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Introduction & History

Let’s get to know LBM
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B Introduction

* Two extreme scales for modeling fluid flow (Mele 2013)

e Macro-Scale

* Uses PDE Equations such as Navier Stokes equation
* Normally solved numerically using FDM, FEM, or FVM

* Micro-Scale
e Models individual molecules
* Behavior governed by Hamilton’s equation
* There are too many molecules to practically model virtually anything useful
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E Introduction

* LBM splits the gap between these two scales
e Considers a collection of molecules as a unit

» Able to accurately model macro-scale behavior by considering average
behavior of these collections of molecules

* Behavior governed by Boltzmann equation

A

@)
O
e O
Macroscopic scale - continuum Mesoscopic scale Microscopic scale
FDM, FVM, FEM... LBM Molecular dynamics
Navier-Stokes equation Boltzmann equation Hamilton’s equation
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E Introduction

* Advantages

* LBM solved locally so it 1s easy to break the problem into calculations that can
be done 1n parallel by multiple computer processers (Mele 2013).

* Meshing 1s quasi-instantaneous and computationally simple

* Disadvantages
* Difficult to simulate scenarios with a high Mach numbers
* Thermo-hydrodynamic scheme 1s absent
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S Historical Perspective

* Boltzmann Equation (1800’s)
* Developed by Ludwig Boltzmann
* Describes the dynamics of an 1deal gas

* The Lattice Boltzmann Equation, which
governs behavior in the LBM, i1s a discretized
form of the Boltzmann Equation

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 6



PENNSTATE : : :
S Historical Perspective

* Lattice Gas Automata

* Precursor to LBM
Developed by Hardy, Pomeau, and de Pazzis in the 1970’s
Initially was widely praised as a revolutionary technique.
Featured on front page of Washington Post on November 19, 1985
Problems with LGA led to the need for the development of LBM

Image : Mele, 2013
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S Historical Perspective

e Lattice Gas Automata

* Disadvantages
* Statistical noise
* Needs to simulate a large number of particles in order to reach an acceptable solution
* Computationally inefficient due to its discrete state calculations

Image : Mele, 2013
Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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B Historical Perspective

* Lattice Boltzmann Method
* Developed incrementally in the 1980°s

* Overcomes statistical noise associated
with LGA by replacing boolean particle
occupation variables with single
particle distribution functions

* Distribution functions are an averaged
quantity, so there 1s no need to average
the state of a large quantity of cells to
define macroscopic behavior

Image : Mele, 2013
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General Principle

Essence of Lattice Boltzmann Method
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B General Principles

* LGA (Lattice Gas Automata)

* Lattice Boltzmann Equation

* Collision and Streaming Stages

 LBM vs. CFD (Computational Fluid Dynamics)

e Validation of LBM
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— Lattice Gas Automata (LGA)

Figure from wiki

Originated from early 1990°s.
Lattice Automaton used to simulate fluid flows
Comprises of a lattice with different states on sites.

Lattice Gas: states are represented by particles with
certain velocities.

State at each site is purely boolean: there either is or is
not a particle travel in each direction.

Evolution is done by two steps in each time step:
streaming and collision

Precursor to Lattice Boltzmann Method
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B Microscopic Dynamics

Microscopic particles inside fluids Fictitious particles moving along
lattice links

~~

AR el

iR
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% Lattice Gas Automata (LGA)

Evolution Equation )
(- eti+01) = m(x.1) + € n(e.r L

19

t+1
71275:1

ni346 = 0

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 14



PENNSTATE

Lattice Gas Automata (LGA)

FHP model
First introduced in 1986 by
Frisch, Hasslacher and Pomeau

Presented By K,D L,L C,W C,E

* Consider a set of boolean variables:
n, (x,t), (=0,1,..M
* Particle presentation
}’li (x, Z) — 0 No particles at site X and time t

n. ( x’ l‘) — 1 A particle is present at site x and
L time t

e (Collision rules

Q,(n(x,1))=-10,1

> Mass conservation
> Momentum conservation

EGEE 520 Final Presentation 15
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= Lattice Boltzmann Equation

LGA 7, (x +eol,1+ 51) =n(x,1)+Q (n(x,t))

Probability distribution function

LBM  f(x+edtt+6t)= f(x,0)+Q( f(x,1))

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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£ Macroscopic Properties

Probability distribution function

fij%ﬁ@ S, =f,
Y,

Flow properties easily computed from particle distribution values per time step

Zfiq 271

p=ZJi- u=-——  v=—

Presented By K,D L,L CZW C,E EGEE 520 Final Presentation
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== Streaming on Lattice

A D2Q9 Lattice Model

NN

— 8 |

AR
‘

Image from Indo-German winter academy 2011
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@ Collision Computation

Bhatnagar-Gross-Krook (BGK) collision operator for equilibrium

Q, =" (fi(x0)- £ (p,u))

where, T is the relaxation time

[ (p,u) = p(A+ B(e,-u)+ Cu” + D(e;-u))

where, - A, B, C, D are constants defined by lattice geometry
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o Boundary Handling

D2Q9 Model Flow direction
Microscopic Numerical Jl
. Organic nano-tube
Fluid Solver \ |
o i \_[ S
4 v A e
S ~ — Undefined?
Y [ """""" ~
X
L L L
wall Lattice unit (lu) wall
Figure from Fathi et al. (2012) L
Presented By K,D L,L C,W C,E
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Bounce-Back Method

Wall

Presented By K,D L,L C,W C,E

Jo (et +1) = f,(x,1)

Wall

EGEE 520 Final Presentation
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B Algorithm of LBM

Presented By K,D L,L C,W C,E

p=> 71

1
u_pg‘é‘)‘f“

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgé“f“

fre =pwo{l+

Su_

RT

uu (Zju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e

EGEE 520 Final Presentation
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B LBM vs. CFD

Conventional CFD Method

Construction of fluid equations
Navier-Stokes equation
2nd_order PDE, nonlinear convective term

Discrete approximation of PDE
Finite difference, finite element, etc

Numerical integration

Solve the equations on a given mesh and
apply PDE boundary conditions

Presented By K,D L,L C,W C,E

Lattice Boltzmann Method

Discrete formulation of kinetic theory
Lattice Boltzmann equation
Ist-order PDE, simple advection

No further approximation
The equations are already in discrete form

Numerical integration
Solve on lattices and apply kinetic based BC

Simple conversion to fluid variables
These are theoretically shown to obey
the required fluid equations

EGEE 520 Final Presentation 23



S L
- Steady Poiseuille Flow

Navier-Stokes equation for incompressible flow

O~ u B 8_p
ox” Oy

Y7

Available exact analytical solution

AP
ZI(X)_LLI_LX(X_H) "

X

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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== Analytical Fluid Parabolic Velocity Profile

P1
H
Flow
, _
A 4
y
L.
X
P2
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Validation of the LBM
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= Lattice Boltzmann Equation

* We can solve varies Fluid Dynamics problems with LBM

Image from nus.edu & combustion fundamental group
rame 001 | 23 0 2005 |

200 400 600 800 1000 1200

nary mixture

motion simulation
Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 27
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Governing Equation of LBM

Manipulation & Interpretation
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Lattice Boltzmann Equation

Presented By K,D L,L C,W C,E

We start from general Boltzmann Equation

9af . p oaf _(df) _
3 T ap‘(ar j .

In which:
f is a particle distribution function
F is external force field acting on the
particle
m is particle mass
* pis particle momentum
t is time

EGEE 520 Final Presentation 29
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BT Lattice Boltzmann Equation

To derive LB equation, assume zero force field Collision term is usually approximated using
Also note that momentum over mass is particle Bhatnagar-Gross-Krook (BGK) collision operator
velocity

Together with (1) yields:

Q. :—’L'_l(n —n, Q)
+§ -Vf = f ———(2) In which:

at Q is the collision term
coll e torAis arelaxation time representing the

amount of time it consumed to return to

In Wh.iChC- . . p equilibrium state.
§ 1s microscopic velocity = = 6 * nor fis the particle distribution function
m * nfQor g is the distribution function in
a f Collision term is equilibrium state.
— = (7 <— usually complex and a f
at hard to interpret

coll

1
2y ——z(f—g)

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 30
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BT Lattice Boltzmann Equation

Assemble BGK collision term with LHS yields

the general Lattice Boltzmann Equation:

df _ L
§+§'Vf— it(f g)

1n which:

f 1s the single particle distribution
function.

€ 1s the microscopic velocity vector

A is the relaxation time due to collision
g is the Boltzmann-Maxwellian
distribution function.

Presented By K,D L,L C,W C,E

p (&-u)
(27RT)"" P\ T R

8

in which:

* D is the dimension of space

* R is the ideal gas contant

* p, T and u are the macroscopic density of
mass, temperature and velocity
respectively. They are moments of
distribution function f.

EGEE 520 Final Presentation 31
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BT Lattice Boltzmann Equation

Compute macroscopic quantities (moments of distribution function f)

p=|rai=]gds
pu=J&fd&=j§gdé

J fdé——] u)’ gdé

Macroscopic quantities can be represented by integrating the distribution function in proper order

That’s the beauty of LBM

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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o Discretized LB Equation

Chapman-Enkog assumption

[ (&) f(x.6.0)E = [ (&) g(x.E.0)dE
h(§)=A+B-5+CE-&

aA 1 . 1

dt+/lf:Z

in which: d 0
* Aand C are arbitrary constants, B 1s an = + 5 -V
arbitrary constant vector dt ot

The Equation can be formally integrated over

By writing LB equation in an ODE form and time step 9,

implementing Chapman-Enkog assumption

We can discretize LB equation in time

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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o Discretized LB Equation

1 5, : : o
B )\ N ' N The leading terms neglected in the above approximation are
f(x+ gﬁt ,f,H‘ 5t)_ \ e JO € g(x+ fl‘ ’g’H—t )dt of the order of O(57). With this approximation, Eq. (8) be-
comes
+e %M (x,E). f(x+£8, E1+8) — f(x.£1)

=(e "= D[f(x.61)—g(x,£1)]

Assuming that &, is small enough and g is smooth enough

) . . . A
locally, the following approximation can be made: e = (e %™—1)
12

X[g(x+§6,.8,t+6,) —g(x.,§.1)].

!

4
g(x+ &' Et+t')=|1— g)g(x,g,t) L _
t If we expand e “'" in its Taylor expansion and, further,
/ neglect the terms of order O( 5?) or smaller on the right-hand
+ = g(x+ &8, £+ 6) side of Eq. (10), then Eq. (10) becomes
t
1
ro(8). o0=1'<s, Fet &8, &1+ 6) —f(x.£0) = — — [f(x.6D) —g(x.£D)]

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 34
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o Discretized LB Equation

f(x+<§5t,§,*¢x\ £+ £ )\ — ll'f{,,;A g(x,é,t)]

p=]rdé=]gds
Above is the evo PU = J.é fd 5 ZJ. 5 gd 5 th discrete
time
j fdé——j gd&
In which ’L' . A

Recall: we can calculate macroscopic quantities by integrating in momentum space.

The integration can be approximated by quadrature up to a certain degree
of accuracy.

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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v Discretized LB Equation

The approximating quadrature takes the form:

Jw(&)g(x.6.)de =Y Wy (E,)g(x.E, 1)

Where W(&) is a polynomial of &, Wa is the

Where:
weight coefficient of the quadrature, and Ea 1s
the discrete velocity set. Accordingly, the f,=f ( x,t) =W f ( X, ,t)
hydrodynamic moments can be computed by: ¢ ¢ ’ ’
= x,t)=W ¢(x,C .t
p:ZfaZEga goc ga( ) ag( 505 )
pu= za: Sefo = za"é:“g“ Question becomes finding:

1 1. A approximation of distribution

1
pE:EZ(éa_u)zfa:52(§a_u)2ga function f
’ 2. Weight coefficients

o
Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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= Approximation of Distribution Function

2
P (&-u)

Recall Boltzmann-Maxwellian distribution function:  f = 577 €XP
(27RT)

Assume D=2, which means a 2-D case

f= P D2 eXP[_M]

(27ZRT) 2RT : T f
P EEY (25 u-u-u —pw [1+2 4 L8, 5F }
" (27RT) eXp(_ 2RT )eXp( ORT ) “ Ja= PV { RT 2RT 2(RT)
P &g u_ u-u (ﬁu)2 . ' ouwuw (& 7\?
R ], QN

:Pwa|:1+§.u— uu + (éu)2 :|

RT 2RT 2(RT)2 RT — CSZ — 62/3 Cs is the sound speed

of the system

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 37
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B Weighting Coefticients

Weight Wa depends on Lattice arrangements

D2Q9 model
Image from nus.edu

Presented By K,D L,L C,W C,E

-

.

4
53
1

59
1

36°

o=9
o=1,2,3,4
o=5,6,7,8

EGEE 520 Final Presentation
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B [attice Boltzmann Method

15
127V 5.t 1 ( )
e )L — a=1---6
| ) | I
eiN\ |/ gl 1 36
) gl
AT =l 1
N NS T wo=4 — =718
| T S R W N S 36
14 i ”If 17 |
/.76 | 718 12 19
z > _— O =
I 5 18 36
D3Q19 Lattice model

Image from ASME Digital Collection

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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B Summary

2 ( 4 —
Fepw 148 weu (S0) 9 *70 p=1.
“I"" RT 2RT 2(RTY "
) W, =1 l,oc=1,2,3,4 u=12§ 7
fEQ:pw 1+§.u_u.u (’g’u) 9 p o
“|' RT 2RT 2(RTY %,a:5,6,7,8

N\ v

F(x+E8,.E1+8,)- f(x,éj,t):—%[ F(xEt)- 2 (x.£0)]

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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B Algorithm of LBM

Presented By K,D L,L C,W C,E

p=> 71

1
u_pg‘é‘)‘f“

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgé“f“

fre =pwo{l+

Su_

RT

uu (Zju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e

EGEE 520 Final Presentation
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Calculation Example

Steady Channel Flow
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o Problem Description

* D2Q9 model

* 2 by 2 system, 4 lattices

* Channel flow from left to right

* Boundary condition--bounce back

* Initial parameter

p=1.0
7=1.0
du=1x10"'

Presented By K,D L,L C,W C,E EGEE 520 Fin

NA
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@ Hand Calculation Example

7=1.0

EE 520 Final Presentation
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B Algorithm of LBM

4
p=21
f(x+&5,,6,t+8,)=f(x,&.1)
p=21
PE— T

 cmern oz G

RT 2RT 2(RTY

F(x+E8,E,048,)- f(x,cﬁ,t)z—%l: F(xEt)= 1 (x.E)]

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 45
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BT Hand Calculation Example

For each lattice in D2Q9 model, we present
velocity by combination of 9 matrices, each matrix
contains distribution function fa, o=1,2,...,9

Assume a initial state:

fl=f2=...= f9

£.=p/9a=12,3..9

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 46
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= Hand Calculation Example
1 2
3 4 // -
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Hand Calculation Example

D
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Hand Calculation Example

Distribution Function

/ll\ /ll\ /l
9 9 9 9 9
(f1) ll(f) ll(f) 1
. 92 9 ) . 92 9 ) . 9
/ll\ /ll\ /l
9 9 9 9 9
(f4) ll(f) ll(f) 1
. 92 9 ) . 92 9 ) . 9
9 9 9 9 9
(f7) ll(f) ll(f) 1
. 92 9 ) . 92 9 ) L9

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation
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= Algorithm of LBM

il pufand i o
1
u_pg‘é‘)‘f"‘

. 2

f(x+&5,,6,t+8,)=f(x,&.1)
p=§ﬁ
u=2SEt,

 cmern oz G

RT 2RT 2(RTY

F(x+E8,E,048,)- f(x,cﬁ,t)z—%l: F(xEt)= 1 (x.E)]

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 50
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B Hand Calculation Example

-~ ) Streaming

L ~ B @— ——/7/~ T
(] 7 @ [ p n \
‘~ >t [N
XU Y 9 9
1
/ \ 4 ! 1 1
avs 9% 59
VAN R
// ///J @ |
L//

51
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Hand Calculation Example
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B Algorithm of LBM

Presented By K,D L,L C,W C,E

p=> 71

1
u_pg‘é‘)‘f"‘

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgg“f“

fre =pwo{l+

Su_

RT

uu (Eju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e
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T Hand Calculation Example

Calculate Macroscopic Quantities

J 1 2 b= 1 1 U.(1)+du
) du 11 U.(3)+du
. x:( 0 o] . :( 0 oj

0 0 y 0
3 4 (0 0 ) 0 0
dU V7= g o U/:(o 0)
_S \ J
U'\:(O 0 U\;=(O O]
Lo o, 0 0

Presented By K,D L,L C,W C,E EGEE 520 Final Presentation 54
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@ Hand Calculation Example

Calculate Macroscopic Velocities

1
Po=2fu=gx9=] . U s
Lo P=l 1 1 U,(3)+du
U,=—((f1+ 5+ £6)=(f3+ 7+ £8)) \
P U = le-=7 0O ] [ :( 0 0 j
Uy:l((f6+f2+f7)—(f5-|—f4+f8)) \ le-=7 O 0 0
" U=U’ 2 [ 1le=7 0
) x+Uy U= le=7 O
U/=U+U, o o
_| le- [ —le-
o 7 e 0] U/_[ ~le~7 o]
UN=-U "\
| -le=7 0O | le=7 0
U=-U/ uN=| D0 j U\.—( le=7 0 ]
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B Algorithm of LBM

Presented By K,D L,L C,W C,E

p=> 71

1
u_pg‘é‘)‘f"‘

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgg“f“

fre =pwo{l+

Su_

RT

uu (Eju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e
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Hand Calculation Example

u -u

’
+(§u—

Calculate Equilibrium State Distribution Function

/+ ((S‘I/l,)z

EQ __
= Oow

2RT  2(RT)

E-u'=U U U U U NUN.

’

’ 2
u -u =U

RT =c? =¢*/3

S

c=1.0

Presented By K,D L,L C,W C,E

|

£ LU U (U)o v, v (U7
Lo =pw RT T S5RT Js=pws| 1+ - 2
2(RT) RT 2RT 2(RT)
LU (v.) AN AN
EQ _ 1 Y Y — 1 —
=P I 2RT+2(RT) } ~ P T Ry 2RT+2(RT)2
. 2 77\ i 2 U, 2
S5 = pws 1 R%_zl;eT ( UX)z 7%= pw, FEA ( )2
2(RT) RT  2RT 2(RT)
) - - 2
£ = pw 1_|__Uy _ U n (_Uy) £ = oy U\‘_ u (U \')
‘| RT 2RT 2(RT) | *|" RT 2RT 2(RT)
 Uo U’ (-Uo)
EQ _ 1 _
& pw9_ TRT 2RT+2(RT)2}
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B Hand Calculation Example

Calculated Equilibrium State Distribution Function

( 1170 %): 0.01234568 0.012345679 ( 780 T): 0012345679  0.012345679 ( 73 e): 0.01234567 0.012345679
0.01234568 0012345679 0.012345679  0.012345679 001234567 0.012345679

( 1470 i): 0012345679 0.012345679 ( f5t0 \): 0.003086 0.003086 ( 76 /): 0.003086 0.003086
0012345679 0012345679 0.003086 0.003086 0.003086  0.003086

( 170 \): 0.003086  0.003086 ( g \): 0.003086 0.003086 ( f9EQO): 0.0493827 0.0493827
0.003086 0.003086 0.003086 0.003086 0.0493827 0.0493827
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B Algorithm of LBM

Presented By K,D L,L C,W C,E

p=> 71

1
u_pg‘é‘)‘f"‘

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgg“f“

fre =pwo{l+

Su_

RT

uu (Eju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e
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BT Hand Calculation Example

/ / / /S s

Bounce back collision

L L L L7

/ / /S S S

L ~Z L Lz

1

2

1

2

VAV Ay A4

Presented By K,D L,L C,W C,E

777 7 777
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Hand Calculation Example

f4

Presented By K,D L,L C,W C,E

1
9

2
1 f
9

Bounce back collision
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Hand Calculation Example

z - J 7 7 7 7L 7L J /L L /S o

1

2

N~ =S NN
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Hand Calculation Example

Presented By K,D L,L C,W C,E

P+ 88,848 F(x ) =1 [ Flxa) 1 (v£)]

wT7=1.0
f(t+6t)—f=—%[f—fEQ]

= ft+8t)=f-| f-f*]
= f(t+81)= f™

EGEE 520 Final Presentation

T=1.0 indicates that
distribution function goes
to equilibrium within the
current time step
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( it _))': 001234568 0012345679 ( 0 T),: 0012345679 0.012345679 ( 3 e)’: 001234567 0012345679
001234568 0012345679 0012345679 0.012345679 001234567 0012345679

(f4EQ l),: 0012345679 0.012345679 ( 5% \)’: 0003086 0.003086 ( 2 /)’_ 0003086 0.003086
0012345679 0012345679 0003086 0.003086 0003086 0.003086

pr | 0003086 0.003086 N\ | 0003086 0.003086 o\ | 00493827 00493827
1N = /8% = [£9%] =
0003086 0.003086 0003086 0.003086 00493827 0.0493827
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B Algorithm of LBM

\

Presented By K,D L,L C,W C,E

[

[
o Compuef
R

p=> 71

1
u_pg‘é‘)‘f“

f(x+<§5t,§,t+5t) = f(x,&,1)

p=>71
1
u_pgé“f“

fre =pwo{l+

Su_

RT

uu (Zju)z }

2RT  2(RT)

f(x+E8,,E1+6,)- f(x,Et)=

asa e
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B Hand Calculation Example

Calculation results and visualization

Flowfield after 102 &t
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Problem Description

du

Steady Fluid Flow through a channel with a
block in the middle

7=1.0
p=10
RT =1/3

D2Q9 MODEL
11x11 mesh
100 active lattice
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= MATLAB based calculation

Why?
* Every lattice contains a 9-
dimensional matrix

* Lengthy calculation hard to
present by hand

* In MATLAB multi-dimensional
matrix can be easily presented

D2Q9 model
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B MATLAB based calculation

Flowfield after447 &t

Flow pattern calculated by LBM
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Numerical Example

Implementation and Results
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T Motivation

* Porous Media Flow

* Discrete Simulation (NS) vs.
Averaged Flow (Darcy)

* Couple with transport/heat transfer

e Lattice-Boltzmann Methods

* Incompressible Navier-Stokes
* Water/Oil

* Complex/Stochastic Geometries
* Simple Meshing

* Scalable

* Large simulations
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S Implementation

Initialization Time Loop

START Build Lattice Geometry | Compute macroscopic
(m*n*9 DOFs) ﬁeld8l (p,u)
Determine C(.)m].oute. equilibri.um SO?tput
Solid Nodes distribution function o.utlon
l (f.,) Fields
T
Populate fields Collision Streaming

(p,f) Step Step
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Implementation

Initialization

START

Build Lattice Geometry

(m*n*9 DOFs)

Determine
Solid Nodes

Populate fields
(p.D)

const int m = 100;
const int n = 400; //m,n:

const double dist = 0.05;

const double rhoS = 1.0;

int i_p, j_p; //i_p,i_p:
double u [m][n][2]; //u:
double rho [m][n]; //rho:

const int e [9][2] = {{o,
{o'

double u_dot_u;

3.3
9./2.;
3./2.;

const double f1
const double f2
const double f3

int i_n, j_n;

double u_diff; //u_diff:

dimensions of triangulation

const double tau = 1.0; //tau: relaxation parameter/kinematic viscosity (nu = (2xtau
const double g = 0.001; //g: gravity

//dist: solid percentage

int rad = 6; //rad: radius of solid particle
double distRad = 0.003125; // = dist/pow(2x*rad,2); //distRad: solid distribution due

//rhoS: fluid density

const int dur = 500; //dur: simulation time
const double ep = le-6; //ep: error tolerance
const int minIt = 10; //minIt: minimum number of time steps

int isSolid [m] [n]; //isSolid: array of solid node locations

periodic indices
velocity
density

double f[m]([n][9]); //f: distribution function
const double t [8] = {4./9., 1./9.

, 1./36.,
1./9., 1./36.,
1./9., 1./36.,

1./9., 1./36.}; //t: lattice weights
0}, {1,0}, {1,1},
1},{-1,1},{-1,0},

{-1,-1}, {e,-1}, {1,-1}}; //e: local lattice velocity vectors
double ux_uy2, ux_uy4, ux_uyb6, ux_uy8;

double feq [m][n][9]; //feq: equilibrium distribution function
double ueq [2]; //ueq: equilibrium velocity

//f_: eq. dist. constants

double temp; //temp: temp variable for collide

double ftemp [m][n][9]; //ftemp: temp streaming eq. dist.

double u_old[m] [n][2]; //u_old: previous time step velocity
double diff; //diff: temp. normed error

normed error

- 1)/6)

to size of particles

Initialize all fields and values for memory preallocation

Presented By

EGEE 520 Final Presentation
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B Implementation
@

Initialization

Build Lattice Geometry
START (m*n*9 DOFs)

Determine
Solid Nodes

Populate fields
(p.D)

Ensure periodicity
of solid geometry

Presented By

Time Loop

Com

//Build lattice geometry

int count = @;

memset(isSolid, @, mxnksizeof(int));

srand (time(NULL));

for (int j = @8; j < n; j++) //Add solid nodes to geometry

for (int 1 = @; 1 < m; i++)

if (((double) rand() / (RAND_MAX)) <= distRad)
{

for (int ii = -rad; ii <= rad; ii++)

{

for (int jj = -rad; jj <= rad; jj++)

if (i+ii < @) //Ensure periodicity of geometry
ip = (m-1)+(1+(i+ii));
else if (i+ii > (m-1))
ip = ((i+ii)-(m-1))-1;
else
i_p = i+ii;
if (j+jj < @) //Ensure periodicity of geometry
j_p = (n=-1)+(1+(j+jj));
else if (j+jj = (n-1))
j_p = ((j+jj)-(n-1))-1;
else
j_p = j+ii;
if (sqrt(pow(ii,2)+pow(jj,2)) <= rad + pow(l./rad,2))
{
isSolid[i_pl[j_p]l = 1;
}

}
isSolid[i][j]1 = 1;|

1sSolid[m][n] = Boolean value

EGEE 520 Final Presentation
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B Implementation
4

Initialization

Build Lattice Geometry s
START (m*n*9 DOFs)

!

Time Loop
Compute macroscopic | No Check Yes
N Convergence END
fields (p,u)

// Initial Conditions
memset(rho, rhoS, mkn*sizeof(double)); //Populate macroscopic density

[)CtCITIﬁIlC Ior (int 1 = 0; i < m; i++)
Solid Nodes for (int j = 8; § < ni )
Ior (int k = 9; k < 9; k++)
Populate fields ) flil[j) [k] = t[kl*rho[i]l[j]; //Populate distribution function
}
(paf) }
rho[m][n] = constant and . . .
[m]n] . . f [m][n][9] = density * lattice weights
uniform density
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B Implementation

Initialization Time Loop
. : Check
Build Lattice Geometry Compute macroscopicC No Yes
START 5 | field Convergence END
(m*n*9 DOFs) lelds (p,u)
‘l’ //Compute macroscopic density, rho, and velocity, u
. for (int 1 = 0; 1 < m; i++)
Determine { ( |
. for (int j = 0; j < n; j++
Solid Nodes {

ulil[jl(e] = 0.0;
l, ulil[j111] = e.e:
rho[i] [j] = 0.0;

Populate fields {if (isSolid[i][j] == @)

(p,f) Ior (int k = 0; k < 9; k++)
rho[i] [j] = rho(i]l[j] + Ff[i]l[j][k]; //macroscopic density
ulil(j1(e] = ulil([jl(0] + elk][@)*F[i][j][k];
1 , ulil (3101 = uwlil(3101] + elk][1)%Fli]([j][Kk];
p p— f 7 — - ulil[j1[e] = ulil[j][@]/rholil[j]; //macroscopic velocity
o u = eOCfOC X ulil [31[1] = uwlil[j]1[1)/rholi][]];
o a -
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//Compute equilibrium distribution function

Ior (int 1 = 0; 1 < m; i++) ime LOOp

for (int j = 0; j < n; j++)

ueq[0] = uli][j][@]; C :

ueq[1] = ul[i][j]1[1] - tauxg; //Add forcing term from gravity ¢ Ompute maCI'OSCOplC

ux_uy2 = ueq[@] + ueq[1];

ux_uy4 = -ueq[@] + ueq[l]; ﬁeldS (p,ll)

ux_uyb = -ueq[@] - ueq[l];

ux_uy8 = ueq[®] - ueq[1];

u_dot_u = pow(ueq[@],2) + powl(ueq[1],2);

%f (isSolid[i] [j] == @)
fea 41141001 = rholi] (f]¢[a]+(1 + 0 o - ;[ | Compute equilibrium Output
feqlil [j1[1] = rhol[i]l [j]*t[1]*(1 + flxueql[@®] + f2xpowl(ueq[@],2) - f3%u_dot_u);
feqi] [j1[2] = rholi]l [j1*t([2]*(1 + flxux_uy2 + f2%ux_uy2xux_uy2 - f3*u_dot_u); . : : . 1
feq(il [j1[3] = rholil [j1*t[3]1*(1 + flsueq(1] + f2*pow(ueq(1],2) - f3%u_dot_u); dlStI'lbllthﬂ functlon SOhlthIl
feq(i]l [§1[4] = rholil [j1*t[4]*(1 + Fflxux_uyd4 + F2¥ux_uydxux_uyd4 - f3*u_dot_u);
feq[i][31[5] = rholi] [j1*t[5]%(1 - fixueql@] + f2*pow(ueql[0],2) - f3*u_dot_u); F ld
feq[i] [j1[6] = rhol[i] [jI*t[6]*(1 + flsux_uy6 + f2xux_uyb*ux_uyb - f3*u_dot_u); le S
feqlil [j1[7] = rho[i] [j]*t([7]*(1 - flxueql[l] + f2xpowl(ueq[1l],2) - f3*u_dot_u);
feq[i] [j1[8] = rhol[i] [j]=*t[B8]*(1 + flsux_uy8 + f2xux_uyBxux_uy8 - f3*u_dot_u); /r
//Note here ¢ = delta_x/delta_t = 1 and is not included

} . . .

, ! Collision s Streaming

(pf) Step Step

Add gravity: U=U+Tg Jog =WoP| 1+3—5—+
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//Collision
for (int 1 = 0; 1 < m; i++) 0
I p

for {(int j = 0; j < n; j++)

if (isSolid[i][j] == 1) //Bounceback from solid c macroscoplc
{
fIi103101); FLi1(30(01) = FLi1(j1(5]); Flil[j][5] = temp;
temp temp; S (F)7ll)
temp .

fIL1(31(3); FLi1(31(3) = FLi1(j31(7); F(i1(j1(7]
temp;
) temp = f[i][j1(4); flil[j1(4] = F(i1(j1(8]; fl(il[j][8] = temp; \L

temp

flil(31(02); fli1(31(2) = F(il(j)[6]; F(il[j][6]

else //Collsion between distributions eq e .
. ilibrium Output

for (int ii = 0; ii < 9; ii++)

{ : ;
| TEIGIG = TG - (/TG - fealil (1 114D); nction Solution

Fields
1

s Streaming
Step Step

Bounceback condition _ l .
on solid r=7 T (7 feq)
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Implementation

Initiali;

START Build

Presented By

//Streaming
for (int j =

{

}

for (int i = @; i < m; i++) //Update streamed values

{

for (int 1 = 0; 1 < m; i++)

{

}

for (int j = 0; j < n; j++)

{

/ E

if (j_n < 0)

ji_n = (n-1)+(1+j_n);
else if (j_p > (n-1))
j_p = (j_p-(n-1))-1;

ftemp (il [jl[0] = flil([j]([@];
ftemp[i_pl [j1([1] = F[i1[j]([1];
ftemp(i_pl [j_pl[2] = flil[j]1[2];
ftemp (il [j_pl[3] = flil[j]([3];
ftemp[i_n]l [j_pl[4] = f[i][j][4];
ftemp(i_n]l [j1[5] = flil[j][5];
ftemp[i_n] [j_nl[6] = Fli]1[j][6];
ftemp[i]l [j_n]l (7] = fli1[j1(7];
ftemp[i_pl [j_nl[8] = f[il[j][8];

for (int ii = 0; ii < 9; ii++)

wununs

Flil1[j1[ii] = ftemp[il[j]1[ii];

sure periodicity of streaming at boundaries

in1; croscopic

;] o< n; j++)

AN

i+1;
i-1;

0)
(m=1)+(1+i_n);
ip > (m-1))
(i_p-(m-1))-1;

>
=1 A

EGEE 520 Final Presentation

Output
Solution
Fields

Streaming
Ste

Ensure periodicity of
streaming at boundaries
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Implementation

Initializati

Build Laf
(m*]

Presented By

D¢
Sol

Popu

//Postprocessing

ofstream fout;

std::ostringstream fileNameStream('"u_x");
fileNameStream << "u_x_" << simTime << ".csv";
std::string fileName = fileNameStream.str();
fout.open (fileName.c_str());

for (int j = @; j < n; j++) //Visualize velocity field
{
for (int 1 = 0; 1 < m; i++)
{
if (l — m—l)
fout << ul[i][j][@] << endl;
else
fout << ul[i][j][0] << ",";
}

}

fout.close();

ofstream fout2;

std::ostringstream fileNameStream2("u_y");
fileNameStream2 << "u_y " << simTime << ".csv";
std::string fileName2 = fileNameStream2.str();
fout2.open (fileName2.c_str());

for (int j = @; j < n; j++) //Visualize velocity field
{

for (int 1 = 0; 1 < m; i++)

{
if (1 == m-1)
fout2 << u[i][j]1[1] << endl;
else
fout2 << uli] [j][1] << ",";
}

}
fout2.close();

Check Yes

No
Convergence END

Output
Solution
Fields

Streaming
Step

Output velocity CSV files
to visualize in Matlab
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if (u_diff < ep && simTime > minIt)

break;
Initialization Time Loop
Build Lattice Geometry ___, Compute macroscopic | N C Check END
START (m*n*9 DOFs) fields (p,u) onvergence
Determine C(.)m].oute. equilibri.um SO;lt?ut
Solid Nodes distribution function olution
(f.,) Fields
! ;
Populate fields Collision s Streaming
(p,f) Step Step
. ‘u — uola" <
iter < maxlIter ‘ﬁ‘ €
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5 Varying Grain Density (r = 2)

i

,,“4 "

'l

20%
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Varying Grain Size (5%)

I[]3

= 0.25

- 0.2

r==6
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o Parallelism (Domain Decomposition)

Cluster
Procl | Proc2 | Proc3 | Proc4 | Proc5 | Proc6 | Proc7 | Proc8

|
Collision/
Streaming [ All]

Collision/
Streaming
[41,3)]

Enforce
Boundaries [All]
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Rock Sample Tomography
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Example Applications

Fancy stuff we can do with LBM
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S Examples

e Air Conditioner

L. BM simulates two conditions
e 1. Fixed Fan Air Conditioner
* 2. Sweeping Fan Air Conditioner
e Parallelism

* Extremely High Resolution Simulation Required

 Parallel computations allow LBM to be extremely
efficient with reasonable computer hardware

» Allowed for the billion grid points required to
accurately simulate this case

http://voutu.be/I182uCa7SHSQ?t=21m20s

Presented By EGEE 520 Final Presentation

Image: https://www.youtube.com/watch?v=182uCa7SHSQ
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* Blood Clotting in a Human Artery

 Arteries that have been affected by disease can be
at high risk to rupture.

* These ruptures can possibly be prevented by
blood clotting in the vulnerable area

* Need to simulate red blood cell changing from
liquid to solid behavior and stick to artery wall.

 LBM is effective at achieving this because of its
hybrid particle/continuum nature

Image: https://www.youtube.com/watch?v=182uCa7SHSQ
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2 billion cell updates per second

. . 70% parallel efficiency
* Blood ClOttlng in a Human Al”tel’y 2.3 LB iterations per secoh
128 . . . . . —
 Parallelism 64 | 1
* Using LBM, 1t 1s very easy to send =
different calculations to different =R 1
processors £
z 8}
Q
=
* Allows for high efficiency when using g |
computers with a high number of P | |
processors

1 A A A A A A
128 256 512 1024 2048 4'096 8'192 16384
Number of cores
Image: https://www.youtube.com/watch?v=182uCa7SHSQ
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* Turbulence Modeling
* Models flow between two parallel plates
* Large- eddy simulation approach

* Replace Lattice Boltzmann equation with
a filtered form

* Comparison to Spectral Method

* Solution 1s virtually identical

. BM able to simulate with a 200x
reduction in resolution

* LBM much less computationally
intensive 1n this case

Image: https://www.youtube.com/watch?v=182uCa7SHSQ
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Thank You!

Questions?



