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B3/(4HnYHE Direct Numerical Sim. Turbulence + Cloud droplets 0.5mm<r<1m
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Motivation 1

Turbulence Cloud interaction

Turbulence: transport and mixing of momentum, heat and mass
many scales of motion
Eulerian representation

O
Interaction buoyancy (heat, water vapor), momentum
small scales or all scales, time scale
Cloud: water droplets, radius, mass, heat

particle interaction (collision)
Lagrangian representation
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Motivation 2

Development of high performance code of turbulence + particles

Many nodes + Many cores

Eulerian code for continuum

Incompressible fluid
Poisson equation : non-local in space  N3log, N
Scalar equation : local in space

Needs for Accuracy and Less communication
Hybrid scheme

spectral + combined compact difference) for scalar solver
acceleration 30%(Sc=1), 400% (Sc>50)

Lagrangian code for particle

Particle tracking random access to the memory
Relabeling
interpolation
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Direct Numerical Simulation of Turbulence and Cloud Droplets

Andfrejczuk et al JAP. 2004
Kumar, Schumacher, Shaw, TCFD 2012

Included

« stratocumulus cloud at about 1500m

» turbulence + buoyancy

* temperature

e 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
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Goal

Cloud droplets

 How fast do the droplets grow in mean and distribution ?
 What are key processes ?

« What is the spatial distribution of cloud droplets?

Turbulence

 What is role of turbulence in cloud evolution?

« To what extent is turbulence modified or driven?

* What is intermittency of velocity and scalar in turbulence?
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Basic Equations

Turbulence (Eulerian) Boussinesq approximation

ou 2 _
~§-i—-~§~fu-Vuz-—Vp+VV u-+e.B 4+ f, V:u=20

buoyancy external force
oT 9 L
B +u VT = gVT 4+ —Cy
, C : :

5 P condensation, evaporation
L0 4wV = kY2 — Cy

ot

T — 1Ty
BmQ( +€(vaqvu)qu)
Ty

#

High Reynolds number turbulence : Spectral method

Scalar transport : Spectral (or hybrid method)

Andfrejczuk et al JAP. 2004
Kumar, Schumacher, Shaw, TCFD 2012
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Cloud droplets (Lagrangian)
dX

J
S—I N VY&
= ;(2)
de 1 . .
= (w(X (), t) — V;(t)) + ge3 Stokes approximation
dt T;(t)
dR;(1) , .
R;(t) e KS(X;(t),1)), R; = droplet radius Diffusion process
1 dmy(x t) dnrm K DA
— AR {
Cy(z, t) = = Z R;(t)S(X(t),t)
Mgqr dt ,00 (Al’)
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
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Simulation of cloud evolution —

Domain : (25.6 cm)?® == (102.4 cm)3
Water droplets : sphere (initially 10~20um)
Turbulence  : homogeneous isotropic steady
DNS . turbulence + scalar

pseudo spectral method
3DFFT + MPI + Open MP

interpolation for droplets 1500m
PIC + TS13 (or linear)

4th order Runge-Kutta-Gill

 / 284K



Initial Condition

| Turbulence |

| Temperature fluctuation

| Droplets |

| Water vapor mixing ratio q, |
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Isotropic Steady turbulence

0 : 275 K + zero fluctuation

- Random in space in the range

- No. of droplets ;: 221 = 2x10°

227 = 1.3%x10

- No.Density of droplets 31~ 125/cm3

- Initial radius : 10 ~20 um

Cond.

0.0037 1 1
1 S>0 | g =—
L =

q max
Vv

gv(z,t = 0) = (g™ — gu0) exp(—Az°) + guo é“
=
q\r/nax :1'02qu qu - Ogoqu
q, =0, at z==xL;/6 ]

g2 -L,;/G 0 L,;/B Lg/2
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Re#. ST EME. BFH. MFHZTIEX

Taylor micro scale Re #{:R, | 92 (18 252

Y AKRDILIORES: L | 25.6cm @ 102.4cm
T A v | 1283 (8> 1024°
EHFH N, | 272 @ 227 {
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Simulations of Decay wet, Decay dry

ou 1
—+@-Viu = ——Vp+v,V’u + Be, ,
ot Pa
Initially steady Decay wet Decay dry
External force F ON OFF OFF

Buoyancy B OFF ON OFF
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A B C’ c” C D) E®B)
N3 1283 1283 1283 1283 10243 10243 10243
N 221 221 222 219 225 227 227

p
n,[em? 125 125 250 31 31 125 125

dy OHBE S5EB S5ED S5ED A5EDR DPHEBE SED

0 0 0 0 0 005K O 0
R, 92 92 92 92 252 252 252
K. ..M 1.2 1.2 12 12 21 21 2.1
r(0) [um] 20 20 15 15 15 20 20

y N | : 4
ERF S5&ED Mys < My + My <= pa /V qvsdV < pa /V qv(z,t)dV + STPI Z T?
. * J_.__l

EHF OEFEDH My > M, + M,
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ER AR BEHERSEH

- EXRFDEZ - 4% 10%F

- A[fRAERIFEL - 10°1E

- EAEMFFE: 15 um

- FIFOE:FIFERE
F=>FEEK, F2>2FFN

-0s~4s £THfRIL
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-IESR3EA R EARREREG
- ERTFOEZR : 1.3 x 10%F
- AIFRAEMIF 2K 10 5E

- MEAERIFHFE: 20 um

- r>20 ym ZzEHNLHE
*0s~6s FTHRIRIL
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Effects of Reynolds number
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RunA (R,=92)and D(R, =252)

When R, increases

<r> =—>» slowly decrease
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Effects of Reynolds number
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Run B (R,=92)and E(R, =252)

When R, increases
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Radial distribution function of cloud droplets

g(R) = AR)
Ar R*n AR
G(R)AR : No. of particles within spherical shell between R and AR
Ny : Average number density
Run D
10 ' " t=0s —— 10 =05 ——
t=1s — t=1 g —
t=8s — t=2s5 —
t=58§ —— t=3s —

1 10 100 1 10 100
R/M-0) R /M0

Power low g(R) < R™“
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Turbulence modulation
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Turbulence spectrum
log E(k)

log Eg(K) Kolmogorov picture
A

energy cascade from large to small scales

Inertial-convective range

- 5/3
K

Turbulence in cloud
Forcing at small scale
Inverse cascade?

—|0g K
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Contribution of buoyancy force

8 .
E};—f—u-Vu:—Vp—{—r/V‘zu-{r—ezB—{—f, V.ou=0

T —1Ty
BZQ( Ty +€(QU_Q1JO)_‘H) :B9+Bq+Bl

DFE
B = —e + Pp, Pp = (Bug) = /TB(k,t)dk

Tp(k,t) =2 Y  Real ((Bg(k,t)us(—k,t)) + (Bg(k,t)us(—k,t)) + (Bi(k, t)us(—k,t)))
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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

« Turbulence modulation begins at small scales due to the cloud droplets
and the anisotropic modulation is inversely transferred to large scales
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PDF of vertical velocity of cloud droplets
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Wider PDF of u; =)  More chance to collide

Larger R, ) Faster growth and wider PDF of r



Other progress

X €v)PKEq (K, t)
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Scalar spectrum at Sc=1000

Sc=1000 ——
Sc=200 —— 1

Eyg(k) = Cpx(e/v)™ %k exp (—\/ GCBk”'TB)

Gotoh

Polymer effects on turbulence

10° Run D4 1
10'1 k'2.17
g Power low behavior of the energy spectrum
102 L =10 in the far dissipation range
'[f15 —
; =20 — Watanabe and Gotoh
10° : :
107 10° 10"
Klk(t)

Fast Time-reversible method for MD of water molecules

Kajima and Ogata
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