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Abstract

This research proposed four methods of extension of the Lattice Boltzmann
Method (LBM), which extend single-component (single-phase) model to miscible
multi-component (multi-phase) model in LBM, and verified validity of each method
through study of its characteristics and mechanism.

LBM is one of the Computational Fluid Dynamics techniques, which is based
on the Boltzmann equation and analyzes fluid dynamics by calculating kinetics of
virtual particles. By simplifying kinetics of particles, LBM is able to analyze fluid
in mesoscopic (both microscopic and macroscopic) scale. Therefore, LBM is able
to simulate fluid more accurately than traditional techniques using Navier-Stokes
equation, so that it enables to analyze complex fluids such as multi-phase flow,
porous media flow and so on. LBM has many ways to simplify particle kinetics,
which are called as ”Lattice Boltzmann (LB) model(s)” in this paper. Since LBM
has a few dependencies between variables and low calculation load, LBM may be
implemented similarly on workstation and massively parallel computer, and work
best.

There has been proposed many multi-phase LB models, however, these models
are mostly hard to increase the number of components (phases) or to analyze
thermal fluid. Therefore, this paper proposed four extension methods of LBM,
which derive miscible multi-component LB models from various single-component

LB models. There shows outline of these four extension methods.

1. Multi-Component Extension Method (MCEM)

0 MCEM assumes each component has the same (averaged) velocity and

O temperature at equilibrium state in order to consider interactions

00 between components. MCEM has a limitation that single relaxation time
O of each component, which is related to dynamic viscosity and

O thermal conductivity, has to be the same (or almost same) value.
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Mixture Multi-component Extension (MME)

MME assumes mixture of each component has the averaged material
properties (excluding density) of components in order to consider
interactions between components. MME allows the different single
relaxation time of each component. In a state of thorough mixing

of components, however, material properties excluding density of each

component are set to the averaged material properties. Therefore,

O O oo oo g

the detailed analysis of each component is hard to be achieved.

Multi-component Interaction eXtension (MIX)
MIX assumes the component with the slowest relaxation time to equilibrium
state rules interaction between components, to consider interactions between

components. MIX allows the different single relaxation time of each component.

I s I I I S

MIX is able to consider friction heat, etc. through interaction.

REaction Multi-component Interaction eXtension (REMIX)
REMIX is an improvement of MIX, which is able to refer to density variation

of each component by chemical reactions, etc.. REMIX is able to solve the most

o o O

complex fluid among the four introduced methods.

This paper verified the four methods analytically and numerically, which proved
validity of each method. From numerical analysis, these methods are validated to
simulate convection and molecular diffusion of components simultaneously, which
is hard to simulate by the traditional techniques. Moreover, from benchmarking of
multi-component LB model by REMIX on massively parallel computer, REMIX
was proved to have linear scalability.

These results show the four methods are effective to obtain multi-component

LB models.

v



1.1
1.2

2.1

2.2

3.1
3.2
3.3
3.4
3.5

goboboogon

gbobooogooood
gobooo
212 000000
2.1.3
2.14
2.1.5
216 0OO0OOODO
217 LBMOOOOOOO
gbooboogooood
gboooboooooood
222 0O00O00ODO
223 0O0OOOOOOOOO

211 O0OOOOg ... ...

2.2.1

gobboboogooboboood
gbooboooon
gooood
goobodgd
gboooooooood
ooooobo
3.5.1 OO

11
11
12
13



3.6

3.7

3.8

4.1
4.2
4.3

4.4
4.5

4.6

4.7

5.1
5.2

3.5.2 O0O0O0 ..o 25

ODO0O0D0O0O00 .00 26
3.6.1 O0D0OOD0O0O ... oo o 27
3.6.2 O00OO0O0OD0OO0O ... o o oo 30
3.6.3 U000 ... 35
N I 36
3.7.1 00000 .o 37
3.7.2 00D0OODO0ODO0ODO0O ..o oo 37
3.7.3 O0O0O0O ..o 40
3.74 0000 ..o 40
OO0 . 47
gbbboooobbooodoabn 48
8 48
8 49
8 51
431 O0O00 ..o oo 51
432 00000 ... 51
433 0000000 ... s 52
I I o4
8 56
451 0000000 ..o oo 56
452 0000DO0O0O0O0O ..o 58
I I 61
4.6.1 O0O0ODO .. oo 62
OO0 . e 66
gobboboogoobboouoooobo 67
I I 67
8 0 68
5.2.1 OO oo oo 68

i



5.3

5.4
2.5

2.6

6.1
6.2

6.3

6.4

6.5

6.6

5.22 ODODO ..o 69

023 O0ODOODO .. o 70
I 72
0.3.1 ODODOO ..o 73
0.3.2 O0ODOODO .. o 73
533 UDODODOOO ... ..o o o 74
I I 1 P 75
UO0O0D0O000 .00 78
551 ODODODOOO ..o o 78
552 UOD0OODOOOODODO ... o oo 80
8 82
5.6.1 ODODODO .. .o oo 82
5.6.2 ODODODO .. oo oo 82
5.6.3 ODODO ... oo o 85
gobbboooobbbooogbboboo 86
I I 86
8 I 87
6.21 OO ... 87
6.22 OO0 ... o0 o 87
6.23 O0O0OD0OO .00 89
I 92
6.3.1 OODOD ... o 92
6.3.2 O0O0ODOO ..o o 92
6.3.3 UO0O0ODOOO ... oo o 93
I I P 94
8 97
6.5.1 O0OODOO ... s 97
6.5.2 UO0O0ODOOO0OO0O ... oo oo 98
I I 100

il



10

6.7

7.1

7.2

7.3

8.1
8.2

9.1
9.2
9.3

10.1

10.2

6.6.1 ODOOO ... .
6.6.2 U000 ... ..

gooboooobobodod

OO0ODO0O ..
711 ODOO0O0O o0
712 00O000OOO0OOoOooOOobooobooO o000 oL
OOO0OD00O0 .. e
721 2D/v0O 00000000000 ... 0oL
722 2D21v0O0000000O0O0O0O0 ... 000000 ..

g
ODOO0D0O0O0 .00
OOO0OD00O ..

Appendix A ODOOO0ODOOODO0O

OO00O0 ...
OO00D0000000000 ... 0o
OO0D00D0OD000O00O00 ...

Appendix B FLUENT 0O 0O

OO0000000 ... e e
10.1.1 DOO0OO0 ..o e
10.1.2 OO0O0O0O ... 0 e
10.1.3 OO0 .. oo o
OO000D0000 ... e
1021 OOODO ...
1022 OO0ODO ..o
1023 ODOOOO0O ..o
1024 OO0O0OO0OOO0O0O0O ... e e

v

106
107
107
107
108
108
110
111

112
113
113

114
114
114
115



103 OO0 ..o e

HRN

goon

goboouoogooo



1 10

L] [

1.1 O0Oood

gboobobooboobbuoobuoobbooboobbooboobbo
gobogboobooboboobbobo.bobobbo-oobbobboobon
gboobobobobobobooo,boboboboboboboboonon
gob.buoodbbooooboobboodobbbooobbooobn,da
ggbobbbbooooobbbbbouoooobobobbooooobbobb. oo,
gogobbbbbbuooooobbbbbouoooooobbobobboboadao
gobbuooobbuoodgbb.oo,bbuooobbuooobbooobboo
gogbbbuooobobbooo.gobbbuoogobbboooobbboog,d
00000000000000000000000O00 1).

gbbogboobbuodgboobobuoobboob,gboobobuobobo
000000000000000000000 [1]. 0000000o0ooooo
gbbodbooobuogobboobooo,goboooboobboobobo
goboboogobb.ogb,oogbbooobbbogoobbuooobboo
gbobodpmdboogooog,buogobooogbbogobboooboo
gogbooogooo.



1.2 00000

0000000000000000000 (00,0000000000000)
0000000.000000000000000000000000 (23800
0000000000,00000000000000000000000000
000000000000000.00,000000000000000000
O [4)jp)6)]000,000000000000000000000.

00000000000000000000000000000000000
000000000000000000000000000. 00000000
00000000000000000000000000000000,0000
000000000000000000000000000.00,000000
000000000000000000000000000000000000
00.000,000000000000000000000000000000
0000,0000000000000000000000000000000O0
000.000,000000000000000000000.0000000
000000000000000000000000O0D,0000000000
0000000000000000000.000,0000000000000
00000000000000000000.000,000000000000
00000000000.0000000000000000000000000
0000000000.00,00000000000000000000000
000000000000000000000000000000000000

00,00000000000000000000000000000000
0. 0000000000000000000000000000,000000
0000000000000000000000000.



1 2[]

Jooooboo

Oo0o00o0oO00O0(LBM)DOO0OO0OO0OO (70000000000 00O0OOOO
go.LBMOOOOOOOOODOO0OO0ObOObDOobDOoOobOobobobDoobo,
goobobooobobobooo.bobog,bbogbooobobobooobbod
gobobooooboboooboboooobboooobobooooboboon,
LBMOOOO0O0OO0O0OO0OO0OO00O00O00DO0bO0bOO,0b0b0oboboobooonog
gooobgo.

21 OO0Ubootdooguod

211 0o0ood

LBMOOOOOOOOOO Boooo0BGKOOOOOOOO (2.1)000
gogboobuoooobood.

Of(r,e,t 1
‘ﬂ&e>+evﬂn&®+avJ@ﬁiﬁ=Uﬂn&ﬂ—fhﬁiﬂ (2.1)
T
fre,)000r,00¢000000e0000000, f4r,et)000000
0000,«0000,-0000000000.LBMOCOOOOOOOOOO
000000000000000.0210000000.0210000000

00,000000000000000000000O0O0 (boOoO0DoO). ™



21000 0000000,00000000C0O0ODOOOOOOOOO (00O
O000000). 0000LBMOOOOODODODODO0OOOOOOOOOOO

Collision at position r Particle tracking between At

O 2.1: Collision and translational movement of LBM

go,LBMO0O0OOO0OOOO0ODOOODOOODOODODOOObOOObOo0DbO
gobboog.go,boogbboouilgobboooobobooobobbod
gooobogob.obg,LBMO0O0ODOOD e U

_Ax

- = (2.2)

€si

gogd. obb,xgbobbbbb,sbb0b0000,:000000000000
O0000000oooooooOoOo,00poooco000O(LBE)00O0oOO.

fcri(r + em'Ata t+ At) - foi(r7 t) = 71_ [f;g(n t) - fm‘(ra t)] (23)

000, f(r,t)D00 r,00t000000 e, 00000001, f4r,t)000
0000000000 (0000)000o

2.1.2 000000

ggobbobbodoooooobbobboooooobobbobboogo
O00[12. 0,0000000000000 (Az?2000 Az3)000000000
goo.

IBMOOOO0OO0OO0OOOO0 (0D0D000)0D0000000,000000000000000
oboooooobooooooobo.



googo
00000 p(r,t) 0000000000000 OOOOOOODOOOO.

p(rt) =3 foilr, 1) (2.4)

goooog
000000 p(r,tu(r,t) 0000000000000 OOOOODOODODO.
O00,u(r,t) 00000000000

p(r7t)u(rvt) - Zfai(rat)eai (25)

00000000
D0000000 p(rt) ¢ +e(r,t)) 000O00000000000000
02000. ¢(r,t)000000000000 (000000)000000000
0000000000000000000000000000000000. O
000000000000000000000000000000000000
oos.

2(r,t 1
ptr.0) |25 4 et = 3 gt e, 2.6
O, 0ddobooo,odoobooooooboooooooooooooan.
e(r,t)
T = 2.7
wy=" .1

0oo,T(,)00000,C,00000000.

2.1.3 000000

ggobobbuooooobbbbouoooobooobooooob. og,
gogoobboobobbouooooooobbbbobooooobbobboogd

00,0000 (00000)0000000000000000000000. 000000
gobobobooboboob,0obobooboboobooboobobooboboobo

00 (00O000oo0o0ooo0oUoooooooooooon).
‘0000000,000000000000000000000O000O0D0O0O0O0DOOOO0

000,000000000000000000000O000O0O0000OOO,000 (00)
gbooooooogoonDo.



0000000000, SHouOOOO2D9VO0O0O 90 00000000O0OO
gbooobgoobonD.

fol(r,t) = Ay + By (€4 - u(r,t)) + C, (€4 - u(r, t))2 + Dyu?(r,t) (2.8)

O0OO0e,00000000000000,000000 (Ay,B,,C,,D,)00
0000.0000000.0000000000
00000000000000000
0000000400000000000000

OO0LBEO Chapman-Enskog 000, 000000000000000000
00000000000
0000000000,00000000000000000000000,00
00000000000 00000000000000000000.

2.14 0000

gbobobogobobodg,bbuogobbuoodgbbooobbooobbo. o
g,0boggobobboooobbbuoodgbbbuooobbboog,bbod
gogboboobuogobboboooo.

215 0000

IBMODODOOOOOOOOOODOOO (MD)ODDODOODODODODODODOOOOO
(10)0000000000000000O0000OO. 000, LBMOOOOODOO
000000000 000000000000000000. 0000000
0,00000000000[11)0000000000000000000050
goo.

gobobooogd
oobo0ooboboooboooD,d22000000 Bounce-BackODOO DO OO.

iLBMOO0OO0OOOODODDD,00000000000000000000000000.
‘0000000000000000000D000000000 (0000000000000

000000O000oO0) 0000000000000 0ooOooUUooOOoUoOoOoOooO.

6



Bounce-Back U OO DOUOOODOOOOOOODOOOOOODOOOO,00000
00.000,00000000,000000000000000O0D0O0O (OO
Oo0o0o0)0o0O0. O0,00000000,0007T0D0O0O0OOODODODOO
gooo.o,boobooboobuoobooboobooboo.

u(r, t) |BOUNDARY =(0,0)

T(r,t)l pounpary =T

4RI

O 2.2: Particle reflection of no-slip boundary

ggbobobuoggobbodao
ggobobboogoobobo,0230b0b0o000gbobooooogg. d
gobbobogdg,bbogoobbbuoodbbbooob,buoogbobboo
gbbodgbo.gbbodoboobobuoobbooboobbooouobbo
g.gboo,gbbuoggbbooobbuoogbboogbobbuooobboo
Oo00O.00,00000000000000000U,0007T'O00000O0O0
gogoboooboo. Oo,bbobbbuoooooobobbooooob,bobodgd
gogbobogoboboboood.

u(r, t)’BOUNDARY = (U,0)

T(r,t)| povnpary =T

IS

O 2.3: Particle reflection of slip boundary




googo
gboboooooooooooobobobobobobobobobob. o
2400000000000D0. ODDOODODDOOOO,0DDO0ODOODDO
gbooobogoobo.

7 |

0 2.4: Periodical boundary condition

2.1.6 0UO0OOO

LspMUOOOogoooooooooooboo,0boobooobooboobon
googob. obog,LlBMObgoboooboobbooobuooobooboon
gobobogob.buoggbbooobboooboooobobobog,bod
[BEOOOOOODOOOOOOOOOOOODOO [17).

2.1.7 LBMUOOOOOOO

O250LBMO0OO0OO0OOOOOO,D0D0000O00DOO0DO0ObDObDOD
gboobog.boobooboobooboon.

[

:gggbbbd bboooobbbuoooobbboooobobbooo.

Y

gbobbood bogoboobobuoooobobbuooob,booooboobo.

w

gbboboood go2b000boud0boobboobodgboobo. onob
gbboggbobboboodobbooboboodobbuoobboodobo
goooo.

s

goboboooob oobbbuoooboboboooobo.



:0000b0ob0ooboob0 boooLBMOOOOOOOOOOOODO,D0OO0
gbogoboboobooboboobo.booboobobbobon
gboooobgoo.

:gooobo0o 040005000000 0b0obDoo0bOobOobLOoo,un
gogoooo.

: J000000((@QoO0O0) OLBEODDOO,00000000.

:gggooobo bobboooboboobbobbbobbbbobobobbbbbo. 0o

gbooobooooboob,o8y:goboobuoobbooboboobon
gb.o0boLBMUOOOOOobOOooboobobooobooboooboo
gopbooobood.

:goooboob boooboooboboobobo,04 00bboooo
gboboooobg,0o0bgobobooboyy:oogboooboboo.
g,0bbdgoobbobuogogbbobooooobbbuoooobon
goooo.



1: Definition of physical quantities at initial state

2: Calculate equilibrium distribution by equilibrium equation

3! Substitute equilibrium distribution to initial distribution

»

A\ 4

4: Calculate local macroscopic quantities

L

5: Set boundary condition

L

6: Calculate equilibrium distribution by equilibrium equation

L

7: Particle translational movement

8: Particle Thrusts Boundary?

YES

8Y: Particle reflection or periodical boundary

NO

9: Flow Field Converged?

9Y: Output data and exit

0 2.5: Flow chart of LBM algorithm

10




22 0O00O0O0OOOOOOOO

221 0O0O0ObOOUoOooOoooo

IBMOOODODO BGKOODODODOODO, 000000 -r0DbO0OD0OD0ODOO
gogogoobobobbbobb. oooobobobbbobobobbbbooooooad
O.0,00000000000000 LBEODODLOOOOOOODO.

j@@+eﬂAut+Aw—(1—i>ﬁxnﬂ+iﬁﬂnﬂ (2.9)

goog,LBEODO0OO0obOoooboooboboooobooobooonog
ggooboogd.

00000 (r=1)
0OLBEOOOO-=10000,000000000000000000

Joi(r + eqi At t + At) = f7(r, 1)

gbog,bgobobbobbobool1boobooboboab.

000000 (r=o0)
0LBEOOOOr=0000000,000000000000,0000000
000000000.LBEOOOOOOOOD R00000000.

fUi(r + eUiAta t + At) = fai(r7 t)

r=o0000,LBMOOODO0ODOO0ODOO0OOODOOODOODO.

00000 (r>1)
0LBEOO r00000,0000000000000.00,00000000
0o

fai(r, 1) foi(r,t) = (1=1/7) : 17

11



gob. boobboobboobbuoobboob ~O00bO0O0O0DbO0O0
goo.

000000 (3<7<1)
OLBEOODOOOOOODOOOOOOOOODOODOOO,00000 1000
0.500000000000000000.00000000000000000
0D0000000000000000000.0,7>1000000000 222
oooo.

222 0O0O0O0O0O

Dieter A. Wolf-Gladrow U 0 OO O0000ODO0OOO0OOOOODO 700000
0000 (1300000000000 00000oUoUU0. bobooooo
O LBEOOOODOO.

Foi( + €D, E+ AE) = foulr, 1) — i [Fur,t) = £9(r, )] (2.10)
0dodooooooo,LBEODDODDODOD0OD0O000ooooooooooo.
ol + 88) = foult) = - [nlt) — £2300)]

gd,bbbbboooodgbbbbbouooooob,bbodooodadgn pe, U
Oob0Upgbbbooboob nhooboobooboboooooboooooooo
gobooo.

foi(t) = f(po, Ug, Tp)

goo,bogooboo.

fuilt + A8) = Fot) = = i(t) = F (70, U, To)

At00000000000000000000 f(p, U, Tp) 00000000
00,

12



|f0i<t + At) - f(p07U07T0)| = (1 - j_) |fdl<t) - f(p(]?UO;TO)'

000.t+At00000000DO (DOODO)0DO00OOOtOOOOOOODOO
(000D0)00000O00000O00S 0000000000000 O0O0On.

| foi(t + At) — f(po, Uo, To)| < | foi(t) — f(po, Uo, To)|

00,00000000, |f(t+nAt) — flpe, Up, Ty)| (nO0OOO00D0)000
000.000,0000000000070000 |1-1/7/<100

T> - (2.11)

gogo.

223 0O00O0OO0OOOOOOO

LBEOOOODOOOOOOOOOO,000oooooo (ooooooooo
000)0000000000000000000000O0O00000. 0000
0002000000 [13]000.

gooood
Ovon Neumann OO OO0 OO0O0OO0OO0OO0O0OOO0OODODOODOO.

At
Umax| - <1 (2.12)

O00,At00000,Az00000, |Upe| 000000000000, LBM
000,0000000000000000000000000

|Unax|

man(e]] < 1 (2.13)

000.000 jmaz(e)) 0000000 0000000,

‘000000000,0000000000000000000000000.

13



gogno
gog,bobbobbooboobgoobobbg.

At 1

vy000000(00OO0000OO0)000000oO(DoooO)oo0. LBMOO

gobobobobooobbogbbuogbboobboooboboobob,oboo
gboobdooLBMOODbDOO0bOOOobOOobDOoOobooobooobg.

14



1 30

Jooobooobobbooddd

gbobooooboo LBbobobooooo LBoboooooooboboog
gogoobbooobboobbbbotbodoooooboboboobbboooogd
good

3.1 ODOO0Ooooooo

IBMOODOOOOCOOOOODOOOOOE.G.Flekkgy, R. Holme O, S.Ponce
Dawson 0000000000000 O0O0O0O0O0. EGFlekk¢gy 000 O0O0
000000000000 000000000000000000000000
000000000000000. 00000000000000000000
0. RHmeOOOO0O0O0OD0O00000O0000000000000000000
0000000000000000000000000000. 0000R.Holme
0000000,000000000000000000000000,0000
000000000000000000. S.Ponce Dawson 0000000, 00
0000000000000,00000000000000000000000
0000o000oo0o0ooo.

00000000000000!00000000. 000000000000
000000000000 000000000000000000000000
000000000.0000000000000000(Q0000)00000

D0p000000000000000000000O000000000000A0.

15



0000000000000000000000000000000002 00
goobobbobbougoooobobbobbuodooogobobobobouogd
gbbodbog. obogbobuoobbooboobboobobooboono
gogoobbobobbbodoooooooboboobbb. oo obbobobboad
gogobobbobboboodooooobboobobboooooooobobooboboboood
gobboooooono.

gboooboobboobuooboobbooboobboobuoobbo
gbogbooboboboooooobobo.obobobobooobobon
gogbobobodood.

3.2 UOOoon

000000 (Multi-Component Extension Method, 00 MCEMOOO )OO
g0 LBbOd0obodbo LBOoobooooDbooboobooboo. boobg,o
ggdgguobbbobboooooag,bbbbbbdoooooobbbooboo
godd.oobddduooooouooooboooooobob,obobobobooooon
guddooododoooooooo.bo,douoboouooboobooooon
O.00dboobooobooobooooor-obsb0,b00b0O0ODbO0ODbDOO
0 (LBE)OOOOO.

f'r'oi(r + eUiAt’ t+ At) - frai(r7 t) = [f'r(r’i(r7 t) - if:gi<r7 t)] (31)

1
TT

Jooi(r + €5 At t + At) — fooi(r,t) = [fooi(r,t) — i fpd(r,1)] (3.2)

_1
)
000 At00000,7,,00000000000000000000000

00000000, f(r,t), frri(r,t) 0000000, 00¢t000000 e, 0

000000000 ((0O0e¢000000,i000000). 000000000

00000 (3.3),34),35 00000000 (00m000000000,m=r

2S.Ponce Dawson 0000000 NOOOOOOOOODOOOOODDOOOO (N+1)00
goooo,0oo000ooboo0oooobo NODOOOOO NDODOO,D000DOOOO0DO.
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000 m=b).

= mem-@’t) (3.3)
Pm (I‘ Z fmaz eO’l (34)
)| S5 0] = X 39

(00, pu(r,t) =000 [wn(r,t)] =0,e,(r,t) =0000)

000, pp(r,t) 000 r, 00 ¢t000000 mO0OO000, uy(r,t)0000,
000000000 mOOO00OO,e,(r,t) 0000,000000000 mO0
00000000000. 000000000000000000000000
00000.000000LBEOOOOOODOOONONOOOOOOOOO0O000OO0
00000000003 0 (3.1),32) 0000 if9%(r,t),if(r ) 000, 00
t00000000000000000000000000000 (0000)0
oo.

00,000000000000000000000000000000000
000000000000000000000000000.00,000000
000000000000 (3.6),(3.7),(3.8) 00000

Z{fm t) + froi(r, 1)} (3.6)
p( Z {frm + fbaz( )} €oi (37)
plr. ) [“ L ] >3 1) (1)}, (3.8)

gbobobodgbuobbobuoobobuoobobuoobobooboboobo

gbogb.dobobooboobobob LBobobobooboobobobon

S000000000000000000000000.000,00000000000
0000 r00000000 Afri(r,) 0000 if % (r,t) = f9(r, ) + Afroi(r, ) DO D

ol
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0000.0000000000000000000000000000 ngi(r,t)
gogobgooboobbob.

Ngi(X:1) = i f1qi (X, 1) + i fogs(r, 1) (3.9)

0(390000000000000000000000000000000,
000000.00,000000000000000000000000000
000000 (3.10),3.11) 0000000,

ifrai(x, 1) = ngi(r, t)py(r, 1)/ p(r, 1) (3.10)

ihyei (T, 1) = ngy(r,t)py(r, 1) /p(r, 1) (3.11)

gboodo,bo0b BOboobboo BOoooboobooobobon. d
b LBOboboboOobooboboob LBEOOD, D LBEDODODODODOO
gogobbbobbbouoooooobobbobbbouoooooobbobbboogd
gbLBpbgobodboobooobgooboo. og,boboob LBOodbDOOO
goboobgooboobob,oboLwBoboobobobooboon.

3.3 Uoooood

gogobbbobbodoooogobbbobbodooooobbobboogo
oooob.o0o,0b0o0ooobooogoooobo f, t), fid(r,t), 0000

rm( boi

00000000000000 f"r,¢), ff<r,t) 0000000000000
oooooooo.

froi(r,t) = frgi(r,t) + fr5 (r, 1) (3.12)

fbﬂi(r7 )7 bm( )+fZ:7€zq< r, ) (313)
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00,000000000LBMOO0OO000 (3.14),(3.15),(3.16) 00000

Zﬁfb) 0

(3.14)
Eﬂf&) 0
Zf;ff( r, )em =0
(3.15)
Zfl:byezq( r, )eaz =0
Ztﬁﬂ,)izo
(3.16)

Z 3 fioi (. t)es; =0

00,000000000000000000000000000000000
Afroi(r,t), Afroi(r,t) 0000000000000,

Afrai(r’ ) =1 TO"L(r t) - fregi(r? t) (317)

Afboi(rv ) =1 begz(r7 t) - bec(rlz‘(ra t) (3'18)

gb,gbbodboobbuogbboobuoobbodboobbuooboo
gogbobobuoooobbooooobooo.

Z {Afrm _|’ Afbtﬂ( )} =0 (319)
Z {Afrai(ra t) + Afbai(ra t)}eoi =0 (320)
S Ao, + A fui(r. )}, = 0 (3.21)

gb-ggbboodbb,gbboogbbuooobboobobooodgr-og
OO0 p(r,t) 0000, 00000000000000D0C0O000ODOOO0O (3.3)
gogboboooggbood.
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o0, t) = Y if () (3.22)

00,0000000000000000000000000000 p%(r,t)0
0000 (3.6)00000 (3.23)00000.

p(r,t) = E:{Zrm( t) +ifpoi(r, 1)} (3.23)

0000000000000 0000000D0 (324900000,

p(r,t) = p(r,t) (3.24)

00 -000000000000000000 (3.9),(3.10),(3.22),(3.23) 00
(32400000

pr(r,t) = {p(r, }'25371 pr(r,1) (3.25)

000,000000000000000000000. 0000000000
00000000000000b0000 pf%r,¢) 000000000000
(322)0 (325000000000,

Py’ (r,) = po(r, 1) (3.26)

0 (3260000000. 00000000000000000000000000
00.000,000000000000000000000000000000
00000000000000000.0000000000000000000
000000000000 w4 (r,t)000,0 (3.7),(3.12),(3.13),(3.15) 0 O (3.20)
00o000000000000.

p(r, tyu(r,t) = ZE: {ifroi(r,t) + if5i(r, 1) beoi

20



frai(ra t) + Afrai(r7 t) - fneq(r’ t)

_ Z ey roi
+ fooi(r, 1) + Afroi(r,t) — £, 1)
= p(r,t)u(r,t) (3.27)

0000,000000000000000000000000000000
000. 0000000000000000000000000000. 000
000000000000000000000000000000 &%(r,¢)00
0 (3.8),(3.12),(3.13),(3.16),(3.17),(3.18) 00 (3.21) 0000000000000
oooo

pea(r, t) [ oy cea(r, 1)
=3 plifrai(r,t) +ifigi(r, 1) }er;
& | froi(r,t) + Afroi(r, t) — fr(r, t) (3.28)

5 P froi(0,0) + A fogs(r, t) — fre0(x, 1)
= p(r, 1) [*ED 4 2(r, 1)

gobobuooobbuoogobboodobbooobobooobb.booono,o
gobbboogbobobuoooobboooo,buoggob,oogoobobod
gogbobuogobobobooon.

34 UO0OO0OOOOOOOO

gbogboobbobboobogboobuoobooboobobob.bo
gobooboobobbo lBEobooboobuoobooboobboobo. o
g0o0000o0OO00OO0OO0OOO0OO0OOO,0000000UOOOOOO (31),32)0
gobbobuoooob.boooobbbuoobobbboooobobboooob

e

fmi(r + egiAt, t+ At) = <1 — j) frm-(r, t) -+ lra;_(r’t) (329)
1 P9 (p

ﬁﬂu+emAaﬁ+Aw::@:—T>ﬁm&¢y+z“in) (3.30)
b b
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000000000000000 ¢(r,t+AH)00000 (3.3),(3.6),(3.22), (3.25),
(3.26),(3.20)00 (3.30)00000000000.

pr,t+At) = ZLMM%+Aﬂ£Mﬁ%+Am

o)

_ Z{fm’( t) + fooi(r, )} + — Z{z roi(Ts 1) = froi(r, 1)}

o) Tr o,

+— }E: {ifpqi(r,t) = fooi(r, 1)}
= Mnﬂ (3.31)

0@33)oir,n0000000000D000CDO (332)00000000000.

P (r,t+ At) = p(r,t) (3.32)

00 320000000000000000000000000000000
00000 ,n0000000000.000000000000000000
00 wO00000 (3.7), (3.12),(3.13),(3.15),(3.17),(3.18),(3.29) 0 0 O (3.30) 0 O
oooooooooo.

p(r,t+ At)u'(r,t + At)
= Z {frai(rat + At) + fbai(r7 t + At)}eai
= ; {frcri( ) + fbcrz( )}em + Z {Afrm< ) - f,ffff(r, t)}egi (333)
+o 2 AAowi(x,1) = figi'(x,1) }eoi

= e (e, 1)+ §{2hadet | dttei))o,

Tb

0(3.33) 00007 =700,0000001/7,1/7,01/7, 00000000
000 (320000000000000.000,00000000000000
000000000000000.00,r#£7000000000000000
00000000000000000000000000. 0000000000
0,00000000000000000000¢00000 (3.8),(3.12),(3.13),
(3.16),(3.17),(3.18),(3.29) 000 (3.30) 000000000 O.
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,ﬂnt+Aw{mﬁﬁfo+f%nt+Aw}
= Z %{frai<r7 t + At) + fboi(rvt + At>}egl (334)

= p(r,t) {{u(r;f)}2 +e(r, )] +Z {Afm rt) | Afioilr, )}e?n'

Ty

0 (33400007 =700,0000001/7,1//,0000000000
0 (3.21)000000000000.000,0000000000000000
000000000.00,n#7,000000000000000000000
0D000000000000000000000.00000000000000
000000000000000000000000000 (000000 7,7)
000000000000.0000000000000000000(0000
00)000000 (I, —n»|~000000000000.

3.5 OOOOOO

gboboooboobobuoo NDOObOoboobobooobuobbobo
gooob.obooobo,NODbUOobooboobuoobuooboobooo.

3.5.1 00O

00000000000 NOOO0O0000O0O0O0O0O0OO0O000000000
00000000000.00,00m00000 fu(r,)00000 £9,(xr,t)
000000 /() 0000000000 (3.35000.

mot

fmai(r,t) = fri(r, ) + frge(r, ) OO (m=1,2,3,...,N) (3.35)

ggoooooooobo,ooobobbbbbboodogg »r=100,0
(3.35)00000000000.000,00000D0A0.

fmai(t,1) = fri(r, 1) (3.36)
0(336)0000¢,i000000000,0 (3.3)000000000000
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go.

pm(r, 1) = pri(r, 1) (3.37)

0@336)0e,,0000,i000000000,0 (3400000000000
goo.

pm(r’t)um(rvt) = pfg(r?t)uig(rat) (338)

0000 (3.36)0 2,000 ¢,;000000000,0 (350000000
oooooooooo.

(r,t)

pl(r,1) l“mz +e%(r, ¢) (3.39)

+dn®]=pﬁﬁi)[m

000000000000000000000000, 00000400000,
gogbboouoooobbnbOboooobbog.

u’(r,t) = u(r,t) (3.40)
Eig(r, t) = E(I‘, t)

000, ua(r,)000&r,t)0000 (0000)00000000000000.
0000,0 (3370339000 m000000000,0 (3.40)000000,

plrt) = 3 pitlet) (3.41)

u(r,t) = 2= ¥ == (3.42)
N e
Zl em(rat) _ Ng(r’t)

N - (3.43)

gobog,bboogobuoobo NODbOooDDbooboobboobooobobo
gobooboogag.

‘Do0D0000O0O0O0O0O0oooooo.
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3.5.2 0O0OOO

goboboooobooNOOODOObOOOobOOoboboboboobooogoon
gbogoboobobooboboo.ob,bobbobooboboobobon
goooooboo. ggbooboooboob,oobboou=000,10
00000000000 Ap0DOODOOODOOOO® O,00000,00000
gogbbobuoooobbooooboon.

)oooooooo
000000000 Ap()J00000D0O0O0O0O0O00O0OO0O0OO.

Z foi(r,t) — Z foi(r + e AL, t) = Ap(t) (3.44)
DD,DDDDD& (00O r)D&]DDDDDDD cO0O0O0O0O0OOOO,
me-(r, t) =p(r,t) =a (3.45)
LBEDDDDDD,DDD’DDDDDD.
S Foiest) = S { (1= 1) Ul 1) + fle + ety £ = 1))~ fe, )}
" — Ap(t) (3.46)
[l (3.46)D calU000000O00OO0OO0OO0OO0OO (3.47)DDDDD.
a—{(1= 1) (@ e+ eqdit,t = 1)) + ia} — Ap(t) (3.47)

0,0000000,0 347000 Ap(t)yD 00O0DODO.

i)0ooooooo

000000 ((@Or) 00000 -000000,00000000 (00 r+ey)
gbobooooooobsooboboboboobob. 0boobobon
oooooood (r=7=7) 000000000000 (D0r)0O0D0OOO
b etdnnbboooon,

Z { froi(r,t) + fooi(r, 1)} = p(r,t) = p.(r,t) = a (3.48)

S00000,0000000000000000
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000,0000000000 Ap(t)D0D0D0O00O0CODOOOODODOOOOODO
gooobgo.

Z {frai(ra t) + fbcri(ra t)} - Z {fra’i(r + eU’iAt7 t) + fboi(r + eaiAt7 t)}
" " = Ap(t) (3.49)

LBEOOOOOO,0b0000ooOg.

frai(r, ) + fooi(r, t)
(L=2) | +fmilr + et t —1)

4 fooi (T + € AL T — 1)
+2 (froi(r,t) + fori(r, 1))

Z {froi(r,t) + fooi(r, )} — Z

— Ap(t) (3.50)
o 0000000000, 0000o0ooooooon.

1 1
a—>y { <1 — T) (a+ pr(r+ e, At,t — 1) + pp(r + At —1)) + a}

o) T

— Ap(t) (351)
00000000000000000 pr,t) = po(r,t) + pp(r,t) D000 O,
1 1
a— Z{(l _ T) (@ + p(r + egs ALt — 1)) + Ta} — Ap(t) (3.52)

o)

0000 (347)00000000000000000000O00O0O0O0OOODOO
gobboooooono.

3.6 UUugogogn

gobobooooobuooobobobooobboooobboooooboobog,
gboboobbooobo,boboobuoooboobboobooboboobbo
gb.0ooooooooooobobdobobobobobobobobobn
gobg,gobogbobobgoboobooboboboboboooboooboon
gogbboboda. g, bbuooobobboooobbog.
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3.6.1 UOOOUOOOO

0000000 00000000000 Shuling HouOOOO 2D9VOOO
0000 Q0000000000000 0000,0000000ooooo
gboboboobobobobooboboboboob.2bovobgoon
0000031000 (3.53)00000000o.

€,y ey €5
e
14 e
2 12
€x €3 €y

O 3.1: Particle Speed Limitation of 2D9V

ep = (0,0)

e = [COS (%) ,8in (%)]

ey = V2 [cos (% + %) ,sin (% - %)]
(i=1,2,3,4)

(3.53)

209V 0 000000000000 354) 000000000000 00O.

[1 Su?(r, t)}

TL?Z(I’, t) - [1 + 3(812' : U(I', t)) + %(eli : 11(1‘, t))2 — %uQ(r, t)} (354)

ngl(r,t) = 5 [1 + 3(ex - u(r, 1)) + S(ey - u(r, t))? — 2u’(r, t)}

00,2D0v000000000000v0ODO (355)000.

At (3.55)

‘0000000000000 00000000O0O000000000O0O000O0OOO (0O)0O
0000oo0o0O0oUoOo0oUoo00 (oo)yooooooooooo.
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00000000000000000000000000000000000
000000 (3.55)000.00,000000 pO000O0O0O0OOOOOOOO
0000000001000 PO0000000000 (3.56)000007.

At (3.56)

00,00000000000 00000000 LBED (3.1),(32)000.
00,000000000000000000000. 00000000000
0000 (36),(37)0000,0 (354 000000000000000000
0. 0000000000000000000000000000000000

(3.10), (3.11)00000. 0000000000000000000.
U =0.1

[

[0,128]F

Initial
state -
11 ‘u‘ = 0 '.i
y »4

"‘T_l.L RN D .{
T_,X [0,0] No-slip [128,0]

L

No-slip No-slip

0 3.2: Calculation Condition of Cavity (Re=400)

gb,00b00b0go2bovounoooooog2bsyvonooooooonog
gogob. ogobbbs32000. bodggoobobooboag. obodd
129 x 129, b0 gooooogoboboogoboobooobooboboog. o,0d
gbbodbogobooboboobboooboobbooboboob,obobo
gogodoggooobbbobobobbbo. obob,0,0b0bbbbooooagad
00000000 (Bounce-Back) OO DODOOO. DOO0O0ODOOOOO3.1000.
gb0,00b00b0o0obooboboobob. b33000b0000 Re=400000

‘000000 DO,LBOOOODOOOODOOOOODO,00 pO000000O 70000
gboo.oboooooobooboooo pobooooobOo,0b00o0oooboooboobOo boo
gbooooooa.
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O 3.1: Details of cavity flow (MCEM)

1Comp (Original) | 2Comp (MCEM)
Single relaxation time 0.788 O 0.788
Local density(Entire domain) 1.00 0 7:0.500, O 5:0.500
Moving wall 0.300 0 0.300
Fixed wall 0.000 0 0.000

gbogooboobooboobbooboobboobooobuoobobon
gbogobooboboobooboobg.

— : 1Comp(Original)
< 2Comp(MCEM)
: FDM(U.Ghia et al.)

0.5

Vertical Velocity/ Vertical Axis

-0.5

-1 -0.5 0 0.5 1

Horizontal Axis/Horizontal Velocity

0 3.3: Velocity Magnitude of Cavity Center

gbobodby=06400000000000,000000x>=640000
googoooobo. b,oob o3, buode4dbboonobuoobogon
gd.g33bbbbouoogbbobbug,gobbbuooooobbobodad
gogobbbbuoooogob. oo, gobbbbouoooobobobog,d
ggoboboboooggbbobbouooobobobooooooboobo. o,
00000000000 U.GhiaOOOOOOO0OOOOODOO 4000000
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oooobD.0ooboobooob2bovooooboooooboboooobooooDn
goboobboobboo. obboobboobbuoooboooboon
gbobbuooobboodobboo.gb,ggobbuooobbooobbod
gboob1ooboboobobgo.bobobooboboboobobon
gogobbbbbbuoooooobbbbbooooooobbobobboboago
gogobbbbbbuoooooobbbbbouooooobbobbboagao
ggbobooogdoobn.

3.6.2 U0OUOOOOOOOO

gobooboobooboooboobooboobobooboobo2D21v
000000 [12]000000000000000OOOOOOD. Dooooo
gbbodgbbogbboooboooboobbooboobooobog,bd
gbooooboooboobooboobbooboobo. 2b21voooooo
0000034000 (3.57)0000oOO0O.

0 3.4: Particle Speed of 2D21V
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iﬂ) (3.57)

00,2D21V0000000CO00O0O0O00 358)0000000.

ulr ulr.t))?
1+ (ea;(':’(t)vt)) _|_ (eoé;;-l((r’vtt)))
e 2(p ulrt))3
n(r,t) = Myp(r,t) —Z‘gfr,’f)) L ;(g ;)D (3.58)
_ (eoiru(r,t)) (u(r,t)u(r,t))
2e2(r,t)

(OO, p(r,t) =000 nd(r,t)=0000)

oo0o, M, 00000000000000O00D0OD. O0,2D21VOOOODO
gbobooboovd

v = (T - ;) EAt (3.59)

0@359)000.000,F00000000000O0C0DODOOO. 361000
O000OO0O0O0OO0O0O0O0O0ODOO (35900000, DODDOO0OD KODDDODODODOO
goooo.

1
k= 2RpEAt (T _ 2) (3.60)

goo,ROODOOO, pUbO00ob0bOo0O0bD. DO0Dboobbooobobo
00000000000 (3.60)000.00,000000D0O36.100000
000000 O000o (3.61)000.

D= <¢ - ;) EAt (3.61)

S000000 PO,LBOOOOODODODOOODODDODD,OD p, 0000000 (00)ed
goooooobo-0O0000. 0000000000000 DOOODOOODOO,000000
goooooOoooooooobooooo pogoooDoOoOoo.
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00,000000000000000000000.00,00000000
00000000 (3.6),3.7),38)00000. 000000000000000
00 (353)000000000000000,0 (3.10),(3.11)000000000
000000000000000000000. 00000000000 2D21V
00000000002D21VO00000000000000.

0,000000000000Sc00@(362)000.0,FE,E0000000
rb0000000000000.

o Er (27—7‘ - 1)
SC"EZTEETTTS (3.62)

ooboooob2b21tvogoogooo2p21voooooooooooo. b
g,0b00booo3s5b000b0. 00000 126x126,00000000,00000
goo,0bgooboobboo. oobgoobooboobboo,bobbon
gboooo,gobooboobboobo0.ob,goboobbobbon
gbobooooooboboobob.oboboobobos20bobon

Moving wall(T=0.52)

[0,125] »/U
Periodic — Periodic
—
y
‘ [0,0] [125,0]
X

Fixed wall(T=0.48)

O 3.5: Problem specification of thermal Couette flow

0.0000000C,=100,0000 T(r,t) 0 T(r,t) = e(r,t)/C, = e(r, t)
000.0000000000000000.036000000000 2=640
00000000000.03600002=640000000000,0000
000000.00,000000000000000000000000,00
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O 3.2: Details of thermal Couette flow

1Comp (Original) | 2Comp (MCEM)
Single relaxation time 1.0 0 r:1.0,0 b:1.0
Local density(Entire domain) 0.10 0 r:0.050, 5:0.050
Moving wall(Speed) 0.30 0 0.30
Moving wall(Static temperature) 0 0.520 0 0.52
Fixed wall(Speed) 0.00 0 0.00
Fixed wall(Static temperature) 0.48 0 0.48

0000000000000000000000000000.0,000 [21]0
0 (3.63)000.

u(y) = 0.3y/125 (3.63)

gooobooboooboobobobobooboobobboobooboobooo,
goooobooboboobooob. ob,boob xz=64000000000
gbo3700d. 0370000 z=064000000,000000000000
g.oo,037b0obgobboobboobbo,gobboobbooboon
000000000000000D0. 00,000 (3640000 [12]000. 0O
(3.64)000000000O0OODODOO.

T(y) = 0.04y/125 + 0.48 4+ 0.09y(1 — y/125) /(4 x 125) (3.64)

gogoboboobbodoooooooboobobbotooooooobbobood
g, gobbobboogoooooboobog. bb,bodgooobboobodad
gobobuooobbboooboboooboboboobb,oobbooobb.od
goboooobbooobooobboo 1i1ooobooobboo.oboo
gboobobooboobbuooboobbooboobbooboobbon
gbogoobooboobbuooboobbooboobbuooboobobon
gbooobgoobobboboobooboobooo.
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Vertical Axis

Vertical Axis

120 |

100 |

©
o

[=2]
o

40 |

20 |

—1Comp (Original)
<{>2Comp (MCEM)
-+ Analytical

120

100

80

60

40

20

0 0.05 0.1 0.15 0.2 0.25 0.3
Horizontal Velocity
O 3.6: Horizontal velocity at © = 64
I —1Comp (Original)
{>2Comp (MCEM)
-+ Analytical
0.48 0.49 0.5 0.51 0.52

Static Temperature

0 3.7: Temperature at z = 64
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3.6.3 UUOO

goboooobooobooobooboboooo2b2ivogoooooboooono.
0000000000000000,00000000000000000°00
gooobuoobgoobog.

gboooobog38suub. guboiloxootdobboobogb,bd
gooboo,bboobbgooboboo. bb,0oobboobbgo38boon
gobogoooobooboo. o,booboobo,gobooboboobbon
guo.

Isothermal fixed wall(T=0.5)

[0,99]
Measuring

point

Periodic Periodic

[0,0]

Isothermal fixed wall(T=0.5)

O 3.8: Problem specification of molecular diffusion

gbobbuogobbuoogbbooolbuog,buooobbuoodgbbon
gogobobbogolbbobuooooobboboda. b,go0obobodd
oooosooboboboobogo-r00bob.b0obobbos33b00n.

g3gnlootugobobboooobboooobbooobboooonbn, o
gbobodgbodgba,bugbboobog. g, ggbbogssgougod
googobogboo. gbooobg2b21vogoooooogd, oo
gboogbooobooo2p21ivobggooooooooooboo,0boobon
go.boobodo,gbbobuggubobuooobbboooooobog.

‘D00000000000000000000000.
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O 3.3: Details of molecular diffusion

1Comp (Original) | 2Comp (MCEM)
Single relaxation time 1.0 0 r:1.0,0 b:1.0
Local density(y = 0 ~ 49) 0.20 O 7:0.20 0 5:0.00
Local density(y = 50 ~ 99) 0.10 0 r:0.00, 0 5:0.10
Wall(Speed) 0.00 0 0.00
Wall(Static temperature) 0.50 0 0.50

Total density

011 |f —— 1Comp(Original)
o 2Comp(MCEM)

1 21 41 61 81
Time step

0 3.9: The plot of molecular diffusion speed

3.7 UU0Uouoououoooobouooon

gobbuogobbuogobbbooobbooobbuooobbooonoo
gdddododoooouoououoouooooooooobobobbb,o000a
00000000000 BoussinesqU OO OOOoooooooooooobO,
gogodoob. oooooooooobooboboboboobobbbbooooogaa
gooo.

g,gbobobobobobobobobobooobobobobobobo
gboobooooboboboboobobob LBOOobOooOooboobDooon
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gogboo.0,0bgboobobboobgobboboobobobobobon
goooobg.

3.71 U000 O

36200000000002D21V0000000000000000000

0000000000000. 0000000000 (00)0000,0000
000000000000000000000000000000000000
0000.00000000 (3.67),3.68)000,00000000000000
0 (3.3)0(3.8),(3.10) 00 (3.11)00000000. 0000000000 David
R.Noble0ODOOOO0O000000O0. 00000000000 (000)000
ooooo.

Z Frcri<r7 t)eoi = Q4 Pr (I', t)g (365)

Z Fbgi(ra t>eai = abﬂb(ﬂ t)g (366)

000, g000, Fir,t), Fr(r,t) 0000000000, o, 000000
000000000000, p(r,t),p(r,t) 0000000000. 000000
IBEOODODODODOODOODODOOODOODODODOn.

Jroi(r + €5 At t + At) — frpi(r,t) = [froi(r,t) —ifrd (v, )] + Froi(r, t)(3.67)

1
Ty

Jooi(r + €5 At t + At) — fooi(r,t) = [fooi(r,t) — ifpd(r,t)] + Fyoi(r,t)(3.68)

1
7
3.72 OOOOOOOOOOOOO

gbogbooboboobuagbobobobogsiogbo. gbagbo
0000000000000 000000000000 p,(r,t), 0000 u,(r,t),
0000 7T,(r,t) 00000, OOODODOOOODDOmOOOOODOODO. O
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00000000000000000000000 f49,(,4)000,00000
000000000000 fu(r,t)000. 00,00000000 fu(r,t)0
0 (3.3),(3.4),(35) 0000000000000 pu(r,t), un(r,t), Tn(r,t) D00
0.000,0(34)0 (35000000000000°00000000000
0000000000000000000000000.00,00000000
fmei(r,) 00 (3.6),(3.7),(3.8)00000000000000000000,00
000000000000000000000.000000000000000
Ondr,)0000000000000000000 if%,(r,t)00 (3.10),(3.11)
00000.00,00000000000000000000000000 LBE
0000000000000.000,0000000000000000000
000.00,0000000(3.69)00000000000000000000

gogbobuoooobooboogan.

conv( ZZZ | frnoi (v, ) — i frl (r,t)] (3.69)

m r 0'7,

O00,conv(t) 000 ¢t0 00000000, NODOOO,SO00O0O0OOO.
gbbodbooobuogobboobooo,ggboooboobbuoobobo
gobobuooobb.ogobbooobbooobbooo,buooobboo
gbogboobogobodgbo,obobbobbobbobbobooboo.
0,000000000010°%0000.

vop21vOO0O0O00 (3.58) 00 000000000000
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| Set Initial Condition (1=0): p (1, 1), uy(r, 1), Tin(r, ) |

!

| Calculate Equilibrium Distribution n Zqi(r, 1) etc. |

| Substitute £ (r, 1) for £, ;{(r, 1) |
N
g

| Calculate o (r.f),u(r,?),T(r,f) etc.from f;, ; i(r, 1) |

:

| Set p (r,7),u(r,f),7(r,) on Boundary |

| Calculate n o y(r, f)for p (r,0)u(r,0),T(r,0) |

| Calculate if :lqa i(r, 1) from neg (r, 1) |

| Calculate Virtual External Force |

!

| Particle Translational Movement |

Particle Thrusts Boundary ?

*IIncrease Time Step (++7) | | End |

O 3.10: Flow Chart of Multi-Component Extension Method
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3.7.3 UUOO

371000372000000000000000000000000000
000000000.000000311000.00,000000000000
00.00000200x200,00000000(T=050000000000
00 (Bounce-Back) 000 000. 000000000000 (O 3.11). 000
0000000 p=p+4p=01,00000007=7=105000000
00000000 =01,0,=11000.0000000000000000
(y=99~199000000000000 (p, =0.1,p,=00000,0000
00000 (y=0~93)0000000000000 (p,=0,p,=0.1)0000.
00,000000000000007T=05y00000000 g, =—0.001,
000000000000000000000000.

No-slip(T=0.5)

[0,199]

Heavy particle
phase
Periodical Periodical
boundary boundary
Light particle
phase
y
[0,0] [199,0]
L x No-slip(T=0.5)

0 3.11: Calculation Setting of Benard Convection

3.74 0O0OOO

ggobbbobbodoooogobbbbbouooooobobobboodgo
gobbobuoooobboooooboo.

00000 (t=0)
003120000000000000000000000000.000000
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ooboooob -, 0b00bb00ob0oob0obobo0obsbbb.0,00000DO
O R, 0000000000.

Rrb(rv t) = pr(I', t) - pb(ru t) (370)

g3nrgubbbogobbbooonobbogoobboooobobod
gogboobooggooobod.

010 —
0.08
0.06

0.02

0.01

-0.01

-0.03

-0.06

-0.08

-0.10

00 3.12: Existence Ratio (¢t = 0)

000000 (¢ =6,000)

0031300000000 ¢=6,0000000000000000. 00,0
31300000000000000000000000. 0000000000
00000000000000000000000000000000. 000
0000000000000000000000000000. 00,03.140
t=6,000000000000000000000000000000000
000.031400000000000000000000000000000.
0,000000000000,0000000000000000000000
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0.21

014

0.07

0.00

0 3.14: Streamlines (¢t = 6,000)

0000000 (¢ =38,500)
U310¢t=g8s0000000000000000. ODOOoO0bOboOooooDOog
gobbuooobbuoodgbbuoodbbooobbooob.bo,obboo
gogobbbbbbuooooobbbbbouoooooobbobobbboogd
ggbobod.gg,buodgbbobuooobobboooobbboooobbod
gob.o,031b00b0o0uoggbbogobuodgbooobbuobboo
goooOoOoOoOo0O (oO0O0O)00O00O0.000,00000000O000g-™
g.0ob,d3160¢:=8500000000000,¢t=6,000000000000
gobbooobobobuooobbobuoodobbbuoogbbboogbbooo.
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00 3.16: Streamlines (¢ = 8,500)

0000000 (¢ =10,000)
003.170¢=10,00000000000000000. t+=6,0000000000
0000000000000,000000000000000000000.0
0,03180¢=10,000000000000. 000000000000000
00000000000000000,t=8,50000000000000000
0000000000, 00000000000000000000000000
oo.
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0.02

0.01

-0.00

-0.01

-0.02

0 3.17: Existence Ratio (¢t = 10,000)

0.01

0.00

0 3.18: Streamlines (¢ = 10, 000)
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00000 (t=30,000)

003190 ¢=30,00000000000000000. ¢+=10,000000000
0000000000000,000000000-0000000000000
000.000000000000000000000000.0,000000
00000000000000000,0000 (T=050000000000
ooooo.

O 3.19: Existence Ratio (¢t = 30,000)
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gboobgobobboboboobooboobo
gbobooobbdez=90000000000000000 320000. 0O
J2o00000000000,000000000DOO0ODOODOO. 0,00
Uea =11.0,000 o, =18, 0000000000000 000O000O00O00O. O
320000000000 ((0000)0000000000O0O0OOOOO0O, O
gogobbbbbbuooooobbbbbouoooooobobobobbboago
gobbuooobbogbb.booobbuooobbooob,uoobbod
ggbbbuogogobbbuoooobbbuoooobbbooan.

200

180 |
160
140
120
100 |
80 |
60 |
40
20 |

-0.02 -0.01 0.01 0.02

O 3.20: Computing of Existence ratio as a function of y

gobbo,g0bobdoogbobobuoooobbboooob,ooobooboboo
gogbobuogobboboooo.
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3.8 OO0

gboobgo,tBobgbobobboobboobooboobuoobuoobo
googoobbb. oooooooobbbbbbobobbbboooouooo
0o0o00d0o0ooooo00oooooo0oUU0DO. oo, 000000000 (0O
0000)00o0o0oooD,000000o0ooooooo000oooooooood
gobobuooobbuogobboo. gb,ggobbuooobbuooobboo
gbobodgboobogbobuoobbooboooboooboobo,ooboo
gboboobooobo. b0 wBoboooboboboooooboboboon
gbooboLrLBbooobobooobobobuooboboobobooo,obooon
goobobbobboudoooooobbobbbooooooobobobbboogd
go,0bodboboooboboobobooobbooobob. obo,00n LB
goboooboooboboobobooobboobL LBobobooobooo
gboboboooboobobuoob,gobooboboobbuoobbooboo
gbobodboboogobogbboobooo,ggbbooboobobuoobobo
gododgob. ogooooooobobbbobobobobbbboooouuaa
gooboboobboooboobobooobobooobbooobbobooo. oo, d
gobodbboobooobooboboooboobboobo,bboobbo
gbooboobooboobooboobooboobbobbobobo. ob
0000000000000 000000000O0ODOODO0O0O0 (D0OooO)o
0000000000000 0000 (D00ODO000DO00D0oOoOOODOooO
0000000000)00000000000000000000Y. 00000
00000 (00000)0000¥Wooooooooooooooooooo
ggbbobuoooobbboogoob

HApDOO0OO0000000000000000000000000000000000000

gbooooboooobooboooooboon.
200, 000000000000000000.
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1 4[]

Jooobobbooooboboboodd

gbboobuogbbooboobboobooooboobboooboD. o
gobobuooobbooobbooobobboooobooobobboo. oo, da
000000000,000000000000 (DoooDOOOOoOoOoOoooo
0)0000000000000O0000O0O000OODO00DOODOOO0ObO
go.

4.1 OUOOoooooood

goooobooobog,bogobogobooobooboboonoboonbn
gbgoodb.oboo,oboboobobooboboobobbobon
gbogooobgooboboobuo.boobobobboboobo,obon
gbooboobobobobooboooboooobooooooo LBMObODbDODO,
ggbobboooobbooodobobboooobbog.

gbobboooobboooobbboodg,buoooobboooob, oo
000000000'0000000000000000. 0000000000
gogboboobouogoobobod.

DpooO00000000000000000.
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4.2 O0OO0OO0OO0OO

0000000 (Mixture Multi-component Extension, 00 MMEO OO )OO
goobob LBOOOODOOOD LBOODbOODOOOOoOoooooo. o,00d
ULBOOODO MMEODODDODOODOOOOOOOOOOOOOOOOOooo
O. MMEOOOOOOOOOOOODODOOOO (LBE)ODOOO. 00O, MMEOO
0000000000 00oo0o0o0oooooOooo0O. 00O LBEOO (4.1)
god. ool LBEODOODOO, 0000000 0oooobobobobbooogo
gogd.o0,mU0b0bbbboooooooooo.

1
fmai(r+eaiAtat+At)_fmai(rat):_7[fm0i(rat>_i :;:Jai(rvt)] (41)
Tm
000,At00000000, 7,000 mO0O000000, fu(r,t) 0000
O00r,00t000000e,, 0000000000 (00eO00O00O0,:0000
o0). ift (v,t) DOOmOO0O000000000OO0OO0OOOOOOO. OOOO

maoi

0000000000000000 (4.2),(4.3),44)00000000.

pnlrt) = Y Frir.) (42)
P (T, )y (rt) = Z fmoi(r, t)eq; (4.3)
putet) [0 )| = 3L e e, (4.4)

(pm(r,t) =00000 |uy(r,t)| =0,en(r,t)=0000)

000, pu(r,t) 0001, 00t000000 mOO0000, u,(r,)0000,
000000000 mO00000,e,(r,4)0000,000000mO00000
00000000, 0,00000000, pu(r,t) =000000 (4.3), (4.4)0
00000 |un(r,t)] =0,e,(r,t) =0000. 00,000000000 (4.5)0
@7yooooo.

pr.t) = fuoi(r,t) (4.5)

m o,
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p(r,u(r,t) => 3 froi(r,t)es (4.6)

m o,

p(r,t) lu (;‘, t) + &(r, t)] => Y ;fmai(ra t)e?, (4.7)

m oz

p(r,t) 000 1, 00¢t00000000, u,(r,t)0000,000000000
00,e,(r,t)0000,0000000000000000.

00,000000000000000000000000.00000,00
0000000000000000000000000. 0000000000
00000000000000,0000000000000000000000
000000000000000000.00,000000000000000
0000000000000.00,00000000000000 (4.8)0 (4.9)
ooooo.

wl(r,t) = u,(r,t) + ?(rr?t) [u(r,t) — u,(r,t)] (4.8)
er,t)=1- TZ:t)> Bufn(r,t) + sm(r,t)]
T, 1, 1 eq 9

o [2u (r,1) + 5(r,t)} — Sut(r, 1) (4.9)

000,u(r,)000000000000mO00000,e%(r,t)000000
000000mO0000000000000. 7,000mO0000000, 7(x,t)
000r 00¢00000000000000000000000000000
0.00,0 (4.100000.

ﬂnﬂz%ﬂﬁﬁgw (4.10)

LBMOOOOOO,000000000000000000.000,0000
000000000f%,(,+)0,0 (42)0(4.100)00000000000000

gobbuooobboodobb.oodbb,o0obbuooobbooobbod
ggbb,goobbbuoooobbbodaod.
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4.3 UO0OO0OOOO

gbobOMMEODODOODOOODOOOOO. 0obOobDoOo,bobbo0bog
gobobooob. g, bbboogbbbuooobbuooobbuooobboo
gooooooo.o,gbobooooogoooooboo 0.

4.3.1 0O0OOO

gobobo,gbbobdggboboobugobbbuoogbbobooogoo. bd
O, dd0r-pdbooboobooobon.

pr(r,t) = pr(r,t 4+ At) = pri(r, t)

(4.11)
pb(ra t) = pb<r7t + At) = qu(ra t)

p(r,t),pp(r,) 000000 r,b00000, p,(r,t+At), pp(r,t+A) 0000
00000000 /600000, p(r,t), p%(r,t) 00000000 70000
0000. 0000000000000000000000000000000
ooo.

4.3.2 0O0OOOO

gb,ugggbobuogdbbogobb.gggbbooobboooboog
gogbooboo,gbbbggobbbuoodgbbb,guobbbooogbobobod
O000000000.0 (41)0000e000¢,«00000000O0,000
00000000 4.12)00000.

Z fmai<r7 t + At)eoi - Z fmcri(ra t>eoi
7t 7 (4.12)
= —% Z fmo‘i (I’, t)em- — Z z'fﬁfai(r, t)eai

0 (4.2),(4.3),44)00000m=r000000 00000000 (4.13)0
oooo.
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pr(r,t+ A)u(r, ¢+ At) = (1= 1) p, (v, t)u,(r, 1)

(4.13)
+pp(r, ) ug(r, t)
000000000 0000000 41490000,
pu(r,t+ Aty (r,t + At) = (1= 2 p(r, t)u,(r, 1) (414

+opy (v )y (v, 1)

000, u(r,t),u(r,)) 000 000000000, u(r,t+ At), up(r, t + At)
O000000oooooouo, uw(rt),w (r,t)0DODO0O0O0D0O0O0OO0O0OOO
0o0.0(4.13)0 (414)00000,0 48000 4.1)Dooooooooo
00000 (41500000,

pr(r,t + At)u,.(r,t + At) + pp(r, t + At)uy(r, t + At)
= pp(r,t)u, (v, ) + py(r, t)uy(r, t)
o [y (e O (1,) + py(r D (r, 1)
(e, 1) [y (1,6) + py(r, )]

(4.15)

0 (42), (4.3), (45000 (4.6)000000, 00000000 (4.16)000
oo.

pr(r,t+ At)u,(r,t + At) + pp(r, t + At)uy(r, t + At)
= pr<r7t>ur(r7t) +pb(r>t)ub<r7t)
gooo,MMEOODOOOUODOOooooooooboooobbooooobooo
gg.

(4.16)

4.3.3 O0O0OOOOO

gbbogbogb,gobugbbooobouoobbodbooobuooboa
gobobooobbooobboodg,bogobbooobbooobobo. o
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0D0000000000000000000. 0 (41)0000 €2,/2000, 0,
000000000,00000000000 (417)00000.

; 3 fmoi(r, t + At)el, — ; 2 fmoi(r, 1)e5

(4.17)
= _% [Z %fmai(ra t)egz‘ - Z 1Z mm(r t)egz]

0 (42),(43)000 (440000, m=r000000 000000000
000 (4.18)00000.

pr(r,t+ AL) [BEEEB0% 4o (g4 A
= (1 2) [ te, (r,)] o (1) (4.18)
P[0 4 (e 0)] (e, 1)

Tr T

00000000 00OO0O0OO0O0ODO0O0O0O0O 419900000.

pu(r,t+ At) [RELEAE gy (v ¢ 4 A)]
= (1-3) 52+t e (4.19)
+L B e )| ()

000, e(r,t),er)000r,0000000000000,(r, t+At), ey(r, t+
A)0000000000000000000, 9(r,t),efr,t)00000000
0000000000000, 0 (4.18)0 (41900000, O (4.2)0 (4.7), (4.9)
000 (411)000000,00000000000000 (420000000,

pr(r,t+ AL) [BEEEB0S o (g AL+ py(r, -+ AL) [2EEEB0S 4 g (r g 4 At)l -
=y 0) [HG0 e (5,0)] + i) [#G 464 (r, )]
0000, MMEOOOOOOOOOOOOOO0O0000000000000

ooooogoo.obobo,MMEOOOOODODOOOOODOODOODOODODOO
gobooo.
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4.4 0OO0O0OO0OO0OOOOOOO0O

gbogbobobobobobobobob410boboobobobobo
go.

1. Doogooobbodag boobooooooooouououoouooooooo
go.

2. J0o0obooooob oboooboobooboobobob,obbooob
gogooobg.

: Ubobouoooooo b200b0oboobouboboobooboobogn.
4: Jgdgboboboooobbb obbbbooobbobuooobbboooob.

S5: ybobouooobboooubb obuoobobooboob,bagb
ggboobooggooobod.

6: DUOUDO0DLOO0DD D4, 500000000D0O0ODDODOODOODDO
0,0000000000000(@OO)0O0.

7. 0000000l oooooooobobobbooboobobbboboboooougaa
gooo.

: DUUbuooboobO Ue,7vOO0bbOO0DO0ODLDLDOODbDOODDO
gobbobuooooboboboooon.

9: 000000000 (COODO) U0D0O0OO0O0OO0OODO LBEODOO,0000
gogo.

10: J0O0ODOO00 boogoboboooobbbooobboooobb. o
gboboogobobogdb,obboobboodgbbooobogboo.

11: 0go0o0odobog obogoboobobooobobo, 04 0bo0boboon
gbooobood,uoooboogboodobboobbo.o,bodobo
ggbbbuoooobbouooobobbbuoodobboboooobon.
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| Set Initial Condition (1=0): o ,(r, 1), u(x, 1), Ty(r, 1) |

!

| Calculate Equilibrium Distribution_/‘r'lelq(F i(r, 0 |

| Substitute £ (r, 7) for £, , {r, 1) |
o

~
| Calculate o ,(r,0),u,(1,7), T, (r,1) etc.from f, ;;(r, ©) ‘

:

| Calculate o (r,7),u(r,?),T(r,f) |

!

| Calculate Interaction and Update p $3(r,f),u5, (r,6), T Xr,0) |

!

| Set o5 (1,00, (r,0), T Xr,7) on Boundary |

.

| Caloulate ifua (r, ) for & (e (0 Tode) |

'

| Particle Translational Movement |

| Particle Reflection Law Applied |

A

A
Flow Field Converged ?

*|Increase Time Step (++7) | | End

O 4.1: Flow chart of MME
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4.5 UOO0OO0OOOOO

gbobMMEOODOOOODOODOODOODODOODOO. gboboboobgoog
gogobobbobbbuoooooobbbbbouooooobbobboogd
goodggobbb. ooooooobobbbbboobbbbbbooodguaogo
goboooobgoobob.oboob, oo MMEDOODODODODOO
00o000ooooo0o. 00,0000000000000 (DOooooDoooOd
00o00o00)0,0000000000D0DO0C0O00000DoDOoooDoOoCoOOd
00002 00000000000000000000000 r,0000.

4.5.1 0O0O0OOOOO

361000000000000000000000000. 00000000
000-000UO000,00000000000000.0,0000000
000000000000000 Se[16)/00 (4.21)000.

21, — 1

S —
T on 1

(4.21)

gogbobobboodgg41obo. bbodooobobbbodoooobob,od
00000000 (Bounce-back) DO OOOO. O0,000000000000
000 (0C0DO0O00)0000.04102000002D9V00O00O0O0O0O0OO
goo,3000 MMEOODOOO2b9vVOUOOOoOooooobooobog. oo
g2povoooooboood-ooboobobbooboo.b,0boobon
gbogobgobogoobogob.

g42000000000000000000000000000O. 00000
2bovnooooo0, 00 MMEOODOOOO2D9VO0O0000000O0OO0
O.00,00000 FLUENTOOOOOOOOOOO FLUENT6.1OOOOO
gooobooboobbo. 0,bobobidbz=06400000000000,

D0000000000000000000,00D0000000000 (0000)0000
ggbgboboboaobooboobob. bg,boobobboboaobooboooboon
goooo.

56



O 4.1: Details of cavity flow (MME)

1Comp (Original) | 2Comp (MME)
Single relaxation time 0.788 O r:0.688, 0 b:0.888
Local density(Entire domain) 1.00 0 7:0.500, O 5:0.500
Moving wall 0.300 O r:0.300, 0 b:free
Fixed wall 0.000 O r:0.000, 0 b:free

gboobdy=6400000000000000.0,00003,000640
gogbboooodgbbobooudd.

04200 MMEOOOODOOOO2D9vVOO0OOOO2D9vOOODOOOd
googoobbbbbobbob. ooobbobbbbbbbbbooodooaood
g,gbogz2poviboogo2bovogbooooooobooboboboonoon
g.boo,bogbogbbobobdoobd ligboboobooboobb. o
o,LBMO0Oo0oogooooboooobooboboobooobbo. bboo
gogobobobbouooooobobbbbouoooooobbobbboogd
O, MMEOOOOODOOoooooobooboboooboooog, MMEQ
goobobbobboudoooooobbobbboooooooobobbboogd
goo.
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—1Comp (original)

08 | <2comp (MME)
+FLUENT(2ND UPWIND)
0.6

0.4

0.2

Vertical velocity/Vertical Axis

-1 -0.5 0 0.5 1
Horizontal Axis/Horizontal Velocity

0O 4.2: Velocity at cavity center (Re=400)

4.5.2 O00O0OOOO0OOOO

36200000000000000000,000000000 MMEOODO
D000. 00,000LBMOOOOOO3.6200000000000 2D21V
0D000000.0000000000420000000.0002D21VvO000
000000000000,00000,0000000(0000000)000
0.0000000C,=100,0000 T(r,t) 0 T(r,t) =e(r,t)/Co = e(x,t)
000.0000000000000000.

0430000000002=6400000000000000000000
00.0000000000,0000000000.00000002D21v00
D000,00MMEOODOODODOD 2D21VO000000. 0430000000
D000000000000000000.00,00000000000000
00. LBMOOOOOOOOOO0O0D000000000000000. 0000
44000000000z =64000000000.0000000000,00
D0000000. 0000000 2D21VO00000,00 MMEOOOOO

o8



O 4.2: Details of thermal Couette flow

1Comp (Original) | 2Comp (MME)
Single relaxation time 1.0 0 »:0.90,0 b:1.1
Local density(Entire domain) 0.10 O :0.050, 0 6:0.050
Moving wall(Speed) 0.30 0 r:0.30,0 b:free
Moving wall(Static temperature) 0 0.520 0 r:0.52, 0 b:adiabatic
Fixed wall(Speed) 0.00 O r:0.00,0 b:free
Fixed wall(Static temperature) 0.48 0 r:0.48, 0 b:adiabatic

go2p21vooogoob. obooboobuooboobobooobuooboon
goooob. obo,boo2p21voobooobooboooboooobon

g 1:10bgggoboobooodgn.

0440000000000O0LBMODO

120 1 —1Comp (Original)

<>2Comp (MME)
Analytical
100 |

80 |

60

Vertical Axis

40 |

20

0.1

0.15 0.2 0.25

Horizontal Velocity

0.3

00 4.3: Horizontal velocity of thermal Couette flow (MME)

googgobobbbbbboobbbboooad. bbbboboooodouaooo
goboboobobooobobooboboobobooo, MMEODODOO
gobogboobooobbobobooboob, MMEODOODUOOD LBMOO
ggbbobuooooboboooooboo.
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120 1 —1Comp (Original)

<{>2Comp (MME)
-+ Analytical

100

60

Vertical Axis

40

0 . .
0.48 0.49 05 0.51 0.52

Static Temperature

O 4.4: Static temperature of thermal Couette flow (MME)
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4.6 U00O0OO0OO0OOO0OOOOOOOOOOOO

45200 MMEOOOOOOOLBOOOOOO,0000000000000
00000000000 0000000000.04500000000.000
00 100x 10000, 0000000000000 (0000), 00000000
(0000), 00000000 (0000)000.00,00000000000
000,0450000000000000000000.0,000000000
00 rb000.

Adiabatic fixed wall

[0,99]
Fixed wall Fixed wall
(T=0.45) (T=0.55)

y

L x 10,01 = diabatic fixed wall [99,0]

0 4.5: Problem specification of mixing phases

O00,0000000000000000000, David R.NobleDO O OO OO
0000 LBEOOOOOODODO. OO0mOD00000 Fu,(r,t)00 (4.22)00
googo.

> Frgi(r,t)eq; = fn [T = Tou(r,1)] (4.22)
ooo, s, 000 mO0O00O0,7000000000,g0000000000.
0000000000 LBEOO (423)000.

fmdi(r + eUiAt7 t+ At) - fmai(r; t) = _% [fmcfi(ra t) —1 r?ai(rv t)]

4.23
+me'(r,t) ( )
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gboobd —yogbooo2000. 0bO0ob0O0OO0OOL0O430000.0,000
gooobgooooo.

O 4.3: Details of mixing phases

Component r | Component b
Single relaxation time 1.0 1.1
Initial local density (y = 49 ~ 99) 0.00 0.10
Initial local density (y = 0 ~ 48) 0 0.100 0.00
Initial static temperature 0.50 0.50
Thermal expansion coefficient 2.5 2.5

4.6.1 0000

gobobooobbooobobuooobbooo. b,ouobbooobobod
000,0 424)0000000000O0O.

ratio(r,t) = p.(r,t) — pp(r,t) (4.24)

0Doooo (t=0)
004600000000000,0000000,0000000000.0
000000000000000000. 0,000000000000000
oo.
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i}
-0.05
-01n

O 4.6: Initial state of two phases in 2D-cavity

0000000000 (t=500)

00470 ¢+=5000000000000000.0000000000000
0000000000.00,0000000000000000,000000
0000000,000000000000000000000000.

o010
0.05
0.00
-0.08
-0.10

0 4.7: Mixing state of two phases by particle dispersion at ¢t = 500
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00000000 (t=2,500)

gb480¢t=2500000000. 0,00000000000000000. 0
gbooboboboboboooooobobo,obobobobobooon
gobogod. o490b0o0boobooboobobo.ob-r0o0boobon
oooooooo,0obsobob0obobobooboooob.0ob0obobn
gboo,gbobobbooboobuoobooboobboboo.

0 4.8: Streamlines of averaged velocity at ¢t = 2,500

010
ons
i}
-0.08
-0an

O 4.9: Mixing of two phases caused from convection at t = 2, 500
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00000 (t=10,000)
004100000000000000000000,000000000000
0000000.000000000,0000000000000000000
000.000,MMEOOOOOOOOOOOOOOOOODO.

o010
005
0.oo
-0.05
-010

O 4.10: The steady mixing state of two phases at t = 10,000
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4.7 OO0

0000000Uooooooo0 (Do0)ooooooooOoOoooooooo
00000000 000ooooooonO (Mixture Multi-component Extension)
gooboo. oo, MMED 100000000 QOObObOO00o0ooobobobooo
gobobooobbooobboo,bobbooobbuo LBOoOobboOoO
gooLBOoboboooooobobooboboboobooboboboob. oo,
00000000000o0o0ooD0 (ooooO0)ooooooooooooo, ™
yujddiddddddduuuuuuuuuuLuLu.bbbbbbobobo,oo
goooobooboobooooboMMEDOODOODDOOOOooooooo. ™o
goooo,MMEOOOUOODODODOOOOUOOoDOOOOoOoOooooDbDoOo. ooo
gobobbbooooooobooooobbb oo bbbouooooo
gogoooob. bbb, oo bbbboooooob,booooooo
gooooooooo,MMEOODOOUODDODODOOODOOOOODOOOoOooDoOoOoo
goooooo. 0ooMMEODOOUODODOOOOoDoOOoOobOoooobooooo
0000000000000 (00000000000)0000000000
Jo0o0oooboooo. oooooMMEODOO LBOOODODOODOOOOO LB
godooooobbbbooooooog.

‘D000000000000O0O0O0O0D0000DDD0O000000O0O0O0O0Oooooon.
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1 50

Jooobobbooooboboboodd
L] [

gogobobobobobooooooobboobbbooooooobboobboooa
gobogoboooboboobooo,ggnoboooboobooobooo
000000000000000000Y. 00000000000000000
gbooboobooboobobbobboo

5.1 UU0OULOOUOOOUODLOON

gboboobboobboobboobboobbooobooobo. bo
g,gobgbboobooboobobboboobuoobobbo,uoobon
gboobgoboobobboboboobooboobooboobon.

gob,ogdbboboodgbbbduodobbboooobboooob,od
ggobbbbbbuoooooobbbbbbobouoooooobobobbboadao
gogobobod. bbbobodooooobbboooooob,bb,buodd
gbbuogbobooobbodobbuodobbuoobbooo,ugobboobbdg
gbbogobbogoug,boogbboobbooobboobbuoabbda
gobbuodbbboobobbuooobbooobb.og,buooobboo
gbbogbobuoooboogbobooobbog,ugbbooboboooboo

Dpooo0oo00oO0O00O0OO0000O0OoO0O0.
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gbogbooboo,gobgoobooboobooboobooboobon
gboboboboboboboooooo.boboboboboobooon
gbogobgoboobooboobo.

5.2 UOUOOOOOOO

000000000 (Multi-component Interaction eXtension, 0 0 MIXO O O)
00000 LBEODODODOOODOOODOODOO0ObDO0ODL. Oboobooboo
gobobooobbtooobb,MIXODD LBEOODDODUOOODDOOooooooo
0.0,00m0O000000OOOOO LBEOO (5.1)000.

(04 80) = (1= =) fis0) + — i) (5:1)

Tm

5.2.1 00O

MIXODODOOoDoooooooboooboobooboooo. obg, LBEOOD
ggbobuooobobbog,obmbbboooooo.

pm(r,t) = const. (5.2)

00,0 (2)0m0i00000000000O0O0OOOOO. 000000000
gogbbobuoooobbod.

> pm(r,t) =p(r,t) = const. (5.3)

gob,dgoobbbodoogoo,oggboooboooon.

pol(r,t) = pm(r,t) = pm(r,t + At) (5.4)
pf(r,t) = p(r,t) = p(r,t+ At) (5.5)

gobbobo,gobbbdoooboboboooabn.
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5.2.2 00O

goooooobooooobooooooooobooooo, (5.6)DDDDD.
plr,t + Ab)u(r, t + At) = p(r, Hu(r,t) = p(x, Hu(r, 1 (5.6)

DDD7 U(I',t) :Zu(rat)vueq(rvt) = Zufg(r,t),u(r,tﬁLAt):Zum(r,t—I—At)
gbod. bodooobodabobodooobdaoodog, oobaboodood
IBEODOOOmOOOOOOODOOOOOO0OO0O0O0 (.7)O0oo.

1
p(T 4 A) W (1.t + A, = (1 _ > pon (2 )0 (1, )
T,

m

+ipm(r, tu(r,t) (5.7)

m

0OGNHNODODODOmOODODODO0O0O0O000,000000000000000O
ggoooo.

p(r,t + At)u(r,t + At)],,. = Z pm(r,t+ At)u,, (r,t + At) (5.8)

| tmp

000000000000 000000000000000000, 0000
00000000000000000000000 Amomentum(r,t)000.
ooo,

Amomentum(r,t) = p(r,t + At) u(r,t + At)|,,. — p(r, t)u(r,t) (5.9)

00 Amomentum(r,t) 00000000000, 000000%000000
gbobogboobboob. bgoboobdmubOoobDbODbDDbOO0ODO0
000000.0,m.,0000000000000000 7,0003.

P (Tt + At (r, 1+ At) = pp(r,t + At)u,(r, t + At)],,,,

Pm(r, t) (Tmtw - Tm)
% pm(r7 t) (Tmam - Tm)

—Amomentum(r, t)

(5.10)

0,000000000000000 Ap,un(r,t)0000000,00 mOO
ggboouooaooo

27, 000000000000000000.00 7,(r,t)00MIXODODOOOOOO.
‘’000000000000000000000DOAO.
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Pm (T, t+ At)u,, (v, t + At) = pp(r,t + At)u,,(r,t + At)|,  + Appu,(r,t)

| tmp

Pm(r, t) (Tmax - Tm)
% Pm(r, t) (Tma:v - 7_m)

—Amomentum(r, t) (5.11)

O00. 000000000000000 (b.11)00000000000000
oo LBEOODOOO,

pel(r, t)usl(r,t) = Tmpm(r, t + At)u,(r, t + At) — (7 — 1) (1, t) 0y, (v, 1)

0 (5.11)000000,0 (5.12)000.

pm (T, t + At)u,, (v, t + At)|,, + Appuy,(r,t)

‘ tmp

P (T, ) (1, 1) = T

—Amomentum(r, t) (Zf:’r;(r(,i)ggzam—?:) )

m

—(Tm — 1)pm(r, t)upy,(r, t)
(5.12)

gobbo,gdbbobuoodgb,boogbbbuogbbobuooobbbon
ggbbooooobn.

5.23 UO0LOOO

gobbobuooobbboooobobuooobbobooon,

= p(r, 1) [2 + g(r,t)] = p(r, t) [“qg”z + gequ,t)]

(5.13)

O, e(r,t) =X en(r,t),e%(r, t) = > e(r,t),e(r, t+At) =Y ep(r,t + At) DO O.
gd,gggououooooobbbbbbooooodoooooo,goooon
o000 LBEOOOODDUOOODDLOOObOOOObODbDUOOODbOO. odmboo
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gboooobodobog. b,00b0522000000000000000000
oooooof.

2 (r,t+ At
pm(r,t + At) lum(r;)

(1—1)pm@JW}%@J)+aﬁnﬂ}+éy%@¢”}%gjy

+em(r, t+ At)]

tmp

+m@hm@

T 2
0 (.14)0000m000000O0O0OO,000000000 (5.15)00000.

u?(r,t + At)
2

:;Wﬁﬁrﬁgw+%mﬂ

p(r,t + At) [ +e(r,t+ At)]

tmp

(5.15)

tmp

0000000000000 000000O000 (b.1)0D000D0O0DODOODO
0(G.13)0000,0000000000000000O0DLOODD0DO0OOOOOOO
O Aenergy(r,t) 000 .

u?(r,t + At)

Aenergy(r,t) = p(r,t + At) [ B

+e(r,t+ At)]
[uz(r, t)
2

tmp

—p(r,t) + e(r, t)} (5.16)

00 Aenergy(r,t)0 7, 00 0000000000000 O0OOOOOOOOO

googooooooooonogoo. g, gooood n00o0oooon

goooooooooooooon.

u? (r,t+ At)
2

u? (r,t + At)
2

Pm(r,t + At) +em(r,t+ At)]

— pm(r,t + Al) [ +em(r, b+ At)]

tmp

pm(ru t) (Tmar - Tm)
%L: pm(ru t) (Tmaz - Tm)

—Aenergy(r,t) (5.17)

O000000000D000000 Ae,(r,t)yD000000O0DO,

000000 (000)0D00000000000000000000O0000000000
goooooo.
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u? (r,t + At)
2

2 A
— polr,t + A) [W Fen(rt+ At)]

Pm (1, t + At) +em(r, t+ At)]

tmp

pm(r’ t)(Tmax - Tm>
;pm(r, ) (Tmaz — Tm) + Aep(r,1) (5.18)

—Aenergy(r,t)

O00.0 (Bb.1®)0000D000 LBEODODODODmOOOOODODOOOOOODODO

ooooo,
2(r,t+ At
ptent) |Gt = it 4 an | U0

b (= 1) () [“mg’ t (T, t)] (5.19)

+em(r,t + At)]

O (G.18ODooooo,0000ooon.
st |5 )

pm(r,t+ At) [BlEE80 4o (r 14 A

tmp

m

=7y —Aenergy(r,t) (zﬂ';,i"gi?i;(:;z?:;))

+Ae,(r,t)

uy (r,t)

o= 1)) |0 420

gobobo,gdboobooggoobuoooobbboooobb,oobobobod
ggbooboooobbbooooboobooooobn.

5.3 UUOoOooond

goooMIXODOoooooooooobooboooo. b,goboooobg
gbooobodg,LBEOO0booooobobobo,0o0oboobooobg.
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5.3.1 0OO0OOO

0((G.1)0000e:0000000000O,

et +80) = (1= =) pu(rt) + i1 (5.20)

Tm

0(G4)0000mODOOOOOOOOO.

1 1
et 80) = (1= ) pule,6) + —pif(,1)

m m

= pu(r.t) (5.21)
O(G2)0mO0000000000,0000000000R0O.
p(r,t + At) = p(r, 1) (5.22)

gooo,MIXOoOooOooobgooogooooboobooobooo.

5.3.2 UOOOO

O0(G.1)0e,;0000,:0000000000,

(T, + At (r, £+ At) = (1 - 71) P, ) (7, 1)

m

1
+—pi§(r,t)uf,‘f(r,t) (523)
Tm
0(.12)0000,000mO00000O00O00O0O0O0OO (5.249)000.

p(r,t+ At)u(r,t + At) = p(r,t + At)u(r,t + At)
—Amomentum(r, t) + Apu(r,?) (5.24)

’tmp

09000000, 00000000D0D000CDOO.
p(r,t+ At)u(r,t + At) = p(r,t)u(r,t) + Apu(r,t) (5.25)

O (2)000000000000000000000 Apu(r,t)=000,0
gboobgooboooooobobobobob.obobo,MIXbgooooooo
ggboboooobo.
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5.3.3 UUOooon

0 G1)0ey,/2000 00000000000,

u? (r,t + At)

pm(r;t+ Al) 5 + (T, b+ At)] -
(1= Yt |20 )] 4+ )| MG 4 |26

O ((.19)0000,000mO00C0000ODODOOOOODOOOOOODOO
gooo.

plr,t+ At) [SEL20 4 o(r ¢ 4 AL =

p(r,t + At) {M +e(r,t + At)} ‘tmp — Aenergy(r,t) + Ae(r, t)

o000 (b.16) 000000,

2
M + 5(1"15 + At)] —

p(r,t) [ 5 +5(r,t)] + Ae(r,t)
(5.27)

O (27)000000000000000000D00000 Ae(r,t)y=000,
gbobobobobobob.obobo,MIXbobobooobuooboooooo
ggboobogo.
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54 UOUOOUOOOOOOOOOOONO

ggbbobbooogbbbboooob sioug. og,gobbobodd
goo.

1. Doogooobbodag boobooooooooouououoouooooooo
go.

2. J0o0obooooob oboooboobooboobobob,obbooob
gogooobg.

: Ubobouoooooo b200b0oboobouboboobooboobogn.
4: Jgdgboboboooobbb obbbbooobbobuooobbboooob.

S5: ybobouooobboooubb obuoobobooboob,bagb
ggboobooggooobod.

6: DUUDO0DLODDbODbOOD D4, 00b0b000bOoO0oDbOo0bDDO
gogobobobbodoooo. o, gbobbbobbobouooooobbobon
gogb,0gogbobooogan.

7. 0o0oo0ogoobobbddd teooUuouuuuooUooUuga
gogboboboooobobobooon.

g: U buuuduil oooooooooboobbbbbbbobobbbbDb
gogoooo.

9: DobOooboobOo gor,sbobobobobobob,obooboobo
gobbboodgbbboooobbbuooobn.

10: 0000000000 (D000) 000000000 LBEODOO, 00O
goooo.

11: 000000 booobboooobbboooobboooobb. oo
gbobogobboodgb,obboobboodobboooboobobo.
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12: 000000 obogbooboboobobo, 04 000b0obon
gobgooob,bobooooboboboobobo.b,bobon
gboobgoboobobbobboboobooboobooobg.
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Set Initial Condition (=0): p (1, 7), uy(r, 7), Ty(r, ?)

!

Calculate Equilibrium Distribution fnf ?, i(r, 1)

:

Substitute £ o (r, ) for £y, (¥, )

»l

-

Calculate o ,(r,0),u,(1,0), T (r,1) etc.from f, ;;(r, ?)

'

Calculate o (r,7),u(r,?),T(r,f)

:

Predict p (1,2 Af),u,(r,t+ A1), T(r,t+ At)

!

|Correct U, (1,14 Af), Ty (r,t+ Af) and Calculate peg(r,t),uig(r,t),T;q(r,t)|

'

Set o Sr, 0t (r,0),7, ;'Iq (r,7) on Boundary

Y

Calculate £y i(r, 7) for o (.00 (r,0), T (r,1)

'

Particle Translational Movement

| Particle Reflection Law Applied |

¢

Y

Flow Field Converged ?

#lncrease Time Step (++7) | | End

O 5.1: Flow chart of MIX
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5.9 UUHOOOOONO

D000 MIXOOOOOOOOOOOOOLBOOOOOOOOOOOO0O. O
000000000000000000000000000000000000
000000000000000000000000000. 00000000
00000000OMIXOOOOOOOOO. 000OMIXOOOOOOOO0OOO
0,00000000000000000000. 00000000,00000
LBOOOOCOOOOLBOOOOOOOOOOOOOOOOO. O,00000
00000000000000 r,g,b000

5.5.1 UOUOOOO

000000000000, 36100000 SHouOO2D9VOOO0O00OO
000000.00000052000.00000161x16100,000000
(0000), 000000 (0000),0000000000.

Moving wall—» U

[0,160]

Periodic Periodic

y

‘ [0,0] [160,0]
X

Fixed wall

0 5.2: Problem description of Couette flow

ooboooooboosi1booooboo.ooo2pvobooooooogn
gooobo,00b0bob0oobooboobD.0,00b00bg Re=100000.
gs30b00b00000x=800000s0000000. 00000000
g,0b0bdy0obobo.boobobo2bovoobgobob, b MIXOO
googz2pbovogoogo,ogboobboo.2000bb0obboobon
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O 5.1: Detailed condition of Couette flow using MIX

1Comp (Original) | 3Comp (MIX)
Single relaxation time 1.00 0 r:0.900, O ¢:1.00, b:1.10
Local density 6.00 0 r:2.00, O ¢:2.00, 5:2.00
Moving wall (Speed) 0.104 0 r:0.104, 0 g:free, b:free
Fixed wall (Speed) 0.00 0 r:0.00, O g:free, b:free

gbooboboboboboob.ob,bobo2bdvoobobonoonboon 1:1a
gbopobouoobbodgboo.obobbooboobboobbooboooo
gbobooobooobooboboobboobboooboobboob, MIXO
gooboobooooboooboobboobbooboboooboo, MIXODOOoO
ULBOOO0ODOOOOObOOO0ObOoOobOoobOooo.

160 2R
—1Comp (Original) (‘? '
140 | <3Comp (MIX) "
Analytical

120

100

80

Vertical Axis

60

40

20

0.02 0.04 0.06 0.08 0.1

Horizontal Velocity

[0 5.3: Horizontal velocity of MIX at z = 80
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gboogo

5.5.2 U0OOOOOOOOO

20000000000 0D0ODOO0bLODL MIXOODODODOOOOODOO. O
gooobgobs2000.0,000000 Re=300000.

O 5.2: Details of thermal Couette flow problem using MIX

1Comp (Original) | O 3Comp (MIX)
Single relaxation time 1.0 O r:0.90, ¢:1.0, b:1.1
Local density 6.0 O r:2.0, ¢g:2.0, b:2.0
Moving wall (Speed) 0.30 0 7:0.30, g:free, b:free
Moving wall (Static temperature) 0.52 O r:0.52, g:free, b:free
Fixed wall (Speed) 0.00 0 7:0.00, g:free, b:free
Fixed wall (Static temperature) 0.48 O 7:0.48, g:free, b:free

054000000000000000 (x=64)000000000O0O0CDODO.
bodz00000,000y000000L0.O00,000002D21VOUO0OO 2
gooo,0oMIXOODOooog2p21vodod 0o, obobooooon.
MIXOOOOODO2D21vOOdOO 0000000 2D21vVvO0OOOO0OO0O0OO
gobooogad.

055000000000000000 (x=64)000000000,00000
O, 0b0dybobooob.0bo,bobgb2b21vooooog,ono MIXOO
goog2p21voooooo,boobobgoob. ooboooboooboo
gboboboobooobo. gbobodboobobuoobooobuoobobo
gooobooooboo,MIXOOooboobooooboobuooboboooo

goboooobo,MIXOODOOO LBOODOODOOoooobD LBOooooooO
gboggobgobobbooboo.
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120 | —1Comp (Original)
<>3Comp (MIX)
-+ Analytical
100 |
80 |
2
x
<
E
£ 60 [
0l
>
40
20 |
0¥ : : :
0 0.05 0.1 0.15 0.2 0.25 0.3

Horizontal Velocity

O 5.4: Horizontal velocity of MIX at x = 64

120 1 —1Comp (Original)

<>3Comp (MIX)
-+ Analytical

100 |

80

Vertical Axis

40

20

048 0.49 05 0.51 0.52

Static Temperature

O 5.5: Static Temperature of MIX at z = 64
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5.6 UUOOUOOOOOO

5.6.1 0U0UOO

O000O000oOoo2021vO000O000, 000000 (0O)oooooooo
ooboo.00boob0s56000.00000126x126,000 T =0.55,Upop =
006000000 (0000),000 7T =0.45Ugorrom =—005000000
(000D),0000000000. 00000000000 O00O00 7, =1.0,7, =
1.0, =102000. 00,00000000000000,0000000000
O00.0,000000 Re=100000.

Moving wall(T=0.55) — Uror

Periodic Component [ReIalelehtd

y

L..

Usorron ¢— Moving wall(T=0.45)

O 5.6: Problem description of mixing 3 phases

5.6.2 0U0OOO

Oooobooooooooboooob.0oboooobobo RGBOODOO
gboboboboboboob.oboboobobobobuobooooon
2.3000.
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0 5.3: Relation between color-map and mixing states

Color State of mixing
Black Vacuum
Red Particle R only

Green Particle G only

Blue Particle B only

Violet Particle R and B mixed
Sky blue || Particle G and B mixed

Yellow Particle R and G mixed

White All Particle mixed

00000 (t=0)
00570000000000000000,0000000000000000
oo.

O 5.7: Initial state of three phases at ¢t =0
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000000 (¢ =500)
00580¢t=5000000000000.0,00000000000000
000.00000000000000000000000000000000.

0.55
053
0.50
0.48
045

O 5.8: Static temperature profile of three phases mixing at ¢ = 500

O 5.9: Existence ratio of three phases mixing at ¢ = 500

gs90¢t=5000000000b0b00000no.bboboooooboobood
gogodgooobbbbobobobbbobooboodogooo. bbbooooooad
gbobobobobobob,boboodgboobobobobobobooon
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000. 00000000000000000000000000000000
0000.00000000000000000000000,00000000
ooooooo.

00000 (¢ = 10,000)

00 5100000000000000000000,000000000000
oooooooo.

O 5.10: The steady mixing state of three phases at t = 10,000

oboobobOo,MIXODOOOoOOoooooobooboooooooooboo
gooobgooboobobob.

5.6.3 UUU

gobooboooboobo,bbooboobboobbooobuoobbo
0000000000000 000 (Multi-component Interaction eXtension) O
gooOd. 0bO,000b0bobooo0obooboboooboo,o0bo LBOO
00 MIXOOODOOOODO,oobOoobooboobooboob. ooMIXO
gobobooooooobbuooooobbooooobbbuooooon
000000000000 (0000000000000 000ooO0)oooo
gobodbboobbooooob,MIXO LBOODOoooooobooooo
goooobobbbbbuoooooooog.
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1 6l

Joboobobobboboobobobbooddd
HRERE

gogobobobobobooooooobboobbbooooooobboobboooa
gobooobobooobo,MIXODOoooboooboooobooobooo
gboboobboobboobb. booobooobobooobboobooo
gbogobooboboobooboobg.

6.1 U0OUOOOOOOOOoooong

gbooboboboboobg,obobobobobobobobobooooboan
gobgoooboo.oob,boboobgobboboboobobboobon
goboboobobooboboobo.boo,obooboboobobon
gogobobbbbboooooobobbbbbboooooobbbbboadao
ggboboboood.

gbboogdbooobuooogg,ggbbuoobbuoobbuoobboabb
gbbodbbodb,obbugbuoobuoobbuoobbuoobbodobobo
000.00,0000000,000000000000(0O0O0O0O)000O0O
gobbuoodgbbboooobbuood. b,gobbuooobbbooooboo
gogoooo.
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6.2 U0OO0OOOOOOOO

000000000000 (REaction Multi-component Interaction eXtension,
OO0 REMIXODODO)OO,0000000000D0O0CO00O0O0ODOCOOO
go0ooooooob,0b0bgb0b0oo0b0o0. oooooboobooo, oo
mO LBEOODOOOOODO.

o, 80) = (1= ) fu, )+~ fil(r,) (61)

Tm

6.2.1 00U
AtOO0O0O0OmODOO0O
pm(ra t+ At) = pm<I‘, t) + Apm(r, t) (6'2)

0000, At0000 mOOO0O0O0OO0O00000000000 mOO0O0O LBE
000 (63)000.

Po(r,t) = Tpm(r, t + At) — (T — 1) pin(r, 1) (6.3)

00,0 (62)000mO00C00000O0DO, 00000000 0O00O00ODOO
gooo.

p(r,t + At) = p(r,t) + Ap(r,t) (6.4)

gboo,goboobbobbobooboobuooboobgoon.

6.2.2 00O

000000000 (63) 0000000000002, pu(r,t+ At), p(r,t) 0
0000000.00,00000000000.00 m0OLBEQDe,000 o,i
oooooooooo,

P (T, + Ab)u,,(r,t + At) = (1 - 7_1) P (r, ), (1, 1)

m

!Dpo00O0 (00)000,0000000000000000.000,00000000

gboooobooooboooooon.
0 (6.3)0000000000000000000OO0O000000000.
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1
+7P§g(r7t)ufg(r7t> (65)

m

ggbbobuogoobbobuoooobbbuoooobbombbooooh,

p(r,t)u(r,t) = Z P (T, t),, (1, 1) (6.6)

p(r,t+ At)u(r,t + At) = }:mn b+ At u,,(r, t + At) (6.7)

go,bogoobobbooooooboooobbboooooon,

u®(r, t)|tmp =u(r,t) (6.8)

O00.0(68)000d000DO00000ooooooooD LBEODDOOOOO,

1
P, L+ ALY (x, L+ AL, = (1 _ ) ol )t (1, 1)

Tm

1
€q €q
+7_m,0m(r,t){u (r,t)|tmp} (6.9)
0(6.90000000mO00000O0O,

p(r,t + At)u(r,t + At)|,,., = }:mn Jt+ At)u,(r,t + At) (6.10)

‘tmp

000.0000000000000000 (6.10)000000000O0O (6.7)0
00 Amomentum(r,t) 00 000000000000QO0ODOOOO.

Amomentum(r,t) = p(r,t + At) u(r,t + At)|,,., — p(r, t)u(r,t) (6.11)

00 Amomentum(r,t) 00000000000 7, 000000000000
00000000000000000000000000000000000. O,
T, 0000000000 7,000,

P (T, + At)uy, (v, t + At) = pp(r,t + At)u,(r,t + At)|,,,.

Pm(r,t 4+ A) (Traz — Tm)
> pm(r,t + A (Traz — Tim)

—Amomentum(r, t) (6.12)

O0,00m00000000000 Appun(r,))D000000O0O0O0O0OO

P (T, t + Ab)uy, (v, t + At) = pp(r, t + At)u,, (v, t + At)|,  + Appupy,(r,t)

‘tmp
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pm(ra t + At) (Tma:c - Tm)
Z ,Om(r;t + At) (Tmam - Tm)

(6.13)

—Amomentum(r, t)

0O00. 000000000000000000,000000000 LBEOD
oooo,

pel(r, t)ugl(r,t) = Topm(r, t + At)u,,(r, t + At)
—(Tm — 1) pm(r, t)up,(r, t) (6.14)

0 (6.13)000000,

Pm (v, t + Ab)u, (v, t + At)|, 4+ Appy,(r,t)

|tmp

m (0t +A) (Tmaz —Tm
_Amomentum(r7 t) (Zp p,E.L(l‘,t‘i’A)IE)(Tmaz*Tr)n) )

m

P (v, u(r, 1) = 7

—(Tm — 1)pm(r, t)upy,(r, t)

o00.0000,0b0ob0obooooU0ob0, Atbbooooooboo,bobo
ggbobuoggobobbuoooobobbuoouobooboooooobooo.

6.2.3 UOOOO

000000000 (6.3)00,000000000 (61400000003, 0
O po(r, t+At), p4(r,t) D0 O uy(r,t+At),u(r,) 00000000, 00,0
000000000000000.00mO0LBEOOOD €2,/2000,0,i00
0D0000,00mO000000000000000O0.

u? (r,t+ At)

pm (1, t + At) 5 +em(r, t + At)
_ (1 _ 1) (T, 1) [“gn(;’ D, t)] L ey [“”3(;”2 4 e (r, 1)
" " (6.15)
gdododododoouoouoouomooooooo,
o(r, 1) [“2(; 12N g(r,t)] =3 pu(r.t) [“3*1(;’” +6m(r,t)] (6.16)

‘000000000000000000000,00000000000000000000
gbooooooa.
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go,0bgoobobobooboobgooboobobbmubOoOobDOn,

u?(r,t + At)
2

2 A
—Zmnt+AtrMnH_w+%ﬁj+mﬂ (6.17)

mnt+Aﬂ[ +dnt+Aﬂ]

2

0O00. 00000000000000000000000000000000
ooooo,

e(r, )|,y = €(r, ) (6.18)

0000000000 000000,0000000000000000000
00,

2
pm (T, T+ At) [um(r,tJrAt)
tmp

— (1 ~ T}n) P (T, 1) [ug"(;’t) + em(r, t)}

+dnt+Aﬂ]

+ L e ) l“’eg(; L ,t)|tmp]
(6.19)
O (6.19)DD|:|D mdO0O0Oo0oo0oooaa,
p(r,t + At) [112(1',152—1—At) +e(r,t+ At)]
tmp
= Y plr b + A [“?3 (x, = A (et At)] (6.20)
m tmp

0(6200000000000000000000 (6.17)0000000O0O0ODODO
Aenergy(r,t) D0 00000000000 D0ODOOOOOOOOOOD.
u?(r,t + At)
2 t
mp

—p(r, 1) [ +elr, t)] (6.21)

00 Aenergy(r,t)0 7,,, 00 000000000000000000O0O0O0O00,
0000000000000 0000000.000,00m000000000
oooooo,

Aenergy(r,t) = p(r,t + At) [ +e(r, t+ At)]

u?(r, t)

u? (r,t + At)

Pm (1, t + At) )

+ em(r, t + At)]
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u? (r,t + At)

= pm(r,t + At) 5

+adnt+Aw]

tmp
Pm(r,t + A (Tonaz — Tm)

—Aenergy(r,t) > pm(r,t + A) (Tnaz — Tm)

(6.22)

O00.00,00m00000000000 Ae,(r,t)000000D00OCOO
goon

2 A
,Om(I‘,t + At) um(r’;—i_t)

+em(r, t+ At)]
[ufn(r, t+ At)

= pm(r,t + At) +aﬂnt+Aw]

tmp
Pm (T, + A (Tonaz — Tim)

—Aenergy(r,t) > pm(r,t + At) (Timae — Tim)

+ Aey,(r,t)

(6.23)

000. 0 (623)00000000000000000000,00000000
000 LBEOO,

o9, 1) [“m

u? (r,t+ At)

5 + em(r, t + At)

= TmPm (L, T + At)

+ (T — 1) piu(r, t) [um(;,t)

+ em(r, t)-
] (6.24)

0 (623000000,

pi(x, 1) [0 4 cca(r, 1)

P (r,t + At) [M + em(r,t + At)} ‘tmp + Aep(r,t)
= Tm

m (T 6+ AL) (Trmaz —Tm
_Aenergy(r, t) (f,,,(n(r;%)g)(ﬂm_ﬂ)n)

+ (T — 1) p(r, 1) 2250 4 2, (x, 1)

gogb. oo, gbbobbogoooobo,bbdoooobboobogad
gogbbobogggbboboooobbbuoooobobooan.
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6.3 UOOUOOooOnO

Ubo0 REMIXODOODOOOOODOOOOOO. O,00b00b00000g
gooob,LBE0O0ODOODOOo0boobooobon.

6.3.1 0UO0LOO

0(.1)00000:0000000000,00mO0000000 (6.25)0
gooo.

1 1
et 80 = (1= =) pule,6) + —pid(0,1) (6.25)
T, Tm

m

0(6.2)000 (63)000000,00 mODOOO0OOOODDODODO.
P (Tt + At) = pp(r,t) + App(r, 1) (6.26)
mUdOoooooooon,0obbbbgoodga.
p(r,t + At) = p(r,t) + Ap(r,t) (6.27)

O0000,000000000000mO00000 Ap,(r,t)=000,000
O0000000000.00,0000000 Ap(r,t)=00000000000
gooo.

6.3.2 0UOO0OO0OOO
000000000000 mOLBEOO (6.1)000. 0 (6.1)0e,,000 0,14

000000oooo,00m000oOoooO (6.2)00000.

Pm (v, t + At)u,, (v, t + At) = (1 - 1) P (T, )0 (1, 1)

m

1
+7pfg(rat>uig(rat> (628)
Tm
0(6.13) 000 (6.14) 0000, mO00000DOOO0OO,
p(r,t+ At)u(r,t + At) = p(r,t + At)u(r,t + At)

| tmp
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—Amomentum(r, t) + Apu(r,t) (6.29)
O00.00,0(69000000000000000
p(r,t + At)u(r,t + At) = p(r,t)u(r,t) + Apu(r,t) (6.30)

O0000. 0000000000000 00 Apu(r,t)=000,000000
ggbobobooogbboobod.

6.3.3 ULUOOOOOO

000000000000 mOLBE, O (6.1)0000 ¢€4,/2000 0,000
O0000000,00mO000000000COCDOO (631)D0O0O0ODO.

u? (r,t+ At)
2

= (1 - :) P (1, 1) [u?”(”) + 5m(r,t)j

m

Pm(r,t + At) +em(r, t + At)

1
—|-7ng(1', t)

m

+e%(x, 1) (6.31)

0(6.23)000 (6.249)0000,m0000000000,0000000000
0(632)00000.
u?(r,t + At)

2
u’(r, t + At)

2 tmp

—Aenergy(r,t) + Ae(r, t) (6.32)

p(r,t+ At) +e(r,t + At)]

= p(r,t + At) [ +e(r,t+ At)]

0(21)000000,

u?(r,t + At)

p(r,t+ At) +e(r,t + At)

= p(r,t) l 5 + E(I‘,t)] + Ae(r,t) (6.33)

O000. 000000000000 0000o0o00 Ae(r,t)=000,00000
googbooboobboobbob.boob,REMIXDDODODDOODOO
ggbbobuooooboboogn.
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6.4 U0OUOOOOOOOOO0OOOOOO

gbboodbbuodgbboogboobobtbelbboo.gbbuoobboo
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2. 00000000bb oboobboboboobooboob,obboobob
ggoooo.

: 000bo0obobbob b2000000000O0000DLOO00ODOYg.
4: Jgogooboooooob obbbooobobobuooobbboooob.

5: ybbouoobobbooodubb obuoobobooboob,baob
gogbbobouoogbbbuooooboo.

6: 000000000000 O0O0O0ODO 045000000 (M@MOOOO)OO
g,gbgbogooobobobobobo.b,boobobobobon
gbogobgobob,oboobgoobgoboboboo.

7 00000boo0boooboonb b4, 5, 60000000DOODDOODO
gogobobboooood. b, 0bbobbotbouooooooboon
gobbo,gggbobooaon.

: Dubuooboobobo bvyobbooobboooboooobboo
gobbobuoooobbbooan.
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goooog.
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12: 000000 oobooboboobooobobbooboobob. oo
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| Set Initial Condition (+=0): p (1, 7), uy(r, 1), Tpy(r, ) |

'

| Calculate Equilibrium Distribution f° ;qu i(r, 0 |

| Substitute £ (r, #) for £,y o {(r, 1) |

-

| Calculate o ,(r,0),u,(r,0), T, (r,0) etc.from £, , (r, ?) |

!

| Calculate o (r,7),u(r,?),7(r,f) |

!

| Calculate Next Time Step Density p $(r,7) |

:

| Predict u,(r,r+ Af), T (r,t+ Af) |

¢ ¢

| Quantities Correction and calculate ug (r,7), Tm(r,?) |

'

| Set o 5 (r,),upd (r,0),To (r,f) on Boundary |

'

| Calculate fnclc(lj (r, ) for p o (r,),us (r,0),T, :lq (r,0) |

!

| Particle Translational Movement |

*Ilncrease Time Step (++7) | | End |

O 6.1: Flow chart of REMIX
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6.5 UUOOUOOOOO

REMIXOOOUO LBOODOOOOO LBOOOOOOO,b0D000000. O
goobbbobbobouoooooobbobbbooooooobbobboogd
gboobobooobobobgoboo.booLlBobooboooooboboboo
goo0o, REMIXODOOOODOODOO. Obo LBOooboooobooooboon
oo LBbobooobooobooboobg.

6.5.1 UO0O0OO00OO

5,510 000000000000 DbO0bL0O0 REMIXODODOOOOO. Oo4oo
0000 REMIXOOOOOOO,O0O551000000000000. REMIX
gobodboboobooobobooboooboobboobboo,oobbo
gbogobgobobobogoboo.

62000000000 z=80000000000.00020000,0
O0yO0OO0000O0. OO0O0O02D9VO000 0000000, 000000
2bovO0dn00000,00000000. 0002D9VO0OOOOOO0OO
gbo2pvopouoooooooooooboboobobob. 0booooon
gboboobooobuooboboobbuoobbooboob REMIXODDOOO
gboboobooboboobboobbobboobb, REMIXOODOO LB
gogbbobugoobbooooobbbooodabn.
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160

—1Comp (Original)
140 | <>3Comp (REMIX)
+ Analytical

Vertical Axis

0 0.02 0.04 0.06 0.08 0.1

Horizontal Velocity

0 6.2: Horizontal velocity of Couette flow at z = 80 (REMIX)

6.5.2 UJ0OUO0OODOOOOO

3.620000000000000000 REMIXOODOODOOOODOOOO.
0000000000 REMIXOOOOODOO,3.6200000000000. 0
gogbb,goobbbooodobbobuoooobbod.

63000000000 z=64020000000.000220000,00
yOoboboooo.0oobo2p21vodoubo 20000, 00 REMIX
gboobgo2p21voiood 00000000 o0o0bobgobo.booobg,
goooobodb. gd,bed4000000D000D0z=6400000000,
gooboo,boby0oboob0o.bobog2b2z1zvogoooooobon,
U REMIXODOOODOO 2D21vOODOoooooooo,gobooooo. oo
googgobobobbbbbobobbbo. obbobobobobbbboooouggo
gobobooobgoobobooboboo, REMIXDOODODODODOoOoOoooo
goooobobooobobo,bob LBOobOo0oboob REMIXODDODODOO
ggbooboooobo.
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120 1 4 Gomp (Original)
<{>3Comp (REMIX)
+ Analytical
100 |
80
R4
x
<
3
£ 60 [
ol
>
40 I
20
o0& . . . .
0 0.05 0.1 0.15 0.2 0.25 0.3

Horizontal Velocity

0 6.3: Horizontal velocity of thermal Couette flow at z = 64 (REMIX)

120 —1Comp (Original)

<>3Comp (REMIX)
+Analytical

100

80

60

Vertical Axis

40

20

048 049 05 051 0.52

Static Temperature

0 6.4: Static temperature of thermal Couette flow at z = 64 (REMIX)
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6.6 UUOUOOOOOoon

6.6.1 UOUOO

6.5.200 REMIXOOODOOO 2D21vO0O0oO0oOogO,00000bo0oog
O0oO0oooOoOooDObo. REMIXOOUOODDO RGBODODOOODOO,0000
gboobgobob. oo, goboobgooboboobooboob.

aR + bG — cB (6.34)

000 abcO000000O0,c=a¢+b000,000000100000000
gogbob.od,bbbidedbbbboogobb,ggobbbooan.

w=10"2[R,)"[Gy)’ (6.35)

06500000000.00000126x126,00000000(0000O),0O
0000000000 (00D00)oDo0. 00000000000 p=0.1,T7=0.5
oooobooobOo,0esbbbbb0ROGUOOODOODOO.ODOODO
googodoodod 7, =1.0,7, =101, =1.02000.

Adiabatic moving wall L»

L.

0 6.5: Problem description of reaction miscible multi-phase flow

Adiabatic fixed wall
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6.6.2 0UUOO

Oooooboooobobooobo.o,0b0o00oooDoos6e00000 RGB
gbooobgobo.

00000 (t=0)
00660000000000000000. 00000000 ROGOOOO
0ooooooo.

O 6.6: Initial state of existence ratio of reaction flow at ¢t =0
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O00000o0ooo (t=1,000)
ooer70¢t=1,00000000000000000. 0000000 BOODOO
gboboobobooboobooobo.bg,boboobobobobobon
gboooog.

O 6.7: Mixing state of existence ratio of reaction flow at ¢t = 1,000
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O00000000000D0OO0OO000oOg (t=2,500)
gbe6g80¢=2500000000000. 0,00000000000000A0.
gbbodbooobuoobboobboooboobboob,obbodobobo
ggbbbuoooobbboooobbboooobn.

0 6.8: Streamlines of reaction flow at ¢t = 2, 500

geotgupbooobbbuoob,ggbobobooobbuoogbbod
O00.000b0b0obobooobooROGUOOOODODODODODODO
gb.bboogobbuogobboogbbooobooo,bbooobbod
gogbbobouoooboboogooo.
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0 6.9: The steady state of existence ratio of reacted flow at ¢ = 2,500
00000 (¢=20,000)

obelobobooboboboooboboobo.bobobooBOODO
gogbbbuoodob,buooobbbooobbbooon.
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0 6.10: Existence ratio of reacted flow (¢ = 20, 000)

6.7 UOUOU

000000000000 000000000o0ooo0OO (REaction Multi-
component Interaction eXtension) D0 O O0. REMIXOOOOOOOOOOO
ooooooooboooooooooobooob. oo, 00000000000
ooboooobooooooboobo0o. boooobooboobooooboobooDboo
gobooboboobooboobooboobooob. DOoREMIXOOOOOOODO
OoboooooooooooooooobooobooooboooboooobooooDon
OOO0OO0OREMIXODOOOODOOOOOODOONO, O So, 0000000000
oboboo. obob, REMIXO LBOODODOODOOOOOOOOOO0O0o000
ooobooooooooboooobbooD.
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0 70

Jooooobobbooodd

gogobbobobobooooogobboobobbodooooobobooboboood
O00000O00000DO00ooOooboOobooOoboDb. REMIXO SHouOODOO
2bvO00oooooooo2p21vo0onoogn, Cray T3E 1200E00000

gooobooob.or10T3E0oonoaon.

O 7.1: Specification of Cray T3E 1200E

Architecture Distributed Memory (Scalar)
Network 3D Torus

Number of PE | 128

CPU(1PE) Alpha 21164a 600MHz
Memory(1PE) | 512MByte (3rd cache)

OS Cray unicos 2.0.6.08
Compiler Cray Standard C 6.6.0.2
Parallel Library | MPI
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7.1 OJoood

7.1.1 O0o0ood

LBMOOOOOOOOOOODOOO (18000 David R.NobleD O OO ODOO
0[5 000000. 0000 1LBMOOOOOOOOOOODOOOOOOOOO
goobooboooooobob. ooobooooboooooboboboobono,gPE
gbogobgoboboobooboobg.

7.1.2 OU0U0ddoooooooobooon

grilbodbdobobooooboobobobobooo. pEOOODODODLDO
OO0000O PEIOOCO,PEIO0O0OOOOOOOOOOODO. ODO,000 At
000 NAzOODOOOODOOOO,NOOODOOODOODOOOOD.

PEO PE1

O 7.1: Concept of exchanging particles between PEs

gobobda 720000 100000000 b,ggdgbboooogoobod
oo, djgdgooooooooooobboboboboobooboobb. ooo,
0000000000000 (oDoo)23|]0o0boooob0.00,0000000
oo pPEODODOODOOOOOODOOODOODOODOn.

PEO PE1

0 7.2: Dependencies of communication betweens PEs
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7.2 JUooood

rigooboooooooooboo,gbobobobobb.obob PEOD
gbbodgbbodgboboooboooboob,o0oboooboobboobo
gbbobuoobbuogbbuoobbag. bbad,3e100bugbbobod
gogobooodg

7.2.1 2D9v0OOOODOODOOOOOO

IPEOOOOOOOOO 73000000 (PED0OOOOOOOOOOODO
000 PEOOOOOODO)O,0000000000ODO. ODOOODO 730000
4PEO0D0O0D0ODODOD40000Y 00000000DO0ODO 3610000
goooboooobooboo,0boobor2000000nb0O0 PEOO
aoe2.

PE2 PE3
increasing the number

PEO of PE 4 times -

PEO PE1

at 1PE at 4PEs

0 7.3: Speed-up ratio of REMIX

07400000 nx128% 5000 00000000000000000. OO
UprPEO,00000DOOODODOODO. ODDOOOODbOODODDOODLO,O00

D0D0DO000000000000001IPEDOOOOODOOO NPEOOOODOOOOOODO

goooo.
0,000000000000000 NOOOODO,0000000000 NOODOO.

gbobo,00000b000b00b00000o00b0.
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O 7.2: Calculation condition of overhead measurement

Single relaxation time 1.265

Lattice size per 1PE 128 x 128

Total lattice size (nPE) 128 x 128 x n
Parallelization 2 dimensional decomposition
Measured time step 500

Number of components 1,2, 4

gbo2pvoo0ooooobobogb,bobd REMIXOODODOO 2D9VOD
gobbuoodgbbooob.b,gbbbuooobbuooobbuooobboo
O. Totaltime DO O ODODOOOODOOOO, PEOODO PEO,CMPOOODOO
ggod

. Totaltime(CMP, 1)
Scalability(CM P, PE) = Totaltime(CMP,n) (7.1)

1.02
1.015
1.01
>
i)
Z 005 oo oo °
:
= 1
©
S
¥ 0995
Ideal
0-99 —<— 1Comp (Original)
0985 | 2Comp (REMIX)
—=— 4Comp (REMIX)
0.98 L ! |
1 21 41 61 81 101 121
PE

00 7.4: Scalability of REMIX (2D9V)
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grv400000000000,00000O000D00O010000000DOD0OO0
003 0000,209v0000000 REMIXOOODOOODOODOOO0OOO0O0O
gboobgoboobbooboo.

7.2.2 2D21vUi0odoooooonbn

gooboobbooogo2p21vodolb REMIXODOOOOOOoDOoODOOO
gog. 2p21vogoogobooobooboboobobopPEbOODOOO
gboogoooobogo2psvogboogooooboob. ob oo 2D21vV
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2Comp (REMIX)
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PE

O 7.5: Scalability of REMIX (2D21V)
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00000000 (Mixture Multi-component Extension)
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000000000000 (REaction Multi-component Interaction eXtension)
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Appendix A DO OO0O0OOO0OO

Oo0oOooooo (LBM)0DO0O0DOOOoO0O0OoOooOO0OooooO0O0, oooo
Cellular Automata Unit (CA) D0 0000000000000 O0O0O0OOOO.
Oo00,LBMOOOOOOODOOOO,DO00O SI(CGS)DOoOoooooooo
gooobogoob.oobgo tBMObOOoOoooooooooooLBMODbDOO
gbogobgobobog.

9.1 UUOOUOO
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0000000000000 CADCGSO000000000000 [18]. O
000000000000 9.1000

000,L0000000000 [em], NOOOOO,mOO0000 [em®] 000
000 [g, 0000000000 [em™],e0000000000 [g-cm?-s72),

00000 Jian Guo ZhouO OO OOO0OODODOO0OO0OODODOOOOOOOODDOOOODOO.
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0 9.1: Normalization based on microscopic physical quantities

Quantities Reference quantities

Length Sj[cm] S; = Llcm]/N

Time S;s] S; = ¢s - Az[em]/Cyfem - 571
Mass Si[g] Smlg] = m [g]

Number of particle S, Sp=nlcm™?] - SF[cm?]/(b x d)
Energy Sc[g-cm?®-s7%] | Sc =mlg] - S7[cm?]/S7[s?]

Pressure Sy[g-cm™ -s7%] | S, = ¢[g - m? - s7%]/ S} [em?]

Temperature Sz[K] Sr=¢lg-cm?-s7?|/Kylem? - g-s72 - K71

KbDDDDDDDD[CmQ-g-SfﬁKfl]DDD,b,dDDDDDDDDDDDDD

ooo. od,c,0o0oooaoao [m-sfl],cSDDDDDDDDD(DDDDDD)

gdodououdodooooouoou. O, e, oo nooooooo

goooo,oood

Ax

“~ AtvD

O00. Az00000(QOD),At0D00DDO(OODO),DOOOOOOOO

O.0tuduoooouououoooooooouo,touoooouoodoo
0000000000000 0DO000DO0oOoooOoooo®

(9.1)

9.3 UOUOobooooouood

gbdd MalO 010000 obooobgoobo,bboboobooboobo
00000 [19. 0000000000000000,000000000000
gbooooboboobob. bbb Ma=01000O0DODOO,00000000
0000000000000 0000000000000000000000 (O
0000000000000 000000O0ooODOOOo0o0o00)00ooooOog

00000 SauroSucci0 0,0 OO0O0000D0O0O0O0O0OO0OOOO0O0O0DOOOOOOOOOO
gooo.
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00003 09200000000000000.

0 9.2: Normalization based on macroscopic physical quantities

Quantities Reference quantities
Length S;[m] S; = Lm]
Time Sy[s] S; = Lim]/UmOs™!]

Velocity S,[m0s™]

S, = c[mOs™!]

Density S,[keld m™?]

Sp = polkgdm™]

Pressure S,[kg - m™! - s7?

S, = pctlkg - m™! - 572

Temperature St[K]

St = To[K]

Dynamic viscosity S, [m - s™]

S,=c-Lm-s™]

Thermal conductivity Sg[m -kg-s72 - K™!]

S, =po-Cp-c-Lm-kg-s72- K]

000 LO0o0O0oOooooo,vooooo (oooo),copooo, pboo
goo,7,bobobobooo.booboobobbobooobooboonb, o
0000000000000 00000000000000000oooon0t.

3000000000 SO000D0D0O000D0000000000000N0N0N0NNonoDonOn

00ooooooooo [19).

‘0000000 00000000000000000000000000000.
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Appendix B FLUENT [ J [J

gbhoboooboooboooobobb FentOooOoooonboooonogd
FLUENTOOOODO. O0ODOO FLUENTOOODODOOODOOooDoooooog,
gooogobb.oooboooboboobooobobooobbooob. oo
gogoobbobobbboooooooooboboobobobobotbooooobobooo
gogobgoobgooboboob.

10.1 0O0OO0O0OO0O0OO

10.1.1 0OO0oood

gogobobobbooooooobbobbooooooboboboobboogd
gbobogbbuogbbdoa. gbodbobdgd el1buogbbuogobbog,od
gooooboovuvobbooboooboobL. booboobbooboo
gob.oogggoo

Uly) = U x y/10 (10.1)

ggbgdgboboboooobbboooobbobog.

0000 10m]x100m|0 000 400000000000000000000O
gobse00000. 000 FLUENT6.1.22000000000000000000
gbobobobooboooooobooo SIMPLEODOOOO. 000 +2000
1.460735 x 1074m-s 0000000000000 OOOOOOO. 0000
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Periodic 2 Periodic
[0,0]

X

y
O 10.1: Couette flow

0000000000 1.225(kg-m™3], 0000 1.7894 x 10~°kg-m~'-s~] 0 0
0.0000000000Re0100000.01020000000000000
0D0000000000000000000000000000000000. 0
00000 22000 FLUENTOOOOOOOOO. 000000000000
000 1072000 FLUENTOOOOOOO0O0000000

10

O x—velocity

ideal

Vertical axis[m]

0.0E+00 3.0E-05 6.0E-05 9.0E-05 1.2E-04 1.5E-04
Horizontal velocity[m/s]

[0 10.2: Horizontal velocity at x = 50
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10.1.2 0O0OOO0O0O

gboobobooboobbuooboobbooboobbooboonbobo
0000000000000. 000000 103000000 L=100m]O000O
gbogbobbbobobobobobob.obobobobuobooooon
U000 T, 000000 Thaex ODOOD0O0OO0OO0O0DOOOO.

T('T) = Tmin + x(Tmax - Tmin)/L (102)

gobogbobobobooboboboboobooboboboooooba.

Adiabatic fixed wall
Isothermal . Isothermal
fixed wall Incompressible fixed wall
(300[K1) fluid (400[K])
y
X
Adiabatic fixed wall

0 10.3: Thermal conductivity

00000 100z100m], OO0 4000000 10,000000. OOO FLU-
ENT6.1.220 00000000000 OOO00O000O0OOOOOO0O0000g
O00000ooOoo SIMPLEOOOOO. ODO0OO0O300K/DOODOoOoooo
400K]000000000000O000O. Doooo0oOoooooooooo
0000000000.00000000000000 1.225kg-m™3), 0000
1.7894 x 10°kg - m~' -s71|000. 0104000000000 y00O0 (y =50)
gobooobboooboboobobooboboOo FLUENTODOODODOODODO. FLU-
ENTOOOODOOOoOOOooDoOoooooboobuoobooo.
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4.0E+02

< temperature

3.9E+02

ideal

3.8E+02

3.7E+02

3.6E+02

3.5E+02

3.4E+02

Static Temperature[K]

3.3E+02 |

3.2E+02 |

31E+02

3.0E+02 & ‘ ‘ ‘
0.0E+00 2.0E+01 4.0E+01 6.0E+01 8.0E+01 1.0E+02
Horizontal axis[m]

O 10.4: Static temperature at y = 50

10.1.3 0O O0OO

gb00b0bO0bOO0O FLUENTODODODODODOODODODODODODObDOobDOo
000oO0o00o0o0. 0000000 b0o0oUoboD FLUENTODOOODDOOO

gobooboooboobooobooooboob. 00b0o FLUENTOOOODO
gbooobgoobo.

10.2 OOO0O0OO0O0OO

10.2.1 0O0O0OO

gooobobodoogobboboogda. g1wsbbo0oouobbobooo
O00. 0000000 2mm0000C0CCCCOO082000. DOoOOOOO
0000 010100.0m-s7Y, 00000000 10000000000000O¢#
0.06m-s7'|00000000000O0OD. 0000000000000 0OO0
ggboooogd.

120



O 10.5: Pitot tube

10.2.2 0000

000000 106000. 00000000000000000000000
0000.000000000000000000.
00000: 00 (0 285K))

D0000:080AD0D0D0O0O0O0O0O000
00000 1320 182 mBh—10 200
0D0000:080DOO0O0O0O00
0000: 00000000

0 10.6: Overview of plant
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gboogood
gboobgoboiroboobooboobob.

O 10.7: Measuring points

gbgobgoobgoobobooboob.
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left wall
right wall

I Pitot tube insertion — ——————%
X S

i 250[mm] ¢

0 10.8: Details of measuring points

10.2.3 0O0O0OOOO

000000 10600000000000.01060000A0000000
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Gridgen 15,0 00000000000000000000000000000000
00.0000016000000003000000. 0000 FLUENTOOOOO
0000000 FLUENT6.1.220000. 0000000000000000 (C
000)000000000000000000SIMPLEDOOOD. 000000
00000000000000000000000.0000000S8GS0000
0000000000000C,=0.1000.0000 p0 1.225kg-m=3],000
00 1.7894x10%kg-m~!-s]000. 000 ADODOOOOO 132[m? - h=(0
000 1.16[m-s])0 182m?-h~!] (0000 1.60[m-s'])000000000.
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10.2.4 0O0O0O0OOOOOOOO

00000 132md-h 100
001090000000 132m?-h 000000000000, 000 y00
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00000000000.0000000000000000000000000
000000000.00000000000000000 127%000.
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3.00E-01 |
2.00E-01 |
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0.00E+00 *
0.0E+00 5.0E-02 1.0E-01 1.5E-01 2.0E-01 2.5E-01

Y direction velocity[m/s]

X Axis[m]

0 10.9: Comparison of experimetals and CFD (Mass flow inlet 132[m? - h™1])

i) 00000 182m?*-h=1]00
0010100000000 182m*-h1)000000000000. 000 y00
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0000.000000000000010000000000 FLUENTOOO
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X Axis[m]

0 10.10: Comparison of experimentals and CFD (Mass flow inlet 182[m? - h=1])

gbbod.boouobbodboobbuoobboobobuabbooboo
gobobogag.

10.3 O 0O0O

FLUENTOODOOODOOOOODOOOOD,00bo0booobboobon
gboobooo. gb, FLUENTOODODODODOoOooobooboooboooboobg, oo
gobooobooobbooobboobboo. boooobog, FLUENT
ggbbbuooobobbooooboboboooobobod.

125



HRN

0000000000 0,000000000000 OODO0ooOOoOoooooo.
00,00000000000000000O000000O000O00O0 0O000,0
0000000000000 00O0 oooo,00000b00000ognD oo
O00,000000000000 O0O0d, Istituto per le Applicazioni del Calcolo
O Sauro Succi O O, University of Leicester 0 Jian Guo ZhouO OO OO OO OO
00d.

000000 DO000O0o00oOoDOOooO,00000oDo,0oo0ooooan
00000 (oOU0oo0)o0O Ooo0o,00000DO0b0DO00D ODOo0o,000
000000000 oooo,0000o0d0od0 oooooooooooao.

O0,00000000000000000D000000DO000DO000O0000
000 0O0,0000000 ODO0DO0bDOobOoboOoo.

O00O000O00o0O0boO00oo0oboooooobOoboobooboOo,oO0on
000000000

126



[]

1]

HREpN

Shiyi Chen and Gary D. Doolen, " LATTICE BOLTZMANN METHOD FOR
FLID FLOWS”, Annual Review Fluid Mechanic, Vol.30, pp329-364, (1998).

Xiaowen Shan, Hudoung Chen, ”Lattice Boltzmann model for simulating
flows with multiple phases and components”, Physical Review E, Vol.47,

pp.1815-1819, (1993).

Michael R. Swift, E.Orlandini, W.R. Osborn, and J.M.Yeomans, ”Lattice
Boltzmann simulations of liquid-gas and binary fluid systems” , Physical Re-

view E, Vol.54, pp.5041-5052, (1996).

Richard Holme, Daniel H. Rothman, ”Lattice-Gas and Lattice Boltzmann
Models of Miscible Fluids”, Journal of Statistical Physics, Vol.68, pp.409-429,
(1992).

E.G.Flekkgy, ”Lattice Bhatnagar-Gross-Krook models for miscible fluids”,
Physical Review E, Vol.47, pp.4247-4257, (1993).

S.Ponce Dawson, S.Chen, and G.D.Doolen, ” Lattice Boltzmann computations
for reaction-diffusion equation”, Journal of Chemical Physics, Vol.98, pp.1514-
1523, (1992).

DANIEL H. ROTHMAN, STEPHANE ZALESKY, ” Lattice-Gas Cellular Au-
tomata”, Cambridge University Press, (1997).

0o0O0,00 00,00 000),7’00007, 000000, (1977).

SHULING HOU AND QISU ZOU, SHIYI CHEN, GARY DOOLEN, AND
ALLEN C. COGLEY, ”Simulation of Cavity Flow by Lattice Boltzmann

127



[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Method”, Journal of Computational Physics, Vol. 118, pp.329-347, (1995).
O0D000000,’000000007, 00000000, pp.31-32, (1996).

00 00,00 00,00 0,7”’0000000007, 00000000,
(1998).

00 00,00 00,00 0,’000000000000007, 0000,
pp.99-120, (1999).

Dieter A. Wolf-Gladrow, ” Lattice-Gas Cellular Automata and Lattice Boltz-
mann Models”, Springer, (2000).

U.Ghia, K. N. Ghia and C. T. Shin, "High-Re Solutions for Incompressible
Flow Using the Navier-Stokes Equations and a Multigrid Method”, Journal
of Computational Physics, Vol.48, pp.387-411, (1982).

DAVID R.NOBLE, JOHN G.GEORGIADIS AND RICHARD O.BUCKIUS,
"COMPARISON OF ACCURACY AND PERFORMANCE FOR LATTICE
BOLTZMANN AND FINITE DIFFERENCE SIMULATION OF STEADY
VISCOUS FLOW?” | International Journal For Numerical Methods In Fluids,
Vol.23, pp.1-18, (1996).

Takaji Inamuro, Masato Yoshino, Hiroshi Inoue, Riki Mizuno and Fumimaru
Ogino, ”A Lattice Boltzmann Method for a Binary Miscible Fluid Mixture
and Its Application to a Heat-Transfer Problem”, Journal of Computational

Physics, Vol.179, pp.201-215, (2002).

Jian Guo Zhou, ”"Lattice Boltzmann Methods for Shallo Water Flows”,
Springer, (2004).

Sauro Succi, "The Lattice Boltzmann Equation”, Oxford Science Publica-

tions, (2001).

00 00,’000000007, 0000 772, 0000 0000000,
pp.197-232, (2001).

128



200 00 00,’000000007, 0000, (2002).
21 00 O,’00007,000, (1995).
[22) 0 0O0,”0000007,0000, (1995).

23] POODOOO,00 O0O,”’MPIDOOOOOOOO”, 000, (2001).

129



Joootgdubood

[ 000000
e 00 00,00 00,’0000000000000007, 00000
00000, Vol.6, pp.99-108, 2004.5.

e 00 00,00 00,’000000000000000007,000
0000000 (@oo).

e 00 00,0000,’0000000000000000007,(00
ooo).

e 00 00,0000,’000000000000000000007,(0
oooo).

] 00000000

e Yuichi Hirokawa, Teruo Matsuzawa, ” An Evaluation of Advanced Multi-
Components, Expansion Method of LBM on Parallel Computer”, HPC-
Asia 2004, 2004.7.

M 000000000
e 00 00,00 0,00 00,FLUENTO000OOOOOOOOO

OO7, 01r00o0oogooobooon, 2003.12.

e I U0,00 0OL,’00Db0O0DOO0DODDObDOODOODO
Ooooooor, 01dobgobooboboog, 2002.12.

e 0 00,00 00,’DO0DLODODLODLODOOOODOr, D28
gooboooogdgoon, 2002.3.

130



OO0 00,00 00,70000000000020000000000
O, 010000000000000, 2001.12.

OO0 oO0,’0boobobboboooboobobobobooobon
OoO”, d0bobooobooobooobooon, 2002.

OO0 o0o,00 0ob0,b00b,’obooo0boobbooboobon
Doooodr,0Rooobooboooboooo, 2004.12.

O0000,7JAISTO000000000000000000on (2003
O0), 0000000000000 0D000O0ooo oooogooo
DoOooooooono, 2004.10.

131



