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Abstract--The dispersion of solid particles in a turbulent shear layer has been investigated experimentally 
to clarify the dominant factors which govern the particle motion in turbulent gas flow. Spherical glass 
particles were loaded at the origin of a two-dimensional mixing layer. Flow measurements were carried 
out by a modified laser Doppler anemometer which enabled the measurement of both particle and gas 
phase velocities and particle number density. The particle disperison strongly depended on the ability 
of the particles to follow the motion of large-scale eddies and was well-classified by the Stokes number 
(St). The range of St values covered in the present study turned out to involve three different stages of 
particle dispersion. It was confirmed from the experiments (with 0.5 < St < Z5) that the particle dispersion 
coefficients became larger than the eddy diffusivity of the gas phase, i.e. the particles in the developing 
shear layer dispersed more than the fluid phase. 
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1. INTRODUCTION 

The analysis of turbulent flows containing small droplets or particles is required in many significant 
industrial processes. Fluid mechanics in such two-phase flows remain somewhat unexplored 
due to the very complex interaction between the dispersed and continuous phase. Therefore, a 
clarification of  the complicated turbulent motions of the dispersed and continuous phases could 
contribute to an analysis of the heat and mass transfer processes in practical two-phase flow systems 
for a further improvement of equipment. 

Turbulent characteristics in two-phase flows have been measured rarely in the last decade 
because of the lack of  effective measuring techniques. Recently, some investigators have tried 
to obtain direct information regarding the velocities of both phases using laser Doppler velocimetry 
(Lee & Durst 1982; Hishida et al. 1984; Modaress et al. 1984; Shuen et al. 1985; Parthasarathy 
& Faeth 1987). These studies have succeeded in obtaining local information on not only the 
mean velocities but also turbulent properties and particle concentration. The present authors' 
group has investigated the particle motion and turbulent gas flows to correlate the local 
characteristics of turbulence and heat transfer. A series of investigations in connection with 
turbulent dispersed two-phase flows has been reported for backward step flow (Maeda et al. 1982), 
wall jets (Hishida et al. 1986), free jets (Fleckhaus et al. 1987) and confined jets (Hishida et al. 
1987, 1989a, b). These results indicated a modification of gas phase turbulence due to the presence 
of particles. 

Considerable efforts regarding numerical predictions have also been made, where the methods 
may be divided in two main categories, namely the Eulerian approach and the Lagrangian 
approach. In the Eulerian approach the dispersed phase is treated as a continuum, and has been 
reported by several researchers (Danon et al. 1977; Melville & Bray 1979; Elgobashi et al. 1984; 
C h e n &  Wood 1986; Picart et al. 1986; Lee & Chung 1987). The Lagrangian approach predicts 
the particle motion in the continuous phase by solving the equation of  particle motion directly 
(Shuen et al. 1985; Parthasarathy & Faeth 1987; Milojevic & Durst 1989; Berlemont et al. 1990). 
However, despite some successes, difficulties still remain in connection with models representing 
the various physical aspects of  turbulent particle motion. Consequently, it becomes imperative to 
conduct an experiment to yield data which improve the basic understanding of  the fundamental 
phenomena. 
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It is from this point of view that the present experimental study has been carried out on the 
particle motion in a plane mixing layer, in order to clarify the particle dispersion in a simple 
turbulent shear flow whose turbulent motion directly affects the particle trajectories. 

Generally, particle motion in turbulent flow depends mainly on the ratio of the time scale of 
particle-inertia to that of turbulence. However, it remains unexplored as to which turbulence time 
scale is the appropriate scaling parameter for particle-inertia. Snyder & Lumley (1971), Calabrese 
& Middleman (1979) and Wells & Stock (1983) studied the particle dispersion in a steady isotropic 
grid turbulence and the turbulence in the central region of fully-developed pipe flow. There was 
no agreement on the relevant time scales in these studies, since both the micro and the integral time 
scales were used. 

The plane mixing layer in single-phase flow, which is one of the simplest free shear layers, has 
been well studied by numerous investigators (e.g. Brown & Roshko 1974; Winant & Browand 1974; 
Hussain & Zaman 1985) and some features regarding the relation between the development and 
large-scale structures of the shear layer have been identified. 

Chein & Chung (1987, 1988) and Tang et al. (1989) reported the numerical calculation 
concerning particle dispersion in a shear layer. They pointed out that flow behaviors were simulated 
by taking account of large-scale eddies in the turbulent flow, and confirmed that particles could 
mix faster than the fluid over a certain range of Stokes number. However, there is little experimental 
data on the effect of large-scale eddies on the particle dispersion. Also, detailed information on local 
particle velocities, such as mean velocity, velocity fluctuations and their correlation, are required 
for evaluating the numerical prediction of particle motion. Therefore, the objective of the present 
study is to obtain experimental data on both particle velocity and particle dispersion in a 
two-dimensional mixing layer, where some characteristics of large-scale turbulence have been 
well-examined in previous studies. Detailed measurements of particle and gas velocities and particle 
number densities are presented using a modified laser Doppler anemometer with particle size 
discrimination. 

2. EXPERIMENTAL SET UP AND FLOW CONDITIONS 

The experimental flow configuration is shown in figure 1, together with Cartesian coordinates 
with the origin located at the center of the trailing edge. The streamwise direction was the X-axis 
and the direction perpendicular to the splitter plate was the Y-axis. A suction-type wind tunnel 
was installed vertically, as shown in figure 2, for the convenience of particle loading. Air was 
passed through a mixing chamber where aluminum powder of approx. 1 #m was added by the 
tracer feeder. Then, the flow was divided into two streams and passed through the settling duct, 
which contained screens to damp large-scale turbulence, and through a 7: 1 contraction to the test 
section which was 150 x 100 mm in cross-section and 450 mm long. The chamber and contraction 
were divided in half by the splitter plate which was made of thin aluminum plates which were 
tapered uniformly through the duct. The end of the splitter plate was made of two 50 mm long 
and 0.3 mm thick aluminum plates with a constant spacing of 0.57 mm to minimize the effect of 
the resulting wakes on the initial mixing region. Glass particles were added to the mixing layer from 
the opening of the splitter plate and separated downstream of the test section from the gas phase 
by a cyclone. 

In the present study, the gas phase velocities, U~ and U2, were set at 13 and 4 m/s, respectively. 
Turbulence intensities in the streamwise direction were about 0.9% for the higher velocity and 
about 2% for the lower velocity flow. 

Three kinds of glass particles with a mean diameter of dp of 42, 72 and 135 #m were added 
to the mixing layer. The mass flow rates for each particle were 7.5 and 20.9 and 20.43 g/s, 
respectively. Figure 3 indicates particle size distributions. The mean diameter, the standard 
deviation in diameter ~r and the particle Stokesian relaxation time % for each particle are also 
tabulated. 

A three-beam laser Doppler velocimeter was used for simultaneous two-component velocity 
measurements of the particle and gas phase, which permitted particle size discrimination using the 
light scattering intensity method (Fleckhaus et al. 1987). 
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Figure 1. Flow configuration Figure 2. Experimental wind tunnel. 

Z 6o 

g 
• o 40 

,o 

Diameter 
dp [p.m] 

42 

72 

135 

Standard 
deviation 

abLm] 
5.4 

7.5 

7.9 

Density 
p [kg/m 3] 

2590 

Relaxation 
time [s] 

0.014 

0.041 

0.144 

50 I00 150 

Particle diameter ~m] 

Figure 3. Particle size distribution. 



184 

...& 

I 

v 

K. HISHIDA e t  a l .  

1.0 ~- o 0 0 0 0 0 o 0  
0 
0 
0 
0 

0 
0.5 - 

0 

0 

0 

-0.5 I I 
-4 -2 

0 

0 O O 0 ~ r ~  
o o 

0 0 
0 0 

0 
° ° ° o °  I I I 

. ~  2 4 6 

Y [mm] 

1.0 

0.8 

0.6 

I 0.4 
v 

0.2 

'- '& e ' a " ~  ~ e 

~ Oster & 6 ~  

T i 
- 6  - 4  

Xlmm] 
a 50 
• 100 
0 150 
• 200 
~, 250 

Wygnanski %"=o¢~• - ,~p .&  

I 1 I I I 
-2  0 2 4 6 

( Y  - Yo.s) /ex 

Figure 4. Initial condition of mean gas velocity. Figure 5. Mean velocity distributions (single phase). 

3. R E S U L T S  A N D  D I S C U S S I O N  

3.1. Single-phase Flow 

Figure 4 shows the inlet condition of the streamwise mean velocity at X = 0.5 mm. Generally, 
the boundary layer which develops over the splitter plate strongly affects the development of the 
mixing layer. The velocity profiles indicated in figure 4 confirm a good fit to the exact solution of 
the laminar boundary layer for both higher and lower velocity flows. The Reynolds number based 
on the momentum thickness of the boundary layer on the higher velocity side 0e, and Ut was 
approx. 200. 

The distribution of the mean velocity and the RMS of the velocity fluctuation in the streamwise 
direction u' are shown in figures 5 and 6, respectively, where Y0.5 means the location at half of AU. 
The solid line in figures 5 and 6 is the fully-developed two-dimensional mixing layer experiment 
reported by Oster & Wygnanski (1982). In the present flow, the effect of the splitter plate is barely 
noticeable for locations over X = 100 mm. The profiles of mean velocity are in good agreement 
with the result of Oster & Wygnanski (1982). The maximum values of turbulence intensity decrease 
with the downstream distance and decay below the values of Oster & Wygnanski (1982). 

The flow visualization by Brown & Roshko (1974) showed that coherent structures exist in 
the turbulent shear flows and the velocity fluctuation at the edge of the shear layer exhibited 
periodicity due to the passage of large-scale eddies. In the present experiment, the time series of 
instantaneous velocity was measured by a hot-wire anemometer in a single-phase flow for the 
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evaluation of turbulence scales. Figure 7 shows an example of a frequency analysis of the 
streamwise velocity fluctuation at X = 200 mm at the outer edge of the higher velocity stream 
(Y = - 12 mm). Hussain & Zarnan (1985) estimated the local Strouhal number, Sr, based on the 
momentum thickness of the mixing layer, 0x, and the most probable frequency of the main stream 
velocity fluctuation, fm, and found that it has a constant value for both the initial mixing region 
and the self-preserving region. In the present study, Ox and Sr are defined by 

Ox=L \  20 ill 
and 

Sr =fro" Ox [21 
Urn' 

respectively; Um= (UI + U2)/2 and U is the streamwise time-averaged velocity. 
Figure 8 shows the evaluated local Sr value and local momentum thickness. The Sr value 

approaches a constant value of 0.55 after X = 100 mm, but Sr < 0.55 upstream of X = 100 mm. 
The effect of the splitter plate on the construction of large-scale eddy motion could be negligible 
for locations beyond X = 100 mm. 

Uncertainties in the measurement of the mean velocity and fluctuation are estimated at the 95% 
confidence interval; for the normalized mean velocity ( U -  U2)/AU the uncertainty was +0.046 
at Y =  150mm and X = 0 m m ,  and +0.035 at X = 2 5 0 m m  and Y = 0 m m ;  for the velocity 
fluctuation, u'/AU, the uncertainty was +0.080 at X = 150 mm and Y = 0 ram, and +0.072 at 
X = 250 mm and Y = 0 mm. 

3.2. Two-phase Flow 

3.2.1. Characteristic time scales of particles and large eddies 

The ability of a particle to follow the turbulent motion of its surrounding flow strongly depends 
on the ratio of the particle relaxation time to the characteristic time scale of the flow field. Since 
the present study intends to clarify the effect of coherent structure on the particle motion, the 
characteristic time scale of a large-scale eddy is estimated by the following definition of Cbein & 
Chung (1987): 

). 
T f =  A U '  [3] 

2 

where 2 is the streamwise width of the coherent structure. In the present study 2 is obtained 
from the most probable frequency, fro, by multiplying it by the convection velocity for the 
large-scale structure, which is approximated by (UI + U2)/2 for a shear layer (Dimotakis & Brown 
1976): 

1 U~+U2 
2 = fm 2 [41 

The time scales of the large eddies in the present flow condition are indicated in figure 9 by the 
© symbols. The dotted horizontal lines in figure 9 are the particles' Stokesian relaxation times 
(ep = pd~/18#) for the three particle sizes examined in the study. Cbein & Chung (1987) studied 
the effect of zf on the particle dispersion by means of a numerical computation. They showed that 
particles with an intermediate Stokes number (=%/zf) (0.5 < St < 5) might be dispersed further 
than the fluid and might actually be flung out of the vortex structure. For comparison of Chein 
& Chung's numerical calculation with the present experimental condition, the ranges of % for the 
intermediate St values (0.5 < St < 5) are shown by vertical solid lines in figure 9. 

3.2.2. Distributions of particle number density 

The distributions of particle number density are presented in figures 10(a), (b) and (c) for 135, 
72 and 42/zm particles, respectively. The particle number density was measured by counting the 
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Figure 7. Frequency spectrum of the streamwise velocity on the high-speed side edge of the shear layer. 

number of Doppler burst signals of a particle passing through the measuring volume of the LDA 
in a specific time interval. The vertical scale of these figures is normalized by the maximum value 
at X = 100 mm. 

For particles of 135 and 72 #m, the distributions of number density maintain a sharp profile up 
to X = 100 mm. For locations further downstream, the particles disperse in the Y direction and 
peak values are located around Y = 0 mm. Particle dispersion to the low-speed side becomes 
larger for 72 #m particles as compared with 135 #m particles at X = 200 mm downstream of the 
splitter plate. 

In contrast, the 42 #m particles migrate toward the low-speed side of the flow and the peak value 
of the particle number density shifts to the low-speed side in the streamwise direction and the 
skewness of the number density distribution becomes large with increasing X. 

The phenomena of dispersion toward the low-speed side can be explained as follows. Since the 
mixing layer spreads out more toward the low-speed side because of the entrainment from the 
high-speed side, the centerline of the mixing layer shifts to the low-speed side with increasing 
streamwise distance. Particles, added at the origin of the mixing layer, go straight for a certain 
distance due to their inertia. Thereafter, particles encounter the vortex structure in the high-speed 
region with a higher probability. Consequently, particles are strongly affected by the fluid motion 
from the high-speed toward the low-speed side, and more disperse to the low-speed side. 

3.2.3. Distributions of particle mean velocity 

The particle streamwise mean velocity is given in figure 11. The distributions upstream of 
X = 100 mm are not discussed because the turbulent structure is considered to be unestablished 
there. The effect of particle presence on the gas phase flow was examined using a modified LDA 
with particle size discrimination at several streamwise locations. In the present experimental 
conditions, the maximum deviation of gas velocity profiles in two-phase flow with respect to 
velocity profiles in single-phase flow was < 3% due to the low concentration of particles. Therefore, 
for comparison the single-phase flow quantities are conjugated in figures 11-14 by solid lines in 
terms of (U r -  U2)/AU, u'f/AU, o~/AU and u~v~/AU 2, respectively. 

The particle velocities at the exit of the splitter plate are almost the same for the three kinds 
of particles, approx. 0.9 m/s. Therefore, the mean velocity at X = 100 mm corresponds to the 
ability of the particles to be accelerated. The particle with the smallest relaxation time has a higher 
velocity at X = 100 mm. Further downstream, the 42 #m particles approach the velocity of the 
gas phase. The velocities of the 72 ktm particles at locations of X = 200 and 250 mm are higher 
than that of the 42/~m particles on the low-speed side. The free fall velocities are 0.4 m/s for 
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the 72/zm particles and 0.14m/s for the 42/zm particles. The velocity of the 72/zm particles 
on the low-speed side is somewhat large compared to the free fall velocity. This behavior could 
be caused by the motion whereby particles on the high-speed side disperse to the low-speed side 
by catching up the vortex structure and might be flung out of the vortex with higher velocity 
due to their inertia. 

In contrast, the 135 #m particles, whose relaxation time is about 10 times larger than that of 
42/zm particles, keep their velocity below that of the gas phase. This size of particles was unable 
to follow even the mean flow of gas phase motion. 

3.2.4. Distributions of particle velocity fluctuation and u'v'-correlation 
The distributions of particle velocity fluctuation in the streamwise and lateral direction are shown 

in figures 12 and 13, where u' and v' are the RMS (root mean square) values of the velocity 
fluctuation. 

MF 18 /2~  
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In general, particle velocity fluctuation approaches that of the gas phase with decreasing 
particle size and increasing width of the mixing layer. The lateral velocity fluctuation is much 
smaller than that in the streamwise direction. This feature is similar to the result of previous 
works by the authors for free (Fleckhaus et al. 1987) and confined jets (Hishida et aL 1989a, b). 
This phenomenon could be explained by considering the lateral motion of a particle which 
travels within a certain length scale such as the Lagrangian integral scale AL. The particle, which 
moves toward the low-speed side by the vortex motion in the shear layer, cannot instan- 
taneously follow the turbulent motion of the surrounding flow because the particle has inertia 
and does not have enough interaction time to follow the turbulent fluid motion. The differ- 
ences in particle velocity between two points separated by the lateral distance A L is approx. 
A L" ~Up/~y for the streamwise component and A L" ~Vp/~y for the lateral component. In the present 
flow field particle velocities in the lateral direction are nearly zero and the velocity gradients 
of particles in the streamwise direction are much larger than those in the lateral direction. 
Consequently, the RMS value of the streamwise velocities of particles become larger than that of 
the lateral direction for the flow condition where a large velocity gradient exists in the streamwise 
direction. 

Recently, Hardalupas et aL (1989) reported measurements in a two-phase free jet and 
explained the difference in the velocity fluctuations of particles in the axial and lateral direc- 
tions. They called this phenomenon "fan spreading", i.e. the fact that u~>> Vp is due to 
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Figure 12. Distributions of velocity fluctuations of the gas and particle phases in the streamwise direction. 

quasi-unidirectional trajectories of solid particles from the exit of the jet down to a certain 
streamwise distance. 

However, even for flows where particles are unaffected by the initial condition, as indicated by 
the present results for mean velocity and the number density of particles, a similar behavior of 
Up ,> V'p exists. Particles in the developing shear layer have quasi-unidirectional trajectories caused 
by the interaction between the particles and the turbulence and/or vortex structure. This feature 
might also be explained by extending the "fan-spreading" effect. 

The distributions of the UpVp-correlation are compared to the Reynolds shear stress of the 
gas phase in figure 14. The behavior of the UpVp-correlation is the same as that of the velocity 
fluctuation discussed earlier. However, in the case of 42 and 72 #m particles, the values of the 
UpVp-correlation near the outer edge of mixing layer, especially the low-speed side, become larger 
than those of single phase. This feature is considered to be due to the "overshoot" phenomenon 
of particle dispersion, i.e. a large-scale eddy pushes particles in the lateral direction within an 
interaction time which is of the same order of magnitude as the particle relaxation time. After 
reaching the outer edge of the mixing layer, the particle still keeps its motion due to its inertia. 
In the present flow, the particles are unable to follow the small-scale turbulent motion. Therefore, 
the effective scale of the turbulence eddies is considered to be a structural scale existing in the mixing 
layer. 
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Figure 13. Distributions of velocity fluctuations of the gas and particle phases in the cross-stream direction. 

For the 135/~m particles, almost uniform profiles of u'v" are found for all the experimental 
conditions. This confirms that these particles are hardly affected by the turbulent motion. 

3.2.5. Particle dispersion in the mixing layer 

In this section, an eddy diffusivity of particle Ep is evaluated for discussion of the ability of a 
particle to follow the eddy motion. 

The turbulent eddy diffusivity was introduced by Taylor through extending the concept of 
molecular diffusion for isotropic turbulent flow. It was confirmed after Taylor's study that the 
theory may be applied to non-isotropic turbulence in the mixing layer when dispersed particles exist 
in the turbulent gas flow (Snyder & Lumley 1971). 

According to Taylor's diffusion theory, the mean square displacement ~ of a fluid is given by 

f0f0 ' ~ = 2V[y RL(T) dz dt', [5] 

where VL,p is the Lagrangian velocity and RL(~) is the Lagrangian auto-correlation coefl~ient. 
When the diffusion time t is much smaller than the micro time scale ~L, RL(~) becomes unity. 
Thus, [5] can then be written as 

y2(t)= 2 2 t2. VL,V" [61 
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The particle eddy diffusivity is defined as 

l d ~  E~=~y (). [7] 

Figure 15 shows the mean square displacement of particles in the Y direction, obtained from 
the measured results of particle number density, and t is diffusion time of the particle starting from 
the origin of flow mixing. 

The diffusion time of the particles, t, is evaluated from the mean velocity Upm averaged over all 
the particles in each cross section, as follows: 

= f V;m ~ dx, [s] t 

where 

t2~m =' [9] 

i 
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Upm is estimated by interpolation between the experimental data. In figure 15, the solid line 
expresses the following equation: 

y 2 ( t )  = C .  t 2 (C = constant). [10] 

Equation [10] is similar to [6]. The mean displacement of the 135/~m particles is proportional to 
the square of t, which agrees with the equation of particle dispersion for a short diffusion time. 
Therefore, 135/am particles are unaffected by turbulence, which is consistent with the results 
obtained from the particle velocity measurements shown in figures 11-14. The mean displacements 
of 42 and 72/am particles deviate from [10] with increasing particle dispersion time and rapidly 
increase at t = 0.02 and 0.03 s, respectively. 

Figure 16 indicates the relation between the ratio of particle eddy diffusivity, %, to gas-phase 
eddy diffusivity, El, in terms of St. Here, •f is evaluated from the width of the mixing layer 6, 
based on the Prandtl mixing model: 

Ef = [1 11 
c y  

with 

lm 
-- = 0.07. 
S 

In view of the previous discussions on particle velocity characteristics, figure 16 describes three 
different stages of particle dispersion phenomena. For 0.5 < St < 2.5, particles overshoot from the 
mixing layer and disperse faster than the fluid phase• In the range of 2.5 < St < 4, particles disperse 
less with increasing St. Particles cannot follow the vortex motion of the mixing layer in the range 
of St > 4 and therefore disperse as in a homogeneous turbulent flow. This characteristic feature 
of the eddy diffusivity ratio having a maximum value at around St = 1 confirms the significance 
of time scales of large-scale eddies in determining particle motions and the overshoot phenomenon 
in particle dispersion, as indicated in the numerical calculation by Chein & Chung (1987) and Tang 
e t  al. (1989). 

4. C O N C L U D I N G  R E M A R K S  

An experimental study has been performed on particle dispersion in a mixing layer to clarify the 
significant factors which govern particle motion in turbulent flow. Spherical glass particles of 42, 
72 and 135 #m arithmetic mean diameter were loaded into a two-dimensional air mixing layer. 
LDA enabled measurement of the two-component velocities of both the particles and the gas phase. 
The particle number density was also measured. The conclusions drawn from this work are as 
follows. 
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Figure 15. Variations of  the lateral mean square displace- Figure 16, Variations of  the particle eddy diffusivity with St. 
ment. 
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The dispersion rate for the smaller particles, obtained from the particle number density 
measurements, was found to be larger than that of the fluid. That is, the particles can disperse 
further than the fluid phase. In contrast, larger particles are found to disperse as in isotropic 
turbulence, since these particles can hardly follow the fluid motion because of their larger 
inertia. 

The characteristic behaviors in particle dispersion are well-correlated by St; the ratio of the 
particle relaxation time to the characteristics time scale of the large-scale eddies in the mixing layer. 
Therefore, particle dispersion strongly depends on the ability of particles to follow the motion of 
large-scale eddies in the turbulent flow. The range of St covered by the present study includes three 
different stages of particle dispersion phenomena: for the range of St > 4, the particles move 
independently of the turbulent motion of the continuous phase and its vortex motion hardly 
affects the particle dispersion; for the range of 2.5 < St < 4, the particle eddy diffusivity rapidly 
increases with decreasing St; for the range of 0.5 < St < 2.5, the particle dispersion coefficient 
becomes larger than the eddy diffusivity of the gas phase, i.e. particles disperse more significantly 
than the fluid phase. 

Thus, the dominant factors governing the particle motion in a plane mixing layer have been 
quantified experimentally. 
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