure regions
Avesia : p distribution across wide range of p
exceptl, —5 < T <T.+5and 0.2 < p < p,
Ajgeal ©  water behaves as an ideal gas.

po is obtained as a function of ¢ and fexp. Fig. 1 shows the density varies with temperature and
pressure from NBS/NRC steam tables.
3. Phase change, coupling and correlations

In this part, we will discuss the engineering purposed modelling based on correlations. The
problem is the interaction between vapour, liquid water and the debris bed.
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Figure 1. Water density changes with temperature and pressure.

8.1. Interface Stefan condition for mass transfer from heat transfer

For the vaporisation and condensation processes, if the kinetic energy aud viscous work terms
are neglected, the interfacial mass transfer can be derived. The volume-averaged mass transfer
rate I' is then by

_ uet heat transport to interface

(13)

latent heat of vaporisation

The source/sink term in the conservation of mass is given by

I' liquid phase
§={ —I' gas phase (14)
0 solid phase

If the fluid side heat flux to the interface exceeds the vapour side heat flux, vaporisation oceurs.
The reverse is for condensation. The interfacial mass transfer can be parametrised by

. Z?”I‘(Tsm — 1"") . EE“P(I‘G . T‘sm)

. La (15)
where Ly, = hy — hy is the enthalpy of phase change, where
h = { _ien —O—CPJT:,SI ﬁ‘a %f F:Zf <
—Ley +CyT b if 759t > T, .

h, =

q

Cogly+ 2 I T < T,
cstn..‘. < ;% lf T.ma‘ = T.‘q

The saturation temperature in degrees Celsius is a function of pressure (in Pa) from NBS/NRC
steam tables, as shown in Fig. 2.
Based on [17], the heat transfer coefficient ¥;"* and X" are calculated by

e 3 G ; 3 % 5 3. R 14 -
max{%:%[fljmmﬁﬁﬁ, :‘#(2 + 0.74(y Rey)? “)};—3:"“ iFTeesg T,
min{ B, ———-‘-——if""j;'?:‘f"f‘u" } et Ty (17)

vap
5, =

Dok - 3.6x10%y,
g - b
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Figure 2. Saturation vapour temperature against pressure from NBS/NRC steam tables.

where 5 =1, ay = max(a,, 10_'5)

0.075 + 1.80p exp(—45a,)  if a, < 0.25

5 =1 0015 if a, > 0.25
1 if [y — w| < 0.61 m/s :
T (1639344 [u] )07 i g — w| > 0.61 m/s 18)
o 65 —5.69 x 10 7(p—107) if p < 1.1272 x 10° Pa
: 2.5 5 107p 1418 if p>1.1272 % 10° Pa
A maximum X" is imposed for stability reasons by a number of codes, e.g. RELAP

[17] and COBRA [18] and the maximum is of the form:
NP = 17539 max{4.724, 472.40 404 } max {0, min{1, % H

The final value of the heat transfer coeflicients for the liquid and gas are limited by a
maximum of

E;Jr;p.IlULX Al s maxe,|T=**—T|

Yooy Ln s psal T
Al ey maxe,|T#ot =T, T > 1'! (19)
min{vyp, . m Ly if Tt < T
El'up,m.u.x - Aty maxc|T'sat —ﬂ 1 =g
g

o YOy Py Lon S sal n
Mo maxcmeeory U > T

{ _mindveneiphbn g sl o 7y
= £

respectively, where € = 1071, v = 10 and Aty = 0.01 s

3.2. Inter-phase momentum transfer

Interfacial momentum transfer is rather crucial to the modelling of mulfiphase flows. Consid-
ered as sources or sinks in the momentum equations, this interfacial force density generally
contains the force due to the viscous drag as well as virtual mass and turbulent dispersion
which are lmmnped together as non-drag forces. These interfacial force densities strongly govern
the distribution of the volumne fraction.

3.2.1. Drayg force

The drag force between the multiple phases are the most important coupling force. The inter-
facial drag force components can be modelled according to the interfacial drag force vector f,,



where u,, w and w, are unknown variables

Mgy —wy) + By (ws —wy)  liquid phase
fi= Ypglwr — ug) + Xgg(us —ug) gas phase (20)
Yalw —ue) + X (uy —ue) solid phase

Assume the liquid and solid phase is a continuous phase and gas are particulate phase, the
inter-facial drag coefficients are (from Ergun equation):

Sy = 15055k 41,75 et ltame],

Ny =15 04—‘7” + 175l o (21)
wd?
— 3 KL Oy [Ty — —2.65
Ef.’i - J(U d, Ty

For the interfacial drag between liquid and gas phases, the interface drag coefficients based on
the correlations [19] for different flow regimes are normally employed for gas-liquid Hows. The
drag curve Cp can be correlated for individual bubbles across several distinct bubble Reynolds
number regions:

T Re, [1 + 0. 1.)(0;,,[?0,,1)“('8'-‘ . if gy Reyy < 1000 viscous region (22)
0.44 if ayyReg > 1000 turbulent region
0w, — wyld
ey, = Pl — wldy (23)
‘ Fhl
The average bubble diameter is calculated using
W.o
dy=———, (24)
D prlug —w)?
The normalised volume fraction is calculated as,
DY.
T . I 25
Ofr..ﬂ v S[E ﬁj ( J)

where a; is the normalised volume fraction of phase i in phase j.

3.2.2. Virtual mass force

When a particle or bubble with mass m moves in a fluid, the fluid exerts a resistant force on
particles, known as the added mass force or virtual mass force. The liquid phase is considered
to be the continuous phase and gas phase is particulate. The force is added as

— Sy —;%L) liquid phase
fa= 2‘0’ (‘%‘”— i) gas phase (26)
0 solid phase



3.2.3. Interface pressure

The mass transfer between phases, especially for the flow undergoing a vaporisation or conden-
sation process, the pressure difference can be modelled as

0 liguid phase
fa= %crgpp(u!, = u,g)ZV(xg gas phase (27)
0 solid phase

3.3. Parameterisation for multiphase heat transfer

The temperature exchange is added to the temperature equation. where 7). T,. Ty are the
unknown temperature variables for each phases

E?; (Ty—T1) + E;‘:(T} — 1) liquid phase
I = (T -T,) + E?q(ﬂh —T,) gas phase (28)
(T -1+ Eiq(lq — 1) solid phase

The temperature exchange due to boiling

= EZWP(TS‘” = 1p) + Ly(hy — Cudy + L) liguid phase
fé = { ‘FEmeat- Ty) +Tylhy — CueTy) gas phase (29)
0 solid phase

The effect of latent heat can be seen by summing these terms. The interface heat exchange
disappear, due to the Stefan condition Eq. (15), leaving the term I';L. acting as a sink when
boiling.

It is more convenient to express the heat transfer coefficient in terms of a non-dimensional
Nusselt number [20]:

5d -y ,
Nu= h—f:un.o‘RezPr; (30)

where Nu, Re € [0,200] and Pr C [0, 250] are the dimensionless Nusselt, Reynolds and Prandtle
numbers, respectively. d is the diameter and « the thermal diffusivity. Therefore,

s, =45 (2+06Re Pry)

ly
5T =4 (2+06Re} Prf ), (31)
: Ly
B, =% (2 + o.ﬁffe;,,m-;) .
where the bubble Reynolds number Rey. Rey, is evaluated based on the slip velocity and the
bubble diameter dy, particle diameter d, according to

_ pf"u’ﬂ - ‘I.L,,.inp

.He_qt _ _ pyluy — u_.‘}n.'p R o .ﬂlluy _u”d‘h

i g e RIS, TR 32
i 2 Hyg ! H o

4. Numerical scheme

4.1. Governing equation

Let us summarise what the multiple model consists of, without rewriting the equations:



1. The unknowuns are u;, p. p;, T; and oy

2. The equations are

Global mass conservation equation

Volume fraction equation for each phases

The Navier-Stokes momentum equation for each phases
The temperature equations for each phases

The equation of state (EOS)

Correlation for the phase interaction and phase changes

4.2. Fractional step

For incompressible/weakly compressible materials, the pressure and velocity coupling system
is a saddle point problem. It is common to introduce a fractional step method (pressure based
solver) to uncouple the system or introduce pseudo-compressibility [21]. Assuming from the
equation of the state, we can gather

7] ;
L — 2z, 1). (33)
ap

By employing the chain rule upon and taking difference operations, we may relate density

increment to pressure increment through,

dp 1 dp .
T (1) ot 34)

c(zx, t) is a field parameter, distributed in time # and space x. For simplicity, the volumetric wave
speed c(x.t) is calculated numerically across the domain from the pressure and density value,
avoiding differentiating complex equation of the state equations. In the case of same deunsity, ¢
goes to infinity numerically. So that we have a unified formulation of weakly compressible and
truly incompressible formulation. The time update of the linear momentum from p" to p*!
over a time Af is split in two stages.

e Prediction step: solving the momentum equation with a guessed pressure p™ for the inter-
mediate velocity w! for each phase i, and calculate the average u”*, note that each phases
system are coupled via f; = fy; + f); + fy from the correlations,

u’ - V.ol fo(ul)

= . : i
f— g teul Vi =—-Vp+—— = og + = (35)
e Projection step: if the pressure and velocity inerements are dp = p"*! — p™. T' is the mass
transfer rate
1 dp e . Vip r
e — V(Y o) -0V = [— 36)
c2(x, 1) ot Z : 25 o [pz‘] (

For truly incompressible material, the left hand side of above equation m;—r) %?f vanishes
resulting in the incompressbility constraint. For the problem without phase change or the
changed phases density are equal, [1;] = 0.

e Correction step for the imcrement of the velocity for each phases

St —u) = Vip (37)



With the p;, w; and p, then we can solve the conservation of mass (volume of fraction «;)

o 5
a(ai,ﬂi)—f—v- (aipiu) =T, 1<i<n. (38)
where I'; is the mass transfer rate, calculated from the correlations.

Then we solve temperature equation

4

o Cy |G+ 0+ VL) = 0wV 5y 7 = e (39)

at

where f1 = f1. + fI. is the coupling term from the correlations and a;r; is the source term.

We use a novel control-volume finite element code, with linear discontinuous between ele-
ments velocity and linear continuous pressure (P1DG-P1) for spatial discretisation [22]. High
order discretisation in time is sought then the method is based on Crank-Nicholson time step-
ping. The Courant-Friedirichs-Lewy (CFL) condition is adopted for determining the time step.
The details of this numerical scheme can be found in [23].

5. Numerical result

This example is to illusrate the boiling model in 3D. A uniform porosity of a, = 0.4 sphere
packed bed of d, = 0.001 m is assumed and the computational domain is set to be 0.09 x
0.09 % 0.25 m. The material of two phases are given in Fig. 4. The packed bed is assumed to
have density of 8000 kg/m?®, heat capacity of 0.5 kJ/kg K and zero thermal conductivity. The
gravity is g=9.81 m/s2. The initial background of all three phases is 99.9°C. A perturbation in
the liquid phase temperature is used to initiate the boiling process. Four cases 102, 104, 106, 108
are presented. The perturbation is circular, centred around (0.045,0.045,0.1) and has a radius
of 0.02 m. Free-slip boundary conditions are applied on the sides. The top boundary is assumed
to be open with an atmospheric pressure condition, as shown in Fig. 3. The mesh is initialised
with triangular elements with 20 x 20 x 40 nodes in each axis.

top| pressure P = 10° Pa

perturbation

temperature
= 0.045, 0,045, 0.1) a, = 0.4
i o =06
= j ag =10
r=0.02 w’
A
&
A
- —

009w

Figure 3. Schematics of the initial conditions for the boiling in the debris bed.

The instantaneous maps of the vapour a, at four time levels for the simulations are shown
in Fig. 5. The total generated vapour with time for four cases is shown in Fig. 6.
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Figure 4. Material properties for the liquid, gas phases. As far as the equations of state are concerned, the pressure is in
Pa and the temperature is in degrees Celsius,

Figure 5. Instantancous maps of the vapour volume fraction at time levels { = 0.03,0.04,0.05,0.06 s for perturbation
temperature 104°C.

6. Conclusion

This paper presents a Eulerian mmlti-fluid model for the three-dimensional multiphase flow
through debris bed. The implementation builds on the existing open-source software multi-
phase FLUIDITY [23]. On the basis of the inter-penetrating continua framework, separate
transport equations governing the conservation laws are solved for each phase The dynamics of
the interaction between the individual phases can be effectively described via suitable correla-
tion models. These correlation models is well-suited to simulate the macroscopic behaviour of
large-scale flows, which do not resolve all the relevant length and timescales. Equation of State

11
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Figure 6. Total steam generation in the system.

(EOS) is relied on the steam tables. Couventional simulation of boiling requires a very fine mesh
resolution. Anisotropic mesh adaptivity have been demonstrated through the simulations.
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