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Study of Phase Separation Using Liquid-gas Model
of Lattice-gas Cellular Automata

Kenichi EBIHARA, Tadashi WATANABE and Hideo KABURAKI

Center for Promotion of Computational Science and Engineering
Japan Atomic Energy Research Institute
Tokai-mura, Naka-gun, Ibaraki-ken

(Received May 29, 1997)

This report describes the study of phase separation by the liquid gas model
of lattice gas cellular autorﬁata. The lattice gas cellular automaton is one
model for simulating fluid phenomena which was proposed by Frisch, Hasslacher
and Pomeau in 1986. In 1990, Appert and Zaleski added a new long-range
interaction to lattice gas cellular automata to construct a model, the liquid-gas
model, which could simulate phase separation using lattice-gas cellular au-
tomata. Gerits et al formulated the liquid-gas model mathematically using the
theory of statistical dynamics in 1993 and explained the mechanism of phase
separation in the liquid-gas model using the equation of state.

At first this report explains the FHP model of lattice gas cellular automata
and derives fluid dynamics equations such as the equation of continuity and
the Navier-Stokes equation. Then the equation of state for the liquid-gas model
which was derived by Gerits et a! is modified by adding the interactions which
were proposed by Appert but not considered by Gerits et al. The modified
equation of state is verified by the computer simulation using the liquid gas
model. The relation between phase separation and the equation of state is

discussed.

Keywords: Lattice-gas Cellular Automata, Liquid-gas Model, Equation of State,
Computer Simulation, Phase Separation
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1. @dioHic

AEBTR, MTTAEAF— b= b 2 AAESESCET 288D W TR T 5. &
FHRAEAF— b= b vid, BERNZEETH T hic, BN AREE LR > b F2EEL.
HHEOLRAHRICH - T, BENARECET2RBRES C Ltk > T, HEOHRKRE
BEFAEL, ¥ 32— a v T BRI ADOTHDL, BT AEAF— b2 i,
NFEH%O L 5 ICRF - A FREER S FETR RV, A F1 21 208EKL 5T,
SEMIC Sk HAT o b HTE, BOHERNCiHRT 2 C b TE SHEREEE Y I =
L—vavd bt RHMEL TS,

DFEIIRIC X SR TFROBNE, BT - TOoHE2E—-FECES-THI b 0T
D, FORER. PECHEEORYET C LA I NS, TORE, REOSH TRERITT
LB, FHET M TORPEECGESY 5 C EHEREN, Thick- TR UL THED
BN A ERERHE T C L NTIBEE 2 B, EECHEREE - AT DA EDRT
AR A R ABSROBRTHBEE £ b, L L, BEOCFHEEOMRETR, 2R LD
HTRES T ERTEAVED, BEOCHBENAYERYHAT L C L2 FHCWNETE S,
F LT, ERHRTH BEAY, DTFHIENARS ORI 2 Lol BEAERFETS S,

FURTRE ORI, R IC, BN A S CEH I hARS FERLHE#C X > T, iE
IR itk oThEhTnd, Navier-Stokes HFREAR, KREA RS HERAD 1 2T
»b. —BWIC, WHHERR, B, PINERRET It ko TR ND. LEL &
A TR ORI S. EROEL ZHEOREIC X > TER T N 3 2T OB OZ G
Rt FIHED AN L A B 7, FRICY - THbWARS T Ak E LAV TN ER
HoTwbORERTHD,

ATEAEIC B IRET R Navier-Stokes FER XA WA T, T, AREHDH T
OEFIC L HHAESE . 2OAKOROFEI SR TRE LABRRERTCE 2 b DL, AT
Bkt h R DBREONTFORSABEERTHS & LERENARSTK L3 DTHE, &%
DEH . ERNEFhEFTHH 55, $ABRREFLET L INHLTH L, £TT HEDE
BT, thZThoBERPVENL, BEOFARS B T5C L2 ML LATFERO—28, B
THREAF— b= b v THE, COTETH, HTEIEOLS L, REERTLET - HF
DEIEC T BASLC LR, BEENABRRERT C L5 TE MECFEOI B L bl
REEH LTS 2w, HESIC Y ->T, KNSR TS C AR A Do T i
B R FUAR T OB % SHET 2 TETH 5 . BHCHEERRAOFNCEZ/HID > I = L —
vavkfTARS T EMNAREL RS,

AEECE, BEH R EAF - b= bv & LT, 2OHEEMIRICE » T, Navier-Stokes 75
B EHTCEL b, MEEED Y I 2L—va YHEABETH S & TR T 5 Frisch, Has-
slacher, Pomeau € X » T#IE& & FHP EFACDONTCHRINT 5, Ebic, 2o FHP €7
A LTy B2 AR TFRHERE2EAT S C bk o TR, RET AN
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MEOEDMOFRC D WTHET 5, REKBWTIR, B FHAerd—t~< o FHP €
TFTALDWCHET S, FITWTHE, BTFHF R eAd— = b v OEEREICEWC, kol
BEAX G Navier-Stokes FBAOHEHEZRL, BFH A et — b= by C Xk 2FERZD -
Ial—va e LTESELY 54 5, F4ECR, BF O FHP =7 000 L CRESHER
VEFR*BAL, RTFEEOEY K22 2OE~O L v I 2 v — v a v T EXEET L EREN
T2, Tbw, FOVERECEN HH FREEE OB LCERWICEH L., XokRes
B I 21—y 2 v XS TREFT 3. B, AEEER T LH 5, Ak, AHEETH,
SRR [2] KR BT R e ad— b b v RBUCKRTH A LT B,
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2. FHP =71

AE T, 2K FHP = F Ao wTitkT 5, B FHFRAOEF AL LTH, FHP =7
A X b BT Hardy, de Pazzis, Pomean i€ X »T, [EAHTERAWLTFE (HPP €7 1) 256
w14 T, L LAMND, HPP 74, SAHMEFHRET, pORBEARERY
St c ke S, BEOHKESAETEFA L LTRATDTH o7 COREEMRHL, &
DEECLICESPEFEF AL LT, 1986 i, Frisch, Hasslacher, Pomeau €& o 7T,
ZEER TRV FHP £F AR S i, EFRTCX 2 BHoSE TR, SRR
LonEL FRTEORTECEE I NG, — 7, ZABKTICED 2ETEHOFETE,
AT, B 6 HoRFEORFALEINE L D, DED, 1 DOBTHRFED
@E&éﬁﬁ%%ooikEﬁ%?fﬁ\MTKﬁﬂéﬁﬁ%ﬁf®ﬁ¥®ﬁ%ﬁwﬁ\@f&
1@ﬁﬂ$&ﬁ¥%ﬁﬂLk%ﬁﬁ,ZEE)L#Ebﬁcﬁﬂf%f‘%@kbﬁ%@ﬁﬁm
AL WRBEAREEYF-CTLE 5. LaL, “HEHT TR, SHEamEIltaE
5 L ATEETH D, HPP =5 ACRONDS L5 ARBEARARE R (T T EBFREL A
%, DI, FHP £F A2 wTHEL LR %,

2.1 E&E

RO S, 2RI ERNET BRTOEABIZAHTHY, 1 DOBFRICEDDT
EROHAPEE - T b, BAWCHEE,
/3

o1 : 3
xij = (i+ 7{(-1) — 1}, 59, (2.1)
YEED, CCTEDFA X 4X 5 OFED x;; OFIRE 2.11CR T,
rok 5 AR FORTFEOEHEIC, A1 2o TFEEREL. ththokl-fid,

¢; = {ecos[2m(i — 1)/6], csin[27 (i — 1)/6]), (2.2)

OREEREO LT B, CCTy | REEOHEXETRTTHY, 0¥kl 1 20 6 TTEW
5 (B022) BEE jc| = ¢ THE, HRPAIC L > TR, BE O D o = (0,0) R F, 2%
DT EREE LT e R TR EAT S LD ABETH Do

COLSIELIT LT, Bt COSKTH x KBF5 i HAOKFEE ni(t,x)(=
lor0) 2RLAZ L &, ROKHEFERE.

ni(t + 1,%x + ¢ = ni(t,x) + Agfn(t, x)], (2.3)

PEFC ERTE D, LTy Adn(tx)] iy HBEZ ¢ TRFS x ICBT B RTOERIC X
% i HAOHTHOELRE L. 1. 0, -1 DWTFhiaiEd, coREREONL, HEE~7
M A O IO T A R X A B & ST COERED 2 DORIEE LI 5 T EBTE
Zo DED, HAT v THICK FORELERPIET 5.

i3__
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2.2 HEFEH

C i, fibd L ek FELoEEcET 2 Bl o w TR T 5, B THACEWT, iR
HANE, BFECBT 2R FRORE n(t,x) = {n(t,x)} €T, ZOBFETOEEERD
RREEPRETLHAICHE, L-T, EfEPICR. LTOXSKE T EHTE S,

Ain(t,x)] = Z(s;- - si)a,ssw(t,x)H (1, %) n,(t, %)%, (2.4)

5,8 7
2T, z=1~-z THH, s &, TRTNERIRUTEREOR TR TORFOREEX
FTHETH L, 2% 0, BFHTORER, 0 2 1 OBUTHE s K- TRIIHNB. Io
Ty s, B 1 E2B 0%, siF 1 &0 OMABELE s= {5} THD: £, ot x)
B s B ORAE ' ~OBBTIRETH Y, D a,u(tx) =1 £ T. CORRERET S

ﬁ%%#ﬁ‘@%@ﬁ&fﬁ¥ﬁﬁﬁgﬁﬁﬁ&ﬁTét&fééo%%?ﬁ@%ﬁﬁ@ﬁﬁi
I, BITOERES 1 & Lk, (2.2 K%L v, TEHNEPHES 258, b Eh
BRURGRONEERT 2 HERS L, EHtER, BHROMBRCHINARFI X B> TR AL
AW ETHY, FREGRCOCTR, LR FREVEHBEUAORGENFELENT
ETHB,

chong&ptrERL T, FEFOEEEAIZETE, ToHERACI - TR OBDET
ABREINTE, Fh b, BE 0 ohiT230F, EBHlofHE2ERET 5 REROHA
T#%3 FHP-1 £F A, HE 0 O F2E&D, Lo,k eT 2 A T2l £ 3 ~<TE
A7 FHP-II =54, #OHEEA FHP-II £5FA4TH 5, 3bic, BERE2OEE 0 ¥ 128
B7 FHP-IV =544 4B INT w32, 3 ) B THEW2OABEE RN AT
LEF B, F, ThLOEPERAR., ERFACEENLLRFORABICL T, 6y %
Fr (FHP-1), 7 ¥y F®FA (FHP-II, FHP-III), 8 ¥y FEFA (FHP-IV) LIRS
¢4 55, FHP-1, FHP-II, FHP-HI o2 £ oBEREMEE 2.3 WRd. coMTl,
TE (4] KiEv, N BEORIEOH TFH. x & v & 2hZh x HofFiRic 2 20«
. v HEOEBRIC 5 2B LERRL T b, COMTH, BRAMZEETE ZRT
HOARAET PR R ESTE 3480 L A VISP oRIEE “No” | EREAIEE
ST 2T HOREY “IU CHELL. 3 bic, ARREKHL. Th b o REFM-CEBIEC
3 EREL, REHFRCWHSR, HEFOREOTTEBN/RCL CEERL T b KBS
#£7 pattern OWORKTIE, BFEEFDLLELT, /3 T r/6 BEELTBLRLEFALT
PRBOBTH B, Fe, BWECE - CERFREDRERX 3 0FHE, 1 DOMRIER 1/2 OBESE
THLD &5 LA L DORBICHTERT 2, KRB 2oBF R, | SoRBRETMTOR
BE~EBT 5, CORBOBERCO-TH. Lito X 5 KlESORET 258 0ft. EBRTO
BEEIC T LT 1 D0BBHORIES TG 4 358045 5, BiFid nondeterministic, #&¥E
It deterministic & it %,

T, FHP-I, FHP-II, FHP-II @ #h FhOBZERIC D W BT 5. FHP-
1, SHERHEL. RHARAFELE T ACEEENID S b, S ROERBRAICERE
Twvd, 2% 0, 200N TOIEHEERY 3 2O TOHETH S (K 2.3); HPP £74D

_4_
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%O<5%ﬁhwﬁmfﬁﬁLfLi5oOibxfﬁﬁﬁ?mﬁmf%ﬁﬁﬁ%ﬁﬁﬁﬁb
ns, v, HPP EFATRANRSLTE HTEARPoK 3ﬁ%®@%7§:1§]\?’5 cricko
<. TR FORBETORTRE RS T CLHFTES 3

Hmil%f»f@\FHRI%?»K@%&(m&mEEOQﬁﬂ%iﬁfﬁ\mmpM‘
ticle DR TV 52, AREHRTH “Eg b R WS T L E T2} EEALAEETATSH
50C®%wa\FHRI%?»®%¢§%®@K\EHPJ%?»@3&UZH¥@%K%¢
ﬁ%%%ikﬁ%\%mﬁ%m10@%%%@%?5&%%@@&%@?@50%K\@&ﬁ%
i 1 o oRITAEZRT 5 HAE, ﬁ@BH%ﬁ%&ﬁﬁm‘K%ﬁ&%ﬁ%%ﬁb%<%%ﬁ
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@%u,sﬁ?ﬁ%lbﬁcbk?mkb\Fmﬁ%%ﬁh2ﬁ$@%u\3ﬁ¥ﬁ%lbﬁ%
P BB RARE & < FreHTE DL, B3I Z-rhii 505, {2 |- i+ O bulk vis-
cosity oATECHRT . |

FHP-UI =541, f?it*ﬁ%%)\i‘bfc@%@ﬂﬁ‘é&iﬂalﬁ"{f%‘b 7r 5 A, collision-satur-
mwwmmm&énfwéot®@ﬁH\FHRLPHRH@%%E%%@@L\éBK\%n
b@ﬁ%@dmﬂ%mokﬁ%%%infméodml&u\%?ﬁmkwf\ﬁ%wééﬁﬁ
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y“ont X4 Xo4 X34
Xo3 213 X2 X33
02 12 22 X32
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X oo X0 X 20 X3 ¥

Fig. 2.1 The triangular lattice of the case of 4x5
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Fig. 2.2 The direction of velocity at one site
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Fig. 2.3 Collision rules of FIIP models
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3. BEfRMAHEXOEH

KECH, HTH 2 CORTHEFREREAOBFED L ERK 2R EHEAT BN
s L, COBTH AR EACHERRE LT 5 C L oRYEMRT 5, T, B
By Lo, MPHECEDEBHREOMES O R, — RN CHEER XS EROHRA L
Navier-Stokes HRAOHBOR L ¢ L 28HRETH 525, MEEHF PRS2 EnstfTd
LEHERDERRET 2 LB TER WAL TH DL, HURORECE, 2 20RFHEEBED T
R <, R AREER, % ) EERAIOFEICOL L AL BELED 5o

3.1 BT AR OB TIZERIRR

BTN AOR TR MENAR 2 RAHE, cOonNTRORERER. 2 1 2oWRE,
b OB FERE DRI EE LTS, — M, HLELICET 55 5%D | SO L RE
b, FORLICEFORYFETEHNAWERFHE L AHE, toHERCEFELY (/1K)
HBEERTLES. CO/ A XDHRERL TRV E, BROFEEZL DL T L HXERICH A
Khh - HFETH 5,

T e, HEHIECEIEHEI hOTRSCENTED, DE D, HRLTDIFERE
EHRHZERENCE VT, 2OIEROD S 1 DORIEOTRC 5 SR E K 7B CRESMBIH)
OESEEESY . Liowville HBERXA HLEHE L, £OKROREDFHEEEE T, ERSLEH
WASERLHET A LA D, &, BTEE L NOKTHAROMEZERTD ks, 5
LAREEE s() = {si(x),i = 0,1,---.b— 1,x € £} ¥ L, ZDRABOMZ] ¢ TOREIE
P(t,s(-}) £33 2, 2RESHOIRIRER, Liouville A,

P(t+1,85'()) = Y P(t,s() T Als(x) — s'(x)), {3.1)

s(-yel’ xel

TEEND, LTy A{s() — 5() Es KB s hORE S ~OBBHETHY ., J Als —
sy = 1,Vs L EHIEE R Tnd, & By milx) — nilx - ¢) TERINLIEBEATTD
%, CORRE-TLORLREMEHWT, HIEAOD LRKTHTOMIPFI S Wk
W ON(1,x) LEE p(t,x) L#EIR p(t,x) &,

-Ni(t':x) = (n:‘(f,xn = Es ﬂi(f,X)P(t,S(')), (3 2)
p(t.x) = 32, Nit,x), p(t,x) = pult,x) = 22, c, Ni(t,x), -

LEE 7, e CIRTHCEG AHTHRODHEEE L LT, T/, BT HARORERE
B HRoEE .

Ni(t+1,x +¢;) = N(t,x) + {A;[n(2,x)]}, (3.3)

Yhhe T, BRTHETOMFRODAICHT 5T Boltzmann FEXTH 2.

i8__



JAERI—Research 97—043

3.2 FRRIBOR T

EARM A BRI R, ROFHRE»LOThERICEKI-THELL 2KTE D,
T o, %4 LitoksTF Boltzmann FERTE S h b ROFHIREOL {5 KDL,
SERARIE DB T NI 3y FHERIET S 5 7cd OB b 2 REMH (An(x, )]) =0 & Als —
&) i3 B HEEFMEO D v (semi-detailed balance) D& T, Als — &) = 1,Vs' 2HEL
T E¢HMTE, .
J’qu = - exp(h Tq Ci) s (3.4)
r a3, coC. h RU g B FREFRKTFRRERCEHRREEAREHEL L LED

Lagrange OREFRETH 5. BEKRIICIT,
p=_ NI pu=3 N (3.5)

iy bk oq i BEp $BE u oML, K (34) Ot Pauli oFHE LML T 5
1 5347 % &3 Fermi-Dirac 5347 2 im—oRE LT, COT &R, EHFROETME
B EDBTHRIE, BR1OTHECEpbELRTLTHD,

3.3 gk RS oEH

rcv. CANARKITEABERLEL HK, BTO220REXE
(1) 3% u(t,x) B, PEET D,
(2) FHEBEfFRL, RERCHEATHANEWET 5o

(1) DEER. HREO X 5 ARk ERDE VT cThh, (2) OERER. BT TR
FLAWCLETHE, 0D, COF{RER, Navier-Stokes HFRATIGRCE Sk sgR L

THCEREHT S,
FEo (1) OEEX D, w0 "B NE 0T, b & q RY NfT % u CHRETED, O

YE, N BAY 7 -TETHECLEBRLS b & q
h(p,u) = ho + hgu® + O(u?), (3.6)

a(p,u) = gu+ O(w), (3.7)

YR B C L ATE By & b ICTHRIEOKI T N (b, BE FCdT 8540 N RU
IR IO B0 NG I3 LCs

NE = dl e, +G(d)—bi{62' + bels Yuoug] + O(u?) (3.8)
NP = [ +62bmcz-u =) gty Oal Mo 8 ; 3.
e bt 3 ‘
NGt = dll - Gld) el + O(w), (3.9)
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EETY 5. CoT. ZBEckT 3BT owTiE, Finstein o2 HvCnwd, cDk
%\ Eﬁﬁ hDy h‘?: 01 ﬁ\

b b meQ
Z Cia = 0, Zciaciﬁ = _D—éaﬁa (310)
i =0 i=0

PR (35) RS C X o THRE LA, CTTh REHTHICHLETE DHTH, b BEE
YEOKTFOR, b, FEIEEFORTHY, b=b, +b AL, FHP-I #HTHR, & =6,
b, =6,b =0, FHP-II, Il EIRICHE, b =T, b, =6,b, =1, THb, 7. D BHRD

Wt d ik BEEE p/b,

D?1-2d c?
G{d) = SA 1_d’ Qias = Ciatig — Bﬁag, (3.11)

TH5,
KiC (2) DFRED D, FORBMNARE | c6d 2R TOFHBEHTE A ©HTH % Knud-
sen ﬁm%%l,ftfj\é &%ﬁ €~ )\/l X éﬁgﬁ%%iéo %ﬁ?ﬁﬁ%\ %Fﬁﬁ%%

B, = €8y, + €20y, + O(%), Ox = €dx, + 0, + O(e*), (3.12)
DX 5K, A TRTOTERFH Ni(x,t) &
Ni(x, 1) = NOx, 1)+ eNV(x, 1) + O(e2), (3.13)

w5 B+ 5, Knudsen i, Z0ROEHMMNAE I CHT hFo FEEHTEDHT
BB, BIHAREEL DS, FTHERTRAETAB OB, RoFBNARS3EOKT
DIAREELBCEETE D, COXS5CRASE. B AfBRERARARZHER 7 —1T
ZBE¥rrEILbNh,

1. By — - @ K o CEERREE A~ O FEFEEE
2. B R — ¢ KBWTHKD X 5 AEEEL ¥ o,
3. Bfifiar —n 7% KB CHAEES

KEXHB S, COBEPL, € KX BRI, £E 27— A B (Chapman-Enskog 2B °)
YEER D, Eh. N EERE NT THY, cor e LR (3.5) b,

S se, YN =o, (3.14)
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Table 3.1 Viscosities of FHP models

viscosity | FHP-I FHP-II FHP-III
v 1 1 11 1 11 1
e 12 d(1-d)7 28d{1—d) 1—-4d]7 28 d(d—1) 1-8d(1-d}/7
v _1 _1 _1
P g F; B
y 0 1_1 1 1_1 11
b B dli-d4)f 28  98d(l—d) i-2d{1-d) _ 28
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Fig. 4.1 Long-Range Interactions: The solid arrow means the site occupied by particle

and the dash arrow means the hole site. The interaction length is denoted by r.
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Fig. 4.2 Reduced density vs. pressure for two cases with 3 interactions and 5 interactions
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Fig. 4.3 Reduced density vs. pressure for the modified equation of state in case of r=0,

5,7,9and 13
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0.15 d=0.22

d=0.44 d=0.51

Fig. 4.4 Visualization of simulation results of phase separation (r=>5, 98x98, FHP-III} :
The white pixel means the site with 0 particle and the black pixel the site with
7 particles and the gray pixel the site with 1 to 6 particles. The reduced density

is denoted by d.
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d=0.29 d=0.36

d=0.44 d=0.51

Fig. 4.5 Visualization of simulation results of phase separation (r=7, 98x98, FHP-III) :
The white pixel means the site with 0 particle and the black pixel the site with
7 particles and the gray pixel the site with 1 to 6 particles. The reduced density

is denoted by d.




Fig. 4.6
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Visualization of simulation results of phase separation (r=9, 38x98, FPHP-1I) =
The white pixel means the site with 0 particle and the black pixel the site with

7 particles and the gray pixel the site with 1 to 6 particles. The reduced density

is denoted by d.
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d=0.15 d=0.22

d=0.44 d=0.51

Fig. 4.7 Visualizatien of simulation results of phase separation (r=13, 98x98, FHP-II) :
The white pixel means the site with 0 particle and the black pixel the site with
7 particles and the gray pixel the site with 1 to € particles. The reduced density
is denoted by d.
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