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Targets

Turbulence and cloud droplets in stratocumulus
Mixing of dry and moisture air

Large Eddy Sim.
Cloud parameters

Nucleation, growth and dynamics of cloud droplets,etc.

Cloud micro physics

Direct Numerical Sim.
Turbulence + Cloud droplets
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Turbulence

2Ax =~ n ~ 100pm <
n : Kolmogorov length

Cloud particles Lagrangian # of particles

Cloud: parameter

Large Eddy Sim.
Super Droplets
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Eulerian

Purpose
Development of highly efficient parallel code
for the turbulence and cloud interaction
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Basic Equations

Turbulence (Eulerian) Boussinesq approximation
ou 9
E-I—u-Vu:—Vp—kvVu—l—ezB—i—f, V-u=0

buoyancy external force

oT 9 L
—+u - VI = gV*T + —Cy

ot Cp . :
5 condensation, evaporation
dv +u-Vgy = "f’vz(I'v — Cyq
ot
T — Ty
Bzg( T +€(QU_Q'UO)_qC)
0

High Reynolds number turbulence : Spectral method

Scalar transport : Spectral or hybrid method



Nagoya Institute of Technology

Cloud droplets (Lagrangian)
dX;

—J —v_(¢
7 i(t)
dV ; 1
J — (w(X(t),t) — V;(t)) + ges Stokes approximation
dt Tj(t)
dR;(1) |
R;(t) TS KS(X,(t),t)), R; = droplet radius
N
1 dmy(x,t) 4rriD <A
Cylx,t) = > = = > R(Xj,t)S(X,(t),1)
air dt po(Az) k—1
q Condensation rate
S=—""__1, supersaturation rate
qvs(T)
K-l — qR,T piL ( L . 1)
Dyesat(T) Pani’\'»aT R,T

Interpolation of velocity and scalar fields at particle position
Redistribution of cloud properties onto grid points
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Simplification for development of the Eulerian codes (year 2010)

0
—u+u-Vu:—Vp—|—VV2u+VT For 3D FFT

ot

V.u=0 —> Ap=—-Vu:Vu

orT : .

o T VT = skV-T + fg For 3D combined compact scheme
dX;

— L =u(X;(1),) + W) Particle tracking



3DFFT for Peta scale machine

Domain decomposition

Slub

a(kx,ky,kz)

Npz
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Grid
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FFT axis

NpXx

a(y,z,x)
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Fujitsu FX1 a(kx,ky,kz)=a(2048,2048,1024)

Elapsed Time of FFT and IFFT (N=20483)

T T T T T

100 ———
2048 /4 = 512

s\\—\\‘ M<32
‘—\ 2 " : _a M=64

10 o
E—\B\—e—o\_'_’r/a Mt

M=256_, M=512

Ty

Elapsed Time [sec.]

1 1 1 I 1 1 1 1 1 1 1
1 2 4 8 16 32 64 128 256 512

Npx



Nagoya Institute of Technology

Elapsed Time of FFT and IFFT (Npx:Npz=1:1 or 1:2)
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N=4096° Computation of turbulence (velocity)

0 —

' | Fujitsu FX1
10! b 12048 flat MPI proc.
10° | 1

E§ 107! | t=0, 20483 ]
% |
1072 ¢ . ;
- t >0 N = 4096
1073 L | ~ 6.4 x 10'°
: | Ry ~ 820
107 11TB
1 10 100 1000

k
cf, on Jaguar (XT5 with hex-core AMD processors) at ORNL, 32k cores.
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Development of 3D combined compact scheme

ou

E—Fu-Vu: —Vp+vViu+ Vr

V.eu=0 Ap = —Vu : Vu Non-Local in space
oT 2 .

Bt +u VI = rVT + fg Local in space

Finite difference

of | _ Fix1—Fia
ox 7 2h




2nd FD
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FIOORE 6. (g) Compensated spectra; =——=— Lamb dipoles; -==----- ., Taylor—Green (m = 3);

H

foreed turbulence; #, Gotoh et gl (2002) (m=572): (5) Mot -compensated spectra.

Orlandi JFM (2009)
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Combined Compact scheme

arfi_y+aof; +azxfi ,+h (blff'_l + bof{' + bzf{il)

1
E (lez'—Z + Cgfz'_l -+ C()ff,-j + CBfi—I—l + C4f?:—|-2)
51f/_, + 108f! 4+ 51f. | + 9h (fz 1 fe{fl—l)

107 1
(fz-{—l — fi—1) — - (fit+2 — fi—2)

a,=1

by=1
138 (11 — fi_1) — 18k (FIL, — 6£/ + le)
1 702
=~ (Fisz+ fia) + T 2 (Fiva + Fi1) — — i
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Combined compact scheme (f',f”,f")

B C O ... ... O A\ % d,
/A B C O 0 / ) ( \
O A B C O : X3 ds
A = | Nihei and Ishii, JCP (2003)
: O A B C O]]|xv2 dy 2
6] O A B C||x: dy 1
\C 0O 0 A B\ /) \d)/
a  —bAx CI(AX)Z 1 0 0 ) ..
o Domain decomposition
A= | —1& by —c2Ax , B=|[0 1 0], ) . .
) \ in 1,2,3 dimensions
as c3 0 0 1

aq ble C](AX)Z 0 0 0O
C=| &2 b oA |, (0 0 0
iy C3 J 0 0 0

j;f dI fz—i—] 1 )

Simultaneous computation

MPI communication

5
Bl

X; = ﬁ” ) and di = (Ax} ﬁ+1 2ﬁ —I_ﬁ 1
fim fH_]
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MPI parallelization efficiency of combined compact scheme
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Spectrum of scalar variance

log Ey (k) s
4 SCc =—
Inertial-convective range K
k -5/3
Viscous-convective range
-1
; k ~ 1,
PRELE ——
v. Inertial-diffusive range =
’%" Zoutl_'
| —~ — log k
log koc log kg log ks

( Sc<<1 ) ( Sc~1 ) ( Sc>>1 )
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Development of hybrid code for passive scalar in turbulence

ou 2
E—Fu-Vu: —Vp+vViu + Vr
V-u=0 Am = —Vu:Vu Non-Local in space
oT 9 .
Bt +u VI = rVT + fg Local in space

Hybrid code

Velocity : Spectral method

Scalar : Combined compact scheme
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Comparison of Hybrid method to fully Spectral method

N velocity N Scalar \% Sc CPU time (1step)
Run1(Full Spec) 1024 1024 80x10* 1 8.1(s) l .
Run2(Hybrid) 1024 1024 80x10* 1 5.7(s)
Run3(Full Spec) 1024 1024 8.0x10° 50 8.1(s) l Lo
Run4(Hybrid) 256 1024 8.0x107° 50 1.4(s)
CPU time

Runl vs Run2
®Hybrid=0.7 X Full Spectral (Scalar part : 0.4 X Full spectral)

Run 3 vs Run4
Y2 number of grid points for the velocity because of Sc=50
®Hybrid=0.17 X Full Spectral
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Comparison of Run 1 with Run 2

Scalar variance
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Comparison of Run 1 with Run 2
Sc=1

Scalar variance spectrum
10" | T

 Full Sp'ec |
Hybrid ——

<62(k,t)>
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Comparison of Run 3 with Run 4
Sc=50

Scalar variance spectrum
107 ¢ T

- 'Flull Sp'ec | :
Hybrid —

<0%(k,1)>
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Scalar spectrum in Kraichnan form

Noeiociy  Nscatar \Y Sc K X,i{i‘:“yn K ri;ilarﬂ
Run5 512 1024 10x102 1 1.2 2.4
Run6é 256 1024 50x102 10 1.9 2.4
Run7 256 1024 8.0x10° 50 2.6 1.5
Run8 512 2048 5.0x10"° 100 3.8 1.5

E, (k) =Cox(v/ )"k (1+(6Cg)"") exp(=(6Cg)"* (k775))

C, :Batchelor constant
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Summary

Scalar variance spectrum

Se=1 —— 7
Sce=10 ——
Sce=50 ——

Sc=100
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Summary

Nagoya Institute of Technology

Scalar variance spectrum

Sce=1
Sc=10
Sc=50

Sc=100

0.01
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Runb
Run6
Run7
Run8
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Batchelor constant

Sc R,
1 88
10 28
50 17
100 23

Pe Cg
40 5.64
66 4.30
118 4.91
235 4.97

Batchelor Constant

20 40

60 80 100
Sc
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