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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

Thus, clusters of particles are
localized in small scales.



Experimental Study of Inertial Clustering
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Sett up for Tangling Clustering
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Experimental set - up:
.. . oscillating grids turbulence
Sylinsirical - A generator and particle image

lens

=

velocimetry system




Particle Image Velocimetry System

double pulsed
Nd:Yag laser

Raw image of the incense
smoke tracer particles in
oscillating grids turbulence

cross correlation peak search

Particle Image
Velocimetry Data

Processing



Parameters of Turbulence and Solid Particles In
Experimental Study of Tangling Clustering in Air

Ug= Sl = 12cm=s ISithermisvelocity;
0= 3:12cm IS the integral (maximum) scale of turbulence;

Re= Ug o=” = 250 s the Reynolds numbers;

Y= ‘O:Re3:4 = 5101m IS the Kolmogorov length scale;
= c'o:Relzz — 1:7£ 10! 2¢ Isthe Kolmogorov time scale;
do= 10tm IS the particle diameter;

‘s = 10! e IS the Stokes time for. the particles;

St = ¢s=¢ = 6£ 10! 2 js the Stokes number. for the particles;

0 . n 9
Pe= Ug o Dm - S9£ 10" isthe Peclet number for-the pParticles;

Dm = 1:4 £ 10i 8cm?=s is the coefficient of molecular. diffusion;



Experimental Study of Tangling Clustering

U Two-point correlation function of particle number density:

©(t;R) = mYt;x) nqt;x+ R)i = N2[G(t;R); 1]
U Radial distribution function can be estimated as follows
NgPL=¢ S n= N+ n

G(R) Y (e
Nép)zs \\ mi

1
N q(;p)S IS the number: of particle pairs separated by a distance: R 8 §¢ R

¢ S Isthe area of the annular.domain located between: R § %(t R
S is the area of the part of the image with the radius: Rmax = 0:8¢cm
NEY = %M (M 1) s the total number of pairs in'the area: §

v » 10 Isthetotalinumberofparticlesinithe area: S

\We perform the double averaging (1) overall pariclesiniine meage and

(i1) over ensamola of 50 inzicjes,



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




Particle Fluctuations 1n Turbulent Flow

I Instantaneous particle number density:

@
— 4+ r1r ¢nv)i Dn¢c n=0
@ (nv) i Dm

I Mean particle number. density: 1= N + Y N = i
@\ - -
E.+r¢mV|.| Dm¢N—O FT6 0
Fluctuations of particle number density: NN

0
%+r ¢(n0vi movi)i Dm¢ Mo i N (r ¢v)j (var )N

I Source of fluctuations:

o= i N(r ¢v) i (v& )N



Turbulent Thermal Diffusion




Derivation of; Effect of Turbulent Thermal Diffusion
AAIl known approaches(including dimensionalreasoning)

APath integral approach (finite correlation time);

AThe spectraltau approximation; Quasklinear approach, etc.

A Physical Review Letters 76, 224(1996

A Physical Review E 55, 2713(1997

A Physical Review Letters 80, 69 (1998

A Intern. Journal of Multiphase Flow 24, 1163(1998
A Atmospheric Research 53, 117 (2000

A Physical Review E 61, 2617(2000
A Physical Review E 64, 026304(2001)

, Physical Review Letters 88, 044501 (2002)
, Intern. Journal of Multiphase Flow 31, 93 (2005)



Temperature and Particle Number Density Fields.
Stable Stratification

Particle number density
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Temperature and Particle Number Density Fields.
Unstable Stratification, f=10.5 Hz

Temperature ’ Particle number density
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Temperature and Particle Number. Density Fields.
Unstable Stratification, f=4.4 Hz

Temperature Particle number density




Turbulent Thermal Diffusion




Turbulent Thermal Diffusion

Ui uj
a b
(uigi)
uj>0 ui<0
uigi>o 'Y ¢i>0 gi<0 U ujgi>0
» »
» P f
U Y

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



Particle Inertia Effect




Experimental seti up with ten fans
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Distribution of Number Density of Aerosols (black)
and Mean Temperature Distribution (gray)
(Satellite Gomos Data)
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Particle Fluctuations 1n Turbulent Flow

I Instantaneous particle number density:

@
— 4+ r1r ¢nv)i Dn¢c n=0
@ (nv) i Dm

I Mean particle number. density: 1= N + Y N = i
@\ - -
E.+r¢mV|.| Dm¢N—O FT6 0
Fluctuations of particle number density: NN

0
%+r ¢(n0vi movi)i Dm¢ Mo i N (r ¢v)j (var )N

I Source of fluctuations:

o= i N(r ¢v) i (v& )N



Two-point Correlation Function

I Fluctuations of particle number density:

0
%+r ¢(novi movi)i Dm ¢ n°= i N (r ¢v)j (var )N

I Two-point correlation function :  o(t:R) = m%t: x) nqt:y)i

@ - BR)+ 20" (R)e + Djj(R)r i1 jJO(L:R)+ 1 (R)

@
I Source of tangling clustering: UPP(R) = (1=2) [U(R) § U(i R)]

[(R) = B(R)N2+ U (R)& N2+ DJj(R) (1 iN) (r jN)
where Dij = 2Dm%j + D;;(0) i Dj;(R)
B(R) %42 he (1 V(X)) (T Ov(y))i

Ui(R) %i 2R vi(Xx) (r ev(y))i

Dii (R) ¥ 2 he vi(X) Vi (y)i



Source of Tangling Clustering r Té 0

U Fluctuations of particle number density: N = i

0
%+r ¢(n%i mM%i)i Dm¢ n%= | N (r ¢v); (v )N

LI Source of fluctuations: ,

B(R) %6 2R[r v(91[r &v(y)]i = S2 helr 2p00] 1 2p(y)]l

2¢8P2 © 4 . k@R
B(R) = 2T ¢(K) kK™ hu(k) p(i k)i e™™ dk
U Tangling temperature fluctuations: %/ i (vor )T

(k) p(i k)i = 262(k)hui(k) uj (i K)i (r iT)(rT)

U Source ofitangling clustering of/inertial particles:
B(R) = i —5—2 (1 2T)? o ¢ huz(X) uz(y)i

2
m# u§




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




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

Small-scale effects

We have predicted theoretically and detected in laboratory
experiments a new type of particle clustering (namely, tangling
clustering of inertial particles) in a stably stratified turbulence with
Imposed mean vertical temperature gradient.

We have demonstrated that in the laboratory stratified turbulence the
tangling clustering is much more effective than a pure inertial
clustering (preferential concentration) that has been observed in
Isothermal turbulence, Re=250; dp = 10iIm:

In the experiments the correlation function for the inertial clustering in
Isothermal turbulence is much smaller than that for the tangling
clustering in non-isothermal turbulence.

Our theoretical predictions are in a good agreement with the obtained
experimental results.
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