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Effect of Chemical Reactions and Phase 

Transitions on  Turbulent  Diffusion

Instantaneous particle number density of admixture:

The Arrhenius law:

Instantaneous fluid temperature field:

is the reaction energy release;

is the stoichiometric coefficient that is the order of the reaction;

The source term:

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

T. Elperin, N. Kleeorin, M. Liberman, A. Lipatnikov, I. Rogachevskii, R. Yu, Phys. Rev E,   

submit. (2017)



Turbulent Diffusion of Gases  

the coefficient of turbulent diffusion:

Concentration of reagent A decreases much faster during the chemical time, so that the 

usual turbulent diffusion based on the turbulent time does not contribute to the mass flux 

of a reagent A.

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

T. Elperin, N. Kleeorin, M. Liberman, A. Lipatnikov, I. Rogachevskii, R. Yu, Phys. Rev E,   

submitted (2017)



Comparison with Numerical Simulations (MFS)

A. Brandenburg, N. E. L. Haugen and N. Babkovskaia,

Phys. Rev. E 83, 016304 (2011)

Kolmogorov-Petrovskii-Piskunov-Fisher Equation 

(advection-reaction-diffusion equation):

Mean-Field KPPF-equation:

the reaction speed (the front speed):

T. Elperin, N. Kleeorin, M. Liberman, 

I. Rogachevskii, Phys. Rev E 90, 053001 (2014)



Comparison with Direct Numerical Simulations
T. Elperin, N. Kleeorin, M. Liberman, A. Lipatnikov, I. Rogachevskii, R. Yu, Phys. Rev E,   
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Particle Clustering

 Large-scale clustering (large-scale inhomogeneous structures)
in Stratified Turbulent Flows (with imposed mean temperature gradient)

 Small-Scale Tangling Clustering in Stratified Turbulent Flows

is the integral (maximum) scale of turbulent motions

is the characteristic size of clusters
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Large-Scale Clustering: DNS for Non-Inertial 

Particles in 3D Forced Turbulence

2563

kf

k1
= 5

All simulations are performed with the PENCIL CODE, which uses sixth-order

explicit finite differences in space and a third-order accurate time stepping method.

A white noise non-helical 

homogeneous and isotropic 

random forcing.



Particle  Flux in Turbulent  Flow 

for Non-inertial Particles 

hun0i= NVe® ¡DTrNTurbulent Flux of Particles:
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Fluctuations of particles number density:

- turbulent diffusion tensor

- effective velocity

- turbulent flux of particles

Turbulent flux of particles
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Turbulent thermal diffusion of non-inertial particles

Equation of state for 

ideal gas yields:
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- turbulent flux of particles

- turbulent thermal diffusion ratio

Turbulent thermal diffusion of inertial particles
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Derivation of Effect of Turbulent Thermal Diffusion

T. Elperin, N. Kleeorin and I. Rogachevskii

• Physical Review Letters 76, 224 (1996)

• Physical Review E 55, 2713 (1997)

• Physical Review Letters 80, 69 (1998)

• Intern. Journal of Multiphase Flow 24, 1163 (1998)

• Atmospheric Research 53, 117 (2000)

T. Elperin, N. Kleeorin, I. Rogachevskii and D. Sokoloff

• Physical Review E 61, 2617 (2000)

• Physical Review E 64, 026304 (2001)

R.V.R. Pandya and F. Mashayek, Physical Review Letters 88, 044501 (2002)

M.W. Reeks, Intern. Journal of Multiphase Flow 31, 93 (2005)

M. Sofiev, V. F. Sofieva, T. Elperin, N. Kleeorin, I. Rogachevskii and
S. Zilitinkevich, J. Geophys. Res. 114, D18209 (2009).

• All known approaches (including dimensional reasoning)

• Path integral approach (finite correlation time);

• The spectral tau approximation; Quasi-linear approach, etc.

Ve® = ¡¿ hv(x)r¢v(x)i



Particle Inertia Effect



Turbulent Thermal Diffusion: Inertial Particles
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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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Particle Inertia Effect



Non-inertial Particles



Experimental set - up: 

oscillating  grids  turbulence 

generator and particle image 

velocimetry system



Raw image of the incense

smoke tracer particles in

oscillating grids turbulence

Particle Image Velocimetry System

Particle Image

Velocimetry Data

Processing



Experimental  Set–up



Experimental Set–up for Temperature Measurements



Mean Temperature and Particle Number Density

(Stable Stratification ,  f = 10.5 Hz)
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Mean Temperature and Particle Number Density

(Unstable Stratification,  f = 10.5 Hz)
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Mean Temperature and Particle Number 

Density (Unstable Stratification,   f = 6 Hz)
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Mean Temperature Fields 

in Forced and Unforced Turbulent Convection

Forced turbulent convection

(two oscillating grids)
Unforced convection



Normalized mean particle number density vs. normalized temperature gradient:       

- stable stratification,      - unstable  stratification.
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Turbulent Thermal Diffusion



Experimental set–up with ten fans



Normalized mean particle number density  vs. normalized temperature
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DNS for Non-Inertial Solid Particles

in 3D Forced Turbulence

kf = 5k1

BOUNDARY CONDITIONS are periodic in 3D. 

All simulations are performed with the 

PENCIL CODE, which uses sixth-order

explicit finite differences in space and a 

third-order accurate time stepping method.

A white noise non-helical homogeneous 

and isotropic random forcing.

Re = PeD =
uf

Dkf
= 75

Entropy distribution:



DNS for Non-Inertial Solid Particles

in 3D Forced Turbulence

Re = PeD =
uf

Dkf
= 75

kf

k1
= 5

All simulations are performed with the PENCIL CODE, which uses sixth-order

explicit finite differences in space and a third-order accurate time stepping method.

A white noise non-helical 

homogeneous and isotropic 

random forcing.

N.E.L. Haugen, N. Kleeorin, I. Rogachevskii and A. Brandenburg, Phys. Fluids 

24, 075106 (2012).



DNS for Non-Inertial Solid Particles

in 3D Forced Turbulence



DNS for Inertial Solid Particles

in 3D Forced Turbulence

BOUNDARY CONDITIONS are periodic in 3D. 

In the presence of gravity, particles are made elastically 

reflecting from the vertical boundaries.

Fluid Velocity

Fluid: DNS in an Eulerian framework

Particles: Lagrangian framework

Entropy



DNS for Inertial Solid Particles

in 3D Forced Turbulence

1. Particles are treated as point particles (point-

particle approximation).

2. One-way coupling approximation, i.e., there is an 

effect of the fluid on the particles only, while the 

particles do not influence the fluid motions.

3. BOUNDARY CONDITIONS are periodic in 3D. 

In the presence of gravity, particles are made 

elastically reflecting from the vertical boundaries.

Particles: Lagrangian framework
Stokes time
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DNS for Inertial Particles

Re = 240

St = 0:9

kf = 5

without gravity

bottom-plane: z =¡3
St =

¿p

¿k
;

¿k =
¿fp
Re

;

N.E.L. Haugen, N. Kleeorin, I. Rogachevskii and A. Brandenburg,

Phys. Fluids 24, 075106 (2012).



DNS for Inertial Particles

Re = 240

St = 0:9

kf = 5

without gravity

middle-plane: z = 0

St =
¿p

¿k
; ¿k =

¿fp
Re

;



Distribution of Number Density of Aerosols (black)

and Mean Temperature Distribution (gray)

(Satellite Gomos Data)

M. Sofiev, V. F. Sofieva, T. Elperin, N. Kleeorin, I. Rogachevskii and S. 
Zilitinkevich, J. Geophys. Res. 114, D18209 (2009).



The ratio                   for typical atmospheric parameters

(different temperature gradients and different particle sizes)
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Time of Formation of Aerosol Layers
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T. Elperin, N. Keeorin, I. Rogachevskii, Atmospheric Research, 53, 117 (2000).
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New Development in Theory and Experiments

hun0i= NVe® ¡DTrNTurbulent Flux of Particles:

Effective Pumping Velocity:

G. Amir, A. Eidelman, T. Elperin, N. Kleeorin, I. Rogachevskii, Phys. Rev Fluids, in press (2017)





 Inertia causes particles inside the 

turbulent eddies to drift out to the 

boundary regions between the 

eddies (i.e. regions with low vorticity 

or high strain rate and maximum of 

fluid pressure).

 This mechanism acts in a wide 

range of scales of turbulence.

 Scale-dependent turbulent diffusion

causes relaxation of particle 

clusters. 

 In small scales

 Thus, clusters of particles are 

localized in small scales.

Inertial Clustering of Small Solid Particles

DT(`)!Dm

M. R. Maxey, J. Fluid Mech. 174, 441 (1987).

J.K. Eaton and  J.R. Fessler, Int. J. 
Multiphase Flow 20, 169 (1994).



Experimental  Set–up for Tangling Clustering



Parameters of Turbulence and Solid Particles in 

Experimental Study of Tangling Clustering in Air 

is the r.m.s. velocity;

is the integral (maximum) scale of turbulence;

is the Reynolds numbers;

is the Kolmogorov length scale;

is the Kolmogorov time scale;

is the particle diameter;

is the Stokes time for the particles;

is the Stokes number for the particles;

is the Peclet number for the particles;

is the coefficient of molecular diffusion;

u0 =

q
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`0 = 3:2cm

Re = u0 `0=º = 250

`´ = `0=Re
3=4 = 510¹m

¿´ = ¿0=Re
1=2 = 1:7£ 10¡2 s

dp = 10¹m

¿s = 10¡3 s

St = ¿s=¿´ = 6£ 10¡2

Pe = u0 `0=Dm = 3£ 109

Dm = 1:4£ 10¡8 cm2=s



Experimental Study of Tangling Clustering

 Two-point correlation function of particle number density:

 Radial distribution function can be estimated as follows:

is the number of particle pairs separated by a distance:

is the area of the annular domain located between:

is the area of the part of the image with the radius:

is the total number of pairs in the area:

is the total number of particles in the area:

We perform the double averaging (i) over all particles in the image and 

(ii) over ensemble of 50 images.
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Normalized second-order correlation function 

determined in our experiments for 

(i) inertial clustering (isothermal turbulence, circles)

(ii) tangling clustering (non-isothermal turbulence, squares)

A. Eidelman, T. Elperin, N. Kleeorin, B. Melnik, I. Rogachevskii, Physical Review E

81, 056313 (2010)



Particle Inertia Effect



Normalized second-order correlation function 

determined in our experiments (filled squares)

and from our theoretical model (solid line)



Normalized second-order correlation function 

determined in our experiments for 

(i) inertial clustering (isothermal turbulence, circles)

(ii) tangling clustering (non-isothermal turbulence, squares)



Tangling Clustering Instability in 

Temperature Stratified Turbulence
T. Elperin, N. Kleeorin, M. Liberman, I. Rogachevskii, Phys. Fluids 25, 085104 (2013)



Tangling Clustering Instability in 

Temperature Stratified Turbulence
T. Elperin, N. Kleeorin, M. Liberman, I. Rogachevskii, Phys. Fluids 25, 085104 (2013)



Saturation of the Tangling 

Clustering Instability
@©

@t
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(A)
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Conclusions

• 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. The tangling clustering

is much more effective than a pure inertial clustering that has been 

observed in isothermal turbulence. Our theoretical predictions are in a 

good agreement with the obtained experimental results.

• Tangling clustering can be significant in various industrial multi-

phase turbulent flows (e.g. internal combustion engines), can also 

elucidate the mechanism of rain formation in turbulent clouds.

• We demonstrated a strong modification of turbulent transport in fluid 

flows with chemical reactions or phase transitions: turbulent diffusion 

of the reacting species can be strongly depleted by a large factor that 

is the ratio of turbulent and chemical times. This result is in a good 

agreement with that obtained in the numerical modelling of a reactive 

front propagating in a turbulent flow.



Conclusions

• A phenomenon of turbulent thermal diffusion associated 

with turbulent  transport of particles, has been predicted 

theoretically and detected in laboratory experiments, in 

the atmosphere and in DNS. 

• The essence of this phenomenon is the appearance of a 

non-diffusive mean flux of particles in the direction of the 

mean heat flux, which results in the formation of large-

scale inhomogeneous structures in the spatial distribution 

of particles. 

• Turbulent  thermal diffusion is important in turbulent 

combustion systems, and it can also explain the large-

scale aerosol layers that form inside atmospheric 

temperature inversions. 
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