MENTFAED ERHEHELL

Kt FIE
RER 2R ER AR, JEE 100190

WE: EmFNT, FARAEENAMNREEEHERDE, MEMEIZHFT, ZEAH
EPIMTR S ERRE, AMRASEREKIMRTHERDE. RO EEL T HE %
PTG ZIPARIREL A0 B R A PIAE S BHIERE, WA T ELENSH Re, Ma,Ca 59
PEEE &, 0, A,y XA BRIBRRIE M, T AAASELE S S IR MR B N R %, Bk
A phase field SRA L A0, ZH5 K AIETEEEORE. tEERERPMENSETRES,
Ma, A,y IZRP R HKZE00 BB L om, X dEEERREIK AW,
RRBEAREROR@MKIEZLEAR. FHEAK Re HERT, SEBHRE Re B .

KBR): BT FAESZE: phase field

1 3|

%G T, MMIBHFAMEZEEARARESERNE HERAERADE, WERBESS
AEARREH, AMEEARKNME GREt5EK 2RE IR ERNE E R T2 F A5
Eo FERMVANETHME %M T, HEEARGERAFAETERRESHEK, BFEEEE
[1,2,3] RO, THE KM TEE RS SKAZFES B HE T IFAE 55 2 H Marangoni
Xt 5 BRI A 51 AERT [4](5].

LA T RAERERER R —MmiE+e, BTREKT e SRET Ho=00—0p(T -
To) WIRFR (0o AT = To WHIRTK KA, op A—IESHD, RMEHKIHEIEEK A =mE
i, SR ALET AR M 24 i ) Him A 3, 75 VR N B RO B T, EEVRE SN LSRR
FPmE Ry, XA HRIRERE SO LB )77 A 2 B BRI S B M N BB T
z28. BMTBEREARAR, E&&AMNEF, REAER2RE, BRmESR. #F
BH 72 [ 5K /7 SRS H #4648 Jii 1] B8 77 1865 - Marangoni[6] B 5T1d, ##K 7 Marangoni X iit ,
B LAY i B 4T 78 35 50 PR 9 Marangoni if #1251 .

Young, Goldstein F1 Block[7] &3 i # B4 & M B#H T T RAKIM I, HEHTER
BEXS I ST IAE LT, R AR AT R AR TR

2U

Vyap = (PRSI D
EA U = |op||V Too| R/ 1,0 = p1/pe.A = ki/kas |V Too| RARLH mAKIBEERE RN, R
TR, o RENIERERE, FRIBESRYE T I REBENYEE, T
b5 2 IREEHREIY) B E . Subramanian 5% [8] KIEZ BB T i (<) HAEMTHE R T/,
Balasubramaniam £ Subramanian[9] BRI T Re > 1, Ma > 1 FRIRFEHREMETE, FEHEHST
TARBEET, R RN AN ST RPGARE, WA SRR E ST/ DT ERERE, BEAER
(cold eye), METIEREEFIFRARN:

_ 4h(O)Ma
T B+ 3a)2(1+ 6)2’

HEa s = /B/A k(o) BERT 6 BEMERS. N 2B RITEREKEE Ma KT A,
Ma = RUpacy, ke TR R 5 HY 2. BMAIEIB AR ZRIEZLR, MHEEHAK
WA, AMTBREZERX —F EEEHFK. Haj-Hariri[10] £ H level-set X MBI
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AT T ZEHUERRL, R T Ma < 100 BREREEHAENR, KIEHEINGHNSERCER
W, WUNT EREAR RS, WE/D TR RERAK 2, HES Tz, Brady
5 11] ERINE PR level-set 7%, BREZLIME S| 18002 X 0 AR LM 7E 32 FR X IR A U4
MIERIAT T ZHEFUESEN, R Mo 8RR, HTFHRMKEALE, TENEER, WiHE4F
AT SR MR, M Me B/, VIGBFHEASEMIEENRSEE. R, fifl
BRI E TR, WEeea HIMIEMIT A, Zhao %5 [12] 1 A level-set 1%, FH
100 x 300 HIMARHE A T Al AR LR B AT e+, EESMBE SR INE. hiTRm
Ma HAALSHmEE SR INEY, RSP0 E. Chang 4 [13]) BFR T M T KK
HRBMET ARSI N, R TEELYTIESEFREEROE W, BEREEERT
B, BEETE, WRENEREY, MkEERE/NTFE, WEENERE.

F TR AR AMEEEEALSHAM AR, W0 Zinchenko % [14], Bazhlekov % [15]. 3 H
IXLERFFREBRT Re — 08 Ma — 0 FIIER, HIEEERHRHEEALMESIIER, FEMOHH
SE o NE R . AR EE AN SRS BB N E R A BB .

2 YRiEH

0 2 4 6 8
1 PSRBT AR LR S B R

YA R E B E 1R, PR RERAEREE P R ELRR & E—#. BTN
EEE, LEEREA T, TREBEERNT, T > T. LEEEESTEEERE AP AR
Tk, BATA T 2 o LREMGEMAIRE, T 1 2R FRELK K. WTUEIRIHG
B 20 SRR M B 2

AT AR T AL SRR S AR R, BATTRA phase field BEASRALE M. phase field 1A
BN N F IS ¢ R ICARKIAN, WIEE o, ZHHEHERS v, BESREE,
EERVE o BIATRRN ¢ KR H. ERATREES, ¢ E TN 1 ERETFEN 1, ETHRN2
ERRARFE S -1, ER TR SR ERIZIFEE, SNEMESHE ¢ FIXRRA:

1 1+4+¢ 1—¢ 1 14+4¢ 1-—¢
- = + ; = +

P 2; 2p2 2p0 0 2p
1

I

149 1-9 1 14¢ 1-¢
) 7. + .

Cp 2¢p, 2¢p, k

phase field A {1 & /5 & Helmholtz & H18E, Helmholtz B H a8t 345 H
F= [ K@)+ 5(V8P)v, ®
.

b K Z SRR R R 3) PEIET—IRE SAFRAIREE (bulk energy), /E— IR A
MEEE. NPAERKI f(¢) mMEEFMEFE ¢ =1 M ¢ = -1 BBIFHAMRME. X EHEAE
B Ginzberg-Laudau HEE f(8) = (4 - &), n NERABEMRNBH. 4 K NFEH,
HR4E Anderson[16], Rowlinson[17] BB 3T, ZAMNOR 5KE T A

T=LI-KV¢a Ve, @



HEF G@bRR ab;6e;. BT FEFERS FRENIME, WTHEFERSFV.-T=0, K%
SPEPRA T2 AT X MR E S TR A
p% +pi-Vi=-V(p—L) -V - (KV¢p@V$)+ V- (uV). (5)
BIkF & SRR AT ERR AIABEREDT, AR BRI AT EHE AR
. B, BATEENEIBHIT—E5 . 5% Borcia % [18] R ¥, &IVEW K 518F
RERMEER:
K = Ko — KrT. (©)

WA K = Ky — KpT, 8T F 72 FERRE T R/ MEIX — 24 7T F 2 A phase field 5iE/E
) Navier-Stokes 77 240 :

L 2(pp—p1) do
Vod = TE’ O]
p%ﬂ»ﬁ.va = —VP-V.(KV$® V) + V. (uV3)
PRV (V)Y + f@), ®
pcp(%—l-ﬂ'VT) — V. (kVT), ©)
9 | - _ of
GtV = MKV 2] (10)

¥ L TR EIFB RN Ly (EVRHERRE, ETREMEBREE T, - ) (FARERE, L&
FALRIUR (B ¢ = —1 BOURAK) 2% pp (EARHERE, YOB RIEM Uy = F20-T0) (g
TEESE, WEATRAHTERL.

Vet = 2(102 - pl)@’ (]1)
pz  dt*
O gV = VP - LU (L= CaT V@ V')
Pgp TP v ReCa *
L * V] i * 1 * 1N2
+o Vi WVE) + VIS (Vi)™ + £(9), (12)
¥k T* 3% * * . L * * * *
PG HE VT = eV (RVITY), (13)
gfi +d V¢ = —M'n*?V* 4+ M px2CaV2(T*V24)

+M*V2(1 — CaT*)(4® — ¢). (14)

Hd Reynold # Re = ’)QZ—‘;LO RFERME SRR L Marangoni #t Ma = Lz—gfo REHSH IS #
Y2t Capillary ¥ Co = K200 REXMAHESETKAIZEL: o = 2 RFLME
S LRRAHREEEZL: pf = L RRAMMES LEELRTREREZ L b = %
RE{EZIHRY RIS BRI AT BRI, o = CCT’; RELMELHS HEETALE)
TRtz o = L, RERAERSFEREZ: MY = MKon?/UsLe & FFHit
AL . R DEHIKEYMES, MRk, ALTENEE, AT LS
5, BEE RIRINEE = p1i/per o =pi/per v =cp/cpyr A= kifke TR TEEMULIK
5 FEEMRARESELL . (HEXS 0,27L,] x [~ Ly, L,] ARG, @REME « AR
VISR, y J7 A RS AR
WIGERt 2, RESHARES, EERER 0, MHamAE 1588087540

Timo = (14 Ly)/ (2Ly), @] e=0 = 0,¢|=0 = o,
o AEMEIRELES. EEELTEREWHELTE, TEBXSF, MELTERIERHAO.

AHBH ¢ B Tacqmin[19] BISCE K 8¢/07 = 0,0(V24) /07 = 0, 7 934 F-HIHMNE F B AL [
B, WRERNEIEESR 0¢/0y =0,83¢/0y* = 0. Fz HHEL, EE 4, 8ET, HHEHK



¢ HEURBAMEIL %0 . TEAE LBMIERE N 1, TRmMERN 0. TEHMLERTEARIZ
T REET

O 8¢

Ty:Ly = 17Ty=—Ly = 07u|y=:|:Ly =0, 6—y|y=iLy = 6—y3|y=iLy =0,

"/RAERAEE, BIRA—NRYERBEEESE D, L 2 5 FRH Fourier B#, v
77 [F 5% Chebyshev B 8. BEHUGHI ATEL AT BRI EF 1, FA1FH Chebyshev-
Galerkin 773K [20, 21].

3 HEER

KIS H T REKAMEERERER, RESREFHETERERL. RO
I ZEFAES BXFE—NERE, HAREREE -~ LENS T X -SRI m. X F4/h
FHLWAK S, FKA1%EFE Re = 1,Ma = 80,Ca = 0.04,n = 0.04, M = 0.01, KEABZK
5t = 0.001, B o, N\, &y N 1. TEXEN[0,27L,] x [~Ly, Ly], L. = 1.5, Ly =3, 4
PR N 512 x 512,

FHAER A Re =1, Ma = 80,Ca = 0.04,7 = 0.04, M = 0.01, ¥ o, N6y N 1H
BHER, ER0E 2R, HTRIEAESIAFEZMGNRN 04/0y = 0,03¢/0y® = 0, KAl
EETREAERERERE, FUFLRRE ¢ = -1, THREHRE S =1, ZF0OKX
Ho=—1M¢=1KAERLIEEE L. BTELTZRRETFHMARKNBRE, FiE
Bkl FRER ARERFESE, €t =0~ L2 XA, 8RR RARE &
BN, BAEEER, FE—ABRKRE, ETREETELERS AARERENEL. &
t=12~ 4.6 IXEFE, HFRMKS, FEMNBERMERSFE, FERERMOERER
K, HFHEZREEWE, 3 LT & BMPHRAEE), E5%8EPRRERERNE, #Hin
RUG RE RENRE. 72 ¢ =4.6 2/, PETEFIRREN, BRXERE ERAERESELF
72, MR, HFREERAK IS MAE, FERERI ARG R K. B, b
N AR AR R R R AR BAE A T M iR R B A R . (BIX SRR A R R AR R TR A
FARWERIZM, FAARTEMEEHREBMHTIE. Nt =69 ~ 20—, KANTUER, EEF
S5 A IR BB /A0 M B WA S S0 iR R R 77 e R e, B AP R 2 S AL BT P A8 P
N, BRI A AN BT R RERE IR R EE R, R SRE AT RE
o

B 3ERT Re=1,Ma=280,Ca =0.04,7 = 0.04, M = 0.01, FHMEL o, N, &,vH1ER

T, ¢ =1 Mtkiznaeasik. et 20 0 R ERET ¢ > 0 K. AWE 3

v

VBB, WIEHI < 1XE, BT ARE/MNEEEERE, SHERETE. T =1~ 3K,
HEIERTAATFE, FEEE LT ERRENRS, RASMEEEL. 21> 35,
REEREERE, RENORRANESFETRE, X—BREROTNEEd S
SRR E S 3 A

3.1 Re #H9% M

XEEE 458 5, Re W4 E 5ESEFIMEHEE R NG EVHARTLLER], Re #t
R, FEMRBEES, Re #B/RESLINAT LR 507 18] E R 57 5 LT P12 T ik R
i, Re BBRKER THEERAES 2E F AU/ MNOE AR EE ARG, E3EHFE
BRREAGRENTR. GHTEERTDRALGE, FIEEFTAIEHZFLETLTREE
BISE, ME 458 SHRTLURIL, Reil/l, XERMESETRE. Lt=12F, Re=10
BES, FEEREDEELRERTFERS, T Re =50 R, XEFTONRERS. A
Nﬁgﬂ%ﬂRaﬂm%%RT,LE%TE¢%%E%%%%K¢,Rm@k,ﬁﬁﬁE%W
RELF o

3.2 Ma IS0

XEE 658 7, FERFIENELLF—E—F, BREGMNE HEXH. AR
ALKV ST et T REKTEEA, MR ARG BOGRHE, BT FR2 BRI
RRTECAHM, EREIFERSHEES, WABRGHTIRER. SEFHEREZXER
MFEES T ERYEaREME. RERKDAPE, PRETFEREEERSERERT
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3: Re = 1,Ma = 80,Ca = 0.04,7 = 0.04, M = 0.01, FHMLL o, )\, &,y N1, ¢ =1KHIK
HIEhEE AR

4: Re = 10 Bt 2118



& 5. Re = 50 Mt Bt 12

HATATBHITIE . Mo XWoREX—UENFLEEZMEANEX - ARZEEZOFEAL, &
EHRBRRMKNEEZ —IREP BB, HiHRE T RES K.

3.3 CaHHs2

FEEE 85E 9, Ca=0.01 FERATKELL Ca =002 FHR. Ca=0011EHRTt=06
FEIFRES Co = 0.02 BT ¢t = 0.8 FHEIFE 24810, X0 LLHAN Cao Hoth/)s 50 11 7E 5 50
ik, RENSEERFAE REAAL, B EEREEL R, A FEREHE
FIES B HARIA, W Co #G EREASFEAMNEGZMAKR, FEENSIGEREIT Ca
FEm. BNELETERRERD, Co BE/IERBEDEFNEKR, M Ca BEKET,
F IR B /NE AR .

3.4 TEL

B 10 E 118 T#EE A RN A mFEEE. &REARSEERMEXHIER, =05
WERRAERERT TEN2ERAEY, FEEFRAEy = 0E TS, HETEBREIAX
MEARIE, T ¢ =2 Bl ERIEERANTTTEN, TRERAER/NGRE, BFEEFma%E
y=1, W&y =048z, REMEANTEERZEARN, FEERAREGLEFER NE3IH
HREPRIEAM Y, RER/D, REVNESSTHAR/MNUEEMR S, ERET HE T RERN
N . RIS AR S TR E B RS R B, £ =055 & = 2 KR EAAR,
FREAMREGIRETIREERNA S Re X,

3.5 MMEREBL o 895

B 120 138 THIERIEL o AR FEAEETRE. o =2 BB EE B ERE
FRERERE. B 1208 B3REZRXHAN o = 21 FHE—NERBRE. WERIX—BHE
Forl, XBIRAETE =06 ~08X—. 7€ o= 0.5 FEFEL I FEER G 72 LT
H, AT FEFERRE, Mo =2 KWERTFEET THE, ROANFIEEHE T RIHT
H, Z-HEETESA - MEREEEERX.
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3.6 HESEHLL ) SR v BIF2MW

A=05, A=2, y=05, vy=2HRAENELSIENEG6. B 7JLFEREXH. &0
RISCRRIR, XS FEL MEERIRESZE S, MYHARKSEEITHERE S HIRER
EEGHERL, BE@EKIRD 0o TG, 7 Co BN, BEBHHSZRRK AN
BIEG AR T 20 . MBI RRARARNET SIS ERX — IR B F s fIR RN .
BESKZMIARNEREE, LT ERRESEHREHEREEIN 7 GRSk .

4 NG

A3 AE A AESEIR S5 T K phase field BRI GLE 73R TRIPIAE B I RR, #5607/ K
FAIETTEEE AL, Chebyshev-Galerkin 7VER#F . EREMAIAGHS ZI BIATIR AL 7247 BIRA FIAR 4 E 1)
wFa, BTN ELENSE HERL M T L5, Re #llok, 2ERMRMLY, B+
FERMFEERKKE A ETRE. Ma,\, v XELHEE S HHILTENSE 5 BT
BIVFLEM, WS E PR RRR, REOKAIKANET EREH. D TEEREX
TLEER, 2BIREE, TEARERNME, HESBRFEFEEANRERE 5 SRmN.
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Numerical simulations of two fluids' stratification under microgravity
condition with phase field model

Kaiyuan Lou  Zhaohua Yin

National Microgravity Laboratory, Institute of Mechanics, Chinese Academy of Science
No. 15 Beisihuanxilu, Beijing, 100190

Abstract: Under ground conditions, two kinds of fluids with different densities will divide into two layers due
to gravity, but under microgravity conditions, density is no longer the reason for two fluids' separation, two fluids
will separate because of surface tension and thermocapillary stress. In this paper, we simulate the process of mixed
two fluids dividing into two layers under microgravity condition, and study about the dimensionless parameters
Re, M a, Caand physical properties radio £, ¢, A, -y affecting on stratification is taken. Because change of interface's
topology is rather complex in the process of stratification, we apply phase field model to determine the interface. The
governing equations are solved by the spectral method. Calculations show that Ma, A,y such parameters affecting
the temperature field almost has no effect on the separation process, the process is mainly affected by the amount of
the surface tension. In addition, the result of stratification with large Fe is better than small Re.

Keywords: two fluids' stratification; thermocapillary migration; phase field



