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Goals

 We investigate theoretically and experimentally the mixing
at the external boundary of the submerged air jet of the
incense smoke particles characterized by large Schmidt
numbers.

 To this end we use Particle Image Velocimetry and an
Image Processing Technique based on the analysis of the
intensity of the Mie scattering to determine the spatial
distribution of the particles.

 In this study we use two approaches:

One approach is based on the analysis of the two-point
second-order correlation function of the particle number
density.

The other approach is based on the measured phase
function for the study of the mixed state of two fluids.



Experimental setup

1 – Nd-YAG laser, 2 –trajectory of the laser beam, 3 –light 

sheet optics, 4 – CCD camera, 5 – system computer.
Test section.



Scheme of Measurements

1 – channel with transparent walls, 

2 – tube with a jet nozzle, 

3 – submerged jet,

4 – light sheet optics, 

5 – laser light sheet, 

6 – image area, 

7 – CCD camera.

The cross-section of the 

channel  is  47 cm  x 47 cm. 

The diameter of the jet nozzle 

is  1 cm;  

the diameter of the jet in the 

probed region is  3.5 cm.

The submerged air jet is 

seeded with the incense 

smoke particles of sub-micron 

sizes with the mean diameter 

0.7    m.

Measurements are performed in 

the region located at the distance 

4.5 - 11 cm downstream from the 

nozzle.



Jet velocity field

Re 10080 8430

Uo, m/s 15.1 12.6

Ret 1840 1370

u, m/s 2.76 2.06

Reλ 166 144

λ, mm 0.9 1.0

ε, m2/s3 2100 870

η, μm 36 44

u k, m/s 0.42 0.34

Parameters



Measurements in a jet flow

Jet coordinates and

a range of measurements

Jet image

averaged over an ensemble



Equation for two-point correlation 

function
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Fluctuations:

Particle Number  Density:

Correlation  Function: ©(t;R) ´ h£(t;x)£(t;x+R)i
@©

@t
= 2[Dm±ij +D
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Source  of  Fluctuations: I =DT (rN)2 exp(¡R=l0)

Mean field:



 The particle number density fluctuations are 

generated by tangling of the gradient of the mean 

particle number density by the turbulent velocity field. 

 This gradient is formed at the external boundary of a 

submerged turbulent jet.

 A mechanism of mixing at the external boundary of a 

submerged turbulent jet is a kinematic tangling 

process. The tangling mechanism is universal and 

independent of the way of generation of turbulence for 

large Reynolds numbers.

 The source  of  fluctuations:

Tangling Mechanism of Generation of 

Fluctuations

I / DT (rN)2



Scale-Dependent Turbulent Diffusion
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The turbulent diffusion tensor:

Equation for a small yet finite correlation time:
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The  Lagrangian (Wiener) trajectory:

The degree of compressibility of the tensor of turbulent diffusion:
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 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

Small-scale Inhomogeneities



Two-point correlation function

©(t; R) = l20(rN)2
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Eigenfunctions:

Correlation  Function: ©(t;R) ´ h£(t;x)£(t;x+R)i
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Two-point correlation function
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Main Conclusion:

In the viscous range: 0 · R < Re¡3=4 where: X2 = ¯M Pe
p
ReR2

In the inertial range: Re¡3=4¿ R¿ 1

©p(R) = A2R
¯ Jº(

q
j°pjR1=3)

In large scales: RÀ 1
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¡1 sin

¡q
j°pjR

¢

The two-point second-order correlation function of the particle 

number density does not  have universal scaling and cannot  

be described by a power-law function in a turbulent flow with 

finite correlation time.



Experimental setup

1 – Nd-YAG laser, 2 –trajectory of the laser beam, 3 –light 

sheet optics, 4 – CCD camera, 5 – system computer.
Test section.



Measurements in a jet flow

Jet coordinates and

a range of measurements

Jet image

averaged over an ensemble



Measured Two-Point Correlation 

Function
©(t;R) ´ h£(t;x)£(t;x+R)i

£= n¡N

N = hni

I / DT (rN)2



Two-point correlation function
©(t;R) ´ h£(t;x)£(t;x+R)i

£= n¡N

N = hni

I / DT (rN)2



Two-point correlation function

Main Conclusion:

The theoretical predictions made in this study are in a 

good agreement with the obtained experimental results.

The two-point second-order correlation function of 

the particle number density does not  have 

universal scaling and cannot  be described by a 

power-law function in a turbulent flow with finite 

correlation time.



Another Approach based on 

Measured Phase Function

 The phase function                 is defined as follows: 

when the point is within the jet fluid;

for the external fluid when the point is 
outside the jet fluid.

 The jet fluid is characterized by a high concentration of 
the tracer particles (the scattered light intensity is above

the threshold value)

 The external fluid is characterized by a low concentration 
of the particles (the scattered light intensity is below

the threshold value).

X(y; z)
X(y; z) = 1
X(y; z) = 0



Measured Phase Function



The Jet  Boundary
 Every recorded image is normalized by a light intensity 

measured just at the jet entrance into the chamber in order to 

eliminate the effects associated with a change of concentration 

of the incense smoke.

 The interface between a jet and an ambient fluid is determined 

for a mean jet image averaged over 50 independent 

instantaneous images. 

 The images are converted into a binary form. The threshold for 

the image transformation into a binary form is chosen equal to 

the intensity whereby the PDF of the scattered light intensity in 

the jet equals to that in the ambient fluid.



PDF of light intensities

Blue line – in the jet. Red line - in the surrounding fluid.



Mean phase function across a jet

Circles: Re=10000 Triangles: Re=8400

Measured in a range centered at 



where          are the sizes of the regions occupied by the jet fluid, 

the scale           and the exponent       are parameters characterizing the length 

scale and a deviation from the exponential PDF. 

PDF of Phase Function
Let us fit of the histograms of the phase functions with the Gamma function distribution .

PDF of the random sizes       of the regions occupied by the jet fluid can be described by 

Gamma function distribution similarly to analysis of a flow with Rayleigh-Taylor 

instability (Hazak et al., 2006):

A  ratio of the moments determines a characteristic scale 
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PDF of the Phase Function 

PDF of the phase function of a jet fluid penetrating into an 

external flow does not  have universal scaling and cannot be 

described by a power-law function in a turbulent flow with finite 

correlation time.



Ratios of moments



Exponent r vs. distance from the jet 

boundary

Circles: Re=10000 Triangles: Re=8430



Scale λ vs. distance from the jet 

boundary

Circles: Re=10000 Triangles: Re=8430



Conclusions

 The main result of this study is that the phase-function-based
formalism and the formalism based on the analysis of the two-
point second-order correlation function of the particle number
density imply the absence of the universal scaling:

the PDF of the phase function of a jet fluid penetrating into an
external flow and the two-point second-order correlation
function of the particle number density exhibit a non-power-
law behaviour.

 The reason for the non-universal behavior of the correlation
function of the particle number density is the compressibility of
Lagrangian trajectories in a turbulent flow with a finite
correlation time.

 For a delta-correlated in time random incompressible velocity
field the power-law behaviour of the correlation function of the
particle number density is possible.
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