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“aist”  2x—ZAI4—JLRET L (Phase-Field Model, PFM)
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e Phase-Field Modeling No4
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AIST Cahn-Hilliard Free Energy Theory (1958)

Me Interface
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¢ : Order Parameter (B Z%0) - - - E— LB REE, WHEEEOZMH %
= RE RO IEIREE (Index Function)

o(T,8) : Feth/ Lo BEBIHLE— (Double-Well Potential)
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T : Temperature Kk : Capillary parameter
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Non-equilibrium Statistical-Thermodynamics
l Free Energy Functional ¥
Pressure Tensor Chemical Potential
o¢ 0 oY
¢— é‘aﬂ + K—¢—¢ n=—==
5¢ ox, 0x, 5¢
Force balance l l Mass/Density balance
Surface Tension Local Flux of ¢due to
(B ¢ Surface Free Energy Gradient of 7
= K'J. dx|= per Unit Area i.=Vn toward Local
| 0 N Eaquilibri
X ( for flat interface ) quilibrium

Equation of Fluid Motion Cahn-Hilliard Equation
for Interface Transport

Two-Phase Fluid Dynamics

Phase-Field Modeling (Jacgmin, D., J. Comput. Phys., 155 (1999), 96-127.)
: Second Gradient Method (Jamet, D, et al., J. Comput. Phys., 169 (2001), 624-651. )
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— evel-oe
Stokes(NS) |+| Scheme.” |= NS Method | Marker-and-Cell
Method CSF model Volume-of-Fluid
Inamuro,T., etal.
plain LBM FYOAPE;‘:: Seta,T., etal.
Phase-Field ui Swift,M.R., etal.
""""""""" | T 7 [DoiM. etal(1997-)
plain-NS NS-PFM  [Jacqmin,D. (1999)
Method Method Jamet,D. etal.

(2001)
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, Lattice-Boltzmann Binary Fluid Model No.7
P oo o W (LB-BFM) for Two-Phase Flow
-and Technol
st ( for Equal-Density Two-phase Fluid, M.R.Swift et al, 1996 )

Lattice-Boltzmann Equation (LBE) for Mass and Momentum Conservation:

2/, e i
A S TS RIS N CETRTI WA ey
ot A@@B

on o ny Mg
on en, g 5"“a+5”“u“ﬁ= ’EPaz?Jrvvz(nu )+ 9 [ ;214 | for low Mach
at  Ox, ot Ox, Ox, “ox,\ ox, number

P, {nr K[¢V ¢+‘ i H%MM o¢ viczAtT A:A{i,r}z
= 3

®
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LBE for Transport for Interface and Phase Volume:

Number d it
2803 o e fx)e e, ()2 (0)] [P = | aerenee
ot 7. = Index Function

2

¢ JIdu §=0 ich :
—¢ + L =S for a state of local IA_nCh An>0
ot Ox, equilibrium [ B-rich : An <0

Chapman-Enskog
LBE multi-scale expansion
technique

Macroscopic
Equations
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Governing Equations of PFM-based CFD Method No:8
i for Incompressible Two-Phase Flow with High

Advanced Industrial Science
and Technology

alsT Density Ratio p,/p; (No Phase Change)
(Original : Two-phase LBM by Inamuro,T. etal., 2002-2004.)
Mass & Momentum Conservation Equations for Incompressible Two-Phase Flow

T ﬁiiiHLLﬂg

ot ”ax pox, pox,| |dx, ox,
EATUVIL: P=P'I+K,Vp®Vp P'=p- KpV p+~‘Vp‘ :Effective
T ¢ (¢ ¢ )/2 8 pressure
+ - . + .
FAEE: p= P 2Po . PL 2/’0 m[ ¢L ¢G ] pl——
L G
SERRE 4= g+ = o (p-pg)

Cahn-Hilliard (C-H) Equation W|th Advection for Transport of Interface & Volume
Y.y (¢u)=V-[[(HV7n] 0% oy, 'V2¢ HEERFUUYIL T(9)>0
ot 5S¢ 09 BHE

R.H.S. =0 for a local equilibrium state

e.g. Phase-Separation FDM of MUFFIN AR ZH#ES 139X 3aL—4 (for Stokes flow ) H
inOCTA  E#EEAM ¥R TS v I4—LUCI/EHT ) hitp//octa.jp
for Micro-Meso-Macro-Seamless Zooming Simulation
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ik i E S + 2EEBERunge-Kutta
Ax=Ay=1 u=v=0.1
Courant number:
ult 3
C=——=8x10"
Ax

Generally, E+V-[¢u+1’(¢)j]=0 i=-Vn
C-H Equation JLr@=r,¢ :Mobility  T,>0 :constant
In this study, ‘i—¢+v-[¢u+rﬂJ ]=0 ‘J:—¢j:—§V¢+KZ¢V(VZ¢)‘
ot
1) ‘ ‘ ‘ ‘
u 0.40% Courant number
—0.0125
- 3
‘ 203sf ]
s
p iz 0300 ]
min Ax=1 ‘ Mm— ‘
x 025755 40 60 80
Case (A) 1D square-wave propagation. X coordinate
C-HARERKIZHERE - L MFIL - R EBRHEERE
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Alst Case(B) 2D Linear Transport.
Ar=Ay=1 :

N u=v
(a) C=1.25X102 (b) C=2.5%102
0.02, T T T
y Courant number C = 125X 102 —
/>")~. 250X 102-%-

I 5
= = 50 X10%—0—
d ' Case(B) 5 10 x 10" —e—
X 8 Ar=Ay=10
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o E r=120 P e
2 .ﬂ:3 K, =01 )(’
Eg
<
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55
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SEXHK: Dimensionless time t*=tU/d
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a9 Benchmark of Transport of Interface ° e °
witghizs.  Using the Cahn-Hilliard Equations s Cahn-Hilliard AR X O R EHR R RFHIE
AIST Case(C) 2D Rotation in a Circular Vortex. AIST
Cahn-Hilliard (C-H) |04
equation Bt V(Td)= FOV~€§§V¢)—FOV-[KZ_¢V(VZ¢)]
( for stagnant fluid ) — for van der Waals c= —2a¢+(l—b¢)4 T
model,
8d
0.4f van der Waals model | 04 ! e
4+ I B s . B
S~ e Walemodd R !
c_ Ut A=25x107 ° b=l ," Y :
Ax Av=Ay=1 - T=0293 S :
= 8d — 002 . ; -2 0.35F Zmin=0265 4.8 0351 H van der Waals model |
S ‘ourant number C =2. 21— 131 - 151 - =
Schematics of computational domain. § Courntnumber © égiigfg E & max = 0405 §<0 E ! Z:}
- a0t ® » _ odl M 0.2935< $<0.3748] % ! 70293
£o01 g Yy j z :
c 2 osf[ o0 ! 12 03l ; ]
52 - — 01 !
EEBERR . [¢>0] !
F 2 0.00 i ; ‘ |
£z -10 . coon(")dinate 10 001 0 0.01 0.02
5 Diffusivity
— =
4 o B I 3 " = 001 H ) . . e - .
Cc =§_5 X 10-? C=5x%102 ) c=10" Dh‘iwnsio"lesst‘)ime l*:}gﬂd 20 Profile of interface thlckness Diffusivity as index function
Interface profile drawn as a contour line of ¢ at t*=12.5. i e=n -
D e e e Volume conservation. E-ROE—REEBBRD S5V AL REBRER
SEXM: HEME, BB, #2004, BHEH). F06-(3),2004/09/07,JSME MECJ-04 F06-(3),2004/09/07, JSME MECJ-04
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== Cahn-Hilliard 58Xz AL\ =R EBFKEE e Surface Tension Force of Lattice-
Awg":igg‘ﬁgfo;imme & > ??_ 7 w* & w Awg":igg‘ﬁgfo;imme A .
AiST awsr?  Boltzmann Binary Fluid Model (LB-BFM)
LSRR SL DRISEET SRR O REDEH N X107 3
o ] -
T (2D): § Results by LBM for £ ;=0.02
(a) BFREOHBRRAEFLENOER AP=0/R: E B e o ’;;hlegfgtical:—)
(b) BB ERERERROR S RmEs o001 s20xi07
HES) m 0. .
s BE7LTVXLGLICRERK - BSE—EICREF = I g oo 43810 A~
~ =4 0.03  357x107 o
(c) BAHE & A R B D 8 1 - Dl Bakker’s equation: é =g
L AERE YL — - 1T 0 o
ZENLERABER X —L-BEETEOAER 0'=.[ (Pv —PT)dz b L {
@ In LB-BFM, E
- - 2 T oy
—RRREEHH RIS SERADNIE o=k [?j e Bk B
-2\ Oz =
(D RRRAEIE - RERMRO ERGHELHR =0 b
(2) RERTFNE - - RAKEEQERTEZE Curvature of Interface 1/R
Pressure increments inside circular-shaped drop in 2D
LBM Simulations and theoretical solutions derived from
. | Bakker’s equation and Laplace’s law.
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AIST

=H—BROER-FHOMREY — 28 — BEDHRIHTSENDOEE —
15 : : : : : ( BAMEE21E, Ca=0.3, Re=1---M—TIRHH )
2z —— O Breakup (LBM) 4d, 4, RN ad) 4d, 4d) 2d, [~
H[Constant speed U, ‘\ x Non-Breakup(LBM) Yonady d§ 2d, 2 e 2y [
-—-—-—- Critical values (VOF) z\'/ N 2 z _E%dfi ZC z\'/ % S
Drop ‘ parallel | 10 (Jie Lietal, 2000) | « . .
plates \ 1 y 7 y Fd y
\ 1 v W ALD AT % I
Q) \ 2d, y 2d, 2d,
Ly/y' Uy J = 7 = » b p g e »
X5 \“\,\D i
Cubic mesh with L, _ Breakup
Ax=Ay=Az=1.0 Non N
x &y boundaries : periodic b.c. Breakup "EL,;\;\.Q‘ = . 1
Kinetic viscosities : vV, =V, 0 1 . ( E—{ 7 4
Mass densities : =p.=1 02 0.3 0.4
P Pp=Pc= Ca -
. . i -di i Case (A) Case (B) Case (C) Case (D)
Reynolds & Capillary Numbers : Diagram of three-dimensional drop breakup
U (d /2)1 o Upved at the capillary and Reynolds numbers. SHLEL \ Qﬂg—wﬁbtu / HBTZ
— w D _rrcEw c™Dp
k== “"" on dp =16 - H = Lol P94 ERES (RLE AR HE) ST RS (Rt AMISNE)
< F06-(3),2004/09/07, JSME MECJ-04 F06-(3),2004/09/07, JSME MECJ-04
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e H AMIC R BIRTTREDER SR (3) Wl e B AMIZEBIRTREDERHH (4)

and Technology

— TS - S RE D E AW hDEME S — ALSE & 0,035, — RAER- HRROE HRMEH —
= Case(B)
Re=1
Ca=03
‘ 0.030- Ar=0.25
e T
35[ar=0.125
=025
&

TIT

zx,0

SEXH: SEEM, SRS, HARAPHREET LERV-EAMRARICE T HREEE
DHIESI2L—2av(TE I CERMIET HF X)), #38B (2004, FIRIH).
F06-(3),2004/09/07 JSME MECJ-04
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" aist” — 2RTEILBEPICEE T HE—RE —

[x107] ‘
50 %27 0.1 B
2 77 be=125%10°
2 5
©s £1=1.0X10
82 —Th °
£ A 4.0p — Theory 1
2 o PFM
£9
53
=
=1 . m
3 é_ 3.0
X ey
H L L 1 L
(a) Pressure (b) Velocity 2. 0.06 0,08 01 o

Curvature of interface 1/R
(c) Pressure increase inside bubble.

0=4.31x104, p, Ip; =801.7, and g, /ug =73.76. (K-BREHEE )

SEXH: SHEME, ELHS, TPHASE-FIELD MODELIZE < AR SIET EF k), #iRB
(2004, #EH).

F06-(3),2004/09/07,JSME MECJ-04
Hokkaido Univ. . September 5-9, 2004
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BEL: p /pg =801.7
FEMELE: o Jug =T3.76
TRRRE: Eo=132
EILbER: M=1.52x10"2
HERR KHE=ER, KE=K
(ER - KKE, BER: dp=10mm 1)
BREH - £ TERE (E/A0° )

T T T
% i Ax=Ay=Az=1
E jn 0.8 At=1.25% 102
2 206 HHE (BA) - o, =10
280
s B (548) : p6 =1.25% 107
04 S GRAR) © 44, =1.67 % 107
2502 1% (FA8) : 46 =2.26X10°
= § . — -2
I 1 1 | . =2. :
0.0 0.5 1.0 15 2.0 i

. . . 0.5
Dimensionless time t*=¢ (g/h) F06-(3),2004/09/07,JSME MECJ-04
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FLA T - BIEFE OSBRI O M ESER

e oy (2R TPFMFi%,7K-CO, 1B )
Case(1) e E
d, =1mm S
Q
©]
(a).=0 (b) t=10000 (b) t=20000

Case(2) | E &
dy=2mm[f" ] Ao

T@L i

D % V= 96.4[mm/s]
(a) t=2000 (b) £=10000 (b) 20000 (b) =30000 (b) =34000 (b) £=38000
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3RLBHETRAHLKIZDER(2)

0.692h

1.0 o Contact of interfaces
® Peaks of pressure

(Ppax-Pp-20/R) /4 0gh
o
(=)}

o
o>

Maximum pressure increase

. . .
0.0 0.5 1.0 1.5
ights ReseBisdensionless time 1*=¢(g/h

z
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o PFM#{ES S 2L—2ay
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“EEE sRTABE TR0 )

——_ Ax=Ay=Az=

T HRESOREE. =4t o) 2OFBETRERT
—>—HORAINEZSSIITRZISREA. FELBERRFORERTEILMIL.
F06-(3),2004/09/07, JSME MECJ-04
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@ PFME &Ik 33DHEL S L—ay
e E—RERERNEOBEEE LIS REER
- BB £ < E R EE
BREHEER
EEN
P Ipg =801.7, and p /g =73.76.
BElfFREmn EREIC LS8/ NREO R
MEMEROBFOFTER
F06-(3),2004/09/07 JSME MECJ-04
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e NUMErical Experiments of 2D Wettability
/anced Industrial Science
“asr”  on Solid Surface by the PFM Method
180F T T T
)
"cﬁo 150F : Theoretical
3 o :PFM Simulation 0°°
< 120
7 o 9
i o L
id ¢ S/L 2
Solid 2 ol
.8 r
Contact angle (static, theoretical) : % 30 Wettability
— anet| Fsi¢ “Osi O ok il | I
Gy = cos { = } 1 05 0 0.5 1
l - Wetting potential v [x107]
In the proposed PFM method, B.C. o
=y (¢.'m _(AW) on solid wall | K, — ==
6, = cos [# on -
§ |
2 . .
o O Wetting potential
s = KZJ. o dz _ 5
=\ 0z 7s=1.1%x10
F06-(3),2004/09/07,JSME MECJ-04
C) Naoki TAKADA (AIST), All Rights Reserved. Hokkaido Univ. .September 5-9, 2004
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S RFBREOFELD
adancedincuerirscorcs — AR IES Sl —>avIcH T HRERBDI-HD
sz 21 —ZI4—JLRETIV(PFM) LR FRIVY T4
RENE + FLHERHEHBARERA—ZD
FEEHA R S AR A SRR W R
VILFRT =L (RE-FER) &Y ILFT4D v ACFDE

(1) PEM®DCahn-Hilliard 511, BEF7ILTVXLLELICHRBERFEORVAEOBRE
MRBERERETS.

(2) BHIRLF—MoBHENBZENTUYINERARAALZHRADESHHEXT, &
EEHIRLY—ELTERSNARERNEEICEERT 5.

(3) ZHHRLBMIL, BAMGHIZLDREDER - FPREEVIFRITES.

(4) MELOLBMIZEDERFKLINS-PFMEHEF L, &HE-REREOBR, 6— £,
HESSIUVENSICELTESNICR SEREL0TIENTES.

(5) NS-PFMEtE Fi& (L, BE LS00 —HRDHMIEL SaL—avERERITTES.

(6) PFMICEDGHE AL, BRRED BN MEEERTHIENEZTHY, BRI —HT
BEMAZERTHENTE.

F06-(3),2004/09/07,JSME MECJ-04
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i Phase-Field Model D E#k-EE
T (7)Yt : 5173 .

FHEOBL —ARDRKOBHE
e RERDNERERAOTEE LM - ERHMREETIIIXRES.
(BE7LIURLEL > REOEREECEHES CEEERLEL)
- SHOBERRRE DR (&1 S RERYETRE SRIFRE—%)
2. RILFRT—IL&RIILFI4OYIRE
L2al—Ya s
(1) REES, BEEmELESEESTRLE
e RAYAFYRILATE, KRN (BRE - RS S ILER)
(2) REIMEOBERELE OB
o FREE L R ERR

F06-(3),2004/09/07,JSME MECJ-04
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P
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MEERE XHHPE HPRNRERER - RE{RETREE
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