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Lattice-Boltzmann Automata  wolfram 86, Hasslacher 86

Lattice Boltzmann Equation (LBE)

fi(t+ At x4e;At) = f;(¢,x)+;, i=0,...,b—1

f Mass fractions
e Microscopic velocity of the particles
t Time
X Space
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D2Q9-model: Moments °6, PR
e
€3
Transformation into moment space (moments of mass fractions):
e7 €y
m = Mf := (p, puz, puy, €, Pzz, Pzy, Pz, hy, €)
d299-model
1 1 1 1 1 1 1 1 1 7
0 c 0 —cC 0 c —cC —cC c
0 0 C 0 —C c C —C —C
—2c¢? ¢? c? c? c®>  4c® 4¢>  4c¢°  4c°
0 c? —c? c? —c? 0 0 0 0
0 0 0 0 0 2 —c? c? c?
0 —c3 0 3 0 2¢3 —2¢3 —2¢3 263
0 0 —c3 0 3 2¢3 2¢3 263 23
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D20Q9-model: Collision operator

MRT: Humieres 92, Lallemand 00

ko=k1 =ko=0

k3 = ke = se (e— 3p(u2 +u§))
kg = kgz = su (paim - P(U:% — ug))
ks = kxy = su (pzy — pux uy)

ke = kp, = sp he

k7 = kpy = sp hy

kg = ke = see,

Relaxation rates: sy, se, sy, Se

1 k €q 82/

€0
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TRT: Ginzburg 03
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€1

€8

even moments: s, = s, = s,

odd moments: sy

LBGK: Quian 92
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D3Q13-Model

Lattice:

0O c
=<¢ 0 c
(O]

Moments:

m = Mf = (p, pouz, poUy, POUz, €, Pzzs Pww, Prys Pyzs Prz, ha, by, hz)

Collision operator:

d'Humieres et al. 2001
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C: microscopic speed

fi(t+At, x+e;At) = f;(t,x)+£2;,

QO=M1g
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D3Q13 1 Model i Unit Cell Toelke et al. 2008

Two independent sub-lattices: delete one!

Y Basic Unit cell: Rhombic,,

Alt is a Catalan solid with 12 rhombic faces, 24
edges and 14 vertices

AFirst described by Johannes Kepler
AVertex first projection of the 4d hypercube

AThe rhombic dodecahedra honeycomb:
space-filling tessellation, Voronoi diagram of
the face-centered cubic sphere-packing,

AThe honeycomb is cell-transitive, face-transitive
and edge-transitive. It is not vertex-transitive

AvV=2h3
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D3Q13-model: Eigenvectors

Qoi=1=(1,1,1,1,1,1,1,1,1,1,1,1,1)

Qri=c¢eri=c-(0,1,-1,1,-1,1,-1,1,—1,0,0,0,0)

Qo =¢e,;=c-(0,1,—-1,—1,1,0,0,0,0,1, 1,1, —1)

Q3;=c¢c.; =c-(0,0,0,0,0,1,-1,-1,1,1,—1,—1,1)

Q“_;J 12¢° =¢* - (=12,1,1,1,1,1,1,1,1,1,1,1,1)

Qs; =3¢, —e =c-(0,1,1,1,1,1,1,1,1, -2, -2, -2, -2])

Qei=ey;— €2, =c+(0,1,1.1.1,—1,-1,-1,—1,0,0,0,0)

Qri=epieyi=c-(0,1,1,—1,-1,0,0,0,0,0,0,0,0)

Qsi=eyic.; =c>-(0,0,0,0,0,0,0,0,0,1,1,—1,—1)

Qo= Cpic.;=c>-(0,0,0,0,0,1,1,—-1,-1,0,0,0,0)

Q04 = €ai (€2 yz— fz): (0,1,—-1,1,-1,—-1,1,-1,1,0,0,0,0)

Qi1 =eyi(el, —e2;)=c*(0,—-1,1,1,-1,0,0,0,0,1,-1,1, 1)

Quo; =e-i(es; —e, ;) =¢-(0,0,0,0,0,1,—1,—-1,1,-1,1,1,—1)
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D3Q13-model: Collision operator

ko =0, k{f =0 k=0, k3=0

o = ke = —se (e~ (52 = 1262) p+ - po (43 + 2 + u2)
ks = kax = —su (Pm: — PO (2u:r; - ug - ug))
ke = kww = —sv (Pw'w — PO (u§ - ug))
k7 = kay = —s), (Pey — po Uz ty)
kg = ky» = _3}’/ (Pyz — po Uy uz)
kg = kgz = _35/ (Pzz — po Uz Uz)
k10 = kpy = —sp, (ha — po ue(ug — uZ))

= —sy, (hy — po uy(us — u3))
—sp, (hz — po UZ(U:% - U%))

i -
=
N
I
x>
&> o
N e
I

Relaxation rates: sy, sy, se, Sp,
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Multi- scale analysis with computeralgebra

™2 Maple 10 - [InkompressStationaerEinheitenRein.mws - [Server 171 ===
) Fle Edi View Insert Format Soresdshest Window  Help ==l =]
D=R= [ =] EIT[e] [E[E] [=[=] (O] [=][2[%] [1] [#] ] |
(@14
[> =l
[>
[= R S R A I A S AR A I S A A A R I A A R
> for i from 1 to 3 do
= gl2[i]:=coeff{gl_asym||i, h"2);
> od;
- P Dz(vyoj(tn, xj’)ij) lD lD P Dz(vxo)(rn, xj,yj)
gl = H0c0 +6 2, 2(90)(%:{}:)’_‘},)‘*’6 3, 30P)E, XJ,:J:,)"' 50c0
; —lpD lpD Dalpzygiie,, xj’)ij) 1 Dalowpg e, T c0Dolpy e, xj.yj) ng(}’XXO)(:W XJ:)’J)
£ =g P D3, 300 by %) 5P By alvmg)ley Tl + <00 2 0h0 50 % 0k0
. 1 1 1
A g r|d +5E0R0Dy, 5 o(Pg)t, ;) + 20 k0D 3 5(p0)e, 7.7+ P Dy 30g)(e, 51.3)
R . P T, Dl ) 1 L 1D ) 1 s
CO”'Slon'Operator 3750 z(vxg)(f”’xf’)':f)+ 00 +2 3‘3(vy0)(:n,xj,yj)+6 2_2(Vyg)(5n:xj,yj)— A0 +ISC 3,3,3(p0)(3n’xj’3fj)
1 ohoD 1D3(P7f7fg)(5”:xj-yj) 1COD3(92)(5M-XJ-}’J)
+— £ XLy =
A t 1870402, 2, 3P0ty %25 5 0 k0 3 50
moments [>
[>
- > gl cont?:=eval(expand(h0*cO*subs(ersetz_sammelOa,gl2[1]1)}))
A Taylor expansion aLeoni2 ~B Do)ty 5150 + P Dy )
[>
- - [> gl _dvx0dx:=D[2] {vx[0]) (t[n],x[j]1,¥[j])=solve({gl cont2,D[2](vx[0])(tIn], x[3],¥[31)):
a_sy| | |pt0t|C eXpanS|0n [> gl dvyody:=D[31(vy[01}(tInl,x[i],y[1])=solve(gl cont2,DI31(vy[01) {tInl, x[il. ¥[i1}):
[} ers2a:=diff(gl dvy0dy,x[jl):
[> #ersetz sammelOa;
A SO rt by 0 rd er [} gl? wx0_a:=expand{eval(cO0*h0*subs(ersetz sammella,gl2[2])}):
[>
> term2a:-=convert {diff (gl pxx0,x[jl) D}: [}

> term2B:=convert (diff(gl_pyyo ,x[31),D}):
> term2C:—convert {diff (gl pxy0,y¥[jl1),D}:
=

gl2_va_b: =collect (expand(—term2A/6—term2E/2—term20+gl2_vxo_a) ,[D[2,2],D[3,3]1,D[2,311);

ROcOP  cOROP  ROOF hOcOP  cOROP

glZ_vxl b= [—

12
+ 3 ) Dz(pz)(in, xj,yj)

2h0c0F  cOROP  hOcOF

W

W

AOcOP  RDcOP  cOROP  AOcOP

+ D L R + D R + .
346 2 3 ] 2,28l T [ 35 6 J 7, 3V Xy 2) 385 | 3s6 3 354

> gl2_wx0:=collect(subs({ers?a,gl? wx0_b),[D[2,2],D[3,3],0[2,3]1,D[2],DI[311);

" o-—( JD [hOcOP c0 0P
giZ_vx( = e + p + 5ot 2,2(VX0)(£M’XJ’)fj)+ ——355 +

JDz’ 300 )L, XJ:Ji,)

1 2
]DB, Slvxp i, xJ,)j) -+ ECO Dalpg s, xj,yj)

=

[[Time: 2085 [Bytes: 7.00M | Avaiable: 3,225 |
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Multi- scale analysis with computeralgebra

i

Incompressible Navier-Stokes equations

Mass conservation: pYu=0
uu C 1 C

Momentum conservation: +U ﬂDU +— Dp U

D2Q9 D3Q13
Relaxation rates: Sy = 2 2 ! 2

. v — ] Sy =— 81/ =

a1 8(:27/_\15"{_1 ;11

C2 2
Pressure: P = 3 P P = Cgp
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No-slip / Velocity BC

Linear Interpolation [Bouzidi-Firdaouss-Lallemand 2001]

- 6w ;
fit4+1,n) = (1—2q)fi(t,r,— &)+ 2q; fi(t,rp) — C—poei u(t,ry), 0.0<gq <05

2 3
f](t‘|' l,rb) = ( L )ff(t I’b) _I—_f@(t rb) szO

— 5 &~ u(t,rw), 0.5 < di < 1.0
2q Q"LC
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LB-Simulator Virtual Fluids

Transport equations:

A Navier-Stokes
A Free surface flow

A Thermal flows with large
density ratios

= .- start VirtualFuids r

IPService TopolgyService GeoService

\
Remote Call Framework (Rcf)

CalcManagerService

olee]a

wallbottom {no slip)

leZ||le|leg

lez||elieg

lez||e|ieg

-sync

steeringPlugins, ...

walltop {no slip) master of CalcServices:
7 o . - broadcast
cylinder {noSlip) _ galher

_scaller ]» operations

lez||e|ieg

A Advection-diffusion- =
bl CalcService CalcService
pro ems gl LB-Calculator g) LB-Calculator ;I’)
: : s :

A Shallow water equation = || : :
A Fluid-structure |

. . MPI / RCF / JADE

interaction Y T —
A Multiphase flow
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LB-Simulator Virtual Fluids

LB-Simulator Virtual Fluids:
AC++
A 2135 files
A 300.000 code lines
A 100.000 comment lines
A CMake
A SVN
Design:
A Generalization of algorithms, packages and modules
A Generic programming
A General communication concept (transmitter connector concept)
AMPI, RCF und JADE for parallel computing
Facts:
A Geometric primitives and objects given by tesselation
A D2Q9 und D3Q19/D3Q13
AMRT
A 2nd order BC
ALES
A RANS (k-epsilon und SST)
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Hardware i Stream Computing

A Vector Machines (Cray, NEC, ...)
A Cell Processor (IBM Blade Server, Sony Play Station 3)
A GPUs

GPU - Programming

Group of Arie Kaufman:

A Implementing Lattice Boltzmann Computation on Graphics Hardware (Li/Wei/Kaufman 2003)
A Dispersion simulation and visualization for urban security (Qiu et al. 2004) ,

A Simulation of soap bubbles (Wei et al. 2004)

A Melting and flowing in multiphase environment (zhao et al. 2006)

A Visual simulation of heat shimmering and mirage (Zhao et al. 2006)

A GPU clusters for general-purpose computation (Fan et al. 2004)

A Real-time ink dispersion in absorbent paper (Chu/Tai 2005)

A Simulation of miscible binary mixtures (zhu et al. 2006)

A Implementation of a Navier-Stokes solver on a GPU (Wu et al. 2004)

A Hierarchical parallel processing of large scale data clustering on a PC cluster with GPU co-
processing (Takizawa 2006)

Y Programming style close to the hardware es
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Mapping space location i memory location Toelke et al. 2008

D3Q13 model:
Mapping 3D space to 1D memory:

C-Code:
lattice size:
2nxxnyxnz(e.g.128 x 128 x 512)

data structure:
nX X Ny xnz (e.g 64 x 128 x 512)
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