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Targets

Turbulence and cloud droplets in stratocumulus

Mixing of dry and moisture air

Nucleation, growth and dynamics of cloud droplets,etc.

Cloud micro physics

Direct Numerical Simulation
Turbulence + Cloud droplets
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n : Kolmogorov length 0.ImMmm<r<1m
Turbulence Eulerian # of grid points Ng=20483

Cloud particles Lagrangian # of particles Np:109
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Large Eddy Sim.
Cloud parameters

Cloud: parameter
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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

« 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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7 270K
Domain . (25.6 cm)3 ((‘ (-3°C
Water droplets : sphere (initially 10, 20um) A
Turbulence  : homogeneous isotropic steady
1500 m

DNS

. turbulence + scalar
pseudo spectral method
3DFFT + MPI

droplets
PIC + TS13 + linear dist.

4th order Runge-Kutta-Gill
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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
) V(¢
dt i)
de 1 _ _
= (w(X (), t) — V;(t)) + ge3 Stokes approximation
dt T;(t)
dR;(t) |
R;(t) e;;t = KS(X;(t),t)), R; = droplet radius
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}
K1 = pri,T i pi1L ( 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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Simulations of Steady, Decay wet, Decay dry

ou 1
—+@-Viu = ——Vp+v,V’u + Be, l
ot Oa
RUN A RUN B RUN C
Steady Decay wet Decay dry
External force F ON OFF OFF

Buoyancy B ON ON OFF
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Run A Steady

| Temperature fluctuation | 6 : Gaussian, random with zero mean and the spectrum

16 /2 _, ;
Eg(k) = 3\/;1'.:0 k* exp (MQ(k:/k,D)2)
k,=6

| Droplets |

- Random in space in the range
-Lg/6=z = Ly/6

- No. of droplets : 128% = 2x10°

- Initial radius : 10 um

Cond.
0.0037 ‘ S>0 ‘ &= o
| water vapor miXing ratiO qV 0.0036 - ﬁ o .x v
qo(,t=0) = (q;llax — 9v0) EXI)(—AZG) + quo é 0.0034
=
q\r/nax :1-02qu d.,, = 0.90q,, 0.0033 |
q, =0, at z==xL;/6 0.0032 - Uvwo

g2 -L,;/G 0 L,;/B Lg/2
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Parameters
BFRE: NS 256° EHFH: N3 1283
B R % A1 - At | 5.0x10* s | MIHEARIFHZ: r(0) 10 um
ELiEReynolds#y : Re, 268 FEAREFORFRA - 7,(0) | 1.40x103 s
Kolmogorov ¥R : T | 4.11%102 s | #HAStokesH: St:= /5 St(0) 3.40x 102
NEANDKEREE 1=|K|=2
Turbulence
Taylor micro scale Re #1:Re, o8 Taylor micro scale: A 1.53 cm
IR Kool 2.28 gnf: L 5.06 cm
BEHIRILT—: E | 139 cm?/s? | Kolmogorov & : n | 7.85x102 cm
ITRILEF—FRRER ¢ | 89.4 ¢cm?/s® | Root mean squared velocity:u,.. | 9.60 cm/s
MREMDPDOTAHE: S -0.525 318 [E] B B A Teddy 0.527 s
Computer

64 nodes, 256 proc. Flat MPI on Fujitsu FX1 at Nagoya Univ.
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(nm)

10.0

9.0

8.5

T: 0-15s No. of visualized droplets : 10 ®
r(t=0) =10 um



Nagoya Institute of Technology

Interface at super saturation
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Kinetic energy spectrum

with droplets ——
no droplets

10 100

Wave Number [cm'1]
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Temperature spectrum
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Wave Number [cm'1]

(k) [em]
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Nagoya Institute of Technology

Water vapor spectrum
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dE
E =—&+PFy ==&, Py =(BUy) >0
dR;(t) .
R;(t) raa KS(X;(t),1)), R; = droplet radius
JVA(.’L‘,t)
1 dmy(z,t) arr K

Cylx,t) = - R:(t)S(X;(t),t
To< T1 T, <T,
Jdo> 0y Q1 Q1 > Q3
T<0, C4<0 T>0, C4>0 TCy>0
q, >0, Cy4<0 q,<0, C,>0 d, Cq <0
a(T? | L

D) ((VTR) + Erey = —x+ Py

ot cp

2 Dissipation Production >0

9(gy)

It = —FL<(VQ’U)2> — (CIUCd) = —You + Pv
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10° . . : . . .
1=0.00 s 1=2.00 s 1=7.00 s t=15.0s
1=0.50 s 1=3.00 s t=10.0 s
t=1.00 s t=5.00 s t=12.0 s
10% | ¢
10" k Time s J
‘7
L
0L |
S 10
107 | E
102 -
10-3 ] | ] ] ] 1
3 4 5 6 7 8 9 10
Radius [um]
Total mass of water < total mass of saturated water
Asymmetric PDF of radius (accelerated in time)
. . 4 ]\Tp d,r.
J_Mvs 2 MV ‘+‘ M} < pa /V qudv 2 pa /V qv(:l:, t)dV “‘i“ “é;‘ﬂ'pi Z ?"? ’r‘i dtz s KS

=1
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t=15.0 s

Supersaturation [%]
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Run B and Run C Decay wet and Decay dry

ou 1

—+@w-Vyiu = ——Vp+v,V’u + Be, ,

ot P

|Temperature fluctuation | 0=0

| Water vapor mixing ratio g, | - Random in space in the range
-Lg/l6=7z = Lp/16
Oy = s

- No. of droplets : 1283 = 2x10°

- Initial radius : 20 pm
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Turbulence energy budget

RunB f =0

dE
P, =(Bu
5 < 3> RunC f =0andB =0

E =—&+ PB = —Eiotal 1

Kinetic energy Dissipation rate of kinetic energy

100 T T . :
Run B
Run C

100

10

&(t) [cm?/s?]

10

Et) [cm?/s?]




E(k) [cm®/s
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Run B

f=0

RunC f=0andB =0

o

10 100

Wave Number [cm'1]

Buoyancy force due to cloud droplets at small scales

Large scale flow is generated
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Energy production by buoyancy force

dE
= —g+Py=—¢,,, P,=(Bu,)= JTB(k) dk, Tg(k)=> Real(B(k)us(-k))
dt shell
t=0~1s t=1~9s
L =U. =1 —
8 04 s 4 C3s -
6 L t=0.6 s t=bs —0.8
- t=0.8 s - t=7s —
I t=1.0 s 2 4 t=9s —0-6 |
£ = 04
= o = 02}
= X 2t 0
R Y, | o 10 100
4 L ]
. . 0 .
1 10 100 1 10 100
Wave Number [cm™] Wave Number [cm™]
Initially : Energy transferred to high k generation of large scale flow from small

Later :energy transferred to low k scale forcing (seed) due to the cloud droplets
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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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Field structure and particles  RunB t=0.2's

6>0 qvgqu
super
saturation
droplets * r(t) grows in supersaturation area

 heat release




Field structure and particles

6>0

droplets

0y = Oy
super

saturation

Run B
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t=0.6 s

Sedimentation of particles
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Field structure and particles RunB t=1.0's

v= s
super

saturation

droplets
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Summary

« Fundamental code of turbulence and cloud droplets is almost ready
* Buoyancy is an important source of turbulence kinetic energy
» Heat exchange occurs at small scales and is transferred to large scales
* New idea is presented that the forcing at small scales exists and
the excitation is inversely transferred to large scales
» Scalar solver is accelerated (FFT+CCD)

Future

To improve the computational efficiency

To include further effects such as particle collision

To increase the system size

To make a code of droplet nucleation

To project fine information on macro scale variable
(coarse grained description)
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Scalability
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For the future

What are most important in cloud physics ?

What aspects of cloud physics should be explored ?
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