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Cloud  dry air, water vapor, water droplets, ice, aerosol,é.. 
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Turbulence, mixing  and droplets   
Gotoh and  Watanabe 

Turbulence      Spectral method  
                      Hybrid method (spectral +combined compact FD) 
Cloud droplets  Lagrangian tracking PIC 

MD of water molecules 
Ogata, Kobayashi and Kajima 

Symmetric and time reversal FT method  
Potential for water molecule TIP4P 

Droplet collision  

Yoshino 
Two phase flow : LBM (3D19Q) 

Direct Numerical Sim.        Turbulence + Cloud droplets  0.5 mm < r < 1m  
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Growth of cloud droplets 

Narrow spectrum 

Slow growth Berry and Reinhardt  JAS, 1974 
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Wide spectrum 

Rapid growth 

Target range 
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Goal 

Cloud droplets  

Å How fast do the droplets grow in mean and distribution , 

     and become rain drops? 

Å What are key processes ? 

Å What is the spatial distribution of cloud droplets?  

Å To compute the collision efficiency and the collision kernel  

 

Turbulence 

Å What is role of turbulence in cloud evolution?  

Å To what extent is turbulence modified or driven? 

       (energy transfer, scalar variance transfer, intermittency)  

Å How droplets and scalar are transferred and mixed?  
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Direct Numerical Simulation of Turbulence and Cloud Droplets  

Included 

Å turbulence + buoyancy 

Å temperature  

Åwater vapor mixing ratio 

Åwater droplets of radius 10mm 20mm 

Å condensation, evaporation 

Å Stokes drag +  radius dependent relaxation time + gravity 

Not included 

Å Collision of droplets, coagulation  

Å Nucleation of water droplets 

Å Rain, ice  

Vaillancourt, P. A., Yau, M. K. & Grabowski, W. W. JAS. 2001 

Andfrejczuk et al JAP. 2004 

Kumar, Schumacher, Shaw, TCFD 2012 
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Basic Equations 

High Reynolds number turbulence : Spectral method 

Scalar transport                         : Spectral (or hybrid method)          

Boussinesq approximation Turbulence (Eulerian) 

buoyancy external force 

condensation, evaporation 
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Cloud droplets (Lagrangian) 

Stokes approximation 

Condensation rate 

PIC 

Interpolation of velocity and scalar fields at particle position  

Redistribution of cloud properties onto grid points 

Diffusion process 

Collisionless Vaillancourt et al. (2001) 

Kumar et al. (2012, 2013) 
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Domain            : (25.6 cm)3           (102.4 cm)3 
 
Water droplets : sphere  (initially 10 20ɛm) 
 
Turbulence      : homogeneous isotropic steady  
 
DNS                :  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  

      

275K 

284K 

1500m 

Simulation of cloud evolution 
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Cond. 

S > 0 

Evap. 

S < 0 

Evap. 

S < 0 

Temperature fluctuation 

Water vapor mixing ratio qv 

ɗ  : 275 K + zero fluctuation 

 Random in space in the range  
     -LB/6Ḷz Ḷ LB/6 
 
 No. of droplets : 221 ḥ 2 10 6 

                               227 ḥ 1.3 108  
 

 No. density of droplets 31 125/cm3 

 
 Initial radius  :   10 20 ɛm 

Droplets 

qv0 

qv
max 

Initial Condition 

Turbulence Isotropic Steady turbulence 

Kumar et al. (2012, 2013) 
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Run A B Cô Côô C D(A) E(B) Obs.  

N3 1283 1283 1283 1283 10243 10243 10243 

Np  221 221 222 219 225 227 227 

np [cm-3] 125 125 250 31 31 125 125 100~600  

qv Decay Grow Grow Grow Grow Decay Grow 

qô 0 0 0 0 0.05K 0 0 

e[cm
2
s
-3

] 68.3 68.3 68.3 68.3 138 138 138 1~100  

Rl 92 92 92 92 252 252 252 3~4x104 

Kmaxh 1.2 1.2 1.2 1.2 2.1 2.1 2.1 

r(0) [ɛm] 20 20 15 15 15 20 20 

St(0) 0.068 0.068 0.068 0.068 0.10 0.18 0.18 

Grow 

Decay 

Siebert et al 

JAS (2006) 
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 Periodic boundary condition 

 e(t=0): 68.3  cm2/s3 

 No. droplets  4 106 

 No. density droplets  250/cm3 

 No. visualized droplets  10 5  

 r(0)  15   ɛm 

 color  droplet radius 

 red ᵼgrow, blueᵼdecay 

 time : 0s 4s  

Rl   (Run Cô) 
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Rl  (Run E) 

 Periodic boundary condition 

 e(t=0)=138  cm2/s3 

 No. droplets  1.3 108 

 No. density droplets  125/cm3 

 No. visualized droplets  10 5  

 r(t=0)  20   ɛm 

 color  droplet radius 

 red ᵼgrow, blueᵼdecay 

 time : 0s 6s  
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Radial distribution function of cloud droplets 

G(R)DR : No. of particles within spherical shell between R and DR 

nd          : Average number density   

Power low    g(R)  θR
-a 

Run E Exponents 

20 ɛm:  St(0)=0.18 

E 

D 


