Simulation of Particle Dispersionin a

Two-Dimensional Mixing Layer

Particle dispersion in a two-dimensional mixing layer is analyzed
numerically by caiculating the particle trajectories in a free shear layer
simulated by discrete vortices. Important global and local flow quanti-
ties reported in experimental measurements are reasonably simulated.

The particle dispersion results demonstrate that the extent of par-
ticle dispersion depends strongly on the Stokes number St, the ratio of
particle aerodynamic response time to the characteristic time of the
mixing layer flow. Particles with relatively small Sf values are dispersed
at approximately the fluid dispersion rate. Particles with large St values
are dispersed at a rate that is less than the fluid rate. Particles with
intermediate values of St may get flung outside of the vortex structures
in the mixing layer and therefore get dispersed at a higher rate than the
fluid. This result is in agreement with some previous experiments in
plane and axisymmetric jets. It is also found that a higher dispersion
rate is associated with the particles introduced to the flow from the low-
speed side and from near the middle of the mixing layer.
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Introduction

The dispersion of particles by turbulent shear flows is an
intrinsic part of many important technological processes. Typi-
cal examples include the dispersion of liquid fuel droplets in gas
combustors and the mixing of coal particles by the input jets of
coal-fired power plants. In many of these processes the disper-
sion of the particles is a controlling factor in the efficiency and
the stability of the process.

The majority of previous predictive efforts for particle disper-
sion in turbulent shear flows have employed flow-predicting
models that involve only the time-averaged properties of the tur-
bulence or have treated the turbulent flow as a random field
(Crowe, 1982). Early work by Goldschmidt and coworkers
(Goldschmidt and Eskinazi, 1966. Goldschmidt et al., 1972) has
shown that turbulent transport increases with particle size based
on measured time-averaged particle fluxes and the Fickian gra-
dient diffusion theory. More recently, along the same line of
time-averaging approach, concentrated efforts have been de-
voted to the modeling of particle dispersion with emphasis on the
two-way coupling between the two phases in the flow. Encourag-
ing results have been obtained by Elghobashi and Abou-Arab
(1983) and Mostafa and Elghobashi (1985), where both the
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continuous and the dispersed phase are treated by the Eulerian
approach and mass, momentum, and energy exchanges between
the two phases are included in the model. On the other hand,
Faeth and coworkers (Shuen et al., 1983, 1985) have made
important contributions both experimentally and theoretically.
They adopted numerical models that are based on an Eulerian
gas phase and a Lagrangian particle phase. Their numerical
predictions match very well with their own experimental results
for particle-laden jets.

However, recent developments in the understanding of both
bounded and turbulent free shear flows have shown that qua-
siorderly large vortex structures play a dominant role in the
development and momentum exchange of these flows. The revo-
lutionary results of Brown and Roshko (1974) and Winant and
Browand (1974) identified the existence of large-scale struc-
tures and their mutual interactions. Winant and Browand fur-
ther indicated that the interactions among the large vortices are
responsible for the growth of the mixing layer and they called
the merging interactions between two vortices “vortex pairing.”
These developments in the understanding of the turbulent shear
flows have important implications concerning the modeling of
particle dispersion in these flows. Recently it was suggested by
Crowe et al. (1985) that particle dispersion in free shear layers
might be strongly dependent on the ratio of the particle intrinsic
aerodynamic response time to the time scale of the large scale
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vortex structures. This ratio is traditionally called the Stokes
number. Based on this physical concept, we expect that particles
with relatively small Stokes numbers will disperse at approxi-
mately the fluid dispersion rate. Particles at intermediate Stokes
numbers may be dispersed more than the fluid and actually be
flung out of the vortex structures. Little dispersion is predicted
for particles with very large Stokes numbers. This concept offers
some explanations for many previous experimental results of
increased turbulent transport with increasing particle size
(Goldschmidt and Eskinazi, 1966; Householder and Gold-
schmidt, 1969; Goldschmidt et al., 1972; Lilly, 1973; Memmott
and Smoot, 1978; Yuu et al., 1978). Numerical results of Gore
et al. (1985), Chein and Chung (1987), and Chung and Troutt
(1987) for particle dispersions in a vortex pair and in a jet have
also supported this physical concept. It is worth noting that
Field (1963) used the same Stokes number concept to explain
the results in particle-laden jets that entrainment is increased
for flows of very small Stokes number and decreased for large
Stokes number.

In this study we investigate the particle dispersion mechanism
in a plane mixing layer dominated by large-scale structures.
Special emphasis is placed on the effect of large-scale structures
on the particle dispersion. The flow field is simulated by a dis-
crete vortex method that has been used successfully in many
numerical simulations of shear flows (Acton, 1980; Leonard,
1980; Inoue, 1985). Laitone (1981) adopted the discrete vortex
method to study the gas-particle flow over a cylinder. The
advantage of applying this method to the study of two-phase
flow is that the instantaneous velocity field is applied to the par-
ticle motion study, instead of the time-averaged flows. A large
number of particles are introduced into the flow field and their
trajectories arc followed. Thus, in this study, both the flow field
and the particle phase are formulated with the Lagrangian
approach.

Mathematical Modeling

Flow field simulation

Flow simulation by discret vortices was first introduced by
Rosenhead (1932). All the discrete vortex methods that fol-
lowed contain the basic principles developed by Rosenhead, but
each carried its own variations when it came to satisfying the
boundary conditions and to conforming to the specific system
geometries. Several discrete vortex simulations have appeared in
the literature for the two-dimensional turbulent mixing layer. In
this study, for flow field simulation we followed basically the
method proposed by Inoue (1985), with some of our own
improvements. Inoue’s method is relatively simple and yet less
arbitrary than other simulations. The details of this analysis are
as follows.

As shown in Figure 1, the entire flow field is composed of two
sections. The first section, corresponding to the flows above and
below the splitter plate, is simulated by a vortex sheet of
strength Aw per unit length. Au is defined as,

Au=uy —u, and u;>u, (1)
where u, is the free stream velocity of the top flow and w, is that
of the bottom flow. In the discrete vortex approximation, this
vortex sheet is simulated by an array of equal-strength discrete
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Figure 1. Flow field and definitions.
vortices, each has the strength of T" as given by,
T = (Au)! Q)

where / is the equal spacing between any adjacent vortices. The
constant convective velocity of these vortices, u,, is given by,

u, = h(u + ) 3)

The time step in the numerical simulation is chosen such that
each vortex moves a distance of / in one time step At, therefore,

l
At = — 4)
ut

It is noted that there is no apparent length scale in a plane
mixing layer; / is determined based on the requirement of
numerical integration stability. In the current simulation, all the
velocities and the lengths are nondimensionlized respectively by
a unit velocity % and a unit length L. From this point on, the
dimensionless quantities are represented by capital letters. 7, the
dimensionless time, is defined as tu/ L.

The second section of the flow field corresponds to down-
stream of the splitter plate, i.e., the mixing layer, which is
formed by the vortices shed from the splitter plate. Thus at the
beginning of each time step at X = 0, one vortex leaves the vor-
tex sheet array of the first section and joins the mixing layer.
Once in the mixing layer, the nth vortex moves with a velocity of
V,, = (U,, V). V,, is the summation of all the velocities at the
center of this nth vortex (X,, Y,) induced by all other vortices in
the system plus its own convection velocity U.. In terms of a
complex potential W(Z), we may define

oW
U”—iV"=5_Z— and Z,=Xn+iY,, (5)

and

Np P
W(Z,) - Z’—z;‘in (Z, - Zw) + U.Z,

k=1

Na T,
+2 Wz, -2y (6
Y
In the above equation, the first term on the righthand side is due
to the contribution from all the vortices in the first section of the
vortex sheet. N, is the total number of vortices that represent the
vortex sheet. In this analysis N, is equal to 600. N, was deter-
mined based on trial and error and it was found that any larger
N, did not change the results significantly. Z,, represents the
location of the ith vortex in the vortex sheet array. The second
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term corresponds to its own convective velocity. The third term
represents the influence from vortices in the second section
where N, is the total number of vortices in the second section of
the flow field. The movement of vortices in the mixing layer is
determined by

dX,
-y,
dr
dy,
n=V 7
dr " ™

If (X%, Y*) is the position of the nth vortex at the kth time step,
then its location at the (k + 1)th time step, (X**!, Y**!) is cal-
culated based on the first-order Euler’s method as follows:

X = Xo + Uy(X5, Y A7
Yt = Yh+ VX5, V) AT (3)

where A7 is the dimensionless time step. The reason for adopting
the first-order Euler’s method is based on the availability of
computing time and the reasonable comparison of the numerical
results with the experimental measurements.

Particle dispersion

Particle transport in the mixing layer is visualized by follow-
ing the movement of each particle in the flow. The trajectory of
each particle in the flow is predicted directly from the equation
of motion. The basic assumptions in the particle motion analysis
are:

1. All the particles are rigid spheres with diameter d, and
density p,

2. The density of the particles is assumed to be large com-
pared to the density of the fluid

3. Particle-particle interactions are neglected

4. A dilute two-phase particle flow is assumed and therefore
the effect of the particles on the flow is neglected

Based on the above assumptions it is generally accepted that
the dominant force on each particle is the drag force from the
ambient fluid. Consequently, forces on the particles such as the
virtual mass force, pressure gradient force, and Basset force are
neglected in this model.

The nondimensional equation of motion for a particle accord-
ing to the length and velocity scales chosen above can be written
as

v, f - -
—L.2 (V- 9
dr St ») ©)

where V,, is the dimensionless instantaneous particle velocity, %
is the dimensionless instantaneous velocity of the fluid, fis the
correction factor for any deviation from the Stokes drag, and St
is the Stokes number, which is defined as the ratio of particle
aerodynamic response time to the flow field time scale:

ppdg
18u
St = —— 10
I/ (10)
w is the fluid dynamic viscosity. The factor fis well represented
for particle Reynolds numbers less than 1,000 by

f=1+0.15Re (1
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where Re, is defined as

v — 7
v _'P]dﬂ

4

Re, = (12)

v is the fluid kinematic viscosity. With the introduction of the
flow field Reynolds number Re; = uL/v, and the nondimension-
alized particle size v, = d,/L, Eq. 12 can be rewritten as

Re,= |V — V,|v4Re, (13)

In Eq. 10 the Stokes number is related to the flow field Reynolds
number, to the density ratio v, = p,/p, where p is the fluid densi-
ty, and to the nondimensional particle size y,, by the following:

St = (Yi8)¥iv,Re; (14)

The density ratio for gas-particle and gas-liquid droplet flows
ranges from 800 to 3,000. For these types of flows, the Stokes
number, St, is usually of the order of unity, however, it could
vary from as little as 107! to as large as 10* depending on the size
and density of the particles. Since the flow simulation is based
on the assumption of a large Reynolds number inviscid flow, the
choice of flow Reynolds number should be consistent with the
flow assumption. In this analysis, the Reynolds number of the
flow field is set at 200,000. It is important to note that the Rey-
nolds number is only involved in the drag calculation for particle
motion that is generally in the low Reynolds number category
where the viscosity is essential; it is not involved in the flow sim-
ulation, because the mixing layer has been shown experimen-
tally to be relatively independent of viscosity and dominated by
large-scale structures. Also, the density ratio v, is set at 1,000 to
represent a two-phase flow of solid-particle and gaseous fluid.

It should be noted that according to Eq. 14, for a given set of
Reynolds number and density ratio each St corresponds to a spe-
cific v,. Therefore, there is a one-to-one correspondence be-
tween the St and the vy, in this calculation if Re; and v, are
fixed.

Resuits and Discussion
Flow field development

The input parameters used in the simulation are given as fol-
lows,

U, U, — U.
@=—==06 A=———2-025
U, U+ U
AU=1.6

In order to ensure numerical convergence, the time step must be
sufficiently small. In this simulation, the time step A7 = 0.1 was
chosen and was found to provide stable numerical integration.
As indicated in Eq. 6, unreasonably large velocities would be
induced at each other’s positions if two vortices were to get very
close to one another. These induced large velocities do not exist
in reality because of the viscous effects. In the inviscid discrete
vortex approach, Chorin (1973) suggested the concept of vortex
blobs with a finite core size to alleviate the singularity problem.
We adopt his model in the current analysis. In the current study,
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each vortex blob is assigned the following stream function:

r=o

_ {(F/21r) Inr, s)

Lr/2xr, r<o

where 7 is the distance from the center of the vortex blob and ¢ is
the cutoff radius. It is noted that the introduction of a cutoff
radius does not affect the induced velocity outside the cutoff
range. We have found that if o is relatively small, the flow calcu-
lation is not sensitive to the choice of ¢. In the current analysis ¢
is equal to 0.6/.

At the beginning of the flow development in the mixing layer,
the flow field evolution is similar to the roll-up of a vortex sheet.
As a result, a leading large swirl of concentrated vortices is
formed. This leading large vortex structure is moving down-
stream at a relatively constant velocity approximately equal to
u,. The influence of the leading roll-up structure on the develop-
ment of the mixing layer between X = 0 and X = 200 is negligi-
ble when > 120. After that the mixing layer of interest (0 < X
< 200) is considered fully developed and quasisteady because
stable mean velocity profile and velocity similarity have been
established.

In Figure 2, the development of a mixing layer in time is
shown at a constant interval of time. The dashed lines indicate
the locations of a vortex structure at two different times. When
two dashed lines converge, it means that the two corresponding
structures are merging into a single but larger vortex structure.
This is the so-called pairing process as described by Winant and
Browand (1974). Figure 2 is also similar to the x-¢ diagram in
the study of Roshko (1976). It is plausible to assume that there
are three distinct regions in the fully developed mixing layer.
Immediately following the starting point of the mixing layer
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Figure 2. Developments of flow field at various stages.
——— Movements of large-scale structures
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(X = 0) and up to about X = 60, it is the region of the onset of
nonlinear instabilities and transition to turbulence. Between X =
60 and X = 90, clusters of vortices are formed due to the roll-up
of vortices and breakup of the roll-up vortex structures from the
unstable vortex sheet. For the next region, clusters are interact-
ing with neighboring structures. First they rotate around each
other and then gradually they merge to form a single larger vor-
tex structure and lose their individual identities. We may call
this region the pairing region. After the primary pairing, further
pairing between these large vortex structures formed from the
primary pairing will occur; such merging will create even larger,
secondary vortex structures. This process may continue, but in
actual flows a three-dimensional stretching effect will set in and
the ordered large-scale structure will cease to exist. The current
study is centered on the relatively young mixing layer region
(X = 0 to X = 200), which is basically dominated by the two-
dimensional large-scale vortex structures.

In addition to the successful simulations of the global features
observed in the experiments, the numerical model has been fur-
ther evaluated through the comparison of the predicted results
with the experimental measurements for the time-averaged
local flow quantities. For three downstream locations the mean
streamwise velocity profile, the turbulent intensities in both x
and y directions, and the Reynolds stress were calculated and
compared by Chein (1986) with the experimental results of
Oster and Wygnanski (1982). The momentum thickness as a
function of downstream location was also calculated and com-
pared with that measured by Oster and Wygnanski. Reasonably
good agreements are shown in those comparisons. Self-preserva-
tions of all quantities are also confirmed by overlapping the
profiles from three downstream locations. In view of both the
qualitative and quantitative comparisons, we feel that the flow
solutions are reasonably accurate and adequate for the particle
dispersion study.

Particle dispersion

In this study we will focus on the particle dispersion in the
fully developed flow field; therefore, particles are introduced
into the flow field after r = 120. For convenience, we redefine a
new time scale, 7' = 7 — 120, in which T = 0 corresponds to 7 =
120. The particle initial velocities are assumed to be equal to the
local fluid velocities. The assumption that the particle is in
dynamic equilibrium with the flow is based on the experimental
measurements of Yuu et al. (1978).

Before we address the statistical quantities of particle disper-
sion in a mixing layer, a discussion of the entrainment of par-
ticles due to turbulent flow is helpful. Perhaps the best way to
achieve this purpose is to study the particle streaklines at any
instant and the particle trajectories throughout the flow field of
interest. The typical streakline plots for various Stokes numbers
at T = 70 are shown in Figure 3. In order to examine the differ-
ences in particle streaklines as a function of particle starting
positions, particles are released separately from the high-speed
side, the low-speed side, and near the origin of the splitter plate.
Specifically in the numerical simulation, the particles are
released from five vertical locations, (X, Y) = (0, —4), (0, —2),
(0,0), (0, 2), and (0, 4). For the convenience of examination, the
streaklines are plotted separately according to the locations at
which particles were released. In this analysis, particles with a
Stokes number of 0.1 are regarded as equivalent to the fluid par-
ticles. This is substantiated by the particle distribution pattern
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Figure 3a. Particle streakline plots, St = 0.1.

shown in Figure 3a. It can be seen that the particle distribution
patterns for St = 0.1 closely resemble those of large-scale vortex
structures shown in Figure 2. The particles released in the high-
speed side usually get entrained into the mixing layer by a large-
scale vortex structure from its downstream side (right of the vor-
tex cluster) while the particles coming from the low-speed side
join the vortex structure from the upstream side. This mixing
mechanism is due to the clockwise rotation pattern of the large-
scale vortices in the current arrangement (high-speed flow is on
top of the low-speed flow). For large Stokes numbers (>50 in
our analysis), particles are hardly entrained by the large-scale
structures in the mixing layer and they all follow almost linear
trajectories with small zig-zag fluctuations.

In general, the particle dispersion patterns for the particles
released in the high-speed side are quite different from those
released in the low-speed side for a given Stokes number. The
differences are attributed to the intrinsic local effective Stokes
numbers. Because of the higher local fluid velocity, the intrinsic
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Figure 3b. Particle streakline plots, St = 1.0.
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Stokes numbers of the upper stream particles are larger than
those for the lower stream particles even though a unique nomi-
nal Stokes number is defined for the entire mixing layer. The
following discussion is more directed at the lower stream par-
ticles because of their relatively larger dispersion rates in the
mixing layer. As we increased the Stokes number to 1, the dis-
persion picture in Figure 3b is quite different from that of St =
0.1 in Figure 3a. As shown in Figure 3b, some of the particles
get flung out of the large-scale vortex structures. In general,
particles move away from the cores of large vortex structures
and almost particle-free core regions result. As we move to St =
10 the pattern remains similar to that of St = 1 but particles get
flung further out from the centers of these large-scale struc-
tures. For even higher St, particle dispersion patterns start to
switch to a different form which shows less particle dispersion
and less influence of particles by the flow. At St = 500 even the
lower stream particles also follow an almost straight path. The
higher dispersion patterns seem to be more persistent for par-
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Figure 3d. Particle streakline plots, St = 50.
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Figure 3e. Particle streakline plots, St = 100.

ticles released near the splitter plate. This is mainly due to the
fact that these particles have more time to interact with the mix-
ing layer before being flung out. In summary, the dispersion will
increase with increasing Stokes number up to a range of inter-
mediate Stokes numbers. After that, the dispersion will decrease
sharply as Stokes number is increased further.

Some typical particle trajectories through the flow field are
shown in Figure 4 for various particle Stokes numbers. Equal
numbers of particles are released from the high-speed side and
the low-speed side. Their trajectories are then traced until they
leave the computation domain, i.e., X = 200. It is as expected
that the trajectories for particles of small Stokes numbers are
more complicated than those of large Stokes numbers. For those
with large Stokes numbers, particle trajectories are almost
linear. Due to the rapid mixing in the low-speed region, it is also
seen that the trajectories of particles issued from the low-speed
side change more rapidly than those issued from the
high-speed side.
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Figure 3f. Particle streakline plots, St = 500.
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0 50 100 120 we

Figure 4. Typical particle trajectories throughout the
flow field of interest.

From the above discussion, we realized that the mixing of par-
ticles in a shear layer also depends on the locations from which
they are introduced into the flow field. In the calculations of the
statistical quantities for particle dispersion, we need to establish
a uniform line source that is perpendicular to the splitter plate
near X = 0. In this way, the particles released from the high-
speed side, from the low-speed side, and near the origin of split-
ter plate can all be taken into consideration.

The line source of particles, which is perpendicular to the
splitter plate, is represented by five discrete point sources. Start-
ing from T = 0 (7 = 120), one particle is released from each
point source at every time step continuously, until T = 60.
Therefore, after T = 60 the total number of particles in the flow
field is 3,000. The statistical quantities, such as the particle
time-averaged velocities, particle distribution, and dispersion,
are obtained from the individual status of these 3,000 particles.

First we present the comparison of the time-averaged particle
velocity with the time-averaged fluid velocity. The results are
shown in Figure S for St = 1 and St = 10. At these Stokes num-
bers, particles start to get flung out of the vortex structures. If
the particles get flung out from the top half of the vortex (high-
speed side), they generally wind up being ahead and moving fas-
ter than the vortex. If they get flung out from the bottom half
(low-speed side), they generally get thrown in the opposite direc-
tion relative to the vortex motion. This explains that particles
move faster than the fluid in the high-speed side and slower in
the low-speed side. Experimentally, the same results were also
obtained by Yuu et al. (1978) in the measurements of gas-par-
ticle two-phase jets.
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Figure 5. Time-averaged velocities of particles and fluid.

In most applications, the particle dispersion in the direction
lateral to the flow stream is of interest. As an attempt to quan-
tify the results concerning the particle lateral dispersion, the lat-
eral dispersion function at time T is defined following Batchelor
(1956),

1 N(T)
2 R g _ 2
DX(T) = N Z [YAT) — Y, (T)] (19)
and
1 N(T)
Y(T) = N Z YT) (20)

where N(T) is the total number of particles in the flow field at
time 7. Y,(T) is the lateral position of the ith particle at time T.
Y,.(T) is the mean value of particle lateral positions at time 7.

To compare the dispersion of particles with that of the fluid in
a mixing layer, tagged fluid particles are introduced to the mix-
ing layer in a format identical to those of actual particles as
described above. The dispersion function of such fluid particles
is similarly defined by Eq. 19 and denoted as D},(T). We define
the ratio v, (7)) as:

DY(T)
D(T)

vo(T) = 21

vo(T) represents the particle dispersion as compared to the fluid
dispersion at a specific time 7. v,(T) may be thought as similar
to the reciprocal Schmidt number, 1/S,, defined as

S.== (22)
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where ¢, and ¢, are eddy diffusivities of momentum and mass
diffusion, respectively. The time-dependent particle dispersion
functions for various Stokes numbers are plotted in Figures 6a to
6c. In general, more variations in dispersion function are noted
for particles of smaller Stokes numbers as shown in Figure 6a,
because their dispersions are closely influenced by the large-
scale structures, which undergo continuous change. Initially,
fluid particles (St = 0.1) disperse faster, but as particles of
larger Stokes number gradually adjust to the fluid stream, they
first catch up with the fluid particles in dispersion rate and then
exceed the fluid particles as they start to get flung out of the
vortex structures. This is further verified by the higher disper-
sion rate of particles with St = 1 than those with St = 0.5 after
T > 40. On the larger Stokes number side the dispersion func-
tions all vary smoothly with T2 as indicated in Figure 6c for
Stokes numbers of 50 or larger. This result for large Stokes
number particles is similar to that predicted by Hinze (1975) for
particle dispersion in homogeneous turbulent flows. For par-
ticles with large Stokes number, the scale of the vortex structure
in a mixing layer becomes relatively small as the residence time
of these high-inertia particles in the vortex structures is short.
The large-scale structures resemble homogeneous turbulence
for large Stokes number particles. The particle dispersion func-
tions for particles with Stokes numbers ranging between the two
extreme groups are shown in Figure 6b. It is clear that the dis-
persion of this group represents the transition from low to high
Stokes numbers.
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Figure 6. Particle dispersion function as a function
of time.
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Other interesting information is presented in Figure 7 for the
maximum value of v, between T = 0 and 60 as a function of the
Stokes number. Again it is confirmed that there is a range of
Stokes numbers where the dispersion of particles is larger than
the fluid. In this study, since only the large-scale structures and
their interaction are modeled, we would caution that the disper-
sion results presented in this study are of the first order; second-
order corrections, such as those due to small-scale modulation
and forces other than the drag forces were not included.

Conclusions

Numerical simulations of the particle dispersion in a plane
mixing layer are presented. The two-dimensional free shear flow
is modeled through a discrete vortex method. Qualitatively the
discrete vortex simulations compare favorably with available
experimental results regarding global flow patterns, vortex
interactions, and the pairing process. The predicted mean veloci-
ties, velocity similarity, and momentum thickness are compara-
ble with measured values.

For particle dispersion simulations, it was found that in gen-
eral the mixing layer is capable of dispersing the particles
beyond the boundary of the fluid dispersion for those particles
with Stokes numbers of the order of unity. For small Stokes
numbers, the particle dispersion resembles that of the fluid par-
ticles while for large Stokes numbers the dispersion decreases
with increasing Stokes number. For particles introduced to the
flow from the low-speed side and near the tip of the splitter
plate, the dispersion and mixing are more extensive and persis-
tent than those of particles entering the flow from the high-
speed side. This is due to the differences in local intrinsic Stokes
numbers. Qualitatively, the time-dependent particle dispersion
function also confirms the dispersion trend that, for interme-
diate Stokes numbers, the particle dispersion rate is larger than
that of the fluid. For very large Stokes number the dispersion
function is proportional to 7%, which was previously reported for
particle dispersion in homogeneous turbulent flows. The results
of this simulation indicate that there seems to exist a specific
range of intermediate Stokes number at which optimal disper-
sion of particles in a turbulent mixing layer may be achieved.
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Notation

d, = particle diameter
D2(T) = particle dispersion function
Df{y(T) = fluid particle dispersion function
f = correction factor for non-Stokes drag
L = unit length
I = spacing of vortex array
N(T) = total number of particles in flow field at time T
N, = total number of vortices in vortex array
N, = total number of vortices in mixing layer
Re; - flow Reynolds number
Re, = particle Reynoids number
r/D = dimensionless round jet radius
S. = Schmidt number
St = particle Stokes number
¢t = dimensional time
T = new dimensionless time = 7 — 120
u, = free stream velocity of high-speed side of mixing layer
u, = free stream velocity of low-speed side of mixing layer
u = unit velocity
U, = dimensionless free stream velocity of high-speed side of mix-
ing layer
U, = dimensionless free stream velocity of low-speed side of mixing
layer
u, = average velocity of mixing layer = YA(u; + ;)
(U, V) = dimensionless flow velocity vector
o = dimensional flow velocity vector
T, = dimensional particle velocity vector
W(Z) = compiex potential, Eq. 6
(X, Y) = dimensionless coordinates vector
Y, = mean particle displacement in y direction
Z = complex coordinate = X + (¥

Greek letters

a = free stream velocity ratio = U, /U,
Au = velocity difference = u;, — u,
AU = dimensionless velocity difference = Uy - U,
At = dimensional time step size
A7 = dimensionless time step size
€ = eddy diffusivity of momentum
¢, = eddy diffusivity of mass
T" = vortex strength per unit length of vortex sheet
v4 = dimensionless particle size
7, = density ratio = g,/p
vp = ratio of particle dispersion function to fluid dispersion func-
tion
A = system parameters = (U, — U;)/(U, + U,)
@ = fluid dynamic viscosity
v = fluid kinematic viscosity
p = fluid density
pp = particle density
¢ = cutoff radius of a vortex core
¥ = stream function
7 = dimensioniess time
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