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Governing Eguations

> Particles in a turbulent flow:
on

ot

> Chemical reactions or Phase transitions:

FV-(nv) — Dy An =0

on 3
Ot

> Magnetic field in a turbulent flow:

B = (B-V)v — (v-V)B +n AB,



Turbulent Transfter

> \What'Is leng-termm large-scale evelutien

(mean-field theory that allow to determine
dynamics Iin the time and spatial scales which are
much larger than the turbulent scales)

> What Is the short-term evoelution in small-scales

(theory of fluctuations that allow to determine
dynamics In the time and spatial scales which are
much smaller than the maximum turbulent scales)
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Mount GALUNGGUNG ,west Java in August 1982, I Moumnt St. Helen volcano on 18 May 1980, us
A. del Marmol Geological Survey



aminar to turbulent flow transition




“Turbulence” In art

Vincent van Gogh The Starry Night, June 1889, The Museum of Modern Art,
New York



Turbulent convection in atmosphere
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Convective plumes are seen due to condensation of water vapor in updraughts






Closed cloud cells over the Atlantic Ocean




Cloud “streets” over the Amazon River
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Mean-Field Approach

> Instantaneous particle number density:

9
=+ V-(nv) = Dm An =0

> Mean particle number density; n= N +n', N = (n)
o\

4+ V-(nv)—DnAN =0
ot
»> Eluctuations of particle number density:
on/

SV (0 v=(n'V)) =D A = —N (V-V)=(-V)N

> Source ofifluctuations:

I,=-N(V-v)— (vV)N



Methods and Approximations

Quasi-Linear Approach or. Second-Order. Correlation Approximation
(SOCA) or First-Order Smoothing Approximation (FOSA)

Pe << 1, Re << 1 (weaknonlinearity) Plasma Physics
STEENNECKS KAl SE Rad e (1966) 7 RODENRST SOWANRA NE97S) s Mo Tiatii ((LOvs)

Path-Integral Approach (delta-correlated'in time random velocity field

or short yet finite correlation time); REEEVnmean
Kraichnan-Kazantsev. model of random velocity field -
zeldoevichyVielchan oV, Ruzmaikiny SoKe] 61 (1.988) St = E/_U <1
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Particle Flux in Turbulent Flow for Pe << 1

(Quasi-linear approach, non-inertial particles)
_ uofo

Pe = m <1
/
V- u— (W)~ D AR = I,
Solution: I’n/ =—-N (V V) _ (VV)N

n'(w, k) = (Dmk? + iw) 1 I /(w, k)
Turbulent Flux of Particles:
(u;n'y = /(ui(w, k) I/ (—w,—k)) (Dyk?—iw) ™1 dw dk

Model of Background Turbulence: V-u=u; A\ e

(u?) E(k) kikj i
872 k2 7. (w2 + 122) %j ~ k2 t k2 O NN

(ui(w, k) u;j(—w, —k)) =

Turbulent Flux of Particles:  (117) = NVeT _ D-VN



Particle Flux in Turbulent Flow
(Quasi-Linear Approach)

Turbulent Flux of Particles:
Effective Pumping Velocity:

Turbulent Diffusion Coefficient:




Particle Inertia Effect




Turbulent Thermal Diffusion
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u' >0 u'<0
Vo0 = 9>0 g<0 < u>0

Non-diffusive mean flux of particles is in the direction of the mean heat flux
(i.e., in the direction of minimum fluid temperature).
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Path-Integral Approach

~
o () >t = K/_u <
- + V-(vn) = D" An. n(t = tg,x) = no(x)

olution nit,x) = {f'_r'[__r, fo) H:}[E (1. |t D._]]}w

Wiener trajectory:
(w;i(t))w = O,
d (w;(t + T)wj(t)>w = 7'57;3',

~f
£, zls) = o — [ v[r, £(t, 2|0)] dt +

S8

Green function: b =V-v

~f

G(t, t) = expl{— ] blo, &(t, x|lor)] dol,

v I

Kraichnan-Kazantsev model of random velocity field:

FIG. 1. Random Wiener trajectories. The random trajec-
tories pass through the point x at time £.



Path-Integral Approach

n(t + At,x) = (G(t + Ar, ) n[t, £(F + Af, z|6) ]y

&) = ne.2) + T (g, — ), +

X (Eﬂu’ - fﬂ); + ...

ﬁln(r i[!}
2 oOx,

(&ﬁr

a""(f z) (—vit. )s + V2D wi(s))| ds

tr—i
(€ — @] = — fﬂ V(t. ) +

+ V2D w (I‘g rl)
=V, (h—1)+ VJ—(fz 1) — V2 &m(r z)

on(z,
n[t+ At,Eas] = n(t, ) + on(t. ) —Vin
X

1 *n(t, x)

> OO IVng (Ar)? +2D(”)wmw;| + O[(AD’]

1 b 1
(Jb tx —1_ S 7 An? L 2 R2eAn2
b(o.£,) = b(t.x) (;i ) (€. - z) +. Gt + A1) = 1= DAT+ V5 (A1) + S°(AD)
ab F+Af
LG m)l Vo + V2DOw,, ()| + ~ V2D - r W dor + O[(AD)].
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Mean-Field Equation
Path-Integral Approach

Mean-Field Equation; Turbulent Diffusion Tensor:

an
fii’

+V- \1-+1Eﬁﬁd-?m?pMEWHmp+JTTWHI

e

Turbulent Flux of Particles:

Effective Pumping Velocity:

Phys. Rev. Lett. 76, 224 (1996)

Phys. Fluids 24, 075106 (2012).



Methods and Approximations

Quasi-Linear Approach or. Second-Order. Correlation Approximation
(SOCA) or First-Order Smoothing Approximation (FOSA)

Pe << 1, Re << 1 (weaknonlinearity) Plasma Physics
STEENNECKS KAl SE Rad e (1966) 7 RODENRST SOWANRA NE97S) s Mo Tiatii ((LOvs)

Path-Integral Approach (delta-correlated'in time random velocity field

or short yet finite correlation time); REEEVnmean
Kraichnan-Kazantsev. model of random velocity field -
zeldoevichyVielchan oV, Ruzmaikiny SoKe] 61 (1.988) St = E/_U <1

ROGACHEVSKIIFTKIEEGHNNEO9Y)

lau-approaches (spectral tau-approximation, minimal tau-
approximation) — third-order. or high-order. closure
Re >>1 and Pe >> 1 (strong nonlinearity); Kinetic Iheory

C)rsZzte) (LI 0)s Patie|tisit, Frisan, Lozt ((LI76);
KVEERNNFROGACHEVSKIITRUZN A KINNEOS0) Bl aCkm ani= el d N (2002)

RENohTalization RProcedure (renermalization ofi VISCosIty, diffusion
electromotive force andiother turbulent transport COEfiCIENtS) —

(Strong nenlineanty) Q)uzipyiLirrn) Theory
Vlofface (19845 1988)s Klegorin, Roczenaysikil (1994)



Tau Approach

FO (k) = (it k) ' (2, ~ )

an’
ot

Q(”Z’ = V- (un" —(un)) - DWAR’ .

= 0" £ DAY — (w- V)77 = 71(V-u). - T .
- =) EO(k) = (' (1, k) ' (1,.—k))

fii(k) = (ui(t, ) u;(t, —k))

dF" (k)
dt

. E{}-;:, (k :' o . 1 o) e ) - Nr=p —
‘ — SAUNS I F‘F k)+F E (- I-c___]l (V,n) - IFF (kY- F E N~k ]I (7 J’Ii':f i)

= = [(Vii) — iki71] fis(=k) + MOF P (k).




Tau Approach

Equations for the correlation functions for:

»The particle flux (M ;”) (k))F

(n'u;)
(n'n’)

»The number density fluctuations

(|\/| (||)(k))n

The spectral t-approximation (the third-order closure procedure)

M (k) — BM M (ky = - M (K) = Mg (k)
“ (k)



Tau Approach: Results

J heat
//ﬁ_exchanger

e

o +V-[n(Va+V My (D™ + Dy) V| =0,
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Distribution of Number Density of Aerosols (black)
and Mean Temperature Distribution (gray)
(Satellite Gomos Data)
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J. Geophys. Res. 114, D18209 (2009).



Effect of Chemical Reactions
Turbulent Diffusion

Instantaneous particle number density of admixture:

l'i_} T | 3

By + V-(ngv) = —vg W (ng, T) + D (ng),
ot .

The source term:

The Arrhenius law: —v3 W (ng, T')

= Aexp (—E,/RT) IIE_, (ng)"?,

Instantaneous fluid temperature field:

~—1)T(V -v) = qW(n 13, 1) + D(T),




Mean-Field Approach

ON 3

Ot

oT
5 + V- (Bu)+ (v

+ V- (nlyu) = W+ D(N

f}:;‘: + V. (nra u — (n]; u>) — —V3 ( W — W) - V- fTa u) + D ( '”'.:5' );

2V (Bu— (0w) + (= D[V ) — (B(V - w))

ot
= q[W W] = (u- V)T = (v = )T(V - u) + D(B).




Assumption

_5' + 0 [(rﬂ)‘j‘ 6 ng 6'} =W (C

(3 In W

ong

)f L V- (whu— (W) = =W (Ch+ Cp) — V-(Nsw) + D)
o L
Y (6w — (Bu)) + (7 — 2)[B(V ) — (B(V )

aW(Cly+ Cp) — (u- V)T — (v = T(V -u) + D(6).




Turbulent Diffusion of Gases

T. Elperin, N. Kleeorin, M. Liberman, I. Rogachevskii, Phys. Rev E 90, 053001 (2014)

('n..:ﬁ. u) = —DT VNgs + Z DMTD( 3) VN, + Vg N,
A=1:A#3
(fu) = ~DTVT — Z DEDE VN,.

A=1

~ In(1+2Da, ])

2Da,




Turbulent Diffusion of Gases

T. Elperin, N. Kleeorin, M. Liberman, I. Rogachevskii, Phys. Rev E 90, 053001 (2014)

- In(1+2Da,)
2Da,

R R
D} =Dg/Da,. Dj=zDg (1+Day').




Comparison with Numerical Simulations

A. Brandenburg, N. E. L. Haugen and N. Babkovskaia, Phys. Rev. E 83, 016304 (2011)

s. = (d/dt) [(N /ng) dz

Sp = Q(DE/TE)HE

0.0001 0.01 0.1 1 10 100 Da,,

FIG. 1. Comparison of the theoretical dependence of turbu-
lent diffusion coefficient Dg /D{ versus turbulent Damkdhler
number Da,. with the corresponding results of MFS per-
formed in [49].
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Renormalization Procedure

The first step IS the averaging over the scale that Is
Inside the inertial range of turbulence.

INeEmeExtsstageroitherenomealizationiprocedure
COMPIISESIAISIERFRYESTEPMINCIEASEOIHNESCAE OIFNE
aVeEragingupitortermaximumiscal el e turp Ul ENTTMOGNS:

This procedure allows the derivation of equations for the
turbulent transport coefficients: eddy viscosity, turbulent
diffusion, turbulent heat conductivity, electromotive
force coefficients, etc.
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Small-Scale Clusterings in Stratified
urbulentt ElIoWsSH Wit mMpPeSEd Imean
[Emperaturegradient)

> Large-scale clustering (large-scale inhomogeneous structures)

Lbox
~5—20
b éo gforcing

> Small-Scale Tlangling Clustering %oc (W) + ..

Le < £ %_j x (v V)N + ...

£0 s the Integral (maximum) scale of turbulent motions
L is the characteristic size of clusters



Inertial Clustering of: Small Solid Particles

Inertia causes particles inside the
turbulent eddies to

between the
eddies (i.e. regions with low vorticity
or high strain rate and maximum of
fluid pressure).

This mechanism acts in

causes relaxation of particle
clusters.

In small scales

. J. Fluid Mech. 174, 441 (1987).

Thus, clusters of particles are Int. J
nt. J.

localized in small scales. Multiphase Flow 20, 169 (1994).



Theory of Fluctuations

» Fluctuations of particle number density: N = (n)

%w (0 v—(n/v))=Dm &n' = =N (V-v)~(v-V)N

> Two -point correlation function o, R) = (W/(t,x) n/(¢,y))

od
— = [BR)+2U" (R)-V+Dy (R)V,V,] &(t, R)+1(R)
> Source of tangling clustering: U (R) = (1/2) [UR) = U(-R)]

I(R) = BR)N24U"" (R)-VN2+D,,(R) (V;N) (V;N)

where D;; = 2Dmd;; + D;'Fj(o) - D;'Z;'(R)
B(R) = 2(7 (V- v(x)) (V-v(¥)))

U,(R) = -2 (7 v;(x) (V-v(y)))

Dy (R) ~ 2 (1 v;(x) v;(¥))




Normalized second-order correlation function
determined in our experiments for
(i) Inertial clustering (isothermal turbulence, circles)
(i) tangling clustering (non-isothermal turbulence, sguares)

Physical Review E
81, 056313 (2010)



Normalized second-order correlation function
determined in our experiments (filled sguares)
and from our theoretical model (solid line)




Magnetic Fields ---- Particles
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(- (Vxu)) isthekinetic helicity

a — _ET (u- (Vxu)) Is the alpha effect
3

Particles:

Veﬂ: — —T <u AV u> is the effective velocity of particles
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THE END



