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Macroscopic & Microscopic

AOKI Lab.
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Flow Velocity:
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Knudsen Number:Kn

AOKI Lab.
Collision Mean free path: ) — i — kBT
on  2nr?p
A KgT 1
Knudsen Number: KnN=—=—"—.—
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Kn << 1 : Collision frequency is very high and the velocity
distribution function is almost equilibrium.

It is possible to apply macroscopic description.

Kn>>1 : Low collision frequency and the distribution
function is far from the equilibrium one.
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Conservation Law in Phase Space
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AOK]I Lab.

Landau Collision Integral
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Lattice Boltzmann Method

Explicit Time Integration

for the particle distribution function
Boltzmann Equation to describe non-equilibrium distribution function

' Collision term
/ in the phase space
of of
+e, - Vif=| —
/ ot 0
Advection term —
in the phase space '

Lattice Boltzmann Equation

f(t+z,r+cr)=f(t,r)+Q[f(tr)]

AOK]I Lab.

coll

Discretization

Qi[fi (t,r)] : summation of the particle collisions 7 : collision
time
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Discretization in Velocity Space
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D2Q9 model D3Q15 model D3Q19 model

The Components of the velocity distribution function can be
understood pseudo particles having the velocity component on the
lattice grid and move to the neighbor grid point after the time At.
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BGK Model

AOKI Lab.
Relaxation to the equilibrium function
of) _ fi-f" g0 Local equilibrium . ()= £0+(f (1) F0)e %
ot oy y) distribution function iR

A Collision time

BGK-Boltzmann a_fi+ei,vfi:_ fi-f
Equation ot

S

v Discretization

BGK (Bhatnagar - Gross - Krook) Equation

f(t+t,r+et)=f(tr) —%[ f(t,r)—ftn]
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Local Equilibrium Function

Equilibrium Solution of the

Boltzmann Equation E |
g J
Maxwell — Boltzmann Distribution ¥ e T W

o (m N (om0 e+
/ (“”‘"'y-“"’-)_(m-:r) e:‘p( KT )

Low Mach-number expansion,

fO(,r)=A+B(e -u)+C(e -u)* + Du’
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Local Equilibrium Function

AOK]I Lab.

Approximation for the function:

f O, r)= A+B(e -u)+C(e, -u)® + Du?

-

y f y £ puzzN:f-e. :ZN:f.(O)e. 1 u? 4+ pe i_ (©g 2
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Mass conservation ~ Momentum conservation Energy Conservation

Three of the 4 coefficients A, B, C, D are determined
by the above conditions.
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Chapman - Enskog Theorem (1)

Lattice Boltzmann equation: AOKI Lab.

f(t+t,r+et)=f(tr) —%[ f(t,r)—fO,n

'fi =f+efW 4219 040,20
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Matching condition
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Chapman - Enskog theorem (2)

AOKI Lab.
f(trnr+en)=f, r)—%[fi t.r)— Ot )]
- 5 9,0
_ 1) 2£(2) =2 BT
Asymptotic expansion fi=f+ef+eh at_)gatl+g ot,

Extracting 1st-order and 2nd-order terms,

(0) @ @
ot at, or 2. et o, |
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op Opu,
. = _+— =
Continuum Equation o or,
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Chapman - Enskog theorem (3)

- AOKI Lab.
fit+rren) =t - En- (O]

f=f+ef@+2f0 —me—+e—

Asymptotic expansion ot o, ot
Extracting 1st-order and 2nd-order terms for the energy dimension,
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D2Q9 Local Equilibrium Function

fo = %P{l_ %UZ}

= ot se s Se - 2uny s

AOK]I Lab.

1 9 3 .
f9 — — Hf1+3(e.-u)+ =(e.-u)? = uy?1 (i=2469)
L 3(e )+ (e u)T - U

ith velocity vector g, W,
0 (0,0) 419
y TN 1357 | (1,0),(0,1),(-1,0),(0-) | 1/9
2468 | (11),(-L1),(-1-1),L-1) |1/36
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D3Q19 Local Equilibrium Function

. 3 AOKI Lab,
fo' = —p{l-—u °}
3 2
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Computation Procedure

AOKI Lab.
f.(x+edt,t+0t)- f(x1t)= —E(fi(x,t)— f(xt) r=a/&
T
ﬂ LBM code
Collision step: Streaming step:
filx,t)= fi(x,t)—i(fi(x,t)— fieq(x’t)) fi(x+ei5t,t+&): f_i(X't)
T

Little computational effort !l
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Boundary Condition

AOKI Lab,
( Bounce-back condition (D2Q9) —
'y ry
f,(t+7,r)=f(tr)
fRt+an=ftn
f,(t+7,r)=f,(tr) o

— Periodic Boundary condition (D2Q9) —

fi(t+z,r,)="f(tr,) i=218 @@&@)
itz ) ="15) =456 &)

Copyright © Takayuki Aokii: Global Scientific Information and Computing Center, Tokyo Institute of Technology




Multi-dimensional

- Domain Decomposition

AOKI Lab.

2-D decomposition 3-D decomposition
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2-D decomposition

Rank KT

Receive :

f3,f7’f8’f15’f17
Send : ‘x aaaaaaaaaaaaa
f41 f91 1:10’ f16’ f18 'l

lbII
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Receive:
fG’ f13’ f14? f17! f18
! Send

fS’ fﬁ’ f12’ fiS' flG

Receive:
fl’ f7’ f9’ fll’ f13

f3’ f?’ f8’ f15’ f17

AOKI Lab.

Send:
f21 1:8’ flO’ f121 f14

Receive :
f3’ f?’ f8’ f15’ f17

Receive:

Send :
1:4’ f91 flO’ f16’ f18

Rank KD

f2’ f8’ flO’ f12’ f14

Send :
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Receive:

f5’ fll’ fl?.’ flS’ flﬁ

Send :
f6’ fz3s f14s 1:17r f18

Dependency

for Decomposition Direction

I
Lo === ideal
2000 | 7@ Result of 1D decomposition
L.....| —@—_ Result of 2D decompuosition.
R + -Result of 3D decomposition | -
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|
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number of grids: 768x768x768
500 | A S I B S
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60

Number of GPUs
Copyright © Takayuki Aokii: Global Scientific Information and Computing Center, Tokyo Institute of Technology

80 100

AOK]I Lab.
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Incompressible Turbulent Flow
behind a spherical body
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Pulmonary Airflow Study

Collaboration with Tohoku University

oA KELeb.

X-Ray CT images
512 %512 %512

Airway
structure
Extraction
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Pulmonary Airflow Study

Collaboration with Tohoku University

AOK]I Lab.

Level-0 Mesh
Adaptation
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Pulmonary Airflow Study

Collaboration with Tohoku University

Assignment to multi-GPU
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Real City Atmosphere

Major part of Tokyo
Including Shnjuku-ku, [ -
Chiyoda-ku, Minato-ku, | 5%

Meguro-ku, Chuou-ku,

10km X 10km

Building Data:

Pasco Co. Ltd.
TDM 3D

Map ©2012 Google, ZENRIN
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Turbulent._FIow
behind football

Re = 100,000

Mesh: - R
2000x1000x1000
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LES (Large-Eddy Simulation)

f.,,(:L‘ +C*£At:t + At) = fé(mst) - Ti(fz(mat) - féeq(xst)) + F

AOK]I Lab.

Relaxation time Energy spectrum

for LES model 1075
1 3v 10% k573
=5 2A*f 105 b= -b'goc
c ! 104 -————/ﬁ\y— Lods -&‘:- \\
= S O TN
V*ZVO@ '10 B v ".-Eﬂ bt )I
2107 e e
o & 10 &,
Molecular viscosity and Py &
Eddy viscosity 10-11 %)
102 ?Z
GS SGS .
1073 g‘u
104 2!
10° 10¢ 10° 102 107 T+ 10
k/ka
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SGS Model

Smagorinsky model AOKI Lab.

o Simple
Tij = _ZVSGSSa'j A inaccurate for the flow with wall boundary

A emperical tuning for the constant model coefficient
vsgs = CA?|S| C : const P g

Dynamic Smagorinsky model
o applicable to wall boundary

_ 2
vsas = CA°|S] A complicated calculation
<Lilis Lii = 55 — Gt A average process over the wide area
ijLeij ij — HWaitly — M i
C= W MH-?- _ 25§|§-|-§_ I LoRygE, not available for complex shaped body
4 i — not suitable for large-scale problem

Coherent-Structure Smagorinsky model  *H.Kobayashi, Phys. Fluids.17, (2005).

Vsas = CA2|S| — model coefficient determined by the second invariant of
the velocity gradient tensor

C = C1|Fos|*? A model coefficient
L ou o L, o applicable to wall boundary
F Q=352 50 E= -% (g‘f) o model coefficient is locally
(o - fomill= = i :
E (L determined.
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(URL http://labs.aics.riken.jp/makino_j.html)
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Smoothed Particle Hydrodynamics

AOKI Lab.

® Compressible and Incompressible Flows
represented by particles.

Visualization

Objects are also
able to be described
by particles.
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Solving Navior-Stokes Eq.

AOKI Lab.
Momentum Equation

p: —Vp+uVio+ f - ()

Pressure Viscous External
gradient term force
Dv  0¢ LV
= v -
Dt ot S SE—

Advection term

e

In particle methods, the advection term is
represented by the particle movement.
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Spatial Profile of Particles

AOK]I Lab.

® Each particle has physical properties such as mass, velocity, . . .
@ Spatial profile distributing around particles.

: physical quantit . The article to be
PPy | 4 ﬂ;j .calculated

¢(x) = [o(r)W (z —r)dr 7|

0.15
0.1
0.05
0 -

Normalization [W(x —r)dr =1

Discretization -
Kernel Function W (x —r)

d(x) =2, mi LW (x—z;) o

Pj

mj :mass pj:density m; = p;Ar;
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Several Expressions (1)

AOKI Lab.
Gradient of Physical Variables

Vo(x) = [Vo(r)W(x —r)dr w——)  p(x)= [¢(r)VW(z—r)dr
by applying Gauss law,

Vo(x) = 3, m; VW (x — ;)

Pressure Gradient

p?‘ess _ Z mj Pj vamgg( — :{:j)

—> > .m PP T W ress (25 — )

m; 2
keeping symmetry Pi

Simple EOS: p=k(p — po)
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Several Expressions (2)

AOKI Lab.
Viscosity Term

¢i =0+ Voj- (ki —x;) =P Vo= (¢; — Cbz')—mxjj__aiip
Taylor expansion

using V?¢ =V - (V¢)  VZ¢; =y . m, v;fj VW (x; — x;)

Vi =3, mj%;f)iVWm's(ﬂ?i — ;)

where VW, (z; — x;) = g - VW (2 — x;)

e

— Zj m; Ujp_jvi VWm;S (ZEZ' — CL'j)
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Kernel Function

AOK]I Lab.

_ 315 (2 _ [n]2)3 (0 < <7y
Density: 1}/ (r) —{ 84«@(3: |T7)) (0 <|r| <re)

At the center, the gradient becomes small.

Pressure: VW,,css(r) = — 2% (re — |7|)? 5

Viscosity: VW, (r) = 2% (r, — |7|)
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Time Integration

AOKI Lab.
Time Integrations for velocity and position:

t+At At )
WAL = gt L Bt (ppress y pis o pa)

! TR = gt 4 vl TR AL
Stability conditions:
CFL condition: C = Umas At lp :inter-particle distance
lo Umaz - Maximum particle
velocity
Diffu§i_on stable A = V_At v =" kinetic viscosity
condition: lg P coefficient
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Boundary Condition

Setting boudary partiles

{ B Multiple layers are required at the boundary.]

AOK]I Lab.

——

0 o B The Surface is fhM.
foe0 0 f 0
O oocoooo 1-\-\‘/

O 2000900 (%)

00900 _o rf'{\O
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