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Two-phase flow is one of the important phenomena in nuclear reactors and heat exchangers
at nuclear plants. It is desired for the optimum design and safe operation of such equipment to
understand and predict the two-phase flow phenomenon by numerical analysis.

In the present, the two-fluid model is widely used for the numerical analysis of two-phase
flow. The numerical analysis method using the two-fluid model solves macroscopic hydrodynamic
equations, in which fluid is regarded as continuum, with the boundary conditions at the wall,
the inlet and outlet, and the interface between two phases. Since the interfacial and the wall
boundary conditions utilized by this method are given as the model, such as the flow regime map
and correlation, which is usually constructed on the basis of experimental results, the accuracy
of the two-phase flow analysis using the two-fluid model depends on that of the utilized model
or the experiment result for modeling.

Tremendous progress of the computer performance and the development of new compu-
tational methods make the numerical simulation of two-phase flow with the interfacial motion
possible in resent years. In such circumstances, the lattice-gas method and the lattice Boltzmann
method, which represent fluid by many particles or the particle distribution function on the spa-
tial lattice, was proposed in 1990s and these methods are applied to the numerical simulation of
two-phase flow. The main feature of the two-phase fluid model of those methods is the capability
of the simulation of two-phase flow without the procedure for tracking the interfacial position
and shape owing to the inter-particle potential generating the interface. Therefore it is expected
that the lattice-gas method and the lattice Boltzmann method possess the predictability of the
experiment by the numerical analysis of two-phase flow as well as the possibility of giving the

substitute of the flow regime map and the correlation used by the two-fluid model.
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In this paper, first, the validity and the usefulness of the lattice-gas model and the lattice
Boltzmann method for the numerical analysis of two-phase flow are examined by applying the
two-phase fluid model of these methods to the phenomena of the falling droplet and the rising
bubble. Next, on the basis of the examination of its numerical results, the horizontal stratified
two-phase flow, which is the fundamental and important flow and often observed in a practical
situation, is simulated by use of the HCZ model that is the two-phase fluid model of the lattice
Boltzmann method proposed by He, Chen, and Zhang., The HCZ model can simulate Rayleigh-
Taylor instability which shows complex interfacial phenomena. It is verified that the simulated
interfacial growth is subject to the Kelvin-Helmholtz instability theory and can reproduce the
curve concerning the interfacial growth of the theoretical flow regime map proposed by Taitel
and Dukler (T-D map). Furthermore, it is found that the interfacial growth in the channel with
the narrow width needs more superficial flow velocity than that given by the T-D map. In the
simulation of the droplet generation in the horizontal stratified two-phase flow, it is verified that
the HCZ model can also reproduce the experimental correlation proposed by Ishii and Grolmes
within the range of the distribution of experimental data.

According to the results of this report, it is found that the HCZ model of the lattice
Boltzmann method can simulate complex interfacial phenomena in the horizontal stratified two-
phase flow and reproduce the theoretical flow regime map and the experimental correlation.
Considering the application of this model to more practical two-phase flow, it is also seen that
this model has some problems which have to be solved, such as practical density difference,

thermal influence and so on.

Keywords: Lattice Boltzmann Method, Horizontal Stratified T'wo-phase Flow, Interfacial Growth,
Flow Regime Map of Taitel and Dukler, Droplet Generation, Experimental Correla-

tion of Ishii and Grolmes, Computational Fluid Dynamics
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Fig. 2.1 Evolution of particles in the lattice-gas method: The arrow on the lattice represents

the particle and the direction of the gray arrows changes after the collision operation.

Fig. 2.2 Microscopic particle velocity: The particle with zero speed is shown by Cg.
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The collision rule of FHP models: The number of particle and the two components of
momentum are shown as N, x, and y, respectively. The particle configuration before
the collision is shown as "Pattern” and each FHP model is shown as I, II, and IIIL
The number in the "Pattern” column means the number of configurations which can
be identified with each other by the rotational symmetry of the lattice. No collision
operation is represented as "No” and no particle configuration is represented by the
diagonal line. The circle means that the collision operation can be applied. The

arrow with two heads means that the particle configurations exchange each other

with a certain probability.
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FE P <0ERY, MEOHE, BEOCHEMIFNENBEMTEOTEETH I, BED
BE . BEOHEMICL > TEANMOT B0 TREEL 25, ~OREERRICE VN TEEER
LSRR~ ORSHENSE S 5, =0 & > (B EEREHEE(ER O BEEHTREICHIS L-@E 2 LT
Wh, EbiT, TOEFAL, AT HREMHELEAOEEOENCL > TRATSH I ENT
&, RLEHREAIE. M240 (a) DHOMEERAZEAL TV 2 E/MBEERET /L (minimal
interaction model) Tdh % (19 20), = DEFVIZH LT, ROTRTOMEEAEEALLEET L
% B KAREVEF €5V (maximal interaction model) & LT3 @D, —)kiropaiz, - ofme
?wmomT@%%ﬁﬁ%énTwéQZZ&ﬁ\E&ﬁ@FAci B/ IMBEERE T AL OR%
s 19200 shonsonch s,

2.3 RBIFRNLY~<E

BFRLY 2 B, S8, BT REICNET BN RFE, REHOME. ALY
FREMAREERVBR D, BIHRAEEHHEE T2 itk AL 2429, 2o
B, BERLY v VEOEBFRAIL. BT EORT (77— 7U8%) T, RFAmEE (£
) ORBICKTT ARRIREL LTEBRSNS, $i, TOFEL, B0 AELFHEOBEHICE
. %EJ“%"TE Navier-Stokes FREFUZWE D MikE R LTV 5,

LT AED DA XM ESEOEM S R ERET B 7m0, EEEE, 1 DO
%uiéh%%ﬁ%ﬁw%%$&m%ﬁﬁ@ﬁ«®ﬁﬁGKMﬁﬂU%)kbk%%$w/v/
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Fig. 2.4 Long range interaction : The direction of the solid arrow changes to the direction of
the dashed arrow after the interaction. The distance of the long range interaction is

T.

ERREINE CT 28 = o BGKEU AR LT RLY ~ VBT, Z0EFE0E
HEORE R 23 FEEMETE Navier-Stokes FFERK & 725 & 912, Maxwell-Boltzmann 50 £ RE LT=F
P A B DRI 2 kBT 5 29, 201w BT DZERIRTEME ~ D BRI 3R T 5
BT S 1, BT ORI L TR T AKIEE DR LVEIBA 2< . ZRTEAVER
TEORFRALY < FER RO EEEIC L > TRI I ERTED, BEOEFAL LT, =
WIE T EERT (RAKT). TWT I HERT GHARLEOEESNEHFSEFET) . ZKT
15 HERT (AR OTEA~OBE H A FOSIHET), ST 19 BERT (FR U ~DHEES
& EONFKT). SR 2T EERT (T, 8. TEA~OEEF AL HKT) BNEFEET 5
2(24,29,30) ) myEciE, Elo, 20 BGK EE OB B L T ALY ~ LIRS FREMRAT I
nHRTnS (731,

ZORTFH REN S OBETFHRLY < VEOEH LRI, ERORLY < R ML
B LItkoT, REOKRTFRLY v  FRAEEHT 2 FELREIR TS G032 ok
BT, MTFREARANEEALRLY < FREN O T LRI TR Y < v FRRsE
HT& B0, THREEETFELY ~ VB0 SR EHT 258 b EATH S (33,34,

PQEERTLIL. LOOBTEND Q FA~SHEHNEET A L2EKRT 5, BTALCBESHELED,
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24 “HHBRERTFRLY <

BFRLY 2 EIONT S, BFHAE L RIS, ZHRER TR Y < B~ EBRR T
BTHY., ZOLEFEOBNMNCL > TEONDRRIZEFANEET D, Fio. TRELOME
BHEE, —BOETIV. ZHSETFN, EERBEHOETAEEZEDICAND I ENTE S,
BATFITHE, REARIGBEFEIZ L > TEHE LN D ZHIRERF ALY < EOET MZOWTER
T 5,

Gunstensen %12 & 351 B0) 13, PN REOHEFHKTF A RETVEBRCRBSE, TR
FDHEBRFEREIITEIRTANY v EEEDILOTHD, IHIZ, TOFT /NI, Grunau %
(30) |z ko TR L RS AL L 2B L YR B ST,

Shan & Chen 2 &5 BT 38, 39) 13 B FEART Lo v LA EAL, ZOWEI L BHRTFD
EBHBOL A EHBFERT L Y NVOEL LT, BHEOKFRELY v FRIICME S 2 LI
X0, —HOTHREREFRLY v EREBELTWS, £, ZOHETEH., ZBEORT%
WAL, MTERT Lo X LOBEEX S I LITL Y., WY TAERER T ALY v L iERED
ZIEBHTED, IOFER, SRFROMEMRFRAEEROET METH Y, HBF T AR
ETFIVORBERAILLTE D, £7. ZOHEORFTE#ESABEEIL. Maxwell-Boltzmann
SO L 72> T B,

Swift &4z & B3 (40, 41) 13 van der Waals i2 & » CIRE SN, BENENERLEEE
CRTAEBTRLE—EEAL, ZhHLEINBENRENT VY A~NELAL D LIz
T—RA THARECRTARFRAY < v FRAEBTVD, ZTOHFETIE, FEBEREICHT
2 IR R B EEOMEE & R S5 729, Maxwell-Boltzmann 4347 0 i 43 75 B 42 JERAR
MREEZMZBLEND D, ZOFETSH, ZBEOKFEZEATS I LTk > TS ik
KETNVEBBZLRTE B,

Qain & Chen OF#: (42) (3, BAROKFRLY < FERICFEIBIHZINE EURT vy
V) EMEZ, THEEETREALY < FRRAEE TG, & 512 Seta % 43 13, BERT Vv
NOEREZ, SWit EOFELB—OEHNT VI NVEETWD, DEV, #EURT Uy LIl E
A HFETI, Swift 0 HIEIZBW TEE S B D Maxwell-Boltzmann 462> 691 % (KARRY
ROAFNELRAZLTND, Sbiz, RBHRANEOCHRLZEEIGREZ LICL 0, #BERT
X NDFHEIT L 5T, Shan & Chen DHFETEOND ZHEHKRFRAY <~ v HRAEBL L
Le& 5 6D,

He, Chen, Zhang D F7i% 33, 44) 13 g7z itk a 3% LT\ % Enskog Hast (40) 1z & s n kv
1 & % 7k F O PRI R L R F RIS R A A HEE LTRAY = v FBERICME, 20
KA BESL L— RS THRERF ALY v v FRRAZEH LTS, &biz, H%E, —He=
FOREHEDRE A BEARICER T 23E FOBERRER LI L 5720, FRSomEk
BEAL, #H200BTRLY v FERE AV, —HS THRORR 21772 -> T3 @4,
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2.5 BTHAARBEET VEUBRFRNLY < HCZ ET v

ED Xz, BFHARAEROBFRNLY < AR5 L, %000 ZMBREHRTFESEEIN
T3, TNHOHENG, AR THWEETF T ARIKET VRO FHRLVY < HCZET LD
FEMZOWTRRT B,

FFH AEICOWTIE, 2.1 8 CR LR b —RI7Z2 FHP-IIT&ZERIZRAH L, 22 & TR L
e AR ERB CEARTF T ARBET VO R THERNEEERETT V. ZIRTi/ME
HEERETVERWE, EREhOET A ORIEF T,

P =3d—md%1—@2p+§u—d#+da—dﬁ+g£u—dﬁ+d%y-@+§+dﬂ
(2D maximal interaction model) (2.2)
p =3d-3rd*(1-d)? (2D minimal interaction model)

L5 192D ZoRITBNT, drplE. TREN, 22 TR L REEE, BERREL
{ERBEBR NESTH B, TNEND r = 9 DHPADOREFBR A 2.5 07T, S6i0, B
W, Yalb—valilE o THIE LEBBEREICNTAENE TR L TH D, EHORET, KT
HAGHEEFADBESIZAV LRSI @D 0 FEL RN TiFR -7, ZORICBNT, Ebb
DEFADOEES B < 0 DRLERE THREFER 0 SHEN, EHDNEE—EDOREICH T,
Maxwell #i (18) 2 LT\ 3, £, REEREBUSHCBV CRIER RSRESF B 5T
NBHHTEREBR TH Y, BAROBHEIC LV ESNE - 28R Th 5, THHREER
SR L ERSLS IR RN TH Y, WEBESRESFERL ZE-HL T3,

03 0.3
theory —— \ theory —
02 measurement x 0.2 measurcment X

0.1 X XX x x x X
0
=%
-0.1

<02

-03

0.4,

0 0.1 02 03 04 0.5
d

(a) (b)
Fig. 2.5 Equation of state for (a)2D maximal interaction model, (b)2D minimal interaction

model: The measurement values are alsc shown.

BFRNLY <= ARZOWTIE, o0 —MY HREOTTARREINL TS, ZHD
WTROET VY, ERBRICEN T, REBRNEZEOHRBEREOET 2R TEDH HEXL
Ex3Z b, BEREMICIIIZER%E EZ20N 5, LL, HENRRFEHEEEROAMAMO
Kt LTHRERH B, £OHT, He, Chen, Zhang DHEICES< B4 63 4 13 Hir
MBI E MU B 2R E %2 KRBT 5D Enskog FREREHERAT I LICk > TRFALY < T5
BRAZEHLTRBY, TOWENEERIRAECTHY. 72, Zo0nmBERV., ZHRAEMN
EOREMLBEARICERT 2 HERLTEME LIRS E, BERTE SR 4L U D Rayleigh-Taylor
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REEEOBENICRERY I al—varv i LTns G4, —nenr nb, He&os®
FIVIEAMEOBRNZABE LEZET AN EEZLND, ZDZENnD, — S ZHRERFRLY

7V%&LT‘HacmmmegN%%LtHCZ%fw%ﬁ%LtoHCZ%?W@E%ﬁ@ﬁ
DEHIZOWTIE, 18 C Il d 2,
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3. BFITREOZMEKYI 22— 3 r~0OEH

AETHE, £F. THERKRT T AEO ZHES I 2 b— 3 v ~OERBEENT B, KIZ.
BHEETHRO VI 21—V arvE@BUT, BFHVARBET VO ZFRY I ab—Yar~0
BRICOVTORYEROE AL RT3, W, AZdEcsom Cl 22 cgsxmnt 3,

3.1 AR A EIC & B ZAETREHES

THRFEAHE T A RO TR CREEB~ORAIL. £< OMEEIC L TRESA TV S,
BB TN AET ML D bOILIE, WHOLER Liize 48 49 REosacmmEonT 00,
st REOILA O Bz X 2R 02, SERAMOREHEL O, momEOREE,
S OY | oMk G5 £ ThY . TRLTRTIREETMCLEA LD TH S, -, =
Wy ab—vasickaie LT, ik 00 kb, s G0 1 SER®RE Sh Ty
b, BFHARIBET ML D bOIR, EHRTOREOES 68 59 i ~niziE (60) 4
HBH, TNENE, BIFHAGEREF MOV TISRBARHE D B oA, T, ART
T, BTF I ARKET VORI ET LV THARRKBEERET NV ER/IEEERET VA
FAVWT, EAREE LA NET TOWBETFTOY Iab—ya v eiia o7, ZOFRICBL
T, BHBROTEN A BEE L, & O TR R O REEE & 2 51 B 5 kTR OB
%% Grace DEBMER O L L, Z0EF L0 KL I 2 L—va o ~DOEAZ LR
BRAMEE R LT,

32 RBEETNMIELABEHET I 2b—a v

321 EHETN

P WEICERT A ENERE LA AICSONTHRET 2, BFIAREETF ST 2E
HERE LA Ao Tk, ik 9859, 60) o sntn g, chboTiRTIE. H5HE
THRFRZERL, BRENTEETALOHDIFAORFOMEEHDLFR~NEZHZ LITE»
TEXTWA, LoT, ZOANE, BFALBRT DHEISMNC, HEL2EL LN BRTHE
ETHHEERL, WMEEE LD FAICHFRAEELRVHERICOIKET 2 2 Lo d, iz, &
BT IR R ERIC— IO LTV BEA! | BFAD—OOF MK TS FET 55
RIT, MEBEJZELNIENE, AHOKRE ST 4 - d) ICFT 5, Fi, KRTTAY
TW5 FHP-IIL HRAOBE, 1 DOBRTRIZTFETE DR TOER T THY, BEEE I LH
Epltitp=Td DEIENR H D, LoT. HAEp(l - p/7) CHBEIT B L L72B, —H, ShHn
BHTHHILEZBELEEE. ANEREECLAT I LERH B, 2T, ARLTHE, &

L B2 FEOHIFRICBNT, HFIIEIEFEELTWADTIERL, F0OBFEDTDF % H HHEREE L
B, RIFIIHDEE FER) THbhD, TORBREOBRFOEDOFRITHELWEEZEFIC—HRERL TV,
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BEF2ELZNENPRBOETFREEDEROEFEOEMIGEI L, FELADLETF R

DEEBRETE dooy ZHE L, SELVAICBOW TR TZ2RBIRT286%2, B a b 1/(1 - de)
DETEZZZ L L, ZNIEY, AAHORE ZIZAITEVEIZHRGIT A Z LI b, EEE,
TN EDEBEDTD, zxy =360 x 720 DFEEFIZ—RICHMI IR FICH LT, EH
a=00002 THNEEZ DY I ab—Ya v EkITRo7, AN, HEETEIXIDOKFAE
BUOEAEODENMIHDEIL, TRAERDOEMIBOT /(1 = deey) PEIGTHTEERIRL, &
NI F ARV T 2.2 10RT g, c3 FADRFEFNEN cs. c5 (12T DI EICL-TE
Xl DEY —y HEWHNEE 2T L LiciB, B HEOES, it (5559 60) vk X
NTWBATDEZFOFEIZOWTHRERY I 2V —va v fThkolz, TORRELHRER
BT 55 ERTR2E0EHE N NhE25225 2 LItk ) &E0EGENRELT S, ) 0K E
LCRB.1ICRT, ZoE»5, ik (08 59, 60) oz, BB d(1 - d) IKEFLTVS
B, ZZTEALLZFETIE, dIZHBILTWEZ EB505, ZOREND, ARIXTHELES
ADMEEL, TNETOFEIVBOCEANZEEL TVWELEEZOLNDLDT, UTFIZBIT
LDRMETIal—vary T, ZZTEALEFETEZRZANIEZENL LTHVS,

3.5¢-04 T ¥
modificd method X

3.0e-04 }' original method
§1n04 T
]
£ 20004]
£ g &
T 1.5c¢-04 me 1
g e

1.0c-04 H

5.0¢-05

0.0c+007y 0.1 02 03 04 X

reduced density

Fig. 3.1 Comparison of the external force between the original and modified methods
322 YIal—valER
FBLETRLULIEFVARKRET VORKBEEERET NV EB/MBEERET VT LT, &l
ROBAETFVEABBAL, BRETYIaLb—var®2{TRotz, Y Ialb—valffid, 58
¥FE o xy=360x720, REFEEAEEERERLZ r =9, BBEE2 =007 L L7z, ETHMA
OERIT B0 e BR 612 mEAmTERER L L, [BRIEY B SEROEFAT
X, RIFORE 2 RESE28ELITR O, MIHNIREIL, HEETFO LT OEREIZAER L
MBOEBEMR (ARXCBNT, THEKREEFATND, ) BEHIZELZREE L, 20
HREBICE LRI LT, R CEA LA % a = 0.0002 TE5 X, TOEFBOKTFEE
BT, BRHEEERETNVEOR/MIEERETVICL DY 2 b—Ya VERORFEESD
HROFEES %2, FhENAR 3.2 RO 33IZ5RT, Z2AbDETIE 18 x 18 DS THBRA/L L
TRERERLTVWS, M32ICBAEESM T, WMIXLTERELZBABIIER L, T4
~BEILTWARTBRRLND, EHERESM T, BHORICEIALND, ZORKRIT. &
L > TETTIRHEOREDOERROTESMEFLUL TWDZ s, LirLl, K33
R HEENMA T, WENAFRAER, ERIENCRERoTWD, £z, HESD
T, BEOERIZRAROND,
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33 WMETYIal—a i TaE8

3.3.1 EBREUE/MIEERET VIZET 2EEFROMHEEIZONT

FIEiDWHET I ab—ya VIZBWT, BKHEEERETLVOSE LB/ REERET IV
DHEITEBNT, BEBRIZHEER R On, ZRRXBEEEAET VOSGEIE, S5 ISR
RELTEDIZR L, B/MEEERET AVOGEEIE, SADFRICER TN, 2L, ETAEE
ENSMHEEROBENRRDIZLICLDEEZOND, BEOKRMT., WHARMEDOENT
EHOTHY, MEOBEFRIZHAMHORAENLZITIHALEEAICL-T, BEH G FH
MIZRFET 5, 2O &b, R/MIBEERET MBI AERHRBABOEASHS, RAFMAEME
RETANDENERZSTWEEEZ BND, T LT, ZOMER, EEEREEROBEMCE-
THIEEZIINTWEEEZOND, BTFHTAKKEET N T, EAE, BFRAOEFRIZH-
LESRBHREOMIIL o TRaND 1947.62) 2 - HEF RN CEH OEH ML
NDeD, BTFOEFTMOEHEBENELAIE LT,

ZOMETH, d=0.15, r =9 EREL., z xy =360 x 720 DFHEKTFIZ, = HFAFRIINE
T5y FliR o= HREEEEEEMR L, TUBNTEE Lo REET, o = 0.0002 D/ F1% —y
HENAER S ED LI X o TIT R o e, FHEBFORERE. o FRH. y FRAZEHHE Li2GE
Lo HmE (kiR EE) FER, ¢y FMEBRYOE LZEAO &Y AV, ZORIEDHE
IZRUNT, FHEEF2 18 x 18 MEEGIZHEI L. FHEIZIV T, 300 AT v 7B FOE T HOD
EHEBEER, MEEE, FiED 300 A7 v 7 TOEHEEAIE L, BTOFRE, K228
WT, cieq IR 72 HM%EFM L, cocs IZIR>ToHAEZFHH 2., caep iZiRho7o FMAE FM 3 & L
Teo METNDOHEIZDOVTORBRER 3417 T, ZORTHE, I E > THEAE LTGRO KR
TS ELT, ZORERBREHELRLTVD, ZORIZBWT v =aqa (a=0.050.1,0.15,0.2)
CHEENE ST 70, v =a+0.025 DEEORE % FEOMEM L EA TV S ZOEIEEDS
FICEAROND, KTk, HEICERET2RERE

T 491-2d[ ., 3 2}
dz(V) = d+ gdcz v + dlg-i—:—d— {(Cz V) 7U y (31)

., HFETNVOREBFEXICRA L TEON-EBRERER LZ, 72, EHEBEBEIZOWT
X, BIEBED 3EOEERRLTND, ZONL, RRBEEAET VT, BT FHROE
BEBHEN COMEDHE BITER L TH LA, B/MIAERET AV TIE, Rl DEEEY
BEOBEMMBHIH 2 RUHHA 3 DEEEBBHEOEM E RR-TWA I EBSMD, HENKE
Kol FE, TORFORMICL DBV, BEABEOREWE ZATHEILR-TWS, Z
DFERNS, B/MBEERET VI L DIREE T I 2 b—a T, BEBERRE WVERE
WERIZEBWT, W1 OEBEBEHENFM 2 KU 3 OEHEBHELV /NI R I LI
L0, EAOFEFENEL, RFIL., EBEBHENKE VAR 2 RUHM 3> 2~
T, BEEBESHEN/NIWER LIZRsTFRIZBALTWA EEX LN,
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33.2 RAMEEMET VOV alb—va R E EREER & O

BARHEEERET ML PEMBE TS S 2 b—y 2 U IcB 0T, iEE. ERCERIS 2|
R EEULERE R L, LoT, ETHRRMAEERET VOREORELT. L0
REACT, MHIOY L2 L—a VTR ONERR RO TSR I 2 Rk s
ET B, & BICEORWATHOBURE Grace DEBIEHA OD L gL, BXBAFEATT
KL BEHET Y L 2 b—v a VOERMZ LML RET 5,

ERAMAEERTT VO REmEE

RERMEZ RA7-0I0, EPFRAMBOREIZSONTELS, 0 ks r. — oK
FEDOMNE R, &, .
|t = o2z = [ lo(z) - vz, (32)
RS

-0

EWMEBETDHELTWD, ZIT, zIid, BE pp ORFENLEE py OKME~AEN D REICEER
FrxrRL, plz) RREMEOEES M EERT, ZOL D RRENEIL Gibbs BEANIIERL T
$Y. Gibbs O dividing surface(64) L EZN T %, LT, Z® Gibbs ® dividing surface &
RHREAEZE XD FEAEDEESARD 1203,

olz) = pv + 5 (o1 = o)L+ tanh (= — R.)], (33)

LRTIENRTEBE LTINS, 2o TCRERERTHE, Vs, REMETIOL
IRBELSMERDGE. TOREAMEIL. Gibbs @ dividing surface THEZX LNLDHME L 225D,
Sk 19 120 T, BT A AGHE T AR 1T B RE T OB B 5,

d(z) =dy + %(dL —dy)[1 + tanh g(z - Ry)], (3.4)

ERTIENRTEDRIENBEINTWVWD, TIZT, dp. dy 1, TNENEEEHEE OMEEEH
DOBREEETHY, EEEEHTH D, ZoRid, X (3.3) LEAFOBEEE THDEZ L3nns,
IO EMEL, BFAAKEET NVOREME L, Gibbs O dividing surface & LTEX BN BT
Led, THIT, ZOXIBRBESMIL. a ZEEEHE LT,

1 [Rete 1
-—/ d(2)dz = ~(dy, + dv), (3.5)
201 Rs;—a 2

LR BAMEEE D, DEVREME R I, d Ldy iCX-oTHREBZ L ERD, ZOWEEND,
dr & dy Do TNWBEE, HEH/NSBRANOEEN, MEOEEDOYH LY REWGEIE, £
OAOHFMIEEERORNTTH Y, FOFEIIT, EREERENICHLZLIThD, 2F0., T
RTDBFAIIBNT, ZOBERTRIZEICEY. BFRAEZLELLPOHE~NET I Z &M
TE, FOZMHOERL LTRA2BIZENTED, i, BTV AKKRETNAN~DEREE
BLT, MHORDLYIZ, EEBNr ERPPICRETIRNATRERAVD, ZOKRFALEEER
XIHEHER~YET B HiEE, 2 CRBFESRY 7 A8 Y VSRS L L5 (22,
TORFEE Y SAZ Y o EEROBIOIE, dp £ dy OERYLETH D, FEBEIL B
EEER AR ORE SO L > TIRESD, £Z T, K3.5(a) 12T L 212, 600 x 600 DEFEET
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DEFICERE L EEREO—FH IR TEBEREERIE DV I ab—a 217730, M0
BHEEELZRUE L, ETREASERE LTS, UIBIBEEELS d=017& L, r=9,11,13,15
DENENDHEIZDNTIT R o7z, BIFEIZ, WA EEREBIELLZOL, ZhEHLOMIZE
WTHRABEEN—EL RIERTEY L ELEHOBEFE L Lic, S50, RR5WHKF
REBIZH LT 5 BIORRAZFIE 21TV, TOMEHEHOEEFRE LTHAW:, K3.6i2idd.
dy RO 5(dp + dy) DEE r OB E LTORT, ZORMG, r OBINE T, dp [EEH M
L. dy HERBABOT L 805,

WIZ, R S A8 ) o IEDOREEE R D720, FHEETF O OLTEIZ, SR ERL
TWRWEIEEE A2 AR L, TOREOREEIT/e\ ., REfHE0BESf & Rt Sk R
BEORMRZT~D, FFILEEIZ. 600 x 600 DFTEEFIZd =007 £725 L) ICRFEHMIE,
r=9,11,13,15 DHAEITDOWTAER LTz, K 3.5(b) ([ FHEIRREICE L 72 ORLF50f DF %2 R,
ZOENOEPD LI, WEITEEZIAII R TWRWaD, RBFTEKs 7 A8 ) 7 ETRE
LB & L THRH IR FAIC L TERFEN M2 Y Cixn, 2oMomEERme Lz, BTk
DIZHOF IR T HEOH EICBWTES LI REEE S, B0 b0EMoOBiE LTR3T
WRT, ERYTHDOEHOYROMNBELEBERZERTRLTH D, 512, K (3.4) 2B T,
E=—6/r L LIEHBEOHMBLRLTHD, ZORNL, REMEDEESFIL. 1ZIE Gibbs IZ
Lo TRRSNTEBESME RS TND I LG5, EERELELERMABELR-TND, Lo
T, BRI 7 25 Y 7L, B F N AKKET NV OFE % Gibbs @ dividing surface & LT
RESNDREE LTHRELTWA ZERGND,

(a) (b)

Fig. 3.5 The sample of the particle distribution with (a)the straight interface and (b)the curved
interface. The dark dot means the high-density node and the light dot the low-density

node.
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Fig. 3.6 The reduced density of the dense phase and the rare phase plotted against the distance

of the long-range interaction. The values of %(d L+dy) are also shown. The simulation
for r=9, 11, 13, and 15 was carried out in the 600 x 600 lattice system with the initial

reduced density d = 0.17.
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Fig. 3.7 The density distribution against the distance from the center of the droplet for r=9,
11, 13, and 15 in the 600 x 600 lattice system with the average reduced density
d = 0.07. The solid vertical line means the position of the calculated interface, R,

and the dashed lines mean the positions, R; — 2r and Rs + 2r. Equation (3.4) with

& = —r/6 is also shown by the dashed line.
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Fig. 3.8 The distribution of the mean free path against the distance from the center of the
droplet for r=9, 11, 13, and 15 in the 600 x 600 lattice system with the average reduced
density d = 0.07. The solid vertical line means the position of the calculated interface,

R, and the dashed lines mean the positions, Rs — 2r and Rs + 27.
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Fig. 3.9 Laplace’s law for r=9, 11, 13, 15:The gradient of the fitted line gives the interfacial

tension.

Table 3.1 Comparison between the interfacial tensions calculated on the straight interface and
obtained using the Laplace’s formula
r 9 11 13 15
Curved interface | 0.46(+ 0.025) 1.18(+ 0.057) 1.91(% 0.045) 3.15(% 0.047)
Straight interface | 0.59(+ 0.046) 1.29(+£ 0.069) 2.16(% 0.106) 3.01(% 0.052)

P I OMEBOREEINCEITBELVOEIZANTIE, BFVAREETLORERIOEEFENRBEGELTWS,
& D ICEDHEMETT,
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Fig. 3.10 (a)Comparison of kinematic viscosity between theoretical and measurement values

for the 2D maximal interaction model with » = 3 (b)Kinematic viscosity distribution
in the vicinity of the droplet surface by the 2D maximal interaction model with r = 9:
The solid vertical line means the interface position, Rs; and the dotted lines mean
the positions, Rs — 2r and R, + 2r.
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Fig. 3.11 Change of y. and de: The terminal velocity is obtained from the gradient of the line

fitted to y.. The point before the vertical solid line is not used for fitting the line.
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Table 3.2 Obtained physical quantities and calculated dimensional values
g g Pin  Pout Ap v U de Regim Eosim Msim
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Fig. 3.12 Comparison between the simulation result and Grace’s regime map for bubbles and

drops: The plotted point of Mg, and Eogm is in the ellipsoidal regime but Resim

is deviated from the Regrqce Obtained from this map.
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bubble

(a)Interface (b) Density distribution (c) Velocity distribution

droplet

(a)Interface (b) Density distribution (c) Velocity distribution

Fig. 4.1 Interface, density distribution, and velocity distribution of the static bubble and
droplet: The interface is shown by the isosurface of the lattice nodes with density
%(ph +p1). The density and velocity distribution are shown on the plane including the
great circle. Dark intensity means high density and light intensity means low density
in the gray scale of the density distribution. The magnitude of the velocity vector is

magnified 2000 times in the velocity distribution.
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Fig. 4.2 Deviation from the mathematical spherical surface fitted to the interface of the static
droplet and bubble: The s? is the variance and the max is the maximum deviation.
(a)A =0.3 and Ap =0.2 (b)x = 0.1 and Ap=10.1 (¢c)x =0.1 and A = 0.3
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Fig. 4.3 Density profile of the static droplet and bubble against the radius: The density profile
which is given in Eq.(3.3) with £ = 0.6 and R; = 12 is also shown by the dashed
curve. (a)A =0.3 and Ap=0.2 (b)sk =0.1 and Ap=10.1 (c)x =0.1 and A = 0.3
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Fig. 44 Laplace’s law for the droplet and the bubble (k = 0.1, A = 0.3, pp = 0.3, p; = 0.1):

The fitted line is also shown.
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Fig. 4.5 Dependence of the interfacial tension on (a)A, (b)x, and (c)p: The fitted line is shown
in (b) and (c).
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BBIZxt LT, —z FEICENZERASE Y I aL—2a v {TRot, ZOMOY I 2L — a3V
ZMITERALITTRTEY Thd, FREER IS OV TIZ, Morton 30 S EREMERE v #3HE L,

Table 4.1 Simulation conditions of the rising bubble and the falling droplet

Case | Eo M ol Ph g o
(a) | 8.67 7.11 1.0 3.0 4.59x10™* 6.73 x 1072
) | 4.38 2.98x107% | 0.1 0.3 5.68x107° 6.73 x 107*
(c) | 116 1.31 0.1 0.3 1.50x107% 6.73 x 107*
)

115 4.63x107% | 0.1 0.3 1.49x1073 6.73 x 107¢

A A

kyx L‘i7 e

Fig. 4.6 Initial state for the simulation of (a)the rising bubble and (b)the falling droplet:The
lattice size is 40 x 40 x 128.
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(d) Bo=115, M=4.63x10~3
the left column is shown by the isosurface of the lattice nodes with density (o5 + p1).

Interface, density distribution, and velocity distribution of the rising bubble: These
images are obtained by extracting the region including the bubble. The interface in
The density distribution in the middle column and the velocity distribution in the right
column are shown on the xz plane including the vertical center axis of the calculation
lattice. Dark intensity means high density and light intensity means low density in
the gray scale of the density distribution. The velocity distribution is shown in the

moving coordinate system with the rising bubble.

Fig. 4.7



Fig. 4.8
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(a) Bo=8.67, M=7.11

(b) Eo=4.38, M=2.98x103

B R
\
FRN

(c) Eo=116, M=1.31

(d) Eo=115, M=4.63x10"3

Interface, density distribution, and velocity distribution of the falling droplet: These
images are obtained by extracting the region including the droplet. The interface in
the left column is shown by the isosurface of the lattice nodes with density %(ﬂh +p1).
The density distribution in the middle column and the velocity distribution in the right
column are shown on the xz plane including the vertical center axis of the calculation
lattice. Dark intensity means high density and light intensity means low density in
the gray scale of the density distribution. The velocity distribution is shown in the

moving coordinate system with the falling droplet.
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Fig. 4.9 Plotting (Eo,M) on the grace’s regime map for bubbles and drops and the bubble

and drop shape obtained from the simulations
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Fig. 4.10 Comparison between the measured Re and the Re of Grace’s correlation

(@) Fo=115m M=4.63x16"°
Experiment VOF HCZ model

Fig. 4.11 Comparison of the bubble shape among the simulations by the HCZ model, the

experimental results, and the simulation results by the VOF method
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5. HCZET /WO ZfHEREIZRBIT 5 Kelvin-Helmholtz R EME DR EE

AELBIZBWT, FRVY < A HCZ EF NV EKERKR AR I 2 L—a r~EA L,
EhIZ, TN OB L THLNIERERRARRREZ R THEKRRDO Y I 2 b—2a 21729,
FT, AETIE, BT OFREOEE & RENREDRBR D EEMZ Y%, Kelvin-Helmholtz
Ttk G 81 2R T2 D L AMRT 2 LIC ko TRIEET 3, . AEiE, 0682 10

EERT 3,

5.1 Kelvin-Helmholtz R EM

AEBRZMAFEICIB T, EEEHOTESEEEMOTEL ) K& . FOEIR 2 M
LT EE, bBHEEN bk T, ZHRAEAREEL L, RECESRELHEDD, Z0
BT, Kelvin-Helmholtz REFEMEERIZ L > T, ZIRTOEES., BFHIZHEBEINTEY, K
SERGR TR DM OB ~BR T 5 EAEED 1 oTh s G 4,

Kelvin-Helmholtz REZEMEFGG Tld. REDEPIKELZ L Z TREOBMEOTEZEN. KO,
RERHIOKE S, BEL, BEHOEKE LTRIN TS, UTFRBWCERREZS du, T
F3, Xk G I, TRTHENC T S T ORBMROMATR R E AR I TNEDT, =
I, ZOBMER OB EFT,

th — ordn + pidy g
= _ = — - =1. 5.1
dug* = up — up \/ Tl ko + (pn — 1) k] (5.1)

T ZT. upy wid ERENEEEREMEEEROFEEIE, pp. o 13, TRENSEERREV
EEEMOEE, o ZREERN. k13K, g SEBAMEE TH D, £72 Iy = coth(khy,y) TH
D, hpy IEEEHORE, W ITEBEHORETHD, - hy+h = HBRNWEEDOEE TH
%o ZITEZONTWDBEAREENERMBTRICE N L&, RAF th TRDLTVD
ZRTEOHBEICH, ZHIREZEIC L > TREDOEOARLEEIZFI SR Sh, IO TIL,
—#%#91C Orr-Sommerfeld Hazt 8 i ko TtRENTW3, LaL, ZoFERE. &35k
RGEERRE, MATRRMBBEE LRV, T2 T, KmX T, HCZ E7 VO ZRTimENZ 1T
B OFEEEREDERMRITLITR D mHIC ﬁumf@am\Emmmemm@&@m
WTHELND, UTOBRREZOCRRXEZHAWS

+ p1)? ka + (pn — p1)g/k 3612
duth=u — up \/(ph tanh(k(H/2)) — ——1, 5.2
: PrOL pr+ p1 (k(H/2) Wk? (5:2)

TIT, vIRIREOBRIERK TH Y . WA TR-OEZAVTWS, 2 W IRREOIRTH D,
ZORIE, Eular 5EX & Darcy FEXZHL50E 7,

— U, (5.3)
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Fig. 5.1 Simulation conditions at the initial state
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Fig. 5.2 The velocity difference(a), the momentum thickness(b), and the height of the wave
peak(c) in the case of du'™* = 0.03,k = 0.1: The momentum thickness is normalized

by its initial value.
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Fig. 5.3 The proportional relation between (du)? and (cy)? for k=0.1
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Fig. 5.4 The critical velocity difference against the wave number in 2D simulations
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Fig. 5.5 The critical velocity difference against (a) the wave number for W = 13 and (b)the

width of the calculation lattice for k=0.1 in 3D simulations
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TOBEITIEENSRZ 6220, 2F0, K (6.1) 1%, HOKE - EREIZOVWTDOLEVWEEZER
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F=(1-1) (6.1)
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TEXbN, ZORITEENDEHIT.

flhzeﬁ,fil:e(l-—ﬁ),flze
§h=2(1—7~))+6,.§1=2ﬁ+6 5{'—’-6,

~ def) - 2e(l-7)
Dy, = D=2t 6.3
PTeAlmw e T Tt (©3)
iy = A/ Ay, i = AJ Ay,
e=W/H

EEMIPND, TITW, HiZ, TNETLRBHEOIELEITHY, e ZMBIHEOT 2~ k
HERDLTND, FAY () 13, REES H, REER H? 10X > TERTLSh BT
HbD, TNHEDORPL FIZd#@ULTX OB ER-TWB I EBGND,

LUTFTHE, BFRALY 2 AEHCZ ETMIC L AKERBRZHRO Y I 2 b—1 3 VIZBWT,
FOME., X, F OREEITRV, T-DBRE L OEEE2ITR D,

6.2 AKEBRZHBEOAEREI2b—va v

6.21 I ab—ig

VIial—valrOPEIREE LT, K61IRT axyxz=LxW x HDRFIZ, BE pp D
EMEEREEE g OREBERYZ, MEAREOB IR g ERDEIICERET D, BIZEBITS g,
HAMEEARDT, MBOFMiTs FEE L, TOHFMOEREMEIL, BEEERGETH LR
ARHBEREH L T2, £, y. 2 FECTIIRBEICHEY T 2 EEER LG 2RET D, 20
HAEREET, BR EOBTF AR THMBEROME 2 KRS ¢ [BkhiE v B iR 4 ()
Lo THRESND, BIETIE, F"LEMHEBICL2BHRA OB ZEME LTV =0T, B
FRROEH TRE SN TV ARESMIE ST AL, BIFRETNVEFERE L, 22
T, BEMRERERE A\ T-D MRIOEHEMHIST ST 5720, MEEER L &S ROES
BUZERE L7, . KE3EBEZ no-slip wall & T 5., WEIL, ¢ FAOHAER (z=0) &if

inlt;t

Fig. 6.1 Initial condition of the simulation
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TiE, EREARET DL IICEESMEE(LIED, UTIZ, BAERROCHRHER TOER
&R Y, TIT in, outit, ENENMAROIHER 2 £,

gin = Phs for z < asin(kt) + no
ol for z > asin(kt) + no
pin = Po,

n n o i
ug' = uz(1,y,2),uy' =u* =0

pout = p(L - lay’ Z)v
pout =P — f%u—/»

ugh = ug(L — 1,y,2), ug® = ug* =0

ZOXNDENRDE DT, MARRTIE, BESH. ENHMH, WEDy, 2 OOHfE S, i
HD x LA DHFE, BEROETFANG 1 D TROETROMEE AV, HHER T, EHDH,
WEDy, z A DHHiEE 2, BESHROWED x Ko O5MHE, EROBTEND 1 2L
DIEFRDEERANT NS, ZOEREHEICBNT, a ZHEABERTERSELHOEIE., kit
¥reRdT, £, MARBER X, EXTEX-ERMNDEE (BE, fE) 25 fo, g9 %
AEL, HEBTFA~EATINMBEE D, 22T f, g, 1 C DX (C.23) D f,.
Jo B VHEAARRAEL f29. g8 TEEHZ THONIEEERDL TV,

Yial—varOFHi. L=192, H =60, W = 39,2513, EFEEE% p, = 0.1, py = 0.6,
BEAMEEORE S % g=1.0x 1075, HORIEE a = 1.0, TOHEESL &k =0.01. TALERTO
JES1% po =0.02 ERE Lz, £, BFHBRORRZAAEL, F0EN 5 =10, 6, =1.0 &
Lic, REEDNCET HHE <X, A0 T-DHEMBIREES 0 OBEIIHTHERTHD L
NH0& Lz, £7-, BHIREDHOENIX T 2 MEERINRE & T 5720, EnENDHR
BiEIzxt L, FIHIRESE S ny = 15,30,45,50 Z iV iz, b, E2A3@Y, RESIN4@E
DNTHHDT, RBYDHAEENRE LTV Ialb—Ya VE{TR-T,

HIHAE S Hi 1

B w1 (1- -Wi’/—iﬂ}{l -1~ %)2}, for z <o
Uz: (CE,Z/,Z)— uhm{l-.(l—-——q——-)z}{lu(l—— H—‘Z)Q}’ for 22770

w/2 H—no

u(z,y, 2) = v (z,y,2) =0

EERELE, ZOXTHE, MBEFRICBWT, y=W/2 TRKXMELLIMDBRE. &I HMIC
BWT, REME TEKRE W L R25BWRE2EREGOELRESMEFHATEZTND, —iR
2. B E RONES M DS R A BERE R St DK TSGR AR R O PR /3 A0 (2R D BRERARAT AR 1315
BTV, L, UTTRBTALIICT-DRE L OUBIZAWSZHDRIEL, 1=
L=y a UREFRREBIGELERIITR ), Z0Zenb, ELERNIZK (6.5) 2 IR ES T &
LTEZTYH, FANKRICEELEZDZ LRBRVEEZLND, ZORIBWT, RERE
DI=DIBFEERORELEBEMAOME LV RELLTILENDHSZ &L, BREERRVOERE
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OB E HICEENICEEICY 2~V a vy TEBRZ L 4HEHE LERBHNY I 21—V s
ALY uP =005 & LT, E7o, upr 25, B EICEIY S Poiseuille i O EmMARIT > 67 5
NDFESROBNME | 2] 1272 5 & L, BEEROBRIEREE v, = 5.602 x 107°, EF

@%%\%n%nwﬁgglf\%=9w1xm”(W:3m‘%=2M1xw4aV=%y
%~ 1111 x 1075 (W = 13) EBELE,
FEZEMAOREICEAL T, 22T, AEORE LHBREROERE RO 24
BERDD, £ZT, TORKIMENS W TV RERMELLD T L2ERE L. £OERERE Y
RS E, BEERORELE(IEE, MARBEAROENER, RO LIIZREIN

TWLHDOT, ERMEREEAEMIELZLICRY, MELEMSEDLI LN TED, )

622 Izl —ia R
ENENDORBIBIZHT Dy =15 DFADY I a2 b— 3 VEROHIZK6.2127T, ZOX
Tk, EFRBIELLEEZEOHDRHLNIIKIT2BEESHERLTBY, y=W/2IIMET D 22 F
mEDHM, By ¥l EOHHERLTWD, £, yz FERODMIZON T, zz FELD
DIBNIR L7 BERERIMEIZH D2 FEROSA AR L, BELREROE VL F LI OTR
LTS, ZOBEESMZBWNT, WNEBSIEFREMR, BOESIEEEMR, REfhEdsEs
BUZIS U7 S L 2o T D, BRI, E&EME OME®EFE O Reynolds 3. Rey, = uf Dy, /vi.

(a)
Fig. 6.2 Density distribution of the simulation results (g = 0.25) (a)Re; = 128.4, Rep, = 21.4,
e = 0.64, (b)Re; = 126.5, Rej, = 14.1, e = 0.40, (c)Re, = 87.0, Rep, = 11.4, e = 0.19:

In each of the cases, the upper image shows the density distribution on the xy-plane

at y=W/2. The three lower images show the density distribution on the cross section
at the position of the white vertical line of the upper image. The lower images align
in the same order with the vertical lines on the upper image. The high density and

the low density are shown by dark and light in the gray scale, respectively.

Rey =uiDyjyy, TAXY bbe=W/H, KOy =ny/H EZRLThD, TI T, uj. uf iL. £
DHNFTEER L, £, FAHEOERERE My, M, 2RV, ui = My/(prA). uj = M/ (pA)
KXo TERSID! , ZOEMNL, F2OFHITENT, MARERIB O TRES B2,

VHMIER, #RENTAS, RICKEEEE S TRNEZSEOREERD L T\ 5, HREKEIL, FME1D
HHTHE & BARRIOEE T 0 REZHE TR X RD LTS,
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HER~APVEE L TV AEFPEEINTWADORSN A, 7. ¢ FRICEELERE EOE
ESFRIIBNT, EOTRAT MEOBEDL, PRI TEROBEY EVRROND, 25N
Tk, UTFO L IEXOND, HE62IWRLIEHAICH LT, BEFATEY LIz =L/212
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Fig. 6.3 Comparison of the profile of the x-component flow velocity averaged in the z direction
for each phase: These are the velocity profiles for the cases of (a), (b), and (c¢) in
Fig.6.2. The thick line is for the dense phase and the thin line is for the rare phase.

B AEHEOERRED ¢ Y OBHEICETIHA (K6.3) (2hde, EORBIBOHED.
FFHOFEED, EADBEIZBNTO &), FRAMND ERELIRDIFEFVRLOND, TD
7=, Kelvin-Helmholtz DAL EMICER T HEOBEN, PRI THEL 2> TWVWHEEX
bb, ZORIZBNT, BEEROFEL., MHFESTORKE0.05 L /&L RoTD
B, T, BHEICBWTEIFRTEY LTI LIZX D,

I, YIab—va EROBESAORYMEE RD7-DIZ, ny =15 DBEITBNT,
(BB EOTESFOTRERE Lz, Tk O2 1o k5 &, BERIERETIC R 2 KEBK T
MR OIEFEMH OWE BN CEY Loz, BEEROES (S HROELR) THREMLL
EBE. TONMOBEKEDIE, EEEHD Reynolds EAEMT 21200, LOER~BE
TREIELRBESATND, 2L T, Z0ORLZF, REOKEOKE SIZ L5 REDEABIGHD
BINCE 2L LT3, K642, TNENADRBIBOBEICXT LT, z/L = 0.5 1286 2IEREE
OGBS A TEH LRl i &R~ T, KT, Xt 02 Lokiiokbd, S0’ S K
RIEBEROBR S THEBLL, $EMEOKRE S2LORKETHEB(LLZRERETT, ZOK
B2 e =0.64 T, EBEROTEORKEOMEIL, %D Reynolds FASEMNT 2 129> TH
MLTHY., Tk O DR L AKOEMEZ R LTINS, LaL, ZOBHEIE, 7227 b
INEL B LI EV/IREL o TVBZ EbHND, Thid, HEIESHEL 72 0 IESHOED
BENFE LD LIZLY, MESHR, ZRTRBICK T 2 HWRE» O EREICERTS
EHEEILND, TOZLIZOVWTIE63FHIZRWTERRT B,
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Re1=65.6 O
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(a) (b) ()

Fig. 6.4 The z-component flow velocity profile of the rare phase which is obtained by av-
eraging in the y direction (fp = 0.25): (a) Re; = 34.9,72.8,137, e = 0.64 (b)
Re; = 31.5,68.0,146, e = 0.40 (c) Re; = 36.3,65.6,138, e = 0.19: In these figures, the

position of the maximum speed of the rare phase is shown by z,.

6.2.3 ERITE L REMLEORE

AIEiDY I a2 b—ra /CBWT, o FRICEERFENEZ ., MARHER bR bEEh TR
D, ENOOEENLRNEEZOND /L =05 OMBEIZRE L, £OWE EIZEIT 5 EHEN
HD3EBOEE, SERLBEIEERERVFYBEELRE L, TALOREE,S X kU
FEUTORIZLEN>TEHLT,

e oL uj
pn — o1/ 9H’
(6:6)
(el )]
X =\ Yap/dn);)
s -1 s\2
(dpjdays) = 5 (22) 7 eolial (67)

Ttk b 1RFET, TORXEX L FOEER5LTEY, R (6.1) RUN(6.2) & OBMEK
VR (6.7) 122\ T, Sk B9 (st R S Tns, M6.5(a) 0, 10 27 v 7HICHIELT
BoiL X, F OBBEOF RS, ZORICEITS FOgHomsing, EEEMRO 2 FRD
WEEZ R (6.5) TEHE X2, TORESEEOBBIZESTHEMLTWDIZ LItk d, £ X
OEIX, FHEOTENEFREBICRIFMOLHTHD, ZORNL, X, Fii. H5FEZ16
—EEDE Y TR L TWAEFRIEL 20T, FEMERBRE & 0BT, ZOEFIRED
FPH CREEI T L2 EE AV 5,
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- REORE - EREICOWTIE, z/L = 0.5 OAEOMIZ z/L = 0.0 DALEIZREWE & R E
L. TR ENOWESHE ECREOMNEBEEZHEL., TOENLHWT D, REOMEIT. REW
B L CEED pm = S(on+p) DAL L. EHICHIEICINT y HRIPRATIZROTREK
BRRLNATWZZ NG, y=W/2RBITI2REEEEZRET S, ZOREE 10 AT v THIZ
TR eREROBZR 6.5(b) IZRT, ZORNZEWT, z/L = 0.5 ORERE TORENEDE
LIz T, MIEDNRRONED, K 6.5(a) DA LR, HARLAURBICIRE LN LER
RELRSOTVBZEBNDRD, ZOZEhb, RESSOLBIT, ZOEFREICR->TNS
#HEAIZB T, EHENPS DS # o(z/L).

1 &

o -1 Z (’U(t, rLy= W/2) - nave(l'))z,

T (6.8)

>t zy =W/2)

t=T1

o(z/L) =

nave(m) = T, — T,

%, ZOOREBE CHEL, o(z/L=05)/0(x/L =0.0) » 1 L0 KEZWFAIZ, REIFHEE,
1UTOHETFEREL L, 22 THh-T1E. MEENEEREL Lo TWDIEBEORT v 7
ALY, M, K65 TR LIZS WA, 10 27 v 7EORIEN, RICHE b3 REMEORE)
DEAMEY +/NERERL R TV D Z L ITHREN TN,

00" 10000 20000 30000 40000 50000 60000 70000 % 10000 20000 30000 40000 50000 60000 70000 ‘
t t

(a) (b)

Fig. 6.5 Measurement of (a)F, X at z/L = 0.5 and (b)fj at /L = 0.0 and z/L = 0.5 (Re; =
166.1,Rey, = 21.6,e = 0.63,7 = 0.25)

6.3 Taitel-Dukler fEHR=URE & O

Vb= s TOREENSEHLE X, F & 6.1 SI0OMBRRRRK L OLBi%, e = 0.64,
e=040. e =019 DFPAIIZH LT, TRENHK6.6 IZ7FRT, ThHDORICEWT, REMELNR
BNBHEIE Q. EREOHAEIT+ TRLTH D, E61, X(6.1)~K(63)I2L>THLND
RERE - EREZXAT2EmR L2 ERTRL TV D,
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Fig. 6.6 Comparison of the interfacial growth threshold between the flow regime map and the
simulation results for (a)e = 0.64, (b)e = 0.40, and (c)e = 0.19

M 6.6(a) ICBWNT, YIal—ya L THRLNEREDORE - EREQCERT, Bt IZ
E-BLTWBZLBHND, &5IZH6.6(a) DBEAND, TARY hE/IE LB
T3 6.6(b), (c) T, ZDERBKR A ICHEAIMEDND EHICHATHETFRRONE, Th
KOWCTUTOEBENEZ b5, kO Tk, e =05 BELEOEE. KEE S FROTE
DHIHIDBOTGR & 72 B0, B 725138, IBHROBEERDEEIC L - T, ZOE
SEIZERICHEWERE A EBNBE SN TS, KBRIDYIab—ya A28 ThH, §i
BIEHRCTEY LEEERED ¢ ROOBEI FEHHOLE (6.7 WRHS LI, ik
O pagis L AR RBBONTND, Z0OZENnD, HEIEIEOEEIC, HEIBSE S
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Fig. 6.7 Comparison of the distribution of the x-component flow velocity averaged in the y
direction for Fig.6.2(a), (b), and (c)

SLABREDRREERSET, HERESEAL-DITIE, LV KRERENTRENLETHE &
EAZENRTED, 60, TARYZ MEBR/NESWEES, REIEFHEOBEEROBZENRKELR
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V. MNDO=ZWRTGHENFE L 25720, ZRTTKERIR ZH O Kelvin-Helmholtzm N & E I
EONWTHELN/Z T-DHREDEDHE - HHEMBEPLBEND LEXDND, /o, AETOF
BRULETOERNHZLDOD, RIEDK 5.5(b) 128 T, Eular-Darcy Tz L > TH bR
DIETERTE IR IZ 1T KRR ZFROE ORE 25 &R 2T ZHEOREEL, e =05 RE
PLEIZRWT, MBIROEELIZLAEZT RN ERRINTNDE, ZOZEPDH, e=05
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Teo EbIZ, ZOREHE « FEMRERI. BRREOT A7 MUZBER L, £0OfER/NEL
2% (FEIENE SR L TR 222) & WMESMB ZRITHEDOFE LT, Taitel-Dukler DE
MMRIZL > TEZBND F O (FIMEBEEROLNFIEIZEAT 0T, Sz d Lk
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7. HCZET ML DKERRARICBIT 2HERE I 21— ar

AIEIZBNT, BTFRLY v Bl L - T, BREEE 2R ORENICE T 2 KRR /RO
REAMEDY I 2 b—ya v dh, HENKE: RERE L OBGEETERBOKBEER
(T-D ) OFEBEN TR TH D Z LRENT, AETIE, & OICEER2RERREET KB
RIEDREH O DEERERED Y I 2 b— 3 VETRV., ZOREHREEZBET S, &
HIT, WETERE L RENIREE & OFIBI % KT Ishii-Grolmes BB O3) oBEHR2RL 5, M. &
xSk 94 95 96) oSy a5,

WRR ARSI, BEECRZBENIBONTRONAELTH Y, WHORECEE~D %
BEADERENRIZHBLE2 2 O), 20 L5 RBEBIIRT HREFE T, HEHEERE: TR
HAIORE &35 SHEEFAE ATV AN, MEOREREPRERR LICONTIE, R0
ERERIZESHBEREIZE>TEALND, H-oT, BFARAALY U EIZED, BEBER
KRV Iab—raran, EREBXSBFBRIANE, ERIZEZOTIC, A REHIZBITD
MEREEL 2 L RARRICRD L Bbh 2,

7.1 Ishii-Grolmes EBRHEI=;

Ishii & Grolmes (. % ONDLEIEIT A ERBRIZESE HENL O DOEHERENEL Z 58
D FENRAE 2 vk ST ik CRER L= I F O EBRAEER 2 mE Lz (99),

ND.B N < _1_'
" for Ny < 15 Ren > 1635,
0.1146 for N, > & ,
Vi ={11.78N*8Re;® for N, < L 1
l s o TS5 Ly60 < Rey <1635, (7.1)
1.35R€h for N# > .11.5.
1.5Re;, '/ Rey, < 160,

ZORIZBWT, V ITEKTRAEEE (dimensionless gas velocity). N, (HMEEL (viscosity num-
ber). Rep I3#&IE Reynolds L TH Y. £ Ei,

: -1/2
o 4ppu
V= JUR /_p_z_, N, =y | pro, | —— . Rep= _ﬁ__’ii (7.2)
o Vopn 9(pn = p1) [t

L. REESD oo EAMEE g, KALDTIRE jj. [IHBE p. W () ORVESR py. W8
BPE pr. TEHATGE vy, MHES (REARES ) ZAVTERBSINLTND, UTIKBITHYIalb—
va T, IRHOERTEORE., ROEERECERZITAV., ThODBEREN(7.1) &
DB EITIE T,
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(1= 33k) +/1- 3 _up (73)
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D, UEDZ &b, BT DAERY X 2 L— a v OFI#IRG% .

o for z >
pmzt(m,y, Z) - Pl 2270 ,
pn for z < ng

P . 2) = {po ~(@/m)(L =) forz > g (7.4)

po — (an/un)(L —z) forz<my

zm.t( h znzt ( nit (

:L'y,Z)—ut z,y,z )_’LL x’ywz):O,

ERET D, EBITTAR O HEER SR,

P = p™H(0,y, 2),

in _ p(layaz) - (al/ul)a for z 2 Mo
p(1,y,2) = (an/pn), forz<mo

U = znzt(o Y,z )

1

(7.5)

P =p(L - 1,9,2),

p"?‘t = po,

W =ue(L - 1,y,2), ud*=ud" =0,
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Fig. 7.1 Rep and V), measured on the cross section at several points in the x direction
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Fig. 7.2 Simulation result of the stratified two-phase flow (Re, = 324,V = 0.263,L =
383, W = 37): The flow direction is from the left side to the right. This image is

the snapshot at a certain time step after the simulation becomes the stable state.
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Fig. 7.3 Distribution of density, flow velocity, and pressure of the stratified two-phase flow
(Rep = 324,V; = 0.263, L = 383, W = 37): The density distribution, the flow velocity
distribution, and the pressure distribution are shown in the field of (A), (B), and (C),

respectively. In each field, the upper image is for the xz plane at y = W/2 and the
lower images are for the cross section at the position of the vertical line on the upper
image. The lower images align in the same order with the vertical lines. The density
and pressure distribution are represented by the gray scale in which dark intensity
means the large value and light intensity is the small value. The velocity distribution

is represented by the velocity vector whose tail is on the cross section.
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Fig. 7.4 Comparison of n and u, averaged in lattice width among different lattice widths: The
velocity profiles for W = 11 and W = 37 cannot be distinguished because they overlap
each other.
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Fig. 7.5 The z-component flow velocity profile of the rare phase which is obtained by averaging

in the y direction(ny/H = 0.25): In these figures, the position of the maximum speed
of the rare phase is shown as zp.
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Fig. 7.6 Wave generated at the inlet
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Fig. 7.7 Simulation result of the droplet creation (Rep = 324,V, = 0.263,L = 383, W = 37):
The bird’s-eye view of the entire interface is shown in (a). The flow direction is from
the left side to the right. The region including the droplet is extracted and magnified
to see the droplet clearly and shown in (b). The image is the snapshot at t=5190

which is the time step counted after starting the generation of the wave.
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Fig. 7.8 Distribution of density, flow velocity, and pressure in the case of the droplet creation
in the stratified two-phase flow (Re, = 324,V; = 0.263,L = 383, W = 37): The

arrangement of the images is same with that of Fig.7.3.
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Fig. 7.9 Interface and the distribution of density, flow velocity ,and pressure in the case of the
droplet creation in the stratified two-phase flow (Rep = 324,V; = 0.311, L = 383, W =

11): The top image is the bird’s-eye view of the interface. The second image is the

density distribution on the xz plane at y = W/2. The third and forth images are the
top and the side view of the velocity distribution with the interface, respectively. The
fifth image is the pressure distribution on the xz plane at y = W/2. The bottom images
from the left to the right are the density, the velocity, and the pressure distribution
on the yz plane at the position of the vertical line on the density and the pressure
distribution, respectively. The bottom images are shown as the magnified image of
the distribution on the cross section to make them clear. These are the snapshot at

t=3770 which is counted after starting the generation of the wave.
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Fig. 7.11  Time evolution of the deformed interface before the droplet creation (Rej, = 324,V, =
0.263,W = 63): Time step, t, is counted after starting the generation of the wave at
the inlet. The droplet creation at ¢t = 4710 in Fig.7.10 is observed after the state of
the image of t = 4010.
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Fig. 7.12 Comparison of the position of the droplet creation among different lattice lengths
(a) : The horizontal dot lines show the positions of Ls. Comparison of the position
of the droplet creation among different lattice widths (b) : The horizontal dot line
shows L = 383.
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Fig. 7.13 Comparison between the simulation result and the experimental correlation proposed
by Ishii and Grolmes for each width: The vertical dot lines show Re, = 160 and
Rep = 1635, respectively.
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Fig. 7.14 Figure cited from the reference(93): The solid line shows the experimental correlation.
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Fig. 7.15 Influence of the space discretization to the simulation result: The cases of Re; =
162,243,486 are shown.
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Fig. 7.16 Another wave which is generated at the inlet: The shape on the cross section per-

pendicular to the flow direction is the rectangle.
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Fig. 7.17 Influence of the wave shape which is generated at the inlet on the relation between
the simulation result and the experimental correlation proposed by Ishii and Grolmes
for (a)W = 11, (b)W = 37. In the case of (a), the waves in Fig.7.6 and Fig.7.16
are generated. The waves in Fig.7.6 and in Fig.7.16 are named ”curved surface” and
"flat surface” in the figure, respectively. In the case of (b), the waves in Fig.7.6 and
Fig.7.16 and the wave in Fig.7.6 whose height is 5 and width is 10 are generated.
The waves in Fig.7.6 and Fig.7.16 are named "curved surface 1” and "flat surface”,

respectively. The last wave is named ”"curved surface 2”.
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Fig. 7.18 Time evolution of the deformed interface for Rep = 163,V; = 0.276, L = 383, W = 37:
The interface is represented in the same way with Fig.7.11. The time step,”t”, is

counted after starting the generation of the wave at the inlet.
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Fig. 7.19 Time evolution of the deformed interface for Rep, = 203,V; = 0.254, L = 383, W = 37
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Fig. 7.20 Time evolution of the deformed interface for Rey, = 243,V, = 0.258, L = 383, W = 37
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Fig. 7.21 Time evolution of the deformed interface for Rep = 324,V; = 0.263, L = 383, W = 37
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Fig. 7.22  Time evolution of the deformed interface for Re, = 405,V = 0.267,L = 383, W =37
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Fig. 7.23 Time evolution of the deformed interface for Re, = 486,V = 0.270, L = 383, W = 37
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Fig. 7.24 Simulation result of the stratified two-phase flow in the case of the no-slip side walls
(Rep = 322,V; = 0.296, L = 383, W = 37): This image is the snapshot at a certain

time step after the simulation becomes the stable state.
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Fig. 7.25 Distribution of density, flow velocity, and pressure of the stable stratified two-phase
flow in the case of the no-slip side walls (Rej, = 322,V; = 0.296, L = 383, W = 37) :

The image arrangement is same with that of Fig.7.3.
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(b)

Fig. 7.26  Simulation result of the droplet creation in the case of the no-slip side walls (Rep =
322,V; = 0.296,L = 383,W = 37): The bird’s-eye view of the entire interface is
shown in (a). The region including the droplet is extracted and magnified to see the
droplet clearly and shown in (b). The image is the snapshot at t=2740 which is the

time step counted after starting the generation of the wave.
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Fig. 7.27 Distribution of density, flow velocity, and pressure of the droplet creation in the case
of the no-slip side walls (Rep, = 322,V; = 0.296, L = 383,W = 37): The image

arrangement is same with that of Fig.7.3.
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Fig. 7.28 Comparison between the simulation result in the case of the no-slip side walls and the
experimental correlation proposed by Ishii and Grolmes for (a)W = 37, (b)W = 63:
The vertical dot lines show Rep = 160 and Rep = 1635, respectively.
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Fig. 7.29 Time evolution of the deformed interface in the case with no-slip side walls for
Rep = 161,V; = 0.414, L = 383, W = 37: The interface is represented in the same
way with Fig.7.18.
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Fig. 7.30 Time evolution of the deformed interface in the case with no-slip side walls for
Rep =215,V; =0.337,L = 383, W = 37
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Rep, =270,V; =0.306, L = 383, W =37
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Fig. 7.32 Time evolution of the deformed interface in the case with no-slip side walls for
Rep, =322,V =0.296, L = 383, W = 37
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Fig. 7.33 Time evolution of the deformed interface in the case with no-slip side walls for
Rep = 377,V; = 0.250, L = 383, W = 37
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Fig. 7.34 Time evolution of the deformed interface in the case with no-slip side walls for
Rep = 428,V, =0.354, L = 383, W = 37
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RERLESSHANY < VERERAT 2, SAVY S rDOGFAAAMRE LT, ERATZIZENT
RIF RS RN L 2 RE L.
(namnp - - na) = (na)(np) - -+ (na), (A.4)
ThHILEERTD, ZNERALY v EEEES, ZoEBICE D, K (A3) 1.

Ni(X +c;,t+ 1) = Ni(X, t) + Ai[N(X, t)],

A.
Ai[N(Xa t)] = Zs,—,s§ A(Sv SI)(S; - Si) Hj Nj(xu t)sj{l - Nj(xv t)}(l—sj)’ ( 5)
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LEBERR DI LB TESD, TIT Als,s) = (ay) THY. BEICL ST, B 5 A EKOR
B s DEE ' ~BBTEEEZRLTVSD, R (AL BBFAILVY v FEKEL-oTNS, B
HE B R T BHE p(x,1) &IE u(x, {) 1. BFRLY < FRIUCHE D AR b

b ,
t) = ZNi(x, t), px,thu ZN (x,t)cs, (A.6)

=0 =0

EHBBHZENTER B,
A3 PRI F A B DMK Mach BB

BFRNY < GRRK (AS) OFEaMBEE N7 L. BREEICBWT—ETHD, 2%
AN =0 2L TND I b,
~ 1

eq _
N = l+exph+q-c;)’ (A7)

D & D12 Fermi-Dirac DD TRT Z N TE D, £i=. ZOFEAOMBEET, B, ZRICH
LT—#ThHd, ZIT, he q i ZORHERETHEDDEBERTA—FTHY, 3 (A6)
@@%%EKT»&#E\ﬁ%&LTM&%@W@&Eﬂ&Uﬁ%u@&@@ﬁkbfﬁT‘k
WT&EBDH, £ZT, WERINENE LT, hlpu). qlpu) &.

h(p,u) = ho(p) + ha(p)u® + O(u?), q=qi(p) - u+O(u®), (A8)

EREAL. N (AB) ZRANWTATIA—F ho. hy. qu ZWRE L. FELMBERDOREEZ RED
TROFA—F—ETRODDIENTE D,

2

= = ——CialUo + G(p )b2 Qiap + Dbéaﬂ uqug| + O(u®) (for i =1 ~1b),

i 2
"; bm 2 (A.9)
eq _ Pl _ b o 3
N§? =211 - Gl gt | + ()
ZIZT, DIFRIE, bp=b-1,
D?b—-2p c?
G(p) D Qiap = CiaCip = 750ap (A.10)

Thd, EREZEDOEFIZOVTIHE Einstein OFMEZANTWD, EHIZHEBRIZBNT,

b 2
bmce
E CiaCif = N Oafs (A.11)

1=0
DEHRE AWz,
A4 ZERS—)VEHM (Chapman-Enskog &)

I T, £EA S —/)VER (Chapman-Enskog BE) #@EA L. ERMZMENZEFERAD
B EITR D, SR N(x,t) X, RFTEIC oA e £aiost LTh R4 € DH
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‘:J:O—C;Eﬁﬁ éﬂé C‘:‘j‘éo
Ni(x,t) = NOx, 1) + NV (x,t) + NP (x,8) + - (A.12)

O, SABEEORED 1. BERAMEED p(x,t). u(x,t) PELEICER LTS, £LT,
INLOYEEDEL XX, FHMATFT—VORRIBLEIZLDLOTHD, L-T, FnE
NORTr—picstd 586 €5 N oL, NP 13k BoZE#s o+ —5— 0(VF) Ths
D, Elo. BREOR T —ZoNWTiE, O(VF) OEHMMNE L EHET 2MMERE 6, &
L. RS %,

By =04 + 0+, (A.13)

LEBT 5, S0k ) REMRESER S —/VEM (Chapmann-Enskog BH) LIS, $7= NV (x,t)
. EROEEE RS, BERI L ERICIKTE L N ko THREDET B, 20 NV, t) =
NY(x,t) £33, UTFRBNT, ZOZERr—LVEREZANT, 45— LICERIBHERX
DM BT,

(a) —RA—%—
(7. HERT. EHERFOR,
ZNi(x-i-ci,t—i-l ZN X, t), Zcm (x+c,t+1)= ZciQNi(x,t), (A.14)
ekt LT Taylor B, 2EAF—VERZERL, —ROA—F—FTERYHT,
Z 0, N + Z ciaOa NV = Z cialu N+ ciacippNL) = 0. (A.15)
ZORIZH L TR (AG) ZERATHZ &L - T,
8t1/3 + 8apua = O) (A16)
B ptia + I = 0, (A.17)

LELND, ZIT naﬁ_zzczacmjv O &5, R (A16) HE—KA—F—DEFEDOXTH 2,
Sblc, R(A9) D NPT &fE-T, I) 2 EEHLD L,
1Y) = p(p,u*)bas + 9(p)puaus,

D b 1-2p/b
90 = 53 T oh (A.18)

2 2
c D ¢ 9
p(p, v?) :CsP“g(P)PE% (1'*"2‘— 522‘) u’,

LB, TITE =l IRFHREFAOEETH S, JOFHEBRICEVTEERK (A1) &

b
b C
Z CiaCiBCinCis = —5(——17%:{_——2—)-(5aﬂ(5 5+ 00085 + 0a508y), Z CiaCigCiy = 0, (A.19)

AV, S B (A1) 13
7 O, puq + aﬁ{g(p)puaug] = —da[p(p, u2)]7 (A.20)

L. BRI S F5ENAO Bular TRANRELND,
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(b) ZtkA— 45—
— RO —F— DA LFRIC, R (A14) OEREE. EBBEEFEORIC Taylor BHLSE
Ar—VEMZEAL. ROF—F—OEERY T L. TREN,

1 1
> {atzNi(O) + "éciaciﬂaaaﬁNi(o) + 04 CiaaaNi(O) + §6t1 o, N | =0, (A.21)
1 1
Z {BtzcmNi(O)%-iah Cia (O, +61385)Ni(0)+*2—8§C¢aciﬁ(8tl +Ci7a7)Ni(0)+3tl C@aNi(l)-{-aﬁCiaciﬂNi(l) =0
B
(A.22)
&%, I T,
YN =S N =0 (1>0), (A.23)
DEF/EANTND, R (A21) b
Brap + 20a051Y) + 8,0 L5181, = 0 A.24
tzp+§aﬁ aﬁ+ 131 a(pua)+'2‘t1 tnp =Y, ( )

REBN, 2K (A16) LR (ALT) BB END 8,00 = —0,0a(pua) Oads (pa) =
~00511%) PERE AV D &
| Bu,p =0, (A.25)

PREOND, FoT, ZORER(AL6) PO ZROA—F —E TERMIREFR DXL LT
WBHZ ERGhD,

Wiz, 2 (A22) IDWTER S, OROEDNE 2. 3HEIL., THAREKORMY (A.9), —
kA —F—DERF DR (A.16), Eular 5 (A.20) Z AWV TH LN D EH

D

0) _
(Or + cipp)N; " = <c2b

1
@w+%6wymw@ (A.26)
OEMGERIZ Lo TER S,

1 D
Oty pUa + 53,6 Zciacz‘ﬁ ( Qivs + bb —0y ) av(puts) + 0p Z ciachi(l) =0, (A.27)

L#s, ZzicEns NY I EREEILOWTANT—ThHB I L, AT —LOREKIZKINT
—RTHBHZ b, KL —KAIZ

N = 6tiafap + (Veiatis + X0ap)Oalpug) (for i > 0), (A.28)

NV = Y 60304 (pug), (A.29)

CELZENTES, ZZTo. . x. Y BEEEHTHD, THIZN(A23) XV, 0=0,
—Sy- &Y LRBDOT,

Ni(l) = (VQiap — Xéaﬁ)aa(puﬁ) (for i > 0), (4.30)

NV = b X Ba(pua), (A.31)
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LB, ZITXMERRERDEBED Y =bnX &Lz, 20 N %2 (A.27) ITfAAL,
EWT 5L,

O ) = 0p (A0 o) + Dul s )] + 0 s )]
bmc4 c?
vET DUJ+@¢ 2D +2) (A.32)
by 2 bt c? c?
=5 Xt mpro’ bory %D’

BELID, I T, v IEIT ABTRETERREL (kinematic shear viscosity) T ¥, vo IXAREHMELR
# (bulk ¥7-1% compression viscosity) # BE CEl-> =R TH 5, £ L T Eular 51X (A.20)
&3 (A.32) 225 Navier-Stokes HFERE/ DI Z EMNTE S, LML, InbOREKIZE, 7EE
BEEHBEENTND, MERBUIIFERROEERETHI 0D, ETNBZEEEHL. &
FORDLPORET DI LB TERY, ETOD, INOERET D DIITRFOEREOHE
MEBETDULERD D,

A5 CREMEEREK
%%T/V/V/jﬁnitﬂ%N B Z LI Lo T, MERBOEEERLRET 5, BFR

NI= RN (AS) ABBLL. 2EAS—VEBMO—KROELERY BT,
04,

. (0) _ (D) o
(atx + Czaaa)Nz‘ (x,t) = %:AzJNj y Ay = N, N,‘:p/b. (A.33)
ERE DREAT Ay %
Ay = Ao A1y , (A.34)
A Aij

LIEIEKIT L BB TICBE L THEI B, T 2 THEORFMENS, $_TO TR LT Ay = Ay
Thb, TEEREFEND Ay DR

b
DA+ A1 =0, X+ bmii =0, (A.35)
=

DR % B2T=T, BIALSNIBTFRLY < FRR G EILRL 5 & BERI T oBd 5 L.

1 m
agﬁnzwgmmmngmMQ+Auzy¢W (A.36)
Jj=1
0 1 ) M
(3t1 + Ciaaa)Ni( ) = ( szﬂ + — b aﬂ) 8ﬁ(pua ZAiij + /\11N0 ) (A.37)

j=1

&&D\:@ﬁﬁﬁu\ﬁmaw'ﬁm%an FRATEZEIZLE-T, X &y i
1 1 by 245 QiapAijQiap
0P An 2 Y Qiag®

L%, BREATI Ay OREHNLREIZ. BRATIETAVOERBRANI L > TRE DD, Kt

BB FNFRDETNMIZONTER D, WL ONDET /IR B RMEREIC OV T, CEk
(10,12, 99) =z Lo,

(A.38)
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A6 EHINRENETBAOER

ZEAT—/VEHE, [KINEREICL - T, BERMHENZFERXTH 2EFOK & Navier-Stokes
FHEXNEH XN,

8:p + Balpua) = 0, (A.39)

Oepua + T1S) = 83Sap, (A.40)

Map = c3p - g(p)pg (1 + g - Z—C;> u?ap + g(p)puaus = p(p,u®) + g(p) puaus, (A.41)
Sap = [{9p(pua) + Oa(pup)}] + [120y(puy)dag], (A.42)

Z 2T, K (AA4l) DEFEOFTEMRT, BREORE g(p) 12& - T, EH N =HERIT Galileo
RETRNZ LD HMND, LinL, ERMTENFFEXOER TIE, Mach /M EWZ L &K
FELTNWARD, MBLERDIMEIIIEERETHEETHIENTEE, 22T, R (A4l OF
WOELED p USET T pg=EH TEEHZ,

t— _';)"'1 v, —-)g(po)yl,g(po)yé’

9 g(p )Cg D 02 0 , (A.43)
csp = g(po) — pog |1+ 5 - 52 ) ¢ - pog(po) P,
AR —Y U ETBILILL 5T, FEEMEOTREHFTER,
Oatia =0, Oug + ugdpug = —0o P’ + V' 830puq, (A.44)

ERDIENTED,
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£ & B. #&F U AED=ZRIT~DYLER

2T, BT OXFME & Navier-Stokes TR OEHFTREM O BR., BF VT AEDZKRIT~D
Rz SW TRk T 5,

B.1 #EFOXFME & Navier-Stokes F 2D EH 7§k

T, BFORFRME & EEARRR T Navier-Stokes JFF2E000 ¥ H ATEEME DO BARIC >\ T
BiEMIZ R %,
T A AEICB T DR F oA OB FERIT

ni(t + 1,x + ¢;) = ni(t, x) + Aq[n(t, x)]. (B.1)

LB D LRTEB, DIT na(t,x) 1 (5x) KB BRTAD | HE G HEE. AT AT
KT 5) ORTOFERR L, 0T 1 205, £, o ITHTFOEESY A, Ain(t,x)] 12
EZREEZRT, ZONTH LT EHEEL, RV <o O5F A ARELZEM L. N(t, o) (RLF5
TBIE) \Z oW T D EFARNY v FRAEEHL, 3612, £ORXE A7 —/VERM (Chapmann-
Enskog &B) . {& Mach #BB. A&7 —V 795 Z L2 X - T, Navier-Stokes FFEHX%1H 2
sentas 1012 - pEHEOBRICENC, HES M OBEEOTME LT, 2BRU4H
DTN

Aap = ZiciaCipy,  Aapys = LiCiaCiBCivyCis, (B2)

DEBETIRT YV Pap(t,x) = SiciacipNi(t,x) DHIZEND, TI T, FY v XFTLER
FEOHRFEEET, £, T INDOENL LRBOT Vi, ST VN (S DOERFOAN
NEBXIZE ST, EORSDENELLRNT I N) THDHZEBNGND, BT HADIERE
BFEXOBEHRMMEEN S Navier-Stokes HFREERZHEH7-DITIE., ZOFEBERET v VIV D%
FHENBEREN, TOREDITE, TOLED2BERPABDT Y AVPERMPICET THDHLE
BH5,

F UV LREREIICE S Th 3 eld. T YNDOMSIESN15Thsd 2 e eEk+s 13, -
FY, HETUYNVOMMERS EZEMABECL ST, 12IEbTIENTELHE., TOT
CYMIZERICE ST THDHEE LD, FlAE, 2REOEFETFICBNT, ERRDO2EDT
VMR S S Th B, ABEDT VY MIEF TR, UL, ZABETEEVESE
ik, MAEDOT U INPESFTHD, ZOZELIE, WOEIIRTZENTED, “RTZRE
EFET CHEBL L7 BE . BRIMFMEL LT, RIB1O#E L, (=1~4) [ZBT2ExFrEL

R B EEETENTEET D, TUOOMKBERD I H, UTD4O>DLPMIDOEREL
20 1 ODEMEEEDS,

Gy (n) () () e
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TDYL, 12BN TTHADT, EBIZTF UV YAOESED LEBRSITATBRIZISTH
BHo TOTEHBBET LY, FEO2MOSHT > Y VORRSITIT.

A = A = a, Ajp =0, (B.4)

DEFRADBERY LD (0 IMEEER) . BIFEAR 12 THD I L3 nhd, 4ABORKT Vv
DFE. EDREIITHR LT,

A1 = Ao = a. Aj122 = by A1112 = A1222 =0, (B.5)

DEFBANRE LN (o, bITEETER) . 2 OOMIMESNEFET B, ZOH, EHRFOZE/
FMETIE, N(B.2) DAREDT v Y VBERBNCE S L2020, ZABKTOGHE, TRXIFRME
i3, KIB.1D#h L (1=1~6) IZBT 2ERFME L RO 2 EERMFMENTFET D, Zhb
DOXPHEIZBE T DR LT, BHEEE O DML BT,

() G ) )

DE5EDTHD, ZOEBEEZLY, 2BOXNKHT Y LORSIZX LT,

(B.6)

A = A = a. Agp =0, (B.7)

DOEBRRABELND, ZHICEY., 2BEOXNHT YL, 1 2OMIKSs 2L, ZERaICE
FHThBH, -, ABORHT v I MT. FORSIZR LT,

1
Aq111 = Ao = a. Ao = 30 Ajnig = A =0, (B.8)

DRMBEV LD, 2BOT )V ERREIL, MRS N1 DOTHEIDTELFTHDZ ERG0NnD,

y Y
Nla s 7 |
. ! VG
. i %
N
SO
|
%O I
VRN
LA N
AN
/ H N,
7/ ! N\
; ! N
X X
(a) (b)

Fig. B.1 Symmetry of (a) the square lattice and (b)the hexagonal lattice

KIZ, ZRTEOHBEICHONTE R D, ZREERZHEBRIET2EREFOI L. RLAFHED
BT CH Y. TOEMMFMEE, BIB2IRTH ; (=1~ 13) BT HEER
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. I
ils r ls o ly1
| 17 / I ] \ )
SEEF . /
/ L\ N /4l
! 7 SN2 i\ 27 12
2] / S'\\\;,'é\j/ ~Tlg | TN
B R S N AN
I - S TAANN N N N R
)/ Fan 7N
1 / 4

Fig. B.2 Symmetry of the cubic lattice

REME L, SRS ERE 2 & M afgd, bche, abgh, cdef, aegc. bfhd (ZBF3 A EE A HET
H5 (K, 2EEORMFEICOVTO—FEZRLTVND), TNOLDMHERD > H, THhE
ZVED ISR I,

1 00 -1 0 0 0 0 1 0 0
0 0 0 1 0 -1 01 0
0 0 1 0 0 1 0 0 1 0 0 -1
(B.9)
0 0 0 0 1 00
1 0 010 01
0 1 1 0 0 10
DTOTHD, TORBEELY, 2BORABT v VILDOESIIHR LT,
An = Ag = A3z = a, Ajg = A3 = A3 =0, (B.10)

OBEBEHPELND, ZICXY, 2EBOIHT v Y MI 1 DOMSIESEHE 2T NS5, L
ML, 4MOXTHT v Y VDS R LTI,

Aj111 = Az = A3zzzz = a.
A1122 = A1133 = Agpszz = b, (B.11)

At112 = Ar113 = Aj193 = A1222 = A1223 = A1233 = A1333 = Agge3 = Agzzz = 0.

OB LMEOSNRNDT, WSRO N2OFEEL, 4BOXHT VY NMEFEF TR &M
BB, TDZENS, ZRTEMEPEBIETEARLMHMEOFEVERKRF THILHERTE
ANWTH, ABORFRT v Y MIEBBICE T TRWZ LB S hotz, 2F 0, ZRTEMO L

- 100 —
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DL RERBFEHANTH, BTV ADOIERREFEXOEHEMEIR T Navier-Stokes 2%
WHT A Z ENTEARND LICRD, 2O, d’'Humitres, Lallememand. Frisch4) i, %
B CRMTAMURTEBOE OIS FHRFTHD FCHC #BFEREA L., Z DR fERE LT,

B.2 FCHC #+

FCHC #F13, #BFAICBNT, UTFICRTEE~NY b (U 2) %o (15,100)

a = (1.0.0,1),  ¢r=(-1.0.0. - 1), c13 = (1.1.0.0).  c¢19 = (=1, = 1.,0.0),
c2=(0.1,0.1), g = (0, - 1.0, = 1), c14 = (0.1.1,0). c20 = (0. =1, = 1,0).
c3 = (0,0,1,1),  ¢g = (0,0, =1, —1), a5 = (1.0.1,0). ¢z = (1.0, — 1,0),
cg = (1.0,0, = 1), c¢j0 = (~1.0,0.1). c16 = (1. —1,0.0).  ¢22 = (—1.1.0.0),
cs=(0.1,0, =1), ¢13 = (0. =1.0.1). 17 = (0.1, = 1.0).  cg3 = (0, — 1,1,0),

66=(0\0‘1\ ~—1)‘ C12=(0\0\ ——1\1)\ Clgz(-—l\o\l‘O)‘ 624=(1\0\ —-1\0)0
(B.12)

FB3IZZNODEESRT bVERT, ZORICBWT, BEXRY MU 200D 7 —12400F
TRLTHD, TNODEENRY M OBEREAT(LER R WA OLHEET,

1 0 0 O -1 0 0 0 1 0 00 1 0 0 0
0100 100 0 -1 0 0 01 0 0
0010 0 010 0 10 00 -1 0
0001 0 00 1 0 0 1 00 0 1
10 0 0100 100 0 0010
0 1 0 100 0 0100 0100
00 1 0010 000 1 1000
000 -1 0001 0010 000 1
1000 1000 111 -1 1111
000 1 0010 8 T T s T N S T (R S|
0010 0100 I T T T T R I T R |
0100 0001 1111 1 -1 -1 1

(B.13)
55 A0, tnemdh, BATORD 4ok, FEERCBESEICETAEEERY, £
DRD 5 SlF, 2 >DEEMOANEZ #FLTHY . bk, iR L SKRTSHHEFO
BAEDHRRIEBEL 2o TWD 2 L0015, B OEBIT, FCHC FREDERTHY, %
nen.,

zt+w=y+z. T=Yy+z+w (B.14)
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c3¢6 c2;< cld,

c7.c10 clg 22

L

c§ Coj £2 o :
ol cs - i
c4 16 cl3 |

QTN
Slerz | / / N

Fig. B.3 Microscopic particle velocity of the FCHC lattice: The velocity is classified to two

groups for easily understanding.

THRINAMKRTEBOEEC T 2EEERFE LTS 100, - - #aZEOFAE w
FHEELTWS, FEROTBREICL > T, 2BOMHTT v Y VO IE

Ay = Ay = Agg = Agg = a, Az = A13 = Ay = Agg = Apg = A3q =0, (B.15)
DEFRERmEZ L, TOMIKDIT1IOTHD, £z, 4ABORFHT Y VORI

Ai111 = Az = Aszsz = Assas = a,
Anizz = Anzz = Aj1aa = Agazs = Agogs = Azzag = 3a.
Aaaﬂ:yzo (Q\B\')’:IN4\Q</B<’Y)\

(B.16)

DREAREMET, Lo T, 4BOXMHET v Y ME, 1 2OMIFESEFDL, ZRIZESFTHD
TEBEMNB, LEICE Y, MKTZEBO FCHC #F28BATHZ LIk - T, EHERET
INVIZBNDEERT MVOEFOMO 2 RO 4ABESHT A, ZHBICEFTHDH T L
MLy T-,

LoxL., Zhid, B FRTOETFHAEOREERAFENN, ERMMERIZIV T Navier-
Stokes AR L RDZLERLTNAEITTHD, €I T, KIZ FCHC BF LDEFHATZR
TZEEANOBRGERT I LILONWTRRT D, 9. 1 2KRTE2HL. ZRTEMOBERT, —
REDEZERBATDHIE2EZD, UL, ZREEMO 1 >OFmMEzRAHRERAL L, £0O
J5 1R DB AL D J5 (R DB G %@%Ex&wioﬁﬁ%% RITZEFMTREL, Thdk ZIRT
ZRTOBRELHRTILThREND, ZOFEOEHEN G, FCHC #&FOHEIT w FRz A
BREL, B2, w FARZOOBEEDS FIAiE, w=0w=1) 2FO2bDE&T5, £
LT, ZDOL)RURTEERICBIT S w FEUNAOFAIZEEE 52 2 WBRR A, ZIRTTZEH
DRFERRTZLETH, KN (B12) DEENY bl w HAB 2B TAIRRATHL Z &
b, HEIBRTADOxFRE, yFHA, z FRAIOEEEETR~ORFOBENL, %3 w HHOHEE
EAEL L, RFR2EMETFECARICBEIT 2 &, w HROBEEIITOEIZRED Z L0837
B, DEY, HEIRTERLFTORTHERTF RO w EBEZ, LTRRIEREEDI LIRS, £
IT, ZORRD wEEER Ko T RAER L ZREEMIIRFTHI LB HWREL 2 Y, FCHC

— 102 —



JAERI-Research 2005-004

BFESRTEEBICRET S et W), oz L% 1-506I1CH B4 27T, ZORK
BT, BAY w=0 ORFEETEEANTL w=]l ORFALBRTIENTES, UEEOA
FCHC ¥FDEEZR % AVT, BFH A SRTICEET D 2 LN TE 5,

Fig. B.4" FCHC lattice: The image shows the example of 3x4x4x2 lattice.

B.3 f&%EAl

KT T A DRLF OERIT, FEFRCTORTFEEOEOHA (FZEAD [tkoTkRahd, Z
DFf, FETRTORTHEEVEHNEZRETILERH D, Z0L ) RERAZHEKEDT
87T MIFAFALIIE, RO 2OOFERH B, 1200, ERIMORLTEE & EE% O T&
BOIMSEER LR T—7VE2FES HETHY, b5 1-20%, boolean HEIZ L - THEZEH]
DRIFEE O HRG O FREBLHET2HE WD 852, fiFOHEIE. Y0k > REZEA
HEARAT T ENTE DN, —H T A ORI FESEMT 2 EBmICKRERBRT—T7 L
NYMEIZR D, BEOHEIE, EZEAIO boolean HEDHEXEZEZZ LR TENX, v s T
LAOFREEIEE CHERMEZEO TN TE 50, HAMAREZEL LA Z e TER
Vo B OBEAEARATS L. B anrEg 10 12D pEe o rnTcEsienn, T
T, BRT—7 V%7 FCHC BT OHEEANZ W TR IR T 2,

FCHC BFi%, HERZ bV 24 FEE 1 DOEERFORES, BT A LEORTEREL, 22° =
33554432 BV H D, I Z TR THEECEHERT. BTFOMHMELERT D L, EHEUNEZEHT
& BRIFELEOMRTEIT 221 @Y. FHRANT 316273 @Y L7220, FEBICHAZIAL Z LR TE
HREZDBBT—TNEB/BDIZENTE D, BTOMPEDEZEIL, ATHO FCHC & DK
B % V7= Reduction Algorithm(100) iz Lotz s h 3,

B4 ZRFTBRFHAREETNMIEBY I 21— 3 U
T, UEIRBWT, 8B LI FCHCF 2 AW T A LT, 24107 dRE

BEREMER D (a) DAEEATE ZRTB/MRAEERET ML D, HHBERZDOY I 2L —vay
L3ECERLFABEETESED Y I 2 L—1a VORBREBNT5, BB.5ICIE, ZRTEF
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HAKKET VOER/NEEERET VOREFERX
p=12d — 12rd*(1 — d)? (B.17)

ERY, ZIZT, pliEN, dIIBRERE, r ZREMEELERERRT, ARSI, via
L= a ik o TRIELEEAOELERIRLTWS, ZORICBWNT, ZIRTOHA L FE
B, REFERXORLZEFBRICB W TEN OB EMENEHMED DT Maxwell EEER L TNAD
ZEBRBNB,

theory
measurement  *

Y 0.1 0.2 0.3 0.4 0.5 0.6

Fig. B.5 Equation of state 3D minimal interaction model: The measurement values are also

shown.

Wi, 2FBEBER L L7 60 x 60 x 60 DFFEBEFIC, HMEHE d=0.15 THFZ2—KRICD
iSHIRELTHREE LT, r =9 DBEOHESBERZE S Iab—va LR E, K
B.6IZFRd, TOMIZEWT, WHADOEHREFE LRI FEREE LTRLTNS, TOM
b, —RRIZHGA L TR FPRAICEE D, BEORRIM~OHHRZORFRALND, T
IT,.d=0151%, BB5IZBWVWT, ZBALEL 2B THY, BRI ->TWDH I &
bEMSND, |

EBI, TOETFMIE>THBETDY I ab—a 2oz, YIalb—a it
id, HERB TR oxyx2z=180x 180 x 176, RIEHIMAERERE r=9, #EEE%* d=0.07
& LT, BREMHIL, - Frx (BEVEE) HRE L, s FRAKRVy FrRAZEHER L Lz, 4
R TIE, HER T EFOERE I FEIREBORRZ AR STz, 41E. o= 0.0005 OF|
BTHRFEZEN, MB3IZRTRFHEENYZ LD c1g. cg. Ci7. €. Cg. Coq ZTNEN
€3+ Cg. Ci4. Cigs Co3. C15 “NHITETZ LIk > TEHEX T, TO/KROREALE R NIRESM %
M B.7IRT, TORICEWT, KIFEESTHOEHRERE L 2582 REME & LTEF
L., MESFAIL 12 x 12 x 8 THBA(L L, x FAPROD yz FEEDHFHEZFRTL TS, ZOK
b, ZRITR/EEERET VOSAE LRRIZ, BRI DFIIRE LT SERFPR LR
5, BEOSRFTEMRTHAREET VL LTI, BMBEEAETAnHE 1920 shcnao
HBTHHDT, BEDEHET2EHHRTH-DI01E. ZRTOFRKEEERETT VIRHE LT
TNORBPULELRD,
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t=300 t=360 t=420

Fig. B.6 Example of the simulation of phase separation using the 3D minimal interaction

model of the lattice-gas liquid-gas model

SN
-
S

Fig. B.7 Density and flow velocity distribution of the simulation result by the 3D minimal

interaction model
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18 C. HCZETNVOEBHFEXRDEH LFHEa— FOHE

ZITH, Y wESE |~y THRER TR Y < VI HCZ TS A QEBHFERD
EHIZ W TERT 3,

C.1 HEBYbENZHRNY < HRXoEH

HCZ =7 NME, — ORI TFHAA BT 25— ZHORVY = v FRRK,

of fof (E-a) (F+G)

o TV oRT

[ (C1)

DRI K> THEDBND, ZIT, fIDKFAMBE, CIIMEEE, RIIVAER, TR
. TIXERRRE, p 3EE, GIEN, F 30N FEMREERATH S, -, MzAn
Ve BRAOERER BGK ETF/MICEEBM X L X OBBERER CH D, TR
1. Maxwell-Boltzmann 4345

feq — _____B___ Xp l:_ (5"‘ ﬁ)2:| , (02)

(27RT)D/2 © SRT

ThHEALNSD, ZITDRKETHD, ZOFRRIL. UTF ORTHHERDRIC >V TOME
ERER & T, BREEICKHT 5 R Y~ HE (Enskog HH2st) 1> bW S5, HE, &
O, HT MBI AT,

. . - D S @)
o= [ 1 o= (e Dorr=[C e (©3)
EHEIND, UTRBWUREX—ETHDLTD, AR TRMBEERIIL.
F= pV (2ap + KV?p) — bp?RTxV In(p*x), (C4)

LEMN, BTSN e, EIEHITFN (HHERBRICES7) 2R LTV D, TRENOEIC
BENDIOMREIL, ThENOYREBMIHDRTA—FTHD, FIZ, x (TRFEE I HEMN
L7eBEI, KT OEEHRRZENSEIHRERLTEY,

Xug=1+§@+02%wmf+o¢mmwﬁ+~g (C.5)

CREAFETEZLOND, E-AZRFRMEEERIL,

F = —V(bp®RTx — ap?) + kpVV?%p
= -Vy + F,

L RITFREIRT Uy vy, REEACETAHOEF, Lo TEEXMA DI LHTE B,
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UEDRNVY <= ERUCH LT, Chapman-Enskog B K DMK Mach B Z#EA L., ER
BN FE AR TH D, #EHEOR & Navier-Stokes FREXZEL &

9 _

ot

o ., S

p(-—--!—(u'Vu)) =-Vp-V.II+F, +G,

. VAN pﬁ,

at
p = pRT + ¢ = pRT(1 + bpx) — ap?,
IT = pv(aV + V),
v = ART

LB, T TUrIREMERETHS, b, ALY < FRR (C1) 126D KT 0EAID,
WA EFBR (CT) KL TERENBHKEEZRLTNB D L BB, |

ZIZT, ALY FRR(CL) PORFRLY v FRRNAEHTE 2 LRNTETHHH,
BERAEICEEND Vo O, REMIICBWTIHERICKREL 20, HERENSENTI L
B, TNEERT A2, RTEESMBELK f =

g = [RT +yI'(0), (C.8)

1 (€ - @)?
(2wRIqameXp[* 9RT }’ (C9)

1
D) = =f=
(4) pf

LIEEL, & bIIEENMDEM.

Do_ 9, g,
E—t——-— at +Uu V,O—07 : (CIO)
ERTILIE T, BESNTRFAMBEE g ITHTDHRNY = T
99 . Fivee Lo ge
5t T¢ Vo= 300 =% (C.11)
+(E- ) [P@(F + G) - (C(@ - T(0) V¥,

PMELND, ZOFBERITBNT, Vi I2. & Mach OEA T LBV S A2 ME & 72 5 (D(T) - T(0)
Do TWBTS, REMLICRT S Vo DBMEMA D2 & L5 5, EREESNERTHH
B g 2 618 b5 ERWE R,

p=[9df, pRTE= [ Eqd (C.12)

Thbd, INhb, ATFoMAEEOEEICLY ., REMEOERERECHEK L, BEBLATOHEN
DEMETIMADZ ENRTEREN, FRTFAABEE»EELHEMCHET I Z LB TERL
Mol Z 81T B, L, EERBELZERELZZENE, REMELUSIOERTIIEEN—E
ThHhdHLEBRTIL, BER, REEROBEEIIIEEEHOEEDOELLNIRD, £
T, TORTHMEE i, BERERKELL AR bO0, ZNEHETHOICAVWDZE
BTEBLEEZOND, Lo TALY 2V FEK (C1) KBWT, REEH ROMEEEMRED
N AOY Wk =W

of

L4 vf=-

f=rf9  (E-a) Vi(e)
5 — (@), (C.13)

A RT

— 107 —



JAERI-Research 2005-004

EEEOHEICAVDEERER ¢ IS T2 0MEESEI XL L, BERK ¢ X

6= [ 14 (C.14)
EHEINZERNYBRICE-TEETS, LT, FHOBEIL
Ph — i
_ _ C.15
p(d) = pi + ¢h“¢l(¢ 1), (C.15)

&L HEPLDOT P> TV LREERR MEEEBORE pr. 0 SHEREEOERERO&KR/ME
Ony QICE o TEHESND, iz, FERICEEGRE %

Ty — ), (C.16)
-

LEHMTEZAZ LNRAETH B,
C.2 Z=EMoBEsib

AR OREICBNT, B CEH SN 2 >ONHBEIC TRy < FRER (C.11) &
U (C.13) %, 3tk G0 10D ok gt o THESKIL L, BT ALY = v FRAEZEHT 5, £7
WO OBEBE BT D, T & - THRIICZE R OBEBIL 2T R b B, RAY<U
B b BN EF R EHT A8, & Mach MOREH B 22 Ehb . & (C.9) & ERME
ETEBAL, FO2KROEETL 5,

2

N e
r(@) = (2nRT)DI2 © exp( _.ZRT) 1
L, Eap @ ©
RT " 2(RT)?  2RT|
b, HAEE g SEY T ERVTHESNAERONERL, %2 DT,
= [w@r@dE = [ (@) >m—ﬁﬁw5 (C.18)

—

DHTELZERTES, 22T, @) I ERDVTEE2KRTHIDT, D) IZENE X 4K
DEEAXTH D, £ T, Gauss-Hermite DFES AR,

oo dn
/ ¢(s) exp(—s?)ds _szg 8i +0(d C)
> i=1
e _O@e (C.19)
w; "‘“/_oo (Q?'—.’Ek)g[’(.’l"k)d 3
I(z) = (—l)nezzﬁe‘xz,

Dn=3%a. 29,

o0 o/ (C.20)
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ERAVWAZLICLY, [ #BEER LICHEIICRT LN TES, LoT, AR (C.20) 3K
T (D=3)DBFEDOTIZEAL, REFELZITRD &,

26
/‘P(fn{y,gz)rd‘fwdéyd&z = Z W(éamgayﬁaz)ra(ﬁ)»

o U (fa . ﬁ)Q u?

(C.21)
Fa(’l:l:) = Wq [1 + +

RT ' 2(RT)2 2RT|’

CEEELT A Z ENTE B, T T, Rl we. EEB(LSNI-MEMEE E, 13, #hEh, £C.1,
#FC2ITm7T, RCLIZBITDcliEVIRT Thd, ZOBERILIZE > TENDETVIE, ZKRET
2T HEEET NV (D3Q2T)(K C.1) THhd, ERNYHEEIT. ThEh,

b= e,
=40,
pRTT = ¥ €499, (C.22)

gq = pI‘a(zI),
ggq = pRTPa(a) - wfa(o),

CEHETRIENTE, 20 fA, ¢4 # FEHHBEEE LIEBT ALY < o FREANG, BB
SN BEE fon go DEFEIND,

Fig. C.1 Three dimensional 27 velocities lattice: The microscopic particle velocity is shown by

three groups with different speed.
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Table C.1 Descritized microscopic velocity 5—;

o é; a -‘a (e ..a
010,00 |7 |(cco0) 19 | (¢,¢,c)
1| (¢,0,0) 8 | (-¢,—¢,0) | 20 | (=¢,—c,—¢)
21 (=¢0,0) | 9 | (¢,~¢,0) 21 | (¢,c,—c)
310,60 |10 (=¢c0) |22 (¢, —cc)
4 | (0,—¢,0) || 11| (¢,0,¢) 23 | (¢, —¢,c)
5 1 (0,0,¢) 12 | (=¢,0,—c) || 24 | (=c, ¢, —¢)
6 | (0,0,—¢c) || 13| (¢,0,—c) 25 | (¢, —c, —c)
14 | (=¢,0,¢) 26 | (—c,c,c)
15 | (0,¢,¢)
16 | (0,—¢, —c)
171 (0,¢, —c)
18 | (0, —c,¢)
Table C.2 Coefficients wq
a | 041,--6|7,--,18119,--.,26
Wo |37 | 3 5 718

C.3 EfDOREBIL

WICHREIZ DWW T DBEBUL Z T2 O, BONDEFRNLY v U HRERAZGIICHRDTZHIZ, U
TOEREEZEAT D,
Fo__ _ (ga - ﬁ) i V¢(¢) eq
fa—fa 6t ZRT a (023)

Go = 0a = b5 (6~ D)+ (Tal@)(F, +G) = (Ta(@) — Ta(0))V(0)).

T IT 6 RERICET A MR (LT, BB ERE T2, ) LT B, ThbDOHT 2B f,.
Jo XL, TwEEECHBzERL OD F2L zhEn,

-

o _ _ v
Falt + byt +.6) = Jalri0) = == o - f21) - b e T g
Jo(7 +Ea5t,t+ 6t) = Ga(F\t) = _:m(ga —g%9) + 5t7__+_7-1"/’§(€a ~ @) (C.24)

- (Cal@)(Fs + G) = (Ta(@) — Ta(0)V¥(0)),
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ORHERSEXERD, JOROEHBRICENT, 7=2/6 &L, 1~ 55 = 77 + O0(5)
ERV, O3 2 EBH L, EERNERE. fL g2 AVT,

¢ = Za f—CH
P=T4Ta— 05 Vib(p), (C.25)
pRTU - Zéaga + 5t (ﬁ é)a

CEHEIND, ULORXBHCZ EFNVOEBFER LS
C4 BIFERT v EREFER

U ECRWTEHEN T EBAFRERCEENDRTFHEART v v vy L, i%ﬁ%’i&”@ﬁiﬁl%@&
ETOBREROLRETHDHDT, EBRIHER Y I2L—2a V2T 0D, Thb%
RETDVLERD D, RFERT I yaid, R (C.6) IZBNT,

w(p) = bp*RTx(p) - ap?, (C.26)

LEZHRTEY, K (C.7) TH,
= pRT + ¥(p), (c.27)

&L RIFRMBEERABRWEADEN p=pRT OFEHEE L THbN, ZoRidkiEFERICH
JGL TV, K (CHIZBWT, xidpllBT23RETHHN, TNTOEIBLA TR, F
. X0 1n kB Ly OB (p OHE) FCIARNEICENN TR Y, BIHE (p2 OHE) LK
FEBERTICICE > THOA TS, 22T, —#iZ, EoBEEL. KFEO3h EHEEN LD
FREWLL->TREZ Y, £, BRI, REFEXOBEHFICRDbNLLZ MG, 22T
W, o, REFEBREEX D52 LICE0, RITFHRT VYV OBEHERO D, HOBEEET
THAOREFERXE LTIE, —#%IZ van der Waals DIREEFEXNBHONTNEN, TN EHE
Téﬁf&ommﬁﬁﬁﬁﬁ%%ﬁéﬂfkb\::Ti\Yﬁ4®~%%\CMMM&&mMg

2 _ 3
p(p) = pRT~ (bp/i)lt(g’;//ég))g (bo/4)” _ ap?, (C.28)

ERHWD, ZORERAWZERE LT, ZORXE bp TR L., X (C.27) D x DEZZ LB L5
BETHETEHTHILIEDEEXLND, —K . van der Waals DIREEHEX p = £5- bp—ap
DRAIE, B—EETLA—BLAY, REEK 0 bIZoVTHL, REFERS, dp/dV <0 &
MAOREEFEREZELLIICTHZDIC, a=b% =b(BRT). b=4 LBRATND, Fi. ¢ L,
¢ DB E LT, EFFBERNCEZTNTVWDEOT, FEFHEICBWCRHIAT AREFERIT

2 _ 3
zﬁ¢)=¢RTl+%¢Lffz%3 @ _12rre?, (C.29)

LY, ZORITKTBH C.2 128 B Maxwell DEEFEHI2 5 ¢ = 0.02381, ¢, = 0.2508 73

Bohd, &bz, EREFEKICERDND ¢(8) 1X. ZOREFEXNDL

1+¢+¢* - ¢°
(1-¢)3

Lled, EEBBEEEIED Y(p) L. ¢v(p) =p— p(@)RT P HEBEINDEEZHAVD

1M¢)=¢RT( ~1)~42RT¢% (C.30)
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¢

Fig. C.2 Equation of state used in the simulation code of the HCZ model: The Maxwell’s
equal-area rule is represented by the horizontal dashed line. The ¢; and ¢5 are shown
by the vertical dash-dotted line.

C5 HCZETNDYVIalb—igra—RNOME

ZITE, BB TELONE HCZ EFAOEBHER (C.24) 2 AV, EBICHERICE
WTHEEY I 2 b—a &2TRIFECOVWTHREIIERT S, =2— Fo7e—F vr— MK
C3Tha,

(1) DT — & BRI
HCZ €7 VT, #tERTYA X L(z) x W(y) x H(z). SHEOEE pn. p. [UEEE R,
BEE T, RMZI7E 6;. REBRADOKE SIZET 2HF8 . ENIEE g, BHEOBRMEMRE
Ups W ERBTE R A= L LTHMICREZ ENTE, INHE2MHT—F & L TEHRAALD,
IORECLY, BTERIT = V3RTS £725, £, I TRIVIRLORAT v 7H b
ET 5,

(2) ¥~ 7 n BEGRE
MEOMMIGML LT, #RFRTOEE, E, ENEREL, EEOMNELZRTET D,
F, L (C15) OB TRATD ¢, X (C.16) b v ERET D, SOIHELBEDDD
i, BRFRICBVWT, FHRFAMERERETILERHDHOT, ZITiE, K (C.23)
2615 61D F 4y A B

(Ea = @) - V(¢)
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start

(1) read inital parameters
{

(2) set initial macroscopic variables

l

(3) collision process
@ propagation process
5 wal]l process
(6) inlet and t)utlet process
1

(7) set macroscopic variables

reach to final time step?

Fig. C.3 Flow chart of the simulation code of the HCZ model.

WX > TELRORFHMEE L T2,

(3) fEze A
T, R (C24) DEBIZE ST fon Go EEEHID, ZOK, G =pf. F,=kpVV?
ETA, £l 113, v=78RT DBERICE T, v BBRET S,

(4) LEE
WEBETEERAONE o Jo . EHAOKTADZOHEOMEICE D BT 5,

(5) BESE A BTE
BEOTFEPEI D HTONIETFRTIE. ZOBOHRFIZIE > ToMBERLLET D, HlxE,
ARG T DBR Y BETIE, SMBEROFTmERESE, $XVERER T, 2f
Bz ERRHICRIST DHEA~NAEEZEX D,

(6) AT HIEFBRE
BMAFRHER TIE, ZORAOEFRICKTIERMNMER (BE. WE, £H) 252 54
FRMERERETILERH D, LrL, ERNWEEORIIS THhY . DMEROTmIT
2T HETHD, £DH, ERMYEENLTRXTOHFMORFoMEREZHETHZ L2
TERV, TDIZEIZONTIE, £O00OXHE (7) F2ZR) ICBWTERmSNLTVDR,
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ZITEL (2) T~ 2 uEEERE OBA LRI, HAKHERORT A TOERNY
BEEFNT, 2 (C3) NOBOLND o9, 509 RHE L, ZRbEERICET 3 ME%:

(7) =7 o BHERE
ZITH, INETOREBIZBWTES INZEB T RO FMOSMBEHEN G, X (C.25).
BOK (C.15) #AWT, FEFRATOEE, RE, EHEHEL, Thonb, RORT v
2T BEISERICEN T, DAEROBMICAV A EESRERLHET S, £12R(C.16)

NHIE, BRFAICBWTEERE Y HET S,
. (8) TEZeiERE

LUAEDIBRAKT Lictk, BOICRELEFRAT v FIZEL THWRVWEEIT
DHENZRY, TNENDOBELEEYIRT,
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{8 D. BTN ARIRE T L ORERS OIS L B/ MER LD
i

TITIR BTV AREE TN OREES OFE I & BN ERICONT, ik 23) ok
DSWTEET 5,

D.1 FmEENDIFETE

BFAAKIRETNVOREENL, REAOHFHEBRFHREDERIZIEELTEY., 20715
FEFNTHD, 2O LiE, ERRAAORABENEZEERTHZILICL - TEBETX S, EHR
HOFE@ESI .

o= [ pa-ml2d: (D.1)

DFER 6 croTBAILATES, T, ZIHREOERFA. po. pi(2) 1E. FRER
BRI AR CERATRAOENTH D, HFVARIKETVOENE, KT OGHE & K IEMHA
Rlc & 2 @B EFED S E s h 5 (194762 sgmm B OB ME AL, ME L7ETo
& H A OEB B REFHEIC T 5 2 LickoTELRS 19.40), REsKETo—o0HH
LA RBE . TORTFHAOREMAREEANR CHAOK FRICERT 2720, Z0/KTH
O EB RS IMOR T FAOESHBERE L R2D, LoT, JOHBOREENL, REM
EOKFHBE BT THRRVGEDORERN L RRD I LIZRD, TUBRTFTARIEET )V
DREENDHEFETHD, BD.LIFRT r=9&r =19 DEAOEILEEORFHHH b,
IORERS OHEFEINERBRICEEL 5252 EBHND, ZORTHE, r KX VHE,
HEFEDEENKREL, 1= 19 TERAFBRE Z-oTWD, @, 20O X5 2EIRIE, Wulf
construction103) » gz h 5,

D2 FREIR OMFTRIFE T

RO & 5 2 REES OFEFEN 5554, Laplace MOBEN b REEN 2 EHT 5 = &
. BEICIETTERN D Lic D, £, R (D.1) 1K L BEHETIE, BEOKTFRMOREEND
BEBBIEICRD, £oT, 2T, REENOHEF LR L1, FEENORITHEE
FHEAREL. KEICBNT, TOFEIC L > CHE L REES & Laplace AlH 6B BN 2R
3R % BT B,

REEHOEEF L BE L, RES—>ORTHRICTTREEOREERS o) & £ OHTH
MIC b EFTRVEEORERS 0, ¥AVT, EEOREORERES o A,

Oc =)o) +aio) (D.2)
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(a) (b)

Fig. D.1 Droplets (a) for r=9 and (b) r=19: Both droplets are generated in the 600 x 600
lattice with d=0.17. The tone of the dot changes gradually from dark to light as the

density of the node decreases.

LEIDET D, TIT, qp ap i HRELTVIREICENT, TREN, o). oL B5X
L DEIEERT, HoT, WICKRELETHEIZ T ThHLEELEX D,

B AARIKET NVDENL, FLFOEE L REFEEER L 2EHERENO/BOLNDID
T, HLRICKBITHIEHEGHEELGLIZLICLVREEAZHET LI LN TES, BFRTRY
ROBHERXIX, TOROEAY OB TR TOEGHERELAFTIZ LICL-THELNS, K
D2ilH 5 RTOEBEREDOREIZOVWTRT, ZOMMNG, HDHAICKTHEHEREIT. £
DREBLRS 2r 7213 2r — 1 OBRS LORFHRIZL > TREIND Z MG MnD, ZITr
IREMEEERERTHS, 202 b, HOHBRATICHT2EROBESICK T HEDERE
WiklL, TOEBROFMEFEAEZHOHRY EOMBRBRRIZL > TREEND Z LIZR2D, 5T,
REOERN FEREZED 2r XX 2r — 1 ORIOBSONTNNERDLRVEKE,  FOHERIT,
BTIHEEFTLEEXD LN TE, TOLIRERDOERD o 25X 5. B D3 ITHRIE
FHMIZEITE R D557,
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Fig. D.2 Measurement of the momentum flux at a certain point: The point concerned is C.
In these figures, the distance of the long-range interaction is considered as r=3. (a)
The point C is neither lattice links nor lattice nodes. The momentum flux at the
point is obtained by interpolating the momentum flux on the links, a;ag, azas, and
ayag, which is determined by the particle configuration on the segments, s, s2, and
ss3, respectively. The length of these segments is 2r — 1 = 5. (b) The point C is
not on nodes but on the link, ajaz. The momentum flux at the point is obtained
by interpolating the momentum flux on the links, ajag, acas ,a1a3, a1a4, and azay,
which is determined by the particle configuration on the segments, s3p, Sia, $2, Sib,
and s3,, respectively. The length of these segments is also 2r — 1 = 5. (¢) The point
C is on the node. The momentum flux at the point is obtained by interpolating the
momentum flux on six links which surround this point. The momentum flux on links,
Ca; and Cay, is determined by the particle configuration on the segment s;, Cag and
Cas is by s9, Caz and Cag is by s3, respectively. The length of these segments is
2r = 6.
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Fig. D.3

Examples of the relation between the tangent and the segment along the link direc-

tion: T is the tangent and C is the point of contact. The segments, a1as, b1be, and
c1c2, are along the direction 1. In these examples, the case of r = 3 is shown and
a1a; = biby = 2r — 1 =5 and ¢1¢3 = 2r = 6. (a) and (b) are for the case that the
point C.is on neither the link nor the node. (¢) ~ (h) are for the case of that the point
C is on the link. (i) and (j) are for the case of that the point C is on the node. (a),
(c), (d), and (i) are examples of the tangent parallel to the direction 1 because the
tangent intersects neither the segment ajas nor bibg nor cicy. (b), (e), (f), (g), (h),
and (j) are examples of the tangent which is not parallel to the direction 1 because

the tangent intersects the segment.
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D3 ¥Ial—Ia ik AREE

RIEI D EFEERIET D720, ZOFETHRBORTEANZHE L, ZORE%L Laplace
ANzt - CHE L-REED & i1 3,

Y o) 0L ERDIEDIC, IDAICTRTHFROSEERORERIE. X (D.1) #AVTH
ET 5, WERE, MAFZEHERL Lz 600 x 600 DFERFICHRERE d = 0.17 THREEE
HEEMRLEY I 2L —a 2B WT, r=9,11,13,15,17,19 OBEIZOWTITR -T2, BbH
NIZREESAEZR D5 IZTRT,
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(a) (b)

Fig. D.4 (a) Horizontal straight surface and (b) Vertical straight surface : Both dense phases
are generated on one wall of two parallel walls in the 600 x 600 lattice system with
d =0.17 and r = 15. The tone of the dot changes gradually from dark to light as the

density of the node decrease.
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Fig. D.5 Surface tensions of the horizontal straight surface and the vertical straight surface
against the distance of the long-range interaction: The numerical simulation is carried
out in the 600 x 600 lattice system with d = 0.17 for each r.
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D.6 Surface tension against the radius of the fitted circle: The surface tension of the

droplet measured by using the Laplace’s formula is plotted and the surface tension
calculated by using the proposed method is also plotted as the small circle. The error
bars of the calculated surface tension are less than 10~2 and smaller than the size of
the small circle. The upper horizontal solid lines represent o) and the lower is for

o, and the vertical dash-dotted line represents R=6r.
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