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1.1 Background

Microscopic models require huge computational resources.
(Imol, 6.02*10%3)

Macroscopic models cannot provide underlying details.

Chang-Lin Tien (Microscale Thermophysical Engineering: 1997,
1: 71~84)
(1935-2002, 7t president of UC Berkeley, 1990-1997)

Many physical phenomena and engineering problems may have
their origins at molecular scales, although they need to interface
with the macroscopic or “human” scales. The difficulty arises in
bridging the results of these models across the span of length and
time scales. The lattice Boltzmann method attempts to bridge

this gap. (BXR NN ZEINAIETR)
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Mesoscopic scale (SR BE)
What is mesoscopic (ST WHI) scale (Mesoscale) ?

The scale between microscale and macroscale.
ST O AN = IR ES
Proposed by Van Kampen 1981.

The size of this scale is comparable to the macroscale, yet lots of
transport phenomena which we thought only take place at the

microscale also can be observed at this scale.

Serve as a bridge between the gas of microscale and macroscale!
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Mesoscale Microscale
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Lattice Boltzmann method for fluid flows

S Chen, GD Doolen - Annual review of fluid mechanics, 1998 - annualreviews org

» Abstract We present an overview of the lattice Boltzmann method (LBM). a parallel and
efficient algorithm for simulating single-phase and multiphase fluid flows and for
incorporating additional physical complexities. The LBM is especially useful for modeling
W 99 W\SIAAE 7458 EEUS FE14NEE

Theory of the lattice Boltzmann method: From the Boltzmann equatig
lattice Boltzmann equation

X He, LS Luo - Physical Review E, 1997 - APS
In this paper. the lattice Boltzmann equation is directly derived from the Boltzmann equatiq
it is shown that the lattice Boltzmann equation is a special discretized form of the Boltzma
equation Various approximations for the discretization of the Boltzmann equation in both
W P9 WSIRAM: 1702 EEYE FE 127VESE

Discrete lattice effects on the forcing term in the lattice Boltzmann me
Z.Guyo, C Zheng, B Shi - Physical Review E, 2002 - APS

We show that discrete lattice effects must be considered in the introduction of a force into
lattice Boltzmann equation. A representation of the forcing term is then proposed. With the
representation, the Navier-Stokes equation is derived from the lattice Boltzmann equation

W 99 \|SIFHRE:1576 BXNE F8E 137ETF

Lattice-Boltzmann method for complex flows

CK Aidun, JR Clausen - Annual review of fluid mechanics, 2010 - annualreviews. org

With its roots in kinetic theory and the cellular automaton concept, the lattice-Boltzmann (L
equation can be used to obtain continuum flow quantities from simple and local update ruls
based on particle interactions. The simplicity of formulation and its versatility explain the .

w DD WSIARER: 1555 BXENE Wl 5 TEF

A novel thermal model for the lattice Boltzmann method in incompres
X He, § Chen. GD Doolen - Journal of Computational Physics, 1998 - Elsevier

A novel lattice Boltzmann thermal medel is proposed for studying thermohydrodynamics in
incompressible imit. The new model introduces an internal energy density distribution
function to simulate the temperature field. The macroscopic density and velocity fields are
% 00 @SIARER: 1396 E\EE FE 10 MEF
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Blood Flow in the Placenta

The placenta is a complex organ that acts like an
interface between the mother and the fetus, for
whom it is a life support system. It acts as an
exchange, which provides access to oxygen and
nutrients and through which waste and carbon
dioxide are removed, all this without mixing
maternal and fetal blood. Fluid mechanics can help
explain how blood flows in the placenta, providing
insights into materal conditions such as
gestational diabetes and pre-eciampsia, that can
endanger fetal health. Read more in the 2013 article
“Blood Flow and Transport ini the Placenta.
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Lattice Boltzmann model for simulating flows with multiple phases and components 3047 1993
* Shan, H Chen
Physical review E 47 (3), 1815

Simulation of nonideal gases and liquid-gas phase transitions by the lattice Boltzmann 1228 1994
equation

X 5Shan, H Chen

Physical Review E 49 (4), 2941

Kinetic theory representation of hydrodynamics: a way beyond the Navier—stokes equation 771 2006
X Shan, XF Yuan, H Chen

Journal of Fluid Mechanics 550, 413-441

Simulation of Rayleigh-Bénard convection using a lattice Boltzmann method 599 1997
& Shan

Physical Review E 55 (3), 2780

Discrete Boltzmann equation model for nonideal gases 596 1998
# He, X Shan, GD Doolen
Physical Review E 57 (1), R13

Multicomponent lattice-Boltzmann model with interparticle interaction 565 1995
X Shan, G Doolen
Journal of Statistical Physics 81 (1-2), 379-393

Discretization of the velocity space in the solution of the Boltzmann equation 423 1998
X Shan, X He

Physical Review Letters 80 (1), 65

Equations of state in a lattice Boltzmann model
P Yuan, L Schaefer - Physics of Fluids, 2006 - aip.scitation.org

In this paper we consider the incorporation of various equations of state into the single-
component multiphase lattice Boltzmann model. Several cubic equations of state, including
the van der Waals, Redlich-Kwong, and Peng-Robinson, as well as a noncubic equation of ..
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Lattice Boltzmann method for gaseous microflows using kinetic theory boundary conditions
GH Tang, WQ Tao, ¥L He
Physics of Fluids 17 (5), 058101

Thermal boundary condition for the thermal lattice Boltzmann equation
GH Tang, WQ Tao, YL He
Physical Review E 72 (1}, 016703

Electroosmotic flow of non-Newtonian fluid in microchannels
GH Tang, XF Li, YL He, WQ Tao
Journal of Mon-Newtonian Fluid Mechanics 157 (1-2), 133-137

Lattice Boltzmann modeling of microchannel flows in the transition flow regime
(2 Li, YL He, GH Tang, WQ Tao
Microfluidics and nanofluidics 10 (3), 607-618

Manoscale simulation of shale transport properties using the lattice Boltzmann method:

permeability and diffusivity
| Chen, L Zhang, Q Kang, HS Viswanathan, J Yao, W Tao
Scientific reports 5 (1), 1-8

Pore-scale flow and mass transport in gas diffusion layer of proton exchange membrane fuel

cell with interdigitated flow fields
L Chen, HE Luan, YL He, WQ Tao
nternational Journal of Thermal Sciences 51, 132-144

Pore-scale modeling of multiphase reactive transport with phase transitions and dissolution-

precipitation processes in closed systems
L Chen, @ Kang, BA Robinson, YL He, WQ Tao
Physical Review E 87 (4), 043306

A critical review of the pseudopotential multiphase lattice Boltzmann model: Methods and
applications .
L Chen, @ Kang, % Mu, YL He, WQ Tao ReVIEW

niernational journal of heat and mass transfer 76, 210-236
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1.2 Boltzmann equation
Velocity distribution function

(&)

Number of molecules is fdxdé in control volume dx with velocity
In the range of (&, & +d¢&) at time t.

Thus, the total molecules in the control volume dx Is
fde =n

Correspondingly, the total mass, momentum and energy are

| mrds =
| mefds = pu

[ m=fdg = pE = pe + - pu?
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1.2 Boltzmann equation

For a certain molecular, if during the time dt, it does not collision
with other molecules, its position and velocity will change as

follows
X + &dt, &+ adt

Therefore, at time t+dt, those molecules in (x, &) at time t will
move to (x+dx, & +d&)

f (x+dx,&+adt,t+dt)dxdé = f(x,E,t)dxdé
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1.2 Boltzmann equation

f(X+dx, &+ adt,t +dt)dxdé = f (x, & t)dxdé

Taylor expansion

The above equation is the Boltzmann equation without collision.
It describes the conservation of velocity distribution function.

However, collision between molecules also change the velocity of
molecules, thus a collision term should be added
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1.2 Boltzmann equation

Collision between molecules also change the velocity of
molecules, thus a collision term should be added

of of of of

_+§_+a'_: (_)collision :Q(f)

ot OX o ot

Collision between molecules are complex. Even if we assume
two-molecule collision, velocities are uncorrelated pre-collision,
at during the short time of collision, external force does not play
arole
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1.2 Boltzmann equation
Boltzmann equation

Devised by Ludwig Boltzmann in 1872.

The collision term is a integral-differential term. Thus, it is really
hard to solve Boltzmann equation due to this complex term.

Simplify the collision term: Boltzmann H theorem

jflnfdg 1
[fde

H=Inf jflnfdg
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1.2 Boltzmann equation
Boltzmann H theorem

oH /ot <0

Indicating that H of a system decreases with the time. The final
state means the equilibrium system. The corresponding f is
equilibrium distribution function. Maxwell distribution is a

solution

® *s o Fea _ 1 exp(— (f—U)Z)
ol —
. . (27RT)¥? 2RT
s * @
. s ® o ' * In this mechanical model of a gas, the motion of
s ® the molecules appears very disorderly.
Boltzmann showed that, assuming each collision
O ¢ configuration in a gas is truly random and
s '.. ® independent, the gas converges to the Maxwell
% o ® speed distribution even if it did not start out
2 21 that way.



/
/

MOE-KLTFSE (&
1.2 Boltzmann equation

BGK collision term: In 1954, Bhatnagar, Gross and Krook
proposed the BGK collision model (SRT)

1 q
- —(f = f*9)

where 7 Is the relaxation time, 89 is the equilibrium distribution
function.

1) Approximate that the effect of collision is to force the non-
equilibrium distribution back to Maxwell equilibrium distribution

2) The collision term should maintain the conservation of mass,
momentum and energy.
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1.2 Boltzmann equation

Velocity distribution function

F(xc1)

Boltzmann Equation

BGK (SRT) collision term

Equilibrium distribution function

eq 1 . (é:_u)z
= (27RT)*? expl 2RT )
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1.3 Lattice Boltzmann method

Lattice Boltzmann method

From lattice gas automata
1973-1988
HPP
FHP

Discretization of
Boltzmann equation
1997~1998
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1.3.1 Lattice Gas Automata

Hardy, de Pazzls, Pomeau, 1973 HPP

2
; C,=(1,0) Head on collision
; 1 C,=(0,1)
C(10) ) -
14 C,=(0,-1)

1. Pauli incompatible principle
n(x,t)=n;n,n;n,

2. Collision and streaming
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1.3.1 Lattice Gas Automata
Frisch, Hasslacher, Pomeau, 1986 FHP

NS equation can be recovered.

Because of Boolean number,
statistic noise Is huge.

The collision operator is complex.

1988: McNamara and Zanetti proposed to use real numbers rather
than Boolean value “0” and “1” (PRL, 1999)
€ Avoid statistic noise

€ Becomes complicated with multiple particles collision at one site.

1989: Higuere and Jinenes developed the linear collision term.
(Europhys. Lett)

1991-1992: several groups simultaneously proposed the BGK collision term or SRT collision term.
The purpose of collision to approach equilibrium state. (S. Chen et al. PRL, 1991; Y. Qian et al. Europhys. Lett 1992)
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Velocity distribution function

Boltzmann equation with SRT (BGK) collision term:

Equilibrium distribution function

eq 1 _ (5_ U)2
= (27RT)*? exp( 2RT )

25/66
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1.3.2 Discretization of Boltzmann equation

Discretization of velocity, space and time of Boltzmann equation

Velocity is continuous, however it is impossible to consider all the PDF
In all velocity directions.

The velocity is discretized. The most famous model is DnQm
lattice model. n denotes dimension, and m s the number of

velocity directions. (Q: Yuehong Qian, $&EK¥EZP) .

. . . 6 2 5
ol
. . ®
b . ® Infinity to just 9
s °°% @ ® 0
° > 3 (= -
.
.
] e *
. . y o7
. 4 8
2 s ° ] .
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c,b = 0
cf:(mrjaglﬁ.sin?_zlﬁ)% , 1=1—-4 | ‘ . |
c;, = \/E(E'DS 2?4—9}T‘5i11234—9ﬁ)% ., 1=0—28 L 8
T_.I 4
eq 1% (é:_u)Z
— exp(—
(27RT)*? 2 2RT )
E’::in'—l—l—x—l—z—?—l—z—f—l— for all =
Expanded around u:
R SEPOIVIRD SR B 1) G
o 3/2 EXp 2
(27RT) oRT’ " 2RT | 2(RT). 2(RT)
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1.3.2 Discretization of Boltzmann equation

Equilibrium distribution function

u-¢; l1/u-¢\° u-u
fit = fwil 1 + w!+_( !)_

—> D =) fo=p
D ffe, =>4 = pu
D ffcc, =) €€ = puu+ pl

4 8
Zcia =0 Zcia =0 ;Ciaciﬂcw =0 iZE;CiaCiﬁCiy =0

4 8
8
> c,Cy=25, > C.C,=45, ;Ciaciﬂcvcix =20, ;Ciaciﬁciyciz = 4005, ~804p,
i=5

i=1

A = 50!/5’ 5% T 50!7 5@( T 50% 5/37

apyy
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0

1 IS the ith lattice velocity, and « Is the coordinate. |

7

X

c, +C, *tC, +¢C, =1+0+(-D+0=0

C,, +C,,+C;, +C,, =0+1+0+(-D=0

4

Zciaciﬂ = 25a,8 iciaciﬂ = 4505,8

=1

c,C, +¢C,C, +C, C. +C,C, =1"2+0+(-D"2+0=2

€, Cyy + €y, Cy, +C5,C +C,,Cp, =1%0+0*1+ (=D *0+0*1=0

c,.C., +¢,.C, +C, C, +C,C,. =0+1"2+0+ (-D"2+=2

1y Y1y 2y~2y  “3y“3y 4y~ay 29/59
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1.3.2 Discretization of Boltzmann equation

6 2 5
D20Q9 !
2 w,=4/9
3 | 0 - | W1_4 :1/9
W, , =1/36
P ; :
15
| A
12 __:_______:;l_’_ll."_: _______
D3Q19 : N /
i : A | -qif"!"? WO = 1/ 3
| St w,_, =1/18
A
W, . =1/36
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Evolution equation for the LBM l
f.(X+C ALt +Al)— f (X, 1) = 1 (f.(x,t)— £ (x,1))
T

3 key components

» Evolution equation
» Lattice model
» Equilibrium distribution function fed
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1.3.3 From LBM to NS equation

Fundamentally, the NS equation can be derived from the
Boltzmann equation.

Champan-Ensokog expansion: C-E expansion denotes such
derivation from Boltzmann equation to NS equation as well as
transport coefficient from Boltzmann equation (Chapman and

Enskog between 1910 and 1920)

& | Small expansion parameter

fi= £+ ef" P

Oy, = €0}

Xo,

or = ') + g20l?
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1.3.3 From LBM to NS equation

Taylor expansion

fi(X + ALt + At) = fi(x.t) + AtD;, fi (X, t) + (A2r)2 D fi(x.t)

+ O[(Arf]

Di-z — ar T Ciaxﬂ

oDLF + a2 DU + o0 + 2 S o) o
1

= (f‘” +efl) + Ef f““q) [(Af) ]

Afff
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1.3.3 From LBM to NS equation

g0 f1¥
el f:

&2 fl-(z

) _ AT [Dﬁ.i)ff” +a§2)ﬁ(0)] B TfT [Dg)rfi(ﬂ) +0 [(Af)'ﬂ]

—f
= —AttD)f” +0] (At)*
(At)°

op ' p + af-”(pm +0[(At)’] =0
(puy) + ) (pustis + posg) + O[(AL)’] = 0

2

02 (puy) — va;}j{ 0 {a;lﬁuﬁ + a;;?uﬁ] } + 0{(5{)3] — 0

aﬁ'p+0[(a ) ] ~ 0
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1.3.3 From LBM to NS equation
:J{[DJ :J{[EQJ

1 1. I

5

0) .—2~(1
— —IfA[UjG._-Ujﬂfi[ }CS ZU‘E,;U;?

1

1 ,-.,'[] “ﬁ“
K J'p(ekjuﬁ + ekﬂ}ua) — (
B

N —&[Tf'l’UfﬂE[mCs_z psi‘flﬁ} (! p — (..:1 1)) Uﬁ}

ff[z; = — ALty 1-*Umﬁ[[”q

Sﬂ:ﬁ — E!xﬁu:g I' Elxgguﬁ

,062 U":‘Jp}
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1.3.3 From LBM to NS equation

f (X CALLLAD - FOGt) = —Z(f. (00— F9(x.1))
T

opu

—+V-(puu)=-Vp+V. {pU(VUﬂLVU )——V (Px‘)}



/
/

MOE-KLTFSE (£

From LBM to NS equation

£ L Chem et al fnéarrastonl joumalof Mot Mas Trofer £ (2003) 364- 200

structures of parous companents neads o be resaived, although

the small exansion parameer & can be viewed 25 the Kmidsen
mumber Kn which i the ratio of the mean free path over the char.

ikt block LAM &5 of same help. Improving computasonal efi
dency inthe ™
smailition capacities

7. tondusion

A coupled simulion strategy is used to simulate the mubt
scale tramsport phenamena in PEMFC In this stategy, different
mumerical methods are used #o predict transpart processes in dif-
ferent bocal regioms with different length-scales. Information & ex-
changed 2 the interfices between na ghboring regions. Dusing the
implementation of coupled modeling strategy, the computasonal
domain is divided into several sub-domains and in each sub-do.
main the appropriste mumerical methad comespanding to the
length scale of this sub-domain & applied.

In this study, single-phase fluid flow, cxygen and water va
por transpor, proton conductian and electrochemical resctian
i the cathode side of 3 PEMFC are simulated using the coupled
smallation satesy. During the implementition of the coupled
simalition swategy, PEMFC cathode side i divided imto two
sub-domains, one &5 O and the other includes the CDL and
€L Top-down numerical method AWM & used for fluid flow
and mass transport in GO sub-doman, while bottom-up mmer.
ial method LEM & emplyed for porescale flow and mass
mamport in COL and €L and proton comduction in (L Two
W05 iransderving macm density and comeeniragion in FUM o
density function and
functian in 1M are wsed to transler imformasion at the inter
fice between the two sub-domains. The smulation results show
that the couled simulafion strasegy is able to capture the pare.
scale wramsport prcess and electrochemical reacsons in parous
compnents of PEMFC

led simulasion strategy are ako discussed Coarse grid b used
i the FVM region and fine grid is used in LBM region. Cood sima
Lation results can be obtiined even the ratio of gridsize betwem
VM region and urther increasing
80 1010 keadks to no-deal results dthough the smmalation & con.
werged Factors affecting the madmum grid see ratio are
discussed, position the local varist
entnear the interface and thealgorithms of FVM and LEM. A mults
grid system is proposed to simulate fansport processes and dec
wrochemical reactions in PEMPC. which consists of coarsest FVM
Fid in GF, relifiwly coarse grid in buffer 2ome, relifiwely fine
LBM grid in DL, and finally finest LM grid in €L

Extending the coupled simulation strategy to the whale FEMEC
based on three-dimensional realistic microstructures of GOL and
€1 5 under way, where multi-grid system is adopted.
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Appendix A

A, Becomstruction qperaior for density distribution function
According to the Chapman-Enskag method, we can introduce

time and spa ="
&=l Paf - 1a)
&, =il A1

acteriss if the flow, and o repmsents the twa coord
nate directians.
£ as follows

AT A7 {A-2)
Wit

It ea Yefto0, 3T -0, Vel -0 A3

Then, fix+ceAtt+ At) in Eg (1) &5 expanded about x and ¢
which gives

FisCALE + A =it - AtDiix

2
%{U:.a:.

(A4}

wihere Dy = & + ol for comcise:
Substituting £q. (A-4) i £g. (1) \')e)us e fallowing equason
2

v - ;uc F s oyafy (A5}

Furthermare, substituting Egs. (4-1) and (A2} into Eg. (A5)
obtaims

iy 2o o) + 4o

- Lol L) o a8
Then by matching the scales of &, &' ands®, we have

£ g A7)

£ Y= _are D o (A8

(At

2 e a(rlp ) -5 £] |D|‘|.|",:n. LA

(-8

Considering Eqs. (4} and (5}, we can sum Eq. (A-8) over the

phe space. Then the first ander of the continuty equation and
momenfum equition can be derved

& 8V )+ O]

AN - Ay i)+ DAY - 0
By the same way, we can obtain the second order of comsnuity

equation and momentum eguwifon eording to Eg (A-9)

{A-10}
A1)

£ d% 0y [A12-a)
) M,"{ﬁMz\, Aud]} o 125
The F cnding to
= Bl + B S {A-13a}
RJL'-J'." Bl + B0 135
From Eg. (3}, we can get
A —ulu?.E‘ny; ) ‘c‘—“""" {A-14a)
Bl = ‘;,rﬁ T

Furthermare, substituting Egs. (410 A1 4) i Eg. (A-8), we
can derive the first order expression of distribution funcsionf;

fmmal of

Trger 241 E

e e
AT 0 {0 + J)|
__:'N-u""‘o:al?”
At o+ o ) ]

Lo L\a_-ml:;-;]-!-\; + %-:..am\:l LS
A15)

whew U, = 6, —
The second-arder ecpression offfin g (A-9) & cikulated =

2.

S s SVl
- ey o eaen(2f°) + )

2 [
— e e (- ) [ (416}
We canignore the second-order derivative of £, then
U T (417}
Iy the chain rule of derivatives, it gives
ST =8 SV p 4 B[y = 8,00, {418}

{Using Egs. (A-12h) and (A-14]) we gt

P =0uJ" 0
n

)

Dy g
el A )
ke u:--—cmw]&"lﬁl&'ﬂr Al

= v

- v
n

h}u’)‘,_

1
T ice — )+ —(c-q&l‘l

o0y ) 40 (ot 4 )|

{A-19}

%o the following expression &5 obizined

1 1
- _u:rvum{z,-u, + Eqaﬂﬁk]
LI
< [t (ot ) + ol (b &,'-u(]]] (420

Here, we intmoduce an app roodimation odru‘ " by dropping terms of
a hiigher arder than ahs follows
80 Py o) = B

Sssuming the velocity fidds is divergence-free, written as
e =0 1Az

Acoowding to Egs (A-21) and | A-E2), we can rewrite the eqre
sioms of f{* and ' a5

1 = [ UL Ul i - U tte]

A-21}

. .'“ o (4233
~ vyt Lt + ) + (42|
R L O L (a2

whete Sy = A ng Mty
Finally, we can derive the sxprssion of

0
=1 - Al e

Al [P L5 e By
= [ - Al et + vy + v S )|

A25)

Ex (A-2%) &5 an analytic expression for reconstructing the demsity
distribution function from the macro variables We call it 25 density
distribution funcson reconstruction apeTator.

Appendix 1L
distribution function

aperamr for

¥ ing Eqs. {A-2-{A-9), we canobiin g in the scales of £,
& ande®
£ gt gt {B-1}
£ gl e Dl B2
L |
AL {B-3}

Therefore, we can derive the macuscopic equations at the
# =gt and &= £t fime scales

A'C+al L) -0
Pc-2ye os:%ﬂ;'.' -0

Inrodwcing the formubis axcording %o the chain ruke of
derivaives

egl® =g+ A gy,
AR AT
and from the equilibrium distribution function given by Eg. (10}, we
can get the following expression

A g = A IO+ 12, )]
Begt® = B0 41 26,5)) = C g

The first order expression of distribution function g; can be de.
rhved as

&Y = —rgastf 2" = ot + cutlisl)

= —rgat| g 1 e (g + a8 )|
= —rpt] -0l ) et el ey
—:;wx,g."ar,;pu..l_'m.".u&' € it 20! u,]]

S

(B4}

(B-5)

(B-6)
(B-7)

136, (B-5)

(B-9)

S 0 Sty - 05l
(810)

The secomd onder expression of distriution finction g can be
derived as

[U8] L Paachon, M, Prae, 7. Schom, 50, Kot sl e fm e s of prosan

5 combssing g aework ad g e

g By 2] (2112 62E- 1641

5 1 moding o phue
wl, |

e o
[ T R T, Bt . Mty A

Sonwaen 1741 00K 1 51130

£ L Chen st fonama o et ard b Tronger 61 (013 268 261
o -z g (1 ot |

~ et (5o ("5}

~-eee[apgn - (- ) n(o)'s0)| 1)

The second-ander derivative of % can be ignared in the ahove
aquation, then

405 {M.‘f&.‘w&-\.& o)
(B12)

=g +agl 4 fg
=% - st g
D g M+ 0S¥ by + St
- U
AL + 05 ity + St
-l] AR e _m,,rx,u]
— 05Tt D v A my + o S o)
+ 08zt ey W p
(B13) Wt for afthe

bytic expression
concentration  distribugon  function g fmm te mam
concentragion.
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1.3.3 From LBM to NS equation
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2 ST P31

f(X+CALEHAD — f(xt) === (f.(6 1) — F.49(x,1))
T

Collision (hit#E) "

£, 8) =—=(f,060) - {9 ()
T

Streaming GI#%)

f(X+CALt+AL) = f'(x,t) i

Macroscopic variables calculation 0 )

p:Zﬁ, pu=Zf,-e,-. “
i=0 i=0


/
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® T4xiLY MOE-KLTFSE (&
Collision (Rf##) —————
O =-—(hx D= 1)) - w e a
Totally local and linear. A 3{'/1 )

7/

Streaming GE) ) T | NG
f(X+CALE+AL) = £ (x,1) / L\
Only requires the information of the closest neighbors.

fo(X+CoAL t+AL) = (X, 1) = fo(X,y,t+At) = f (X, y,1)

f(X+CALt+At) = f (x,1) = f(Xx+AX, y,t+At) = f (X, y,1)

fa(X+CAL t+At) = f (X, 1) = fi(X+AX, y —Ay, t+At) = f (x,y,1)
40/59


/
/

O

O

O

O

O

Content

1.1 Background

1.2 Boltzmann equation

1.3 The lattice Boltzmann method
1.4 Boundary condition

1.5 Force implementation

1.6 LB program structure

B T4 MOE-KLTFSE (&


/
/

MOE-KLTFSE {&

1.4 Boundary condition of the LBM

£ (X+CALE+ AL — F (1) = == (. (%, 1) = £9(x, 1))
T

Collision i
£, 8) =—=(f,060) - {9 ()

T 0 - 0 .
Streaming
f,(X+CAL t+At) = f (x,1) ;; ‘
Macroscopic variables calculation 0 . o

pzZ:f,-, pu=Zf,-e,-. “ “
i=0 i=0
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1.4 Boundary condition of the LBM

Unlike traditional CFD methods such as FVM, FEM, and FDM,
In the LBM the basic variable is particle distribution function
(PDF)

Boundary condition is to give values to these PDF whose values
are unknown after streaming step.

Since most of the parts in the LBM are standard, such as f¢q,
streaming, calculation, macroscopic variables calculation,
successfully conducting LBM simulation is highly depended on
boundary condition implementation.

BC is important for accuracy, stability and efficiency of the
LBM.
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1.4 Boundary condition of the LBM

/\ AN
/L Par PnY Pan Pan N Pan N\ N N\ />
\W \\V/ \ v/ \V \ W/ \ W \ W \V \ v =
I £\ N PnY N Pan N P Pa. Pan P,
Y \V \W \v \V \ " \V \v \V O Z

Heuristic BC: periodic BC, symmetrical BC, full developed BC,
bounce-back BC, specular reflection BC

Kinetic BC: Zou-He BC, counter-slip BC
Extrapolation scheme

BC for curved boundary
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1.4 Boundary condition of the LBM

/\ A
/L €N 0n Pan Pan ) N Pan Y P Pan N />
\ v \ W/ \V \V/ \ v \ vV U \V \v r =

B
0O
A\~
an Y
W
fan
A\ V"4
Fan
\ 4
0O
A"
fan
A\ V"4
(@)
A4
FanY
\ V4

Bottom boundary Left boundary Right boundary
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1.4 Boundary condition of the LBM

Bounce back Non-slip boundary

N\ 7

Standard bounce back T, (i, J,t) = f,;4(i, j, 1) 1 order
Modified bounce back  f', (I, J,t)=f,, (1, J,1) 2 order

Half-way bounce back  f,. (i, j,t) = f,,4(i, J,t) 2 order
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1.4 Boundary condition of the LBM

Periodic boundary condition Periodic boundary

fsa@ J,t) = f55(NX, J,t)

f3,6,7 (nx, j’t) — f3,6,7 (1’ j’t)
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1.4 Boundary condition of the LBM

Zou-He boundary condition Velocity or pressure is known
6 5
3 1
! 8

f,+f+f,—f,—f —f =u

pu:Zf,-e,-. f,+f+f—f,—f, —f,=u,
=0

-7 =161

X
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1.4 Boundary condition of the LBM

Extrapolation

7

4 8
f,(1,2) = £,77(1,1)(o(1, 2), u(i, D) +|f, (i,2) — £,7(i, 2)
f,(1,2) = £, 0, D(p(@1,2),u(i, 2))+ If,(1,2) — £,7(1, 2)
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1.5 External force implementation

He-Shan-Doolen model
of 1

- e =__- .I:_ feq
8t g@x O T( )
of of &
I La
g O
—a. Y -y’
- 8&((27[RT)3’2 AT )]
__(G-u-a.q
RT

pu = Zcf+ Fst

f(X+CALE+AL) — F.O0E) = — = (.06 1) — £9(x, 1)) + (1— 21 (@ ;l;.).a
3 T

S

feo
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1.6 LBM program structure

[ Define the computational domain J
! f—f™
Collision 1
T “7 fros f—2(f —f)
Streaming v

‘ f.(X+CALt+Al)=f'

Macroscopic variable calculation JO - E : ﬁ* pu - E ﬁef'
i=0 i=0

@
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1.6 LBM program structure

1. VBN IR B
2. B faj B
3. RARFIFATH
4. R (Kinetic theory)

FHEH T EREHREEENZ HRERE

If you wants to use the LBM, just week Is
enough; If you want to understand the LBM,
one year may be not sufficient.

v
FFP

l
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Low compressible model (§§0] &)

f(x+c At t+Ar)— f.(x,1) = —i(ff(x}r)— 2 (x,1))
T

1 1. Ax’ 2
v=—(r—-)
3 2" At

‘%ﬂv.(puu) :—Vp+V~{pU(Vu+VUT)—L2V-(p )}
CS

PRAERIAE TR R 55 7T R HY .
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1.6 LBM program structure

MOE-KLTFSE {&

The LB model adopted is the imcompressible model developed

by Prof. Zhaoli Guo in 2000.

Lattice BGK Model for Incompressible Navier—Stokes Equation, Journal of

Computational Physics, 165(1), 2000, Pages 288-306.

The code can be downloaded at: http://nht.xjtu.edu.cn/down.asp

B AR | Fmas [ FAR | Hss | #ees [T s | Ad sk
HETH LEIE: EECENTE

ig & Eig o
2018 REEREAIENHERE > SRHE
2018 B E AR HE > ENE
0IRE B E SRR S
LBMSEZFE FE
LBM{E[EIEFF

i e R ke

ZAnitE]
2018/5/16
2018/5/15
2018/5/11
2018/5/7
2018/5/6

TR
51
39
54
134
94
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Imcompressible model

fi (X+CiAt,t + At) — fi (X,t) = _i(fi (X, t) - 1:ieq (X,1))

¥

45 45, (u) (i=0)
¢ (A+y=0
£ =412 15 (u) (i=1-4) < 1
c A+2y=—
rLes (i=5-8) L 2

i:1.. ,0 40—
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Imcompressible LB model for fluid flow

This code was written by Li Chen at Xi'an Jiaotong University.

This code was for single-phase in a 2D channel.

Pressures are known at the left inlet and right outlet,

and non_slip conditions at the top and bottom walls.

One can refer to the following papers for more details:

Li Chen et al., Water Resources Research Volume: 50(12): 9343-93635, 2014
Li Chen: lichennhtO8@mail.xjtu.edu.cn.

The program is used only for the teaching purpose. No part of
It may be published. You may use it as a frame to re-develop
your own code for research purpose.
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MODULE START_L
PARAMETER (nx=21,ny=81)
integer::|,J K,LAST,ITER
double precision, PARAMETER::XL=20.E-5,YL=80.E-5
double precision,dimension(nx)::X
double precision,dimension(ny)::Y
double precision,dimension(0:nx+1,0:ny+1)::U V,PRE

double precision::DX,DY,DT

double precision,PARAMETER::C=1.d0,C52=1.d0/3.d0
integer,dimension(0:8)::FCX=(/0,1,0,-1,0,1,-1,-1,1/)
integer,dimension(0:8)::FCY=(/0,0,1,0,-1,1,1,-1,-1/)
double precision,dimension(0:8)::wi

double precision,dimension(0:2)::lambda

|

double precision,dimension(0:8,0:nx+1,0:ny+1)::f1,ff1

MOE-KLTFSE {&

Velocity and pressure

Lattice velocity and sound speed

DnQm model

Parameters in LB model

PDF

double precision::ftao,vmu_phy,vmu_lat,preleft,preright,feq1

integer,dimension(0:nx+1,0:ny+1)::ls

Define of solid structure

logical, dimension(0:nx+1,0:ny+1)::walls
double precision::delta

double precision::sumc_last,sumu
END MODULE
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Main program

PROGRAM MAIN
USE START_L

CALL SOLID_STRUCTURE
CALL INITIALIZATION

DO iter=1,last
CALL COLLISIONF
CALL STREAMF
CALL BOUNDARYF
CALL MACROF
if(mod(iter,1000).eq.0) CALL OUTPUTI
ENDDO

END PROGRAM

MOE-KLTFSE {&
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Structure

SUBROUTINE SOLID_STRUCTURE
USE START_L
I |s represents the porous structure: 0 denotes nodes of void space, 1 denotes solid node.
Is=0
Is(:,ny:ny+1)=1
Is(:,0:1)=1
walls=.false.
do j=0,ny+1
do =0, nx+1
if(Is(i,j).eq.1) then
walls(i,j)=.true.
endif
enddo
enddo
RETURN
END SUBROUTINE

Here, you can input the solid structures you want to simulate!
Input the structure date. A 2D matrix with 0 for fluid and 1 for solid.

See Slides for porous flow!

laYa VWi

VUVU/IJ
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Initialization

éUBROUTlNE INITIALIZATION
USE START_L p ‘ ‘
double precision;:z1,z2 —4g — +5i(u) (i=0)

dx=xl/float(nx-1) Physical length of a lattice : : :
dy=d Y 2 =4 i Bisu) (i=1—4)
last=500000

delta=1.d0 p
lambda(0)=-5.d0/3.d0 : W teiu i—6_ Q"
|:$bd:E1g=1_0d0;3_d0 Parameters in LB model. V2 +si(u) (i=5-8)
lambda(2)=1.d0/12.d0
wi(0)=4.d0/9.d0
wi(1:4)=1.d0/9.d0 —
wi(5:8)=1.d0/36.d0) o=5/12
vmu_phy=20.e-6 Viscosity in physical units —
ftao=1.d0 Relaxation time A=1/3

vmu_lat=(ftac-0.5d0)/3.d0 y sis sty in lattice units v=1/12
scale=vmu_phy/vmu_lat

dt=dx**2 /scale Physical of one lattice iteration step.

preleft=1.0002d0 ) )
preright=1.d0 Pressure difference between inlet and outlet.

do j=1,ny

do i=1,nx
pre(i,j)=preleft-float(i-1)/float(nx-1)*(preleft-preright)
u(i,j)=0.d0 Velocity and pressure initialization
v(i,j)=0.d0

enddo

enddo
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Initialization

do j=1,ny
do i=1,nx
z2=u(i,j)**2.d0+v(i,j)*2.d0
do k=0,8
z1=fex(k)*u(i,j)+Hey (k) v(i,j)
if(k.eq.0) then
feq1=lambda(0)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)

IZS N MOE-KLTFSE (&)

elseif(k.le.4.and.k.ge.1) then ) b
feq1=lambda(1)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2) —4o 3 +si(u) (i=0)
elseif(k.le.8.and.k.ge.5) then ca )P g
feq1=lambda(2)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2) ! Aats 3 )
endif 2P .
1 (k i j)=feq [T T 758
ff1(k,i,j)=feq1
enddo
enddo
enddo sifu)=w; 3:,--u+4l5|[c;-uj 1I5u-u
' "7 ¢ c? c?
RETURN

END SUBROUTINE

Distribution function initialization!
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Collision

éUBROUTINE COLLISIONF
USE START_L
double precision::z1,z2

do j=1,ny
do i=1,nx
if(.not.walls(i,j)) then
22=u(i,j)™2.+v(i,j)*2.
do k=0,8
z1=fex(k)*u(i,j)+fey(k)*v(i,j)
if(k.eq.0) then
feq1=lambda(0)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
elseif(k.le.4.and.k.ge.1) then
feq1=lambda(1)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
elseif(k.le.8.and.k.ge.5) then
feq1=lambda(2)*pre(i,j)+wi(k)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
endif
ff1(k,i,j)=f1(k,i,j)-1.d0/ftao*(f1(k,i,))-feq1)
enddo
endif
enddo
enddo

RETURN
END SUBROUTINE

MOE-KLTFSE {
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® THRELT

Stream

SUBROUTINE STREAMF
USE START_L

! periodic boundary along y
do j=1,ny
do i=1,nx
do k=0,8
f1(k,i,j)=ff1(k,i-int(fex(k)),j-int(fcy(k)))
enddo
enddo
enddo

RETURN
END SUBROUTINE

MOE-KLTFSE {&

f.(X+CALt+Al)=f'
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® FpidLY MOE-KLTFSE (£
Boundary condition

SUBROUTINE BOUNDARYF
USE START_L

do j=1,ny
do i=1,nx
if(walls(i,j)) then
ff1(1,1,))=f1(3,1,))
ff1(3,i,))=f1(1,i,))
ff1(2,1,))=f1(4,1,))
ff1(4,i,))=f1(2,i,))

fE1(5,10)=F1(7,i)) SIZ e : |
ff1(7,i,))=f1(5,i,)) TH .
ff1(6,1)=f1(8,i))
ff1(8,i,))=f1(6,1,))
endif Mon-equilibrium extrapolation method for velocity and pressure boundary conditions in the lattice
enddo Boltzmann method _
enddo ZL Guo, CG Zheng, BC Shi

Chinese Physics 11 (4), 366

do j=1,ny
z1=fex(1)*u(2,))+fey(1)*v(2,))
z2=U(2,))**2.d0+v(2,j))**2.d0
feq1=lambda(1)*pre(2,j)+wi(1)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(1,1,))=lambda(1)*pre(1,j)+wi(1)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2) +F1(1,2,J)-FEQ1
z1=fex(5)*u(2,))+ey(5)*v(2,))
feq1=lambda(2)*pre(2,j)+wi(5)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(5,1,))=lambda(2)*pre(1,j)+wi(5)*(3.d0*z1+4 .5d0*z1**2.-1.5d0*z2)+F 1(5,2,J)-FEQ1
z1=fex(8)*u(2,))+fey(8)*v(2,))
feq1=lambda(2)*pre(2,j)+wi(8)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(8,1,J)=lambda(2)*pre(1,j)+wi(8)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)+F 1(8,2,J)-FEQ1 65/59
enddo
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Boundary condition of the LBM

Extrapolation

7

4 8
f,(1,2) = £,77(1,1)(o(1, 2), u(i, D) +|f, (i,2) — £,7(i, 2)
f,(1,2) = £, 0, D(p(@1,2),u(i, 2))+ If,(1,2) — £,7(1, 2)
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do j=1,ny
z1=fex(3)*u(nx-1,d)+fey(3)*v(nx-1,j)
z2=u(nx-1,))**2.d0+v(nx-1,j)**2.d0
feg1=lambda(1)*pre(nx-1,))+wi(3)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(3,nx,))=lambda(1)*pre(nx,j)+wi(3)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2) +F1(3,nx-1,J)-FEQ1
z1=fex(6)*u(nx-1,))+fey(6)*v(nx-1,))
feq1=lambda(2)*pre(nx-1,j)+wi(6)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(6,nx,j)=lambda(2)*pre(nx,j)+wi(6)*(3.d0*z1+4.5d0*21**2.-1.5d0*z2) +F1(6,nx-1,J)-FEQ1
z1=fex(7)*u(nx-1,))+fey(7) v(nx-1,))
feq1=lambda(2)*pre(nx-1,j)+wi(7)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2)
f1(7,nx,J)=lambda(2)*pre(nx,j)+wi(7)*(3.d0*z1+4.5d0*z1**2.-1.5d0*z2) +F1(7,nx-1,J)-FEQ1
enddo

RETURN
END SUBROUTINE
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‘.SUBROUTINE MACROF
USE START_L

do j=1,ny|

MOE-KLTFSE (i

do i=1,nx
IF(.not.walls(i,j)) THEN
temppre=0.0d0
tempu=0.0d0
tempv=0.0d0
do k=1,8
temppre=temppre+f1(k,i,j)

tempu=tempu+f1(k,i,j)*fex(k)
tempv=tempv+f1(k,i,j)*fcy(k)
enddo
u(i,j)=tempu
v(i,j)=tempv
temp1=u(i,j)**2.d0+v(i,j)**2.d0
pre(i,j)=(temppre-2.d0/3.d0*temp1)/(-lambda(0))
elseif(walls(i,j))then
u(i,j)=0.d0
v(i,j)=0.d0
pre(i,j)=0.d0
endif
enddo
enddo

do j=1,ny
pre(1,))=preleft
pre(nx,j)=preright
enddo

RETURN
END SUBROUTINE

i P i
u=>» ¢f;, == fi+so(u)
i=1 p 40 |5
5 G- u (€ - ) u-u
silu)=m;|3 +4.5 = —1.5 =
So(U)
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SUBROUTINE OUTPUT
USE START_L

sumu_last=sumu
sumu=0.d0
do j=1,ny
do i=1,nx

if(.not.walls(i,j)) sumu=sumu-+u(i,j)
enddo
enddo
delta=abs(sumu_last-sumu)/abs(sumu)
write(*,*) iter,u(nx-10,ny/2),deltal

open(10,file="velocity_pressure.dat")
write(10,*)'VARIABLES= X,Y,u,v,pre’
WRITE(10,*)ZONE |=',nx,",J=",ny," T=TT"
do j=1,ny
do i=1,nx

write(10,%) i,j,u(i,j),v(i,j).pre(i,)
enddo
enddo
close(10)

if(delta.le.1.e-8) stop

RETURN
END SUBROUTINE

MOE-KLTFSE (&,
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Reference
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Succi, S. (2001), The lattice Boltzmann equation: for fluid dynamics and beyond,
Oxford University Press, OXford.
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Introduction for Geoscientists and Engineers, Springer Publishing Company, New
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Xy
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e ‘54;
Inception phase: 1988-1992 (A& #1)

The predecessor of LBM is LGA (lattice gas automata, &7 BHzhil)

1988: McNamara and Zanetti proposed to use real numbers rather
than Boolean value “0” and “1” (PRL, 1988)

€ Avoid statistic noise

€ Becomes complicated with multiple particles collision at one site.

1989: Higuere and Jinenes developed the linear collision term (£g
PREFEDN) (Europhys. Lett, 1989)

1991-1992: several groups simultaneously proposed the BGK
collision term or SRT (single relaxation time) collision term.

The purpose of collision is to approach equilibrium state.
(S. Chen et al. PRL, 1991; Y. Qian et al. Europhys. Lett 1992)
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Development Phase: 1988-1998 (& JEHA)

Several groups proved that LBM can be rigorously derived

from Boltzmann equation
(T. Abe. JCP 1997; X. He and L-S Luo 1997 PRE; X. Shan and X. He. PRL, 1998)

Heat Transfer:
& Double distribution (x. shan 1997 PRE, X. He, S. Chen, G. D. Doolen. JCP 1998)

¢ Multi-speed model

Multiphase and multicomponent flow (35 2043 22 483i)

¢ Pseudopotential model (X. Shan, H. Chen, PRE, 1993)
¢ Color model (A. K. Gunstensen, et al., PRA, 1991)

¢ Free energy model (Swift et al. PRL, 1995)
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Particle flow:
(A. J. C. Ladd, PRL, 1993, JFM 1994, JSP, 1995)

Reaction:
S. P. Dawson et al. J. Chem. Phys. 1993
S. Succl, G. Bella and F. Papetti, J. Sci. Comput. 1997

Other complex flow:
Non-newtonian fluid flow, magnetic fluid, blood flow, polymeric

Boundary condition

Porous media flow (&)
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® 74
Rapid Development Phase: 1999- present (R & & #)

It has been paid great attention both on theory development and

Engineering application. High Re flow, multiphase flow with
large density and viscosity ratio, turbulent flow, combustion,
three-phase flow, phase change heat transfer (boiling,
condensation, melting, solidification), multicomponent reactive
transport, slip flow, electro osmotic flow, MRT LB model.....

Commercial software is developed, such as Power Flow

Now it has been developed as an powerful alternative tool for
flow and transport process, especially for that in complex
structures and multiphase flow.
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The LBM has been adopted for flow and transport phenomena in
a wide range of scientific and engineering problem, especially for
porous media flow and multiphase flow.

VA

® LSS

Li Chen, et al, Scientific reports,2015; Hui Wang, Li Chen, et al, Applied Energy, 2020.
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Jiwang Luo, et al., 2020, [JHMT
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Li Chen, et al, IJHMT, 2014
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Li Chen, et al. Electrochimica Acta, 2017. 78/59
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Li Chen, et al, IJHE, 2012 Li Chen, et al, WRR, 2014 ; Langmuir, 2012
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L Chen, M Wang, Q Kang, W Tao, 2018, Advances in Water Resources 116, 208-218
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L. Chen, Wen-Quan Tao., 2019, Electrochimica Acta;
L. Chen, Wen-Quan Tao., 2019, CEJ;
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PM2.5 i VOC I Mz 2

Interface of OM-EC

2016, YT Mu, et al., BAE 84/59
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Density (left) and temperature (right) distribution
2016 Yutong Mu, et al., [JHMT 86/59
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K. Connington, et al., Physics of Fluids, 21(5) (2009) 053301
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Q. Kang, D. Zhang, P.C. Lichtner, I.N. Tsimpanogiannis, Lattice Boltzmann model for crystal
growth from supersaturated solution, Geophysical research letters, 31 (2004) L21604.
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