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» Equation for the particle number density in a turbulent velocity field

onp(t,r)
ot

+V(npvp): DmVan Pp~>>P

coefficient of molecular (Brownian) diffusio D_ =KT /6rpva

Equation for the mean particle number density N = <n>
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E+V-(NVD+<nV>): D,.,AN

Vp =V +19 Vp - the mean particle velocity

W, = 1 - the terminal fall velocity of particles

The equation for fluctuations of the particle numbe density N(t,x)= n, (t,x)— N(t,x)

%+V-[nv—<nv>]— D, An=—(v-V) N= N(V-V)




Tangling velocity, particle number density and tempeature fluctuations

Tangling velocity fluctuations (tangling turbulenckeumley (1967)
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Tangling particle number density fluctuations
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Particle velocity:| v=u —St{z—l:+ (u -V)u} + St;—”g +0 (St
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For low Mach number: V-u=—-(1/p)(u-V)p=0

V-V form the Navier-Stokes equation for:

V-VzV-u—TSV-(%j+O(T§)=—E(U-V)D+EVZP+O(T52)
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For large Peclet numbers |V v oc —dn / dtec — (t, /p V2 p> C

Inertial particles are accumulated in regions wmdgximum pressure of
turbulent fluid where v2p< 0

For homogeneous and isotropic turbulence a drifb@dftial particles from regions with
increased or decreased concentration by a turbfiéenis equiprobable in all directions.




Turbulent thermal diffusion results in formation of a nonzero gradient of
the mean particle number density in temperature stratiied turbulence.

In temperature stratified turbulence the fluctuagiof fluid temperaturé), and
velocity are correlated. Therefore, fluctuationpadssure are correlated with the
fluctuations of velocity due to a non-zero turbuleeat flux <u 9> =0

From equation for the mean particles number density
oN
—+V(NV_+(nv))=D_AN
at ( p < >) m

The turbulent flux of particles F") = < nv> =V N- D-VN|[ D;~=/yuq
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Governing Equation for Instability

The equation for the two-point second-order coti@iefunction of the
particle number density®(R,r,t)=(n(tx +R )n(tx )

%‘f —{B(R)+ 20 R)-V + D, R)V,V,}0(t,R) + | R)

UY(R)=1/2{UR)-U(R)} D,(R)=2D,3,,+D},(0)-D;,R)
D, (R) ~ 2[(v[0,&(t.x

0)Iv [x.&( t.x+R] T)]>d1: Tensor of turbulent diffusion

B(R) ~ 2T< b[0&( t.x

01bf £( tx+R|) ok b = div(v)

U.(R) z—2T<vi[O,§(t,x

I(R)=B(R)N? +%[U(R)+ U(-R)]-VN? +§DUT(Vi N)(V, N) <=

)1V [x.&( t.x+ R\r)]>dr

The source of particle
number density fluctuations

t Wiener trajectory describes
?’;(t,x‘r) = X—J-V[S,?;( tX| ﬁ] ds-\/2 RW( t1) <= diffusion and the Lagrangian

transport of passive scaléﬂ(X’ t)




Degree of compressibility of turbulent diffusion tensor D; (R)

For the small yet finite correlation time (the tukint velocity field is not oD (R)

delta-correlated in time) the tensor of turbulaffudion is compressible: oR. =

The degree of compressibility of the tensor N
of turbulent diffusion is characterized by V.V D__T(R) <(V 'ﬁ) >

~
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For small yet finite correlation time (small Strcahlmumber)Sr— = 1/ /E <<1
2 V-
o=, + 22014 AP ). 5(sp) GV:M
3 12(1+ o, ) ((Vxv)?)

The main contribution to the tangling clusteringtability is at the Kolmogorov scale
of turbulent motions, where turbulence can be d®rsid as nearly isotropic.

(T rIF RiR, di (. RR
D" (R)~D {[F(RHF (R)] 8, + dR = R [8” H

2dR R?

FC (R)<=describes the compressible (potential) componetiteofurbulent diffusion
tensor
F(R) <= corresponds to vortical (incompressible) part ofttiveulent diffusion tensor




Expression for B(R)

B(R) ~ 2T<b[o,g(t,x\ 0)1bk &( tx+R|t) ]>dc b =div(v)
p/P=p"/p+0/ T+ 0O06/pT)
V-vz(t,/ p)V?p For St <<1

B(R) ~ 2;5 <r[v2p(x)][v2p(y)]> ~ f:; _IF_)—2<I[V20 x)] [v?e(y)]>

(x[v200) ][V20(y) ) = [ 5k *(B(K )oK )) exp(k x R ) ok
(0(k)0¢k)) =(0%) E, (K)/ 4mk’ t(k) =2t (k ko) ™* ko =1/,
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Budget equation for the temperature fluctuatidgs= <92> /2
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Expression for B(R)

2
B(R) ~ 25124(€OVT) R

3t,Ma T

In very small scaleB(R) has a univelisah
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inertial (1+ GV ) Tn Tn 3’Cn

T Re' KOVT‘
oMa*| T
80 10 {v?) 8,
<(V.v)2>:ﬁr2.8t2 <(V><v)2>:¥ —_— GV_<(VXV)2>_§F Stt<<1

Typical parameters for atmospheric turbulence:

u,=1m/s/,=100m Re 10V & @ 3)K
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Physical Mechanism of Tangling Clustering Instability

Pressure fluctuations in non-stratified turbulence

Pocpu 2
Pressure fluctuations in temperature stratifiedulence
2 0
T
Ration of two-point correlation functions of thegdlacian

of pressure fluctuations in temperature-stratifhed non-
stratified turbulence
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Solution to the Equation for Tangling Instability

nondimensional variables: t —>t/t, R—>R/{ ~®—>®/ N?

oD 1 1 ~
~ Q"+ 2—+y |D' |+ 2URD'+ B(RYD + I(R
& v (2R R+ (R

1 2 2
- £ 1-F-(RF _
v (R) — 3[ (REJ] Sc=v /D, >>1
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X(R)=—T(F_ 2F)

I(R):4(a—l)2(£0VTJ2 3 RR B(R)
3 T 2M(R) M(R)

®(R) has a global maximum atR=0: ®"(R=0)< 0,® (R= 0)>|® (R> 0)

The interpolation form similar to that 1

used by Batchelor (A.S. Monin, AM. F(R)= e exd- f(R), E(R) e
Yaglom, Statistical Fluid Mechanics, T T
1975)
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Solution to the Equation for Tangling Instability

The solution in turbulent diffusion P(t,R)= R*® (t,R) (1/\/§;<< R<< ])
range of scales is sought in the form:

8‘P(t, R) _ 1 Y _ AV + |(R) _l+o; 1- % + 105,
o M(R) T G T

1 2(1+30)
M(R) 3 (l+o,)
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Initial conditions: ¥ (t=0,R)=0




Solution for Tangling Instability

Solution in the turbulent diffusion range scalbsx(§:<< R<< 1 )

¥(t,R)=Y" 1, (OF,(R) (R)=BY% A m¥m(R)

Y _(R) is eigenfunctions of Schrodinger equation:
L‘P;—(A+ vy )V, =0 %:ymfm+BAm
M(R) dt

Taking into account the orthogonality condition foe eigenfunctions
and boundary condition:

"M(R)R*™W¥ (R)dR
£ () =20 P ey )1 Am=jo B )
(1+0, )7y jo M(R)¥2 (R)dR

2 ) ol

1+ Gy ym

O (R=a))=1




Solution for Tangling Instability

The molecular diffusion scale {p = En/x/SC ~ ap

The minimum ofd(t, R) for the mode m =1 is at R = R= exp(1h)

2 BAl A2
Wiy = —IN ?;SC / [eXp({l t)- 1=— N atR= Rnin = exp(1h)
Q. =0PR=a,t)=N BA, [ expg, ty- 1
Y1
1, = NG (np(X)p(y)
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Growth rate of the tangling instability and the particle number density




Growth rate of the tangling instability and the particle number density
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Growth rate of the tangling instability and the particle number density




Growth rate of the tangling instability and the particle number density
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Growth rate of the tangling instability and the particle number density
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DNS: particle clustering - first results of simulation

S '\..\\\ 3 i ’\ i’ N "
——— = 3 R, o — = i I d
J N \,—/ N ; @ hY ) \ %
| ) 3 b7, SR
c 7, i (R { ~ ) .
/ ! A ) 3
d / e . 4 =
! e 4 y L2 - e
o | — - - =
: 7 e A - ( ( ‘.‘- o5 A = # 3
7 A \ X N i
V' h W /
y . ‘)
( ll N ¥ ¥ LD
» N S
3
W )
o

L= 1cm, Re=250, Ma=0.001




DNS: Growth of the particle number density -first results of simulation
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Tangling clustering: Effect of droplet evaporation

In the equation for fluctuations of the droplet B B
number density — additional term -evaporation n(t,x)= My (t.x)— N(tx)
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Growth rate of the tangling instability

27 0;
100 % t., = 2.08x 10°

Matching the correlation function and its first idtative at the
points R=1/4/SE" and R=  givesk/2(C,+ C,)~nm/InSE"




Maximum increase of droplets concentration inside ta cluster
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Maximum increase of droplets concentration inside ta cluster
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Tangling clustering instability enhances
collision-coalescence of cloud droplets:
Impact on rain formation




The droplet collision-coalescence rate is conshlgranhanced
due turbulent tangling clustering of inertial pelds in the
temperature stratified turbulence.

The increase in droplet number density within thister is
restricted by:

(1) exhaustion of the droplets in the cluster sunaing air

(i) momentum coupling of particles and turbuleotf my,Ng, < p

n.. /N<p/u=4.710




Coagulation and collision time

The Smoluchowski coagulation equation Y. Smoluchowski, "Drei Vortrage uber Diffusion,
Brownsche Molekularbewegung und Koagulation von Kdllellichen".Physik. Zeit17: 557-585 (1916)):

@';(ta +div(nv) !{ (\/ ,a) r(?/ a—( '6)3) n(a}) da

I{K(a a) n(d)n(a) da- —a+ Pl A

K(a,a’) is the coagulation kernel - describes the od coagulation a-a’.

Averaged Smoluchowski equation over statistics djulent velocity field

aN(a)+ div(NU +(n'u)) =

2T A () o

0

J{K(@.an@n@) da "0 R N




Coagulation and collision time

(n@)N@)< Nu (B)Ne (@ CRR N'F Clad)yn, )N, @ N p N'a

Estimating integrals using the mean-value theossrd, with account that for
small droplets the second term is always much fatgn the first one
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Coagulation and collision time

BGK type approximation of Smoluchowski equationdarall sroplets

M@, div(NU+(nu)) ~ - NEZ))— slt\|8+D(a)A[N( 3]
Tev Tett
St 1 . (@)
eff — NK(é,a) q~a,a Nl‘( a,ﬁ N(a)

K ~(7+8)-10"%cnt /¢




Raindrops formation

Typical water content in clouds 2.75¢/m

The ambient number density of the micron size @ispIN =6-10 cm>

S (@=um)~ (N K) ~ 2.4 10 s« 7houl

The particle number density within the clusterseases
and collision time decreases by the large factor

( N ax (adr ))2 ~2.10 — | % — 1 (nmax (adr
N

“ N(ay)K

N

>j2

Droplet evaporation time | t,, = 2.08x 10°
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Brownian droplet collision kernel




Evaporation and collision-coalescence
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Conclusions

* The tangling clustering instability in the temperature
stratified turbulence is significantly more effective
than inertial clustering and may increase particle
number density in a cluster by several orders of
magnitude.

* The tangling clustering instability in the temperature
stratified turbulence results in considerable increase
of particle collision rate.

« Time required for droplet size growth up to the size
typical for rain droplets is of the order of 15-20 min.

For details see Phys. Fluids 25, 085104 (2013)




