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1. Introduction Lattice Boltzmann Method

@ Lattice Boltzmann Method 1988 McNamara and Zanetti
FEANT VY S. Succi, 2001, A.A. Mohamad, 2011

o FILY T UEESIRR(Sec.3) ICERME BV Bk MIB—g
DOBERMET I BE>2IL—23V)

o fEXDYa1IL—Yav:
Finite Element Method(FEM)
Finite Difference Method(FDM)
Molecular Dynamics Method(MDM)
e.t.c.
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1. Introduction %X

o BEIE (EBE) —EAZEDZEM (phase space) ZRERUIEL. ZC
TEHEUHRD HREHG(X, t) 2f/N3,

o % AN (Advection, Diffusion, Navier-Stoqes, etc) (XBFR-EZ2
BODORT—IVEHBRICHRE L2/ T A —4 —BH
(Chapmann-Enskog Expansion ) B"5H %

o HMEEHEAN, ERDAERICLEA, BERICIEWV, IF=Za— bV
1w, ZE%R. BHIE—HKR. EBERLEANDILRATEZ S or T
Xz,

o OV ZLNEE, ERFEML. MR

REIZHERLEBEEL BV

V7 by — (B £ kim ) OFHZzLEEHLTY
ZEBRET IV, leading 1& 1Rt — BEMEH $H 5 (1D Burgers Eq.)
BURIRR. FEIRTY. FEFM, HEERBR, Bk
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1. Introduction ¥HEDHRB|=

Figure: Nattolto
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2. A Simplest Non-equilibrium System

2. A Simplest Non-equilibrium System

Figure: 2rooms

1 N =7

13T KH)
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2 A Menerpiiivm Sysem |
2. A Simplest Non-equilibrium System

DL ICNSIRBRNOHWETHIOSNABEEAEZ S, BIC

NBEOBEBKNFINZ VY LIOEEILTWS, BAREHAZY 1ED

NFDZDNEBYRBITEET S, BAUtWTOEDEEDR FE :
n(t)

n(t—f—l)—n(t):{ : =
n—rN
O IN—n] (1)

N — 0% KRFYTTEICRAD (2)

Z|z=s

0 <r <1 WEEHK BRTYTTELICELS (random ZEH).
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2. A Simplest Non-equilibrium System

2. A Simplest Non-equilibrium System

t+ At CORFE%=EZn+AnE&T5E

—n(t) N N — n(t)

An= | — A (3)
At =0
dn 2n(t)
& TN ()
- N —2t/N N s
BIZ n(t) = 5(1 +e ) = > T (5)

ATy FTZEDH 4 a0RY (BR) ILL2E=2HER (FEXR)
H* 5 Differential Eq. (GRER)
Note: No Use of Newton's law.  cf Molecular Dynamics Method
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2. A Simplest Non-equilibrium System

Figure: randomBox

N = D8 oo
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3. FILY RV DEEAERR

3. RILY <Y DEEAER

Boltzmann A2

af Fx 3
or - av /dvl/davrffl—ffl)
f_fxvt , Vp=V—Vy (6)
H &8
HE//d3vd3xfInf — kS EIEIEEM (7)
TR
dH

— =0~ e~370=9  Maxwell-Boltzmann 9% (8)
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3. FILY RV DEEAERR

3. MLV TV DEEFFEN
BESSLVETHERE
égﬁz/p(x, t)d3x:/d3xd3vf(x,v,t) —

B p(x, ) = / PuF(x,v, 1)
BEX BT EHERTE 0—/d3v(v—u)f —

o u(x, £) = ;/d:“vf (9)

b= 1/d3vg(v—u) f

K T(x
/d3vmwwf , W=v-—u
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3. FILY RV DEEAERR

3. RILY <Y DEEAER

MEDESHZN (EEARERELY)

Du _ Ou 1
: —_V.P
=2 +(u-V)u pV
(V-P)=3P; . Py=m / P — u) (v — uy)f
BAF VY (11)

RRDEENHIRR S Ak
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3. FILY RV DEEAERR

3. MLV <Y DEEATER

Za—brRlks (ER)
2 "
P = pdij — 77(V,'Llj + Vju; — §6kauk)7 , oo MR (12)

FZa—KMUFRIE: LDORUH/T AT
TSR F9  Maxwell-Boltzmann 2%

) = ol e (< (13
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4. Lattice Boltzmann Method(1)

MacNamara, Zanetti 1988
Boltzmann Transport Equation (L. Boltzmann 1872)

—

of, 0 Fiof, PP L
8t+v'§’f"+;8v"_ﬂ , f=FR(X1t), Vv=V(Xt) ,

fr(x,t) - WAL Q=Q(f) : HRE (REF) . (13)

BGKW 3E{8L  (Bhatnagar, Gross and Krook 1954, Welander 1954)

Q:—%(fv—ff") A T

77 : Maxwell-Boltzmann distribution function . (13)

(Single-time relaxation, Diagonal form)
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4. Lattice Boltzmann Method(2)

Discretization of v (F = 0)

of; 0 1

T + E;afi = —;(f,- — £, EE i : Not summed
For 2 dimension {¢;} = {c; c1, @, ¢3, C4; Cs, Gs, €7, C3} See Fig.4 (1

Discretization of t

At
f(X+GALt+ At) = f(R,t) — —(f(X, t) — £9%,t)) . (15)

T 1

(Direction-fixed form)
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4. Lattice Boltzmann Method

4. Lattice Boltzmann Method(3)

Figure: D2QOlattice.eps
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4. Lattice Boltzmann Method(4)

1D diffusion Eq. for temperature T(x, t)

oT 0T
L —a=— 1
o~ “ox2 (16)
has the global scale invariance.
t X
t —> - X —> —
€ €
€ : positive scale parameter : (17)
1LREDHEE  (¢) = (c,0) = (1/2,-1/2)
RE
£9(x, t) = w;O(x,t) . (18)
BERF

Z f9(x,t) = O(x,t) . (19)
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4. Lattice Boltzmann Method(5)

EEERT
> aff(x,t)=0 . (20)

- > W1:W2:1/2
(<1)BE ( $o<y" tBABBETED)

il t) =P+ eff 7+ (21)
00 At\ 9°© A
== (71— 5= =7—— 22
ot ( 2)ax2 - 2 (22)
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4. Lattice Boltzmann Method(6)

Figure: LidDrivCav.eps
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5. Non-Newtonian Flow ®3%&

5. Non-Newtonian Flow D3%& (1)

5 Lid Driven Cavity
M.M. Hedayat, M.H. Borghel A. Fakhari and K. Sadeghy, 2010

2 dim square cavity, lid-driven cavity flow
Pinho model (F.T. Pinho, 2003)

1" = (K317 - (KelelP™)
neT . effective viscosity K,, K., n,p : constants

4 : rate of shear € : rate of extension . (23)

See Movies: VelDistl.0, V1.5, vVel
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6 URTBuges i@ |
6. 1JRJT Burgers A2 (1)

BB 288
B.M, Boghosian, P. Love and J. Yepez, 2004
1D2Q {Cl, Cz}

BE  p(x,t) = fA(x, t)[N(x, t)] + fa(x, t)[N-(x, t)]
BE  u(x, t) = fi(x, t)[N(x, t)] = falx, t)[N-(x, t)]
Wi

i1 = SR N%:%@+@

EAZDHEH N = %(p— u) (24)

H BEI#X

FE H= %0+ 1Y)

a @ left-right asymmetry parameter —  collision propert g5
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6. 1.RJT Burgers A2 (2)
T2 H R

oH . 2
0: —_— — E&%}ﬁg Ueq:T
du ) In 5

> 1
1—\/1+%{|n o,

l1-—«a (26)

AR 7 %2 LB RO, HE#EAHEWERL LW EWH5
HD 7t ENFA—G—k TEET D, 0<r<1
TEOED R — )L ZH#: (parabolic ordering) #8A L., EEFEA
75, BREIE 2 EL. BBk e BT %,

At —  2At

c At=Ax — ¢ cAt=cAx (27)
RICMIC 2 SHED & 2 B0 5, Burgers AR ENMN S,
ow ow 0w ca o

v

=2 = e 2
8t+W8x V8x2 W Atp ’ 2At (28)
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6. 1.RJT Burgers AR (3)

FEEFHOBRN p ICHFESLAVE WD FRELY
h(z) = zexp(—1/z) + Ei(—1/z),
Ei(—z) = — / h © ot (e EBER) (29)

2012 F 8 A 10 H HEBRTHRAFHEMTEH
E= 21— N VHEEREORTFRILY T VEICK /29




6. 1.R7T Burgers A1

6. 1. Rc Burgers AT (4)

Figure: 1D Burgers t= 0, 400 (N=64)
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6. 1.R7T Burgers A1

6. 1.RJT Burgers A X (5)

Figure: 1D Burgers t= 800, 1200 (N=64)
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6. 1.R7T Burgers A1

6. 1.RJT Burgers A 2= (6)

Figure: 1D Burgers t= 1600 (N=64)
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6. 1.R7T Burgers /7%

6. 1.RJT Burgers A R (7)

Figure: 1D Burgers t= 0, 3072 (N=512)
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6.

1R5T Burgers A#2=x

6. 1.RJT Burgers A X (8)

Figure: 1D Burgers t= 6144, 9216
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7. Final Comment(1)

BAF (—MRAESEER) NMEEREOETICESICAITH S
ZENRADN>TETWNS,
|. Bredberg, C. Keeler, V. Lysov and A. Strominger, arXiv:1101.2451
"From Navier-Stokes to Einstein”
V. Lysov and A. Strominger, arXiv:1104.5502
"From Petrov-Einstein to Navier-Stokes”
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7. Final Comment(2)

Figure: Andromeda

e Chmis i 5 0 2 TS T 2
—J# #— : E= 2 — b o RO TR Y T vkl & TS
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