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Cloud simulator

Direct Numerical Sim.

MD of water molecules
Ogata, Kobayashi and Kajima

Symmetric and time reversal FT method

Potential for water molecule TIP4P

Turbulence + Cloud droplets 0.5mm<r<1m

Turbulence, mixing and droplets
Gotoh and Watanabe
Turbulence Spectral method
Hybrid method (spectral +combined compact FD)
Cloud droplets Lagrangian tracking +PIC

water molecule
micro droplets
micro ice
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Growth of cloud droplets

Wide spectrum
Rapid growth
n n
{Q\Q
Q
¥ 30y X
2071 ¥ S~ \// / -
AN
\ / / Target rangy/
4 7 7
/ 7 / /
10 102 103 104

droplet radius um

Narrow spectrum
Slow growth Berry and Reinhardt JAS, 1974
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Goal

Cloud droplets

» How fast do the droplets grow in mean and distribution ,
and become rain drops?

 What are key processes ?

« What is the spatial distribution of cloud droplets?

» To compute the collision efficiency and the collision kernel

Turbulence
« What is role of turbulence in cloud evolution?
« To what extent is turbulence modified or driven?
(energy transfer, scalar variance transfer, intermittency)
 How droplets and scalar are transferred and mixed?
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Direct Numerical Simulation of Turbulence and Cloud Droplets

Vaillancourt, P. A., Yau, M. K. & Grabowski, W. W. JAS. 2001
Andfrejczuk et al JAP. 2004
Kumar, Schumacher, Shaw, TCFD 2012

Included

turbulence + buoyancy

temperature

water vapor mixing ratio

water droplets of radius 10um~20um

condensation, evaporation

Stokes drag + radius dependent relaxation time + gravity

Not included

Collision of droplets, coagulation

Nucleation of water droplets
Rain, ice



Nagoya Institute of Technology

Basic Equations

Turbulence (Eulerian) Boussinesq approximation
ou 2 _
gi—{—u-Vu:-—Vp—%VVu—{—ezB—}—f? V:u=20
buoyancy external force
E+1L'VT$J£V T"*"‘""‘"Cd
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P condensation, evaporatlon
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High Reynolds number turbulence : Spectral method
Scalar transport : Spectral (or hybrid method)
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Cloud droplets (Lagrangian) Collisionless Vaillancourt et al. (2001)
Kumar et al. (2012, 2013)
dX V()
a7
il (w(X;(t),t) — V;(t)) Stok roximation
= ul( X ; — V. — ge okes a
di Tj(t) \ 7 s U 7 ges PP
dR;(1) ,
R;(t) = KS(X;(t),t)), j = droplet radius Diffusion process
1 dmy(x t) anr K OA
— IACE {
Cylz,t) = 3 Z R;(t)S(X;(t),1)
Maqr dt ,G(} (AJ‘)
Condensation rate
S = o _ 1, supersaturation rate
q'US(T}
K-l = pi R, T i prL ( L . 1)
Dvesa—t(T) Kol \ T
PIC

Interpolation of velocity and scalar fields at particle position
Redistribution of cloud properties onto grid points



Domain : (25.6 cm)® == (102.4 cm)3
Water droplets : sphere (initially 10~20um)
Turbulence  : homogeneous isotropic steady

DNS

Simulation of cloud evolution

. turbulence + scalar

pseudo spectral method
3DFFT + MPI + Open MP
2D domain decomposition
cell no. relabelling

interpolation for droplets

PIC + TS13 (or linear)

4th order Runge-Kutta-Gill

Nagoya Institute of Technology

1500m

 / 284K
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Initial Condition

| Turbulence | Isotropic Steady turbulence

| Temperature fluctuation 0 : 275 K + zero fluctuation
- Random in space in the range

[ Droplets | L/6=7 < Lo/6

- No. of droplets : 221 =2x 106
227 =1.3x108

- No. density of droplets 31~125/cm3

- Initial radius : 10 ~20 um

Cond.
0.0037 | s>0 | —
° e . i i vs qvmax
| Water vapor mixing ratio q, | ,

gu(z,t = 0) = (¢;)™ — quo) eXp(—AzG) + guo é

E
qr™ =1.020,, ¢, =0.90q,,
q, =0, at z=+L;/6 Kumar et al. (2012, 2013) - Ovo

g2 -L,;/G 0 L,;/B Lg/2
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) ()
Run A B C’ Cc” C D(A) E(B) Obs.
N3 1283 1283 1283 1283 10243 10243 | 10243
Np 221 221 222 219 225 227 227
n, [cm3] 125 125 250 31 31 125 125 |100~600
o Decay | Grow | Grow Grow  Grow Decay| Grow
0’ 0 o) 0 0 0.05K 0 o)
g[cm23'3] 68.3 68.3 68.3 68.3 138 138 138 1~100
R, 92 92 92 92 252 252 252 | 3~4x104
KmaxN 1.2 1.2 1.2 1.2 2.1 2.1 2.1
r(0) [um] 20 20 15 15 15 20 20
St(0) 0.068 |0.068 | 0.068 0.068 0.10 0.18 0.18
— .
Siebert et al
JAS (2006)
Grow Mys < My + Mj <= pa /V gvsdV < pa /V qv (@, t)dV + gﬂpig s
Decay Mys > My + M,
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R, =92 (Run C)

Periodic boundary condition
e(t=0): 68.3 cm?/s?

No. droplets: 4 x 106

No. density droplets: 250/cm?
No. visualized droplets: 10 °
r(0): 15 um

color : droplet radius

red =>grow, blue=decay
time : Os~4s




Nagoya Institute of Technology

R, =252 (Run E)

* Periodic boundary condition

- ¢(t=0)=138 cm?/s®

- No. droplets: 1.3 x 108

- No. density droplets: 125/cm?
No. visualized droplets: 10 °
rt=0): 20 um
color : droplet radius
red =grow, blue=decay
time : 0s~6s
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Radial distribution function of cloud droplets

G
9(R) = 471'}({12%?1(1

G(R)AR : No. of particles within spherical shell between R and AR
Ny : Average number density

20 ym: St(0)=0.18

Run E Exponents

10 . 0.1 - '
0.08 f E
0.06 | D

3

0.04 |
0.02 |

1 : ' 0 '

1 10 100 0 2 4 6
R/M(-0)

t[s]

Power low ¢g(R) x R



20 ym: St(0)=0.18
50 ym: St(0)=1.02
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T T T T T |

20 ilm L
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10 [ =2 s 1
= slope=-0.42
D
slope=-0.08
\
.l slope=-OM |
1 10 100 1000 10000
r/D

Experiments St=0.01~0.21 slope=-0.07

St=0.40~1.00 slope=-0.48



Effects of Reynolds number

20.4

Average of radius [um]

20.2

RunB ——
Run E ——
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t[s]
Run B
t=0.00 s t=2.00 s t=10.0 s
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Run B (R,=92)and E(R, =252)

When R, increases
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PDF of acceleration of cloud droplets R,=252

horizontal vertical
. : ’ , 10° ; [
t=1.00s — t=5.00s — t=10.0s — t=1.00 s — t=5.00 s — t=10.0s —
1=3.0 t=7.0 10‘1 . t=3.00s — t=7.00s —
1072
10° |
L
4 [
E 10
10° |
100 |
107 |
] 1 0‘8 I ! 1 L |
-3000 -2000 -1000 0 1000 2000 300 -3000 -2000 -1000 0 1000 2000 3000
ay [cm/sz] a, [cm/sz]

Non Gaussianity

Early time Horizontal > Vertical
Latter time Horizontal < Vertical

Stronger intermittency in vertical acceleration
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PDF of vertical velocity of cloud droplets

102 , . . : 102 . . ; . ;
t=0.00 s t=3.00 s t=7.00 s t=0.00 s t=3.00 s t=7.00 s
t=1.00 s t=5.00 s t=10.0 s t=1.00 s t=5.00 s t=10.0 s
10 1
10 10
10° 10°
1 1
"5 10 LQL 10
A 2 2 Bs)
10 10
1 0_3 F | 1 0’3 -
104 F 1 104k \
10'5 1 1 1 1 1 10'5 1 1 1
-80 -60 -40 -20 0 20 40 60 -80 -60 -40 -20 0 20 40 60
V, [cm/s] V, [cm/s]

When R, increases

Wider PDF of u; == More chance to collide

Larger R ) Faster growth and wider PDF of r
g A
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Turbulence modulation (one point)

Kinetic energy
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Turbulence modulation (spectrum)
4

Turbulence spectrum ‘
Homogeneous, axially symmetric »

%<u2> — /(;OOEv(k) dk = %/ (u(k) - u(—k)) dk = %/(;00/;11 21k2QY (k, 1) dk dp,
<92> — ‘/OOOEQ(k) dk = /(G(k) . 0(—k)) dk = /OOO/_II 27k2QO (k, ) dk dp,
() = [T ak= [ () a(-k)) k= | oo/i 27k2QU(k, 1) dk dps,

Expansion in terms of Legendre polynomial

Q%k,p) = ) Q%(k)Py(p), p = cos 6
[=0

EY(k,t) = 27k?QY(k,t), ES(k,t) = 20k?Q%,(k,t), E (k,t) = 2nk*QY, (k. 1t).



Nagoya Institute of Technology
Turbulence modulation (spectrum)

Spectrum modulation begins at high wavenumbers
and propagates toward low wavenumbers

Dry run Wet run

&
®
[aV]
£
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= =
> >
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100 200 300 400500
3 10-2 0 I1 I2 3
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Ey(k,t) < k™7, ~=2.92+£0.05 for 200 < k < 350
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T(k), T, (k) [cm®/s®] at t
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Kinetic energy transfer function R, =252

T?% —_—
ol — g, pe—
t=5s _
™
-50 + i
£
S,
-100 | <3
o
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150 f
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k [cm'1] k [cm'1]
OE(k,t)

+2vk?E(k,t) = Ty(k,t)+Tg(k,t) = T(k,t)

Tp(k,t) = 2 Y Real(uz(—k,t)B(k,t))
shell
= 2¢g Z Reall(uz(—k,t)G(k:,t)) + e<uz(k,t)(qv(k,t) — q,l’;ef)> — (uz(—k,t)q(k,t))

shell
= TBH(ka t) + Tqu(k’ t) + TBql(k’ t)'
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-0.2
-0.3

Contribution of buoyancy force

0 .

§+U-Vu=mVp+VV3u+ezB+f, V.u=0
T — Ty

B =g T + €(qv — qvo) — q1 ) = Bg + Bgq + By

o 2

a—<1;>:_6+PB’ PB:<Bu3):fTB(k,t)dk

Tg(k,t) = 2 Z Real ((Bg(k, t)us(—k,t)) + (Bqg(k, t)us(—k,t)) + (Bi(k, t)ug(—k,t)))
shell

= Tgelk,t) + TBq(ket) + T'gi(k,t) dominant
Run E

0.6
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Spectrum of anisotropic sector

o0
Qa(kaﬂ) = ZQ%(’C)PQJ(M), a=v, 0, q g = cos @
=0

EY(k,t) = 2nk?QY(k,t), ES(k,t) = 2k?QY(k,t), Ed (k. t) = 2nk>QY (k. 1).

|Ey (k, t)]

|EP (K, t)|

IEY(k,B)| [cm®/s?]
IE® (k,t)] [KZ cm]

10 100 1000 1 10 100 1000
k[em™]

|EX (K, t)| = 2mk?|Q (K, t)| oc k—5/371/3, for 1=0,2,4
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Droplet Collision

°

condensation

~30um

collision / coalescence

two or many body collision

collision scheme
perfect or imperfect coalescence

conservation
mass, momentum, energy
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DNS

« Navier Stokes
V-u=20

? +u-V ———1|7 +vV?u+f
A ' — u
37 u-Vu p p+v

« External force

€

f (k,t) = {a(t)ii(k, t) for 1< |k| <2 ) s

0 otherwise
 Particles
ax _
dt J
dv; 1
—= = ——(v; —u(x;,t))
v ulx;,t
J) ]’
dt Ty
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DNS parameters

» :No. of particles @ :volume fraction

o :particle diameter 1.35x 1072 £, :kinetic energy input

For St number dependence

1283 1283
At 2.0 X 10‘3 8.0 x 10™* 5.0 x 10™4
v 1.0 x 1072 4.0%x 1073 2.0x 1073
n 0.0376 0.0189 0.0112
T, 0.141 0.089 0.063
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Turbulence statistics

Energy dissipation rate Kinetic energy spectrum
e(t) = 2v{(Vw)?) Bho=2 Y ol
k—shell

In E(k,t)

0 5 10 15 10 100 1000
Ink

time

Shiotsu and Watanabe (2014)
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[
Collision frequency

R,=50 R,=120

7000 , | | - |

| & 7000

5000 -H -

4000 f | S

3000 M ..,_M*" < 4000
Mww 3000 fi

A \ _ 2000

1000 o l

time

St=0.04 — St=4.0
St=0.1 — St=8.0
St=0.4 — Saffman-Turner(St—0)
St=1.0 — Saffman-Turner(St—«)
St=2.0
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Droplet collision

Condition
r= \/(9«”& =B 4 Wpr—i i —~ ) £ R/ W
Mass cons. M, = M; + M; — T; =+
"Momentum cons. M,V , = M;V; + M;V ; w—)  y _ Miviﬂ‘;MjVj
r
No collision
10! | | ‘ I I Os |
i 10s —
20s ——

30 35 40
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Efficiency : coalescence or separation

Collision of droplets in air by LBM (D3Q15)

Yoshino et al 2014
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Collision of droplets in air by LBM (D3Q15)

0.34 [m sec]

d=40 um

e

-
E Ve

0.66 [m sec]

w= 20 [cm/sec] Re=5.26

< =

O
F e

3.34 [m sec]

Pw/Pa=50

Yoshino et al 2014
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r = 250 [um]

V= 3.42 [m/s]

P——

B=X/D
We = p.DV?/o

O

© C\ 1.92 [m sec]

Yoshino et al 2014

Collision of stretching separation B = 0.5, We =79.6



Nagoya Institute of Technology

We — B diagram

1.0 . T
o Coalescence
- @] A Reflexive sep. .
W Stretching sep.
Q0.5¢
0.0 &—o0 A A
0 50
We

100

1.00

EXP

] |
t g T T T T T

0.75-+

0.50—

0.251

3 Stretching separation

o

o8 o] Coalescence =
o
a

Ashgriz and Poo JFM (1990)

We = pDV? /o
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Development of Fast Time-reversible (FT) method

FT method Y.Kajima et al., J. Chem. Phys. 136 (2012) 234105.

® Fastest algorithm for molecular dynamics of water molecules of submicron meter

® Time reversal symmetry in translational and angular momentum evolution

®© Use of 4 arithmetic operations (+,—,x,/) alone and 1/3 of the conventional
computation

® Total energy is well conserved for larger time step width

O(N) code for large scale computation of the water molecules by
combined use of FT method and fast multi-pole expansion

O(N) computation of the Coulomb force

ON)BDEAHM I zP L& UILZEBREEZY M
B9 50(N)DERBHIETE:

widt)L
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Quasi-Liquid Layers on Ice Crystal Surfaces Sazaki et al. (2012)

laser confocal microscopy
combined with differential
interference contrast
microscopy

Skating

Thunder

Snow flake

Freezing of food and organ

B1 X&EROXAERLTERTI2AMORTRICH.
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Large scale MD simulation of submicron ice crystal

Melting of ice crystal at (T.-1) K

height A

12.7

10.6

displacement
8.5

Kajima et al. 2014
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Summary

Reynolds number effects (no collision)
may be small on growth rate of the average particle radius
broaden PDF of particle radius

Average growth of cloud droplets governed by diffusion process is very slow
Needs for particle collision process
Needs for uniform gradient source of temperature and vapor (updraft)

Turbulence modulation begins at small scales due to the cloud droplets
and the anisotropic modulation is inversely transferred to large scales

LBM simulation of the cloud droplet collision in air is successful. Detailed data
of the collision process will be obtained in the near future.

MD simulation of the micro ice crystal found that the melting process (two step
stage at the temperature near the melting point) is consistent with the experimental
observation
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