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Boltzmann, Navier-Stokes + continuity eq.
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Lattice Boltzmann Equation (LBE)
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Lattice Boltzmann Equation (LBE)

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

Collision Q=M1kg
operator:

transformation into moment space:
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Collision operator

Relaxation rates: sy, se, sy, Se

MRT: Humieres 92, Lallemand 00 CLBM M. Geier, A. Greiner, and J. G. Korvink,
Physical ReviewE ,vol.73,no0.6,p. 066705,
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Interpolation based scheme for no-slip BC [Bouzidi, et al., 2001]
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Virtual Fluids

P

“ collision ghost node
* non collision ghost

"
1"Mouc

initialize node I build metis-input- apply ghost node rules to I

grid e grapho 4 segments

* [http://glaros.dtc.umn.edu/gkhomelviews/metis/ ]

disadvantages of node grids in respect of distributed (, adaptive)
computations:

segmentation for a huge number of nodes 1005
X h [
-> preprocess costs a lot of time and memory ?so:; i @
E60: 50%
i |
. . S40f
arbitrary shapes of refined areas 3 4
: : ! g20;
- many possible ghost node configurations 0l

time [min]

=g witch to block grid structure
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VirtualFluids reloaded: block grid

BlockGrid

[] Block2D

int x1,x2,level

BlockGrid

A

1 Block3D
BlockDescriptor -

int x1,x2,x3, level

++1 matrix2d<double> f
matrix2d<BC> bc

y

BlockDescriptor

e |
.-::J.Imatrix3d<double> T
- ijJ matrix3d<BC> bc

basic strategies of block grid

zoning of a flow field by blocks of various sizes to adapt the mesh size to local flow
characteristic length

uniform Cartesian mesh in each block for efficient computations

same grid size in all blocks to simplify connectivity
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Coupled problems: the scale separation map

Alfons Hoekstra, Eric Lorenz: Jean-Luc Falcone and Bastien Chopard
Towards a Complex Automata Framework for Multi-scale Modeling: Formalism and the Scale Separation
Map, Lecture Notes in Computer Science Springer Berlin, pp. 922-930, 2007




« 51 . Institute for Computational Technische Universitat
I RMB Modeling in Civil Engineering Braunschweig

How far can you get with simple LES-LB turbulence modeling ?

—_ M. Krafczyk, J. Tolke, and L.-S. Luo,
V= VO + VT Int. J. of M. Phys. B 17(1/2):33-39 (2003)

Smagorinsky:

v = (CsA,)%S, S = \/Z?:,j Sij - Sij,
C. {0.05,0.2}

1

2¢;pSi;

SCECL’

Pij = Z CaiCajfa = C5pdij + puiu;

strain rate tensor is local quantity !
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slip-Wand

Transitional flow around a sphere:
Re=10723-10"4

Ma=0-02 Geschwindig- :
CS=0.1 8 keitsrand

6 grid levels
2x10”77 grid nodes &
70 procs, 80% par. efficiency

- L=18 Blacke
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Results I:

I T I I T T I T T T T
LBE-LES, Re=10

,000

_____ NS-DES, Re=10,000

Exp. Re=162,000
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Results ll:

(laminar) boundary layer
separation:
Achenbach:82.5° Re=10%4,
Bakic: 80°— 83° at Re=5*10"4

This simulation: 84°

average vorticity (magnitude)
4.0e-003
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0.0e+000
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Ahmedbody (http://www.cfd-online.com/Wiki/Ahmed_body):

1044 mm ) 389
- &
O3 o)
\Q(:: < \./ o0
< i ;
1 Al > ot T+ 50
202 470 | T Yy | |
' ' 163.5°
4y
—-
& !




. 4 Institute for Computational Technische Universitat
I RMB Modeling in Civil Engineering Braunschweig

Re=10”"6

Ma=0.02

Cs=0.18

5 grid levels

1.7x10”77 grid nodes

64 procs, 80% par. efficiency
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Pressure distribution for rear slant angle 25° :
left: exp (Lienhartet al.), mid: E. Fares (Powerflow,EXA), right: VirtualFluids
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X [m]

Velocity profiles for rear slant angle 25° :
dots: exp (Lienhartet al.), greylines: E. Fares (Powerflow,EXA), black lines: VirtualFluids
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nVIDIA - G80/G92/GT200: the parallel stream processor
GTX 280: 1.4 billion transistors

Montecito: 1.7 (1.5 are L3

A
Contraol ALU | ALU H
ALU | ALD E
=

Hardware:

 GeForce
* Tesla
 Quadro

Software:

« Compute Unified Device Architecture
(CUDA 2.0, Compiler+SDK)
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Comparison CPU-GPU

Platform Memory [MB] | Peak [GFLOPS] | BW[GB/s] price [Euro]
Intel Core 2 Duo (3.0 GHz) 4000 48 7.0 1000
NEC SX-8R A (8 CPUs) 128 000 281 563 expensive
nVIDIA GTX280 1024 624 142 500
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Mult| GPU Supercomputer on the Desktop -Teraflop Computing

Hardware cost:
« 5000 %

Communication between GPUs:

4 PCl Express slots

« Bandwidth Host—Device
200-3000 MB/sec

» Latency like Front Side Bus (266

MHz)
* PThreads
« CUDA
Mainboard: Bandwidth [MB/s] | Latency [ns]
P6N Diamond MSI PCI-E/FSB 300-3000 10
_,512 Cores! Infiniband 312-7500 5000
G-Ethernet 125 80000
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Example: moving sphere in a pipe

2D

U:=(0,0,u,)

- ||

24D e
U.=(0,0,0)"""
X
<
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Moving Sphere in a pipe: Results (1 GPU) R. Clift, J. R. Grace, M. E. Weber:
Bubbles, Drops and Particles,

(2nx,ny,nz) = 128x128x512 Academic Press, 1978

e

Re [-] | v [m?s71] WCT [s| # iter[-] cqow[] cawrer| ﬁ—:g Hel bar ]
10 0.121920 106 15 000 14.74 1580 093 E‘?
50 0.024384 415 59 000 3.697 3.876 1.15 4,69
100 0.012192 520 74 000 2.380 2.312 1.43 295
200 0.006096 774 110 000 1.679 1.706 1.90 16
300 0.004064 21001 300 000 1.4402 1.448  2.35 (.67
400 0.003048 28001 400 000 1.305°3 1.296 2.82 7%

I nonstationary flow field, time required to reach oscillatory state from initial

uniform flow field (no disturbance imposed)
2 average value, t = 280...2000 T}, f
3 average value, t = 200...3000 T}, f
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Moving Sphere in a pipe: Performance Single GPU

Teslatest sample (GT200) Results for grid 64(128)x128x512 (single prec.)
192 cores (1.1GHz) 690 MLUPS
101 GB/s throughput » 72 % Throughput (!) (83 % pure MemCpy)

» supports double precision + 43 % peak perf.
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Extensions for free surface flows
o\ ol e| @
e fluid @, interface O and inactive gas @ nodes N
Q \O Q

O

e pressure boundary condition at the interface O[Kérner2005] == 'L‘I

@ | @ OL O
Q

I

e initialization of new interface nodes needed @ 2> O
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Extensions for free surface flows

[KO6rner2005]
e VOF approach to capture the interface  [Thiirey2008] \
v 1
) ) Vﬂuid gas: 0.0 —
— introduce filllevel ¢ =——=" i erface: 10.0-1.0]
Vearr fluid: 1.0 L

Am, =[ f,(X+&éAt,1)— f(X,1) - 4

. t+1
calculate newfill level &'

fluid @, interface O and inactive gas @ nodes

pressure boundary condition at the interface O[Kérner2005] ==

initialization of new interface nodes needed @ =2 O

flux calculation in terms of LB distribution functions

0\

)

—_— |

O

a3

F

*

L

I:inverse direction toi
A: wet area between two cells
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Basic free surface algorithm

e Compute the flow field . v
— Collision (local) 'X' }K 5

— Add body force (local) _,.-"

VR BN

— Propagation (non-local)
— Apply boundary conditions (local)

* Free surface part on interface nodes [K6rner2005, Thiirey2008]

— Apply pressure boundary condition (non-local)

1
e e D\ @|e| @
J:6X) = = £, (6. X) + £ (p, V) + £,0 (P, V) = .
— Evaluate mass fluxes and new fill levels (non-local) _‘ * L‘ga o
— Detect cell changes (local) e @ ﬂ 9
— Assure closed interface cell layer (non-local) — L —
— Initialize new fluid nodes (non-local) & O & A

p() =Y wo(x+e) V)= wv(x+e)
e e e ae 200 et ol
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Performance of D3Q19 model: Poiseuille flow

. Nvidia GTX 275 @

— 1024MB device memory, which corresponds to a maximum of 6 million nodes
— 240 cores with 1.4 GHz each

e Resulting performance in MNUPS NUPS = node updates per second

Threads (nx, flow dir.)

ny X nz 32 64 128 256
32x32 318 352 289 287
64x64 2905 357 306 284
128x128 (353 372 295  --
256x256 |317 357  -- --

e Maximum performance:
— 372 MNUPS, 1 million nodes = 372 time steps per second
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Dam break test case [Martin1952]

e QObserve collapsing water column
— position of the surge front

— height of the water column
e Re100000, Fr 2.4
e D3Q19, MRT collision operator
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Dam break test case [Martin1952] )
Position of surge front

8

e QObserve collapsing water column
— position of the surge front

— height of the water column
e Re100000, Fr 2.4
e D3Q19, MRT collision operator

Dimensionless position of surge front

128x30x30 ——
256x60x60 ———
384x90x80
512x120x120
Martin andlMoyce +

1 Il
0 1 2 3 4 5 6
Dimensionless time

.
= ! ! : ' 128x30x30 ——
. 256x%60x60
4
Height of water column B
Martin and Moyce  +

08
E
2
1]
=
a
5 06 |
=3
2
g
E 04
w
g
E
(=]

02|

0 1 L 'l 1 L
0 1 2 3 4 5 ]

Dimensionless time
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Dam break test case - Performance

e Average performance of 75 MNUPS
— 20% of the maximum performance of a singlephase kernel

e Goodagreement between experimental and numerical results

e See ,Free surface flow simulations on GPUs“, C. JanBen, M. Krafczyk, 2010

nx,ny,nz Nodes | Time steps| Comp. time 7~

128x30x30 | 115200| 4000 6s T
256x60x60 | 921600| 8000 102s “R&é:%

= ~ —

Simulation details Time series
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Wave impact on lean structures [Wienke2001]

Wave tank 25 2as
w_ 7.00 -

lotrechter
Testzylinder
| _—

Experimental setup — Waveimpact on a pile

ST AT S FE ////////////////////////////////////3
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Wave impact on lean structures — Force evaluation

F

Forcein flow direction . [Wienke2001]

160

40 |

70 T T
| Force,

40

30 |

Force [kN]

20 -

20

10 |

0

-10

’ o o 0.Iifiimensionlef.:.satime 1 " H 0 1 t
e Grid resolution 256x64x64 (1 million nodes)
65 MNUPS (GTX 275)
e Re1000 000, Fr1.0 10000 time steps
e D3Q19, MRT collision operator, Smagorinsky LES 160 seconds computational time

_ (corresponds to 16 seconds real time)
e Momentum exchange method for force evaluation
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Multiphase LB-simulations on non-uniform grids

Starting from the classical Gunstensen model:
Gunstensen, A. K., Rothman, D. H., Zaleski, S., and G. Zanetti, "Lattice Boltzmann model of immiscible fluids", Phys. Rev. A 43(8)(1991):4320-4327.

water

-two sets of distributions /,*" and f,

*Collision operator for each phase has two contributions
redistribution,

— maximizing/
“ord_ir'!arg dependent _, minimizing
0 = Q(l) + Q(Z) collision relaxation £2* F-3 e
_(q ~)2 1 2" > - - —>
Q@ — ﬂ‘ﬁ‘ el _i
2 ‘ ]3‘2 2

With a ,phase’ gradient

water
fi — - S

- Zéi [pair (fc +éi)_pwmr (x+e;)]
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implementation of a new extension of the Rothmann-Keller model

» one set of distributions

e phase parameter § == P’“;PH‘” C [ 1i41]

&
 surface tension

[Kehrwald, Nunmerical Analysis if Immiscible Lattice BGK, PhD, Kaiserlautern, 2004]
[Tolke et. al., An adaptive scheme using hierarchical grids for lattice Boltzmann
multi-phase flow simulations, Computers and Fluids, 35:820-830, 2005]

qu“ = m.fq" == mF I'

m:'w'f m =2z |0 (g2 + rr|,,= + nig . )

¢ ® o my'm —o|(@n,7 =, ="

. mfr.‘ B = If.l'll {ﬂ]ﬁi - n‘hl:)
ga” m o |5 (g )
¢ 0 ¢ e a1 anie)

i ...................p.hase1n1erfac:e............E

myg’ m = [ (g0 0m,0)

gradient of phase field ﬂ,“lﬂ - :uaﬂl zup,":" B{e, o 4= AL

£
vectornormal to phase field n, = I;‘:
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Test case car roof L-ledge

Z
Luft
8
» X
— | >
Wasser 3 :IZ T13
R 1 |
< (Ellipse) I 30
| | | | 1] |
' 90 " 15 15 ! 180 3 217 '
Luft
e Usly 1144018 00 cq=Usty 1LA4TISEZS 5550 Bo_ 2Pw g Hy _2:1000.9.81.0018°
v,  18E-5 o 0.072 3o 3-0.072 '
My B3
u, 1B8E-5
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Fluid-Structure-interaction

-—'

ﬂﬁﬂﬁ. e

*.5._‘“._7!- 4

512 cores, 2x1029 DOF LES simulation

Ferrybridge, England 1965
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LBM solver structural FEM solver
forces f(t)
\ Step0 ———— Step0 .

Internalstep 1 |«
: = interpolated
v = surface geometry
Internal step 27 leve| |«
nNAT Step 1 AT
fluid ; structure
Internal step 1 G interpolated
4 surface geometry
v h -
Internal step 2*level D '
displacements u(t+1)
\ - " Y
Stepn —~—=——————  Stept

new surface geometry
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: EXPERIMENTAL STUDY ON A FLUID-STRUCTURE
Experimental Benchmark INTERACTION REFERENCE TEST CASE

Jorge P. Gomes and Hermann Lienhart

Fluid-Structure Interaction: Modeling, Simulation,
Optimisation

Lecture Notes in Computational Science and Engineering ,
Vol. 53, pages 356 - 370
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3D FSI
Re=2500




Institute for Computational Technische Universitat
Modeling in Civil Engineering Braunschweig

iGLRM

Oscillating Membrane in flow field

« Re=6000

« |attice size: 128x128x512
« 3GPUs

« >1E9 LUPS

« 250time stepsin 1 sec

« LES

« Compt. Steering

« 500000 time steps

« 2000 sec total time

« dt_s=10dt_f

« Membrane: Eigenmodes
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[_max = maximum number cf gric levels;

Grid refinement on GPU I:= gnd leval

dT_I0 :— coarsa grid tive step;

d¥_I0 ;= caarse grid node d stancs;

endtimea 1= maximum tumber of firme steps;

I Derrrain .-"-.__

: | updateGrid{], endtime }

Evock begin

vl- dT := 27(-0) * dT_0;

i T 1 1 _

‘s d¥ 1o 2] * X 0;

i |

T T d¥_temp ;= 2~(-(14+13) * d¥_I0;

E ] L | * 5 N

o il et for =Cto <= endtime step i+=dT

e et rermenct -"r:l LaTTICE NOoE begin
iff [+1=—|_max) updateGrd{l-1, 1};
collisizn(l};
praopagation(l);
apahySoundaryCorditons(])
if{ '=|_max} then interpolateGridinterface]l, +1);

and:

end;
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2D-benchmark
A U-\-C
4.2r
inlet putlet
4,0r );E_, 40.0r finc grid
h Y. 256 % 1376 lattice nodes
T V-0
coarse grid
4.0 e .
r U_V_0 2536 ¥ 1376 lattice nodes
Re = 100 prosent met hod Crousc 3 Schafer  and  Turek
[12
’p 32149 3.2645-3. 2650 g ot B el
. [).9] 0.9492-1.0700 0.99-1.01
St ().322 (.3050-00.3076 (1.295-0.305
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Computational Efficiency

Rosolintion NUIPS NUIPS [rOCessTT
for 10° At
[nodes x nodes]  [x10%] [ [=]
nnilorm 2048 x 15060 all.62 RENRAN 4TS
non-unitorm 2 x 1021 x 15360 903.35 LR 2223.16
[Taw)
=11l 2 x 1024 x | hdGlE 828 07 Q.84 S22 46
|effective)
unitarm 1021 x 7ol 920,59 100, 504,27
nesm=1nilorn 2 x 012 x T80 411320 4.2 | 2 6
|Taw)
nom-1rilormn 2 % 012 x 7oy 815327 0.7 | 244 [
|effective)
unitorm 512 x 33410 al2.55 100,800 217.83
neri=1niloarm 2 x 2h6 x 240 8AT.R0) 02,74 210
[Taw)
non-uniform 2 x 250 x 3810 Y6T.T1 A0,00 30213

[effeetive)
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Thermal flows

the temperature equation is discretized by a finite
difference (FD) scheme:

T, 0+ M) =T, (1)
AtFD

— _ji,j,k (t)v(h) ];,j,k (t) +aA") Ti,j,k (t)

i,j,k i,j.k

J.Tolke: Athermal model based on the lattice Boltzmann method for
low Mach number compressible flows, Journal of Computational and
Theoretical Nanoscience, 3(4): 579-587 (2006).

Mezrhab A, Bouzidi M, Lallemand P. Hybrid lattice-Boltzmann finite-
difference simulation of convective flows. Comput. Fluids,
2004;33:623-41.

van Treeck, C., Rank, E., Krafczyk, M., Tolke, J., and Nachtwey, B.
Extension of a hybrid thermal LBE scheme for Large-Eddy simulations
of turbulent convective flows. Computers & Fluids 35, 8-9 (2006), 863—
871.
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Boundary Conditions

«Same lattice for MRT and FD scheme
Dirichlet condition: quadratic polynomial extrapolation
‘Neumann condition: cubic polynomial extrapolation

T=T | 1 =T(=0)=T —27r@)+17(2)

= 3 3
oT 21 3 1
Y20 =Tr=0=22TM+—T(2)-—T(3
P . (r=0) >3 (1) 23()23()

=
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Coupling of LBE and Thermal Model

The coupling of the temperature field to the energy mode of
the LB model is done by inserting the temperature into the
equilibrium moments:

HTLBE — Hybrid thermal lattice Boltzmann equation

my* = (BT 1)+ (uy +u; +u?)) p,
eq — (1 18T ),Oo P. Lallemand, L. Luo,
o Phys. Rev. E 68, 036706 (2003)
T=T(t,1,],k)
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Characteristic Quantities

Rayleigh, Prandtl and Nusselt Numbers

_T\[ oI -T)!
v PreBC-T)C oo b 90T W,
y? k (T.-T.)/L

L = characteristic length

k:= thermal conductivity of the fluid

h = convective heattransfer coefficient
Ts=surface temperature

a = thermal diffusivity

B = thermal expansion coefficient
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Validation study: Z _ giabatiowal's

Rayleigh-Benard convectionina closed cavity
for Rayleighnumbers > 1e9 LES is applied

1e5< Ra<2e7=Nu~0.54Ra"*

2e7<Ra<3e10= Nu~0.14R4d" X

2

0.387 Ra”

Ra < 1913: NU ~ O 825+ /27
1+ (0492/Pr)™ |

0.670Rz"*

Ra < 169=Nu~ 068+ -
|1+(0492/ Pr)"™* |
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Rayleigh-Benard instability
Ra=2x10*10
400x150x150 grid nodes
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Comparison of theoretical prediction, benchmark data
and numerical results:

1,00E+03 -

- E —Ra < 10e9

Q o

g & ® Nu,um L

Z3

o000 Nu .
1,00E+02 penchma
o‘.i.‘
/ )
oo
1,00E+01 - e
1,00E+04 1,00E+06 1,00E+08 1,00E+10 1,00E+12

Rayleigh Number
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The Radiosity equation for radiative heat transfer (Goral 1984)

n
B, = Ei+pdlejFl]' heat flux equilibrium
1=
B, Evy [piEy piEy - piEy By
By| _ [Ey | |PaFo pPoFy oo poFy || By
B, E, P PyEoy - Py E || B, radiation exchange

shooting

surface mesh
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Formfactor

COS @icos @j
Fy = 12 VPl A

Efficient hierarchical visibility test

—

I e — —

_,_

recursive subdivision into octants

octree
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Mesh generation

RSNy
AN e ANt

T A S Py T A e Py A
,g/éj/;%/;__\q P N P N o

ith adaptively

ice wi

off

LT T
=N g
NN

refined mesh

adaptive mesh refinement

inement

h ref

a-priori mes
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Examples
Surface temperature induced by solar radiation (Campus TU Braunschweig)
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Coupling radiative heat transfer and heat conduction

h heat equation for stationary temperature
9 fields in isotropic bodies
0 |concrete plate Qeny A
L q=2-(0,-9,)
qqs°'ar heat equation for non-stationary
81 temperature fields with heat sources
o8 A9 909 W (x,y,t,9)
72.0 -~ = = it
- Ot co | 9x° v 19y2) N cop

54.0

grid discretization

0

37.
- Vi P
20.0 9. .
Yi 8.?. o c)'8i+1,j
1-1,)
O/t = (1-2M,—2M ) 9f + M, (9, + 0%, ) Vi 914
k k Atk ,
+My(l9i‘jl+l9i,j+1)+awi,j Yo

:aAt /\ M ::a_At

M .
Ax* YAy Xo X4 Xi1 Xi  Xjsq

x*
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Heat flux in double skin facade

[pome"" Outlet
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Thermal Fluid Simulation — Boundary Conditions

L. Double skin Simulation
Solar Radiation: facade: Grid nodes ~15,0 Mio. ->1cm
Diffuse Radiation: time: 5 min

b:0,5m
200 [W/m?] Ra: 4-10" [-]

L -Edd del
Direct Radiation: 57 \ arge y mode
[W/n’] Fins:

Surface temperature : T: 55

[°]

Outside air
temperature: 35°C p: 2710 [kg/m?]

c: 0,90 [kJ/(kg K)]
Wind: a: 0,40 [-]

Prap: 0,60 [-]

Outside glazing:

Inside glazing:

/

Surface temperature: T: 40 [°]
p: 2550 [kg/m?]

c: 0,70 [kJ/(kg K)]

g: 0,86 [-]

Surface temperature: T: 30 [°]
Pressure: p: 2550 [kg/m?]
P, =0,0 [hPa] c: 0,7 [kJ/(kg K)]

g:0,59 [-]
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Variant d) 0.25 m outlet
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Variant d) 0.5 m outlet
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flux
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topview
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Variant d) 0.75 m outlet

o
flux 113 [md/s] &
Tea 41.87 [°C]

Tog1 44.74 [°C]
Teoa2 46.55 [°C]
Toags 47.43 [°C]
Togs 47.70 [°C]
topview ?
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e
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Variant d) 1.0 m outlet
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Flow acoustics

0%’ 4 0\ 0%
LB-solution of the wave equation — — _— 0(2) + (—y 4 y’) — ()
Ot? 3 ot | 0x?
Flute: Re=6000, air, f0=415 Hz
Simulation: 8x1076 grid nodes, 1026 dt, 6 h on single GPU: f0=413 Hz
i *RMB
pressure X =i

vorticity
magnitude

LODI BCns for LB: Izquierdo & Fueyo, Phys. Rev.E 78, 046707 (2008)
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Conclusions

» Coupled problems: feasible with LBM
« Required: MRT, 2"d order BCns, grid refinement, HPC
« GPU©®©

Outlook

 Improved turbulence models (WALE), wall functions

3D-grid refinement (also for GPU)

local BCns in 3D

Multi-level parallelization CPU/GPU, fault tolerance, postprocessing

Improved multiphase models

further validation studies for coupled problems

... and the best newsis ...
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... some work is still left todo !




