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The effect of nonuniform seeding on the dispersion of fluid elements and heavy particles has been
investigated in two-dimensional, incompressible mixing layers. The cross-stream dispersion of fluid
elements can be enhanced using nonuniform seeding with most particles near the saddle point
because of the greater lateral extent of streamlines in this region, though the increase in dispersion
compared to a uniform seeding occurs only after a few vortex turnover times. Compared to fluid
elements, additional mechanisms—ejection from vortex cores, separatrix crossing, and the effect of
the initial particle velocity—must be considered in the analysis of nonuniform seeding on heavy
particle dispersion. The influences of these additional mechanisms are first investigated in a Stuart
vortex. With increasing response time, vortex ejection and separatrix crossing shift the streamwise
position maximizing lateral transport towards the vortex core. While changes in the initial particle
velocity increase/decrease displacement, lateral dispersion may still be enhanced by appropriate
nonuniform seeding of particles near the saddle point. Numerical simulations of the incompressible
Navier–Stokes equations are then used to study cross-stream dispersion in a temporally evolving
two-dimensional mixing layer. Stokes numbersSt in the calculations were 0.05, 1, 10, and 100
whereSt is defined as the ratio of the particle response time to the time scale formed using the
vorticity thickness of the initial mean flow. Particles were initially distributed nonuniformly at the
interface between the two streams or along a line parallel to the interface. Simulation results show
that the seeding location maximizing lateral dispersion is both time and Stokes number dependent,
with larger increases in dispersion for the interface seeding. For Stokes numbers of order unity
cross-stream dispersion exhibits a weak dependence on initial position since particles are efficiently
ejected from the vortex core with subsequent motion confined to the nearby region outside the
separatrix in one of the freestreams. Simulation results also show that substantial increases in
particle dispersion can be obtained using nonuniform seedings relative to that obtained from an
initially uniform distribution. © 1998 American Institute of Physics.@S1070-6631~98!01407-X#
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I. INTRODUCTION

Gas-phase turbulent free shear flows laden with sm
solid particles or liquid droplets are encountered in a w
variety of processes. Industrially relevant examples inclu
the dispersion of liquid fuel droplets in combustors, coal p
ticles in power plants, and aerosols in ventilation systems
these and other applications it is the mixing of particles w
the gas phase that often dictates the efficiency and stab
of particular processes, e.g., droplet vaporization and mix
or contaminant removal. Thus, the ability to predict, a
control, dispersion in free shear flows is important.

Of particular interest in this work is particle dispersio
in a mixing layer. As is now well known, experimental an
numerical results have demonstrated the existence of l
scale coherent vortical structures in free shear flows. Th
structures, which originate from the roll up of the vorticity
the most unstable wavelength and pairing due to pertu
1701070-6631/98/10(7)/1700/15/$15.00
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tions at subharmonic wavelengths, strongly influence b
flow field dynamics as well as mixing processes~e.g., see
Brown and Roshko,1 Winant and Browand,2 Ho and Huerre,3

and Lazaro and Lasheras4,5!. Particle dispersion in mixing
layers and the effect of large scale structures have also b
the subject of numerous studies~see Croweet al.,6 Chein
and Chung,7 Samimy and Lele,8 Lazaro and Lasheras,4,5

Hishidaet al.,9 Wenet al.,10 Martin and Meiburg,11 and Raju
and Meiburg12!. Both experimental and numerical studies i
dicate that the effect of the large scale structures on par
dispersion can be well characterized in terms of the part
Stokes number,St, which is defined as the ratio of the pa
ticle aerodynamic response time to the time scale of the la
scale fluid motion~Crowe et al.13–15!. Particles with small
Stokes numbers follow the flow and have approximately
same dispersion as the fluid. Particles with large Stokes n
bers are relatively unaffected by the flow since their respo
0 © 1998 American Institute of Physics
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time is substantially larger than the time scale of the la
scale structures. Consequently, the dispersion of parti
with large Stokes numbers is smaller than that of fluid e
ments. For intermediate Stokes numbers, e.g., of order
particle dispersion can be substantially larger compared
fluid elements. The increased dispersion results from the
that these particles can be flung from the core region of v
tices ~e.g., see Croweet al.13–15!.

Common to nearly all previous studies, both experim
tal and numerical, is that particle distributions were initia
uniform. Wang16 found that the stretching rate at the inte
face of a two-dimensional mixing layer varies relative to t
vortex structure and proposed that a nonuniform initial d
tribution at the interface can alter the dispersion of fluid
ements at later times. Wang16 demonstrated that transvers
dispersion of fluid elements, i.e., along the direction of
mean-velocity gradient, could be substantially increased
decreased by changing the initial seeding along the interf
A related work is that of Martin and Meiburg11 where finite-
inertia particles were initially seeded uniformly througho
one side of the mixing layer. Martin and Meiburg11 found
that particles crossing the interface ‘‘originate in fairly thick
and slightly curved bands that emanate from the fr
stagnation point,’’ implying a phase-coupled injection ca
enhance dispersion.

For fluid elements, nonuniform seedings with the larg
fraction of particles near the saddle point significantly e
hances cross-stream dispersion since the lateral exten
streamlines in this region are larger than at other location
the layer~see Sec. II A!. The rapid straining near the sadd
also enhances mixing as discussed in Wang.16 This larger
straining and displacement of streamlines will affect t
transport and mixing of finite-inertia particles~Martin and
Meiburg11! and is expected to dominate for small inertia p
ticles which follow similar paths as the fluid. However,
will be shown in this paper, the relative significance of th
effect on dispersion control by nonuniform seeding is
duced as the particle response time is increased. There a
least three new mechanisms that arise for finite-inertia p
ticles and must be considered. First, particle inertia result
the ejection of particles from the vortex core due to the la
centrifugal force, which introduces a competing effect a
favors a large seeding near the core of the vortex where
ejection rate is the largest. For small Stokes numb
asymptotic analyses show that the effect of inertial bias
particle motion increases withSt ~Maxey17!, implying that
the fraction of particles seeded near the vortex center sh
increase with Stokes number in order to enhance dispers

Second, the ejection from vortex cores due to parti
inertia induces a radial particle velocity, which will lead pa
ticles to cross over the separatrices, i.e., the streamlines p
ing through the saddle points. The separatrices divide
vortex core region from the free stream and play a signific
role in the mixing process of fluid elements~Wang and
Maxey18!. In a steady flow, e.g., a Stuart vortex, fluid el
ments initially seeded at the interface will remain inside
vortex core bounded by the separatrices, while finite-ine
particles will cross over the separatrices and are left in
freestream at later times~see Sec. II B!. This results in a very
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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different dispersion pattern and a larger lateral transp
compared to fluid elements. For two-dimensional tempora
evolving mixing layers, even fluid elements initially at th
interface can cross over the separatrices, leading to r
mixing ~Wang and Maxey18!. It is expected that particle in
ertia will enhance the process of separatrix crossing in
ways. The first is that inertia will cause particles to cross
separatrices in a shorter time relative to fluid elements.
addition, while a significant fraction of fluid elements ma
be re-entrained into the vortex core in an unsteady mix
layer, finite-inertia particles are more likely to stay in th
freestream once they have crossed through the separat
It should be noted that this enhanced separatrix crossin
closely related to the ejection mechanism. As a result, p
ticles with Stokes numbers of order unity will be most ef
ciently removed from the vortex core and ejected into
freestream, leading to a weaker dependence of long-time
eral dispersion on the initial location. Therefore, the infl
ence of separatrix crossings should reduce the effective
of nonuniform seeding on dispersion control. The fact th
the underlying flow fields~streamline pattern and vorticity
magnitude! inside and outside the vortex cores are sign
cantly different makes the separatrix crossing an import
event in the particle transport process. For this reason,
timing and persistence of separatrix crossings are worth c
sidering on their own.

Finally, another complication relevant to consideratio
of nonuniform seeding for finite-inertia particles and not r
evant to fluid elements, is that of initial conditions, i.e., t
initial particle velocity. For increasing Stokes number t
influence of the initial particle velocity becomes increasing
strong. In both the Stuart vortex and the unsteady mix
layer, the initial vertical fluid velocity along the interfac
varies with position, with a maximum occurring near th
midpoint between the saddle and the vortex center. T
maximum value in the mixing layer, of course, depends
the perturbation magnitude of the instability modes. The
gree to which the initial particle velocity will affect disper
sion depends on particle inertia and time. For finite-iner
particles, initial conditions can alter the effectiveness of d
persion control by nonuniform seeding.

The additional effects outlined above affecting the tra
port of finite-inertia particles, i.e., centrifuging from vorte
cores, separatrix crossings, and initial conditions, are th
selves connected to the underlying structure of the layer
a systematic examination of their effect on dispersion
hancement by nonuniform seeding has not been underta
While it would be advantageous to develop a theoretica
based description of the effect of nonuniform seeding on
dispersion of finite-inertia particles, the coupled influenc
render the problem complex enough that analysis of a s
plified flow is warranted.

Therefore, the primary objective of this work is to e
amine the effect of nonuniform seeding on particle transp
in mixing layers. A complicating feature is their tempor
and spatial development. The influences relevant to fin
inertia particles—lateral extent of streamlines, ejection fro
vortex cores, separatrix crossing, and initial conditions—c
be more clearly studied through the examination of parti
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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1702 Phys. Fluids, Vol. 10, No. 7, July 1998 Wang, Squires, and Wang
motion in a simplified steady flow; in particular, a Stua
vortex. As shown in Sec. II, nonuniform seeding in a Stu
vortex enhances lateral transport and all the effects outli
above can be clearly observed. Numerical simulations o
two-dimensional mixing layer are then used to further c
roborate the effectiveness of nonuniform seeding on part
dispersion for a range of Stokes numbers and to quan
increases in lateral transport. Unlike the previous results
Wang16 and Martin and Meiburg,11 which imply that a large
seeding near the saddle point can enhance particle dis
sion, it is shown in this work that the optimal seeding loc
tion depends on Stokes number and time, among other
tors. The general conclusion is that for fluid elements
optimal seeding location is near the saddle point, for p
ticles with St51 nonuniform seeding has little effect on th
long-time dispersion, for particles with largerSt, the optimal
location shifts towards the vortex center.

Finally, it should be remarked that in spatially develo
ing mixing layers the method of nonuniformly seeding p
ticles corresponds to a nonuniform injection in time@e.g.,
through an adjustment of the injection rate from the nozzle~s!
used to seed particles#. Since nonuniform injection in appli
cations can be performed~simultaneously! at various loca-
tions across the layer, it is also of interest to examine disp
sion of particles seeded nonuniformly along a line away fr
the interface. Contained in Sec. II is an analysis of part
motion in a Stuart vortex, both for fluid elements~Sec. II A!
and finite-inertia particles~Sec. II B!. Following in Sec. III is
a summary of the simulations of the temporally evolvi
mixing layer and processing of particle statistics. Calcu
tions of particle dispersion using interface~Sec. IV A! and
off-interface ~Sec. IV B! seedings in a temporally evolvin
two-dimensional mixing layer then follow in Sec. IV. Th
main conclusions of the work are summarized in Sec. V.

II. PARTICLE TRANSPORT IN A STUART VORTEX

A. Fluid elements

In this section the transverse dispersion of partic
seeded along the interface of a Stuart vortex is conside
The Stuart vortex is a steady flow which is an exact solut
of the Euler equations. The stream function is

c~x,y!5
lDU

4p
lnH coshF2py

l G2rcosF2p~x20.5l!

l G J ,

~1!

whereDU is the velocity difference across the layer andl
the wavelength. Note that this form of the Stuart vortex h
saddle points at (x, y)5(nl, 0! and vortex center at ((0.5
1n)l, 0!, wheren50,61,62, . . . . Theparameterr con-
trols the shape of the vortex:r51 corresponding to a peri
odic row of point vortices whiler50 to a parallel shea
flow. The large scale vortical structures in a typical mixi
layer are similar to the Stuart vortex withr50.25 ~Stuart,19

Ho and Huerre,3 and Meiburg and Newton20! and this value
is used for the calculations presented in this section.
streamlines~1! are shown in Fig. 1~a!, which indicates that
the streamline passing through the saddle point~0, 0! has the
largest semiheightH ~defined as they value of the intersec-
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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tion between the streamline and the linex50.5l) compared
to other points along the interface. The semiheight of
streamline passing through the point (x, 0! can be derived as

H~x!5
1

2p
cosh21H 11r2r cosF2p~x20.5l!

l G J , ~2!

which is shown in Fig. 1~b!. The figure shows that the sem
height is maximum for the saddle points, zero for the vor
center, and takes on values 0,H/l,0.153 for the other
points along the interface. Therefore, of the fluid eleme

FIG. 1. Streamlines and semiheightH of the streamline passing through th
point (x,0) as well as the time needed for fluid elements to reach semihe
in the Stuart vortex.~a! Streamlines;~b! semiheight of the streamline pass
ing through (x,0); ~c! the time required for fluid elements travel from (x,0)
to (0.5,H).
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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initially along the interface, those near the saddle point w
have the largest lateral dispersion. Consequently, a non
form seeding with a larger fraction near the saddle will ha
larger transverse dispersion than can be achieved usi
uniform seeding, as shown previously in the calculations
Wang.16

While Fig. 1~b! shows fluid particles initially seede
near the saddle points will have large lateral transport,
important consideration is the timetH required for fluid ele-
ments to reach the semiheightH. Although the semiheigh
for the saddle point is the largest~cf. Fig. 1~b!!, an infinite
time tH→` is required for particles to reach (0.5l, H) since
the velocity vanishes there. Figure 1~c! showstH as a func-
tion of streamwise location along the interface. It is clear t
tH decreases dramatically for fluid elements further from
saddle point~i.e., closer to the vortex center!. The important
point illustrated by Fig. 1~c! is that the nonuniform seedin
yielding the largest dispersion is time-dependent, e.g., fl
particles initially between the saddles and vortex center
have the largest lateral transport early in the evolution of
trajectories. Only at long times will a seeding with the larg
fraction of fluid elements near~but not at! the saddle point
yield the largest cross-stream dispersion.

B. Finite-inertia particles

Finite-inertia particles do not follow the same traject
ries as fluid elements and therefore cross-stream dispe
might not be maximized using seedings with a larger fract
of particles near the saddle. To examine the additional eff
described in the Introduction, particle trajectories are cal
lated for a range of Stokes numbers in which particle mot
is described using a simplified form of the equation of m
tion derived by Maxey and Riley,21

dv i

dt
52

v i2ui

tp
, ~3!

wherev i is the velocity of the particle andui is the velocity
of the fluid at the particle position. Equation~3! describes the
motion of particles with densities substantially larger th
that of the surrounding fluid and diameters small compa
to the smallest scales of the flow. A linear~Stokes! drag law
has been used which is applicable for small particle R
nolds numbers. The response time in~3! is tp

5(2rpa2)/(9r fn) whererp andr f are the densities of the
particle and fluid, respectively,a is the particle radius, andn
is the fluid kinematic viscosity. Assuming that the termin
velocity of the particle is much less than the velocity scale
a mixing layer, we neglect the body force term in~3!. It
should also be noted that~3! neglects the influence of virtua
mass, buoyancy, and the Basset history force on particle
tion. For particles with material densities large compared
the fluid these forces are negligible compared to the dra

Shown in Fig. 2 are trajectories of fluid elements a
finite-inertia particles. For the finite-inertia particles, the in
tial velocity was set equal to the fluid velocity at the partic
position. Trajectories for a range of initial positions along t
interface and for a time interval corresponding to about o
‘‘vortex turnover time’’ (t/(l/DU)50.9), are shown. The
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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circulatory nature of the fluid particle trajectories in Fig. 2~a!
is evident, with the lateral transport of particles seeded n
the core remaining small. The separatrix has also been dr
and shows, as expected, that for initial seedings along
interface, there is no separatrix crossing by fluid elements
Fig. 2~b!, however, the inability of finite-inertia particles t
follow similar trajectories as the fluid is also clear. Cons
quently, finite-inertia particles are ejected from the core
gion of the vortex and cross the separatrix relatively rapid
Due to a rapid ejection into the freestream, nonuniform se
ing will be a less effective means of controlling dispersio
In addition, while the cross-stream dispersion of fluid p
ticles will be enhanced due to the larger lateral extent
streamlines emanating from the saddle point, a compar
of Fig. 2~a! and 2~b! indicates that the effect of particle ejec
tion and separatrix crossing changes the optimal seeding
cation of finite-inertia particles compared to that for flu
elements.

FIG. 2. Particle trajectories in the Stuart vortex, separatrix shown as a s
line. The time stepdt/(l/DU)50.0001 and the total integration tim
t/(l/DU)50.9. ~a! Fluid elements;~b! tp /(l/DU)51. - - -, x0 /l50.01;
— - —, x0 /l50.05; •••, x0 /l50.15; s, x0 /l50.25; * , x0 /l50.33; 3,
x0 /l50.40; 1, x0 /l50.48.
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Shown in Fig. 3 are trajectories for the same initial co
ditions as considered in Fig. 2~b! as well as trajectories in
which the initial particle velocity is zero. The short-time ev
lution in Fig. 3~a! again shows the separatrix crossings o
curring as particles are ejected from the core region. For
initial particle velocities considered, i.e., zero or the value
the fluid velocity, there is a relatively minor effect on tran
port for particles seeded near the saddle (x0 /l50.01) be-
cause the fluid velocity is small in this region. As the flu
velocity increases away from the saddle, the effect of
initial particle velocity is more significant and there a
larger differences evident in displacement in Fig. 2~a!, with
particles having initial velocity identical to the fluid seed
near or at the mid-pointx0 /l50.25 crossing the separatri
earlier. The complex effect of the initial conditions is appa
ent for the trajectories fromx0 /l50.48 where for an initial
velocity of zero the particle crosses the lower separat
while for an initial velocity equal to that of the fluid th
particle is ejected from the core over the upper separatri

Following the evolution in Fig. 3~a!, the effect of the
initial velocity on transport at longer times in Fig. 3~b!

FIG. 3. Particle trajectories in the Stuart vortex; the separatrix shown
solid line in ~a!. The time stepdt/(l/DU)50.0001. ~a! 0<t/(l/DU)
<2.25; ~b! 0<t/(l/DU)<4.5. Initial particle velocity equal to fluid veloc
ity at the particle position: , x0 /l50.01; ---, x0 /l50.15; — - —,
x0 /l50.25; ¯, x0 /l50.48; initial particle velocity equal to zero:s,
x0 /l50.01; * , x0 /l50.15; 3, x0 /l50.25; 1, x0 /l50.48.
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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shows, in general, a larger lateral transport for particles w
initial velocity equal to the fluid velocity. In particular, fo
initial seedings near or atx0 /l50.25, where the cross
stream fluid velocity is largest, the lateral transport differs
more than a factor of two for particles with initial velocitie
equal to the fluid compared to initial velocities equal to ze
The effect of initial conditions will become stronger for in
creasing particle inertia and this will in turn lead to larg
differences in displacement for different initial condition
While changes in the initial particle velocity will increase
decrease lateral transport, it is interesting to note that, un
the dispersion of fluid elements which is maximized for in
tial seedings near the saddle, the cross-stream dispersio
finite-inertia particles is larger at points away from the sad
for both initial conditions.

It is also important to note that, while ejection, separat
crossing, and initial conditions alter the dispersion of fini
inertia particles compared to fluid elements, Figs. 2 an
show lateral transport of finite-inertia particles remains s
sitive to initial position and that nonuniform seeding m
still be used to maximize cross-stream dispersion. To furt
illustrate this point, trajectories were calculated for a range
particle response times. A representative plot showing
maximum cross-stream dispersion as a function of ini
streamwise location is shown in Fig. 4. The initial conditio
was that the particle velocity was equal to the fluid veloci
Note that Fig. 3~b! shows that after particles are ejected in
the far-field freestream, the cross-stream dispersion beco
nearly independent of time. Thus, the ‘‘maximum’’ dispe
sion in Fig. 4 corresponds to the asymptotic limit in whic
there is virtually no change in lateral dispersion~integration
times greater than 100l/DU). For fluid elements, consisten
with Fig. 1~b!, the dispersion is largest for initial position
near the saddlex50. The peak then moves towards the co
for finite-inertia particles. The shift away from the sadd
again illustrates the contribution of the additional effects r
evant to finite-inertia particles~cf. Figs. 2–3!. The increased
semiheight of the streamline, which favors a greater seed
of particles near the saddle, is less effective for finite-ine

a

FIG. 4. Maximum cross-stream dispersion as a function of the ini
streamwise location in the Stuart vortex. , fluid elements; ---,
tp /l/DU510.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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particles due to vortex ejection by centrifugal forces, sepa
trix crossing, and initial conditions. Thus, while the tran
verse dispersion of fluid elements can be maximized~at long
times! with the greatest fraction of particles seeded near
saddle, for particles with finite inertia the optimal seedi
location is shifted to regions between the saddle and vo
center.

The above discussions using a steady Stuart vortex il
trate the various physical mechanisms affecting dispers
control of finite-inertia particles. Our main interest is
study how these mechanisms contribute to the effectiven
of dispersion control in an unsteady mixing layer. Describ
in the next section is an overview of the simulations; resu
from the calculations are then presented in Sec. IV.

III. SIMULATION OVERVIEW

A. Calculation of a temporally evolving mixing layer

The evolution of a two-dimensional mixing layer wa
calculated through numerical simulation of the incompre
ible Navier–Stokes equations using the fractional s
method~e.g., see Kim and Moin,22 Perot,23 and Wuet al.24!.
Spatial derivatives are evaluated using second-order acc
central differences. The discretized system is time advan
using second-order Adams-Bashforth for the convec
terms and the Crank-Nicholson method for the visco
terms. The Poisson equation for pressure was solved u
Fourier series expansions in the streamwise direction
gether with tridiagonal matrix inversion~see Williams25 and
Kim and Moin22!.

The initial mean velocity in the streamwise (x) direction
was a hyperbolic-tangent profile,

u0~y!5 1
2 tanhy. ~4!

The profile~4! was perturbed using eigenfunctions obtain
from linear stability analysis, i.e.,

u1~x,y!5u0~y!1AR$ûF~y!eiaFx%, ~5!

u2~x,y!5AR$v̂F~y!eiaFx%, ~6!

whereûF andv̂F are the eigenfunction of the streamwise a
cross-stream velocities of the fundamental mode. The m
amplified two-dimensional wave for the incompressible flo
with the mean profile~4! has a wavenumberaF50.4446
~Michalke26!, which corresponds to a wavelength,

l5
2p

aF
514.132. ~7!

Note thatûF andv̂F in ~5! and~6! are complex functions and
R$û% denotes the real part. The disturbance magnitude
chosen asA50.04 for which the perturbation field is still in
its stage of linear instability. Following Michalke,26 eigen-
functions were normalized such that the real part of
eigenfunction at the interface (y50) was unity.

The computational domain in the streamwise direct
was chosen asLx5l while in the cross-stream directionLy

55l. The reference Reynolds numberRe5DUdv0 /n was
1000 wheredv is the vorticity thickness,
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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~]ū1 /]y!y50

, ~8!

and ū1 is the mean streamwise velocity,dv0 is the value at
t50. The governing equations were resolved using 2
3257 grid points with a uniform grid in the streamwise d
rection and a hyperbolic-tangent stretched grid in the cro
stream direction. Simulations conducted at a coarser res
tion (1283129 grid points! were nearly identical to the fine
grid results. For the temporally-evolving layer period
boundary conditions are appropriate for the streamwise
rection. No-stress boundary conditions were applied in
cross-stream direction, i.e.,u25]u1 /]x250 whereu1 and
u2 are the streamwise and cross-stream velocity, resp
tively.

B. Particle statistics

Particle motion was calculated using~3!. From compu-
tation of an Eulerian velocity field as described in Sec. III
~3! was integrated in time using second-order Adam
Bashforth. The initial particle velocities were zero. Since it
only by chance that a particle is located at a grid point wh
the Eulerian velocity field is available, fourth-order Lagran
polynomials were used to interpolate the fluid velocity to t
particle position~see Wanget al.27 for a further discussion!.
Particle displacements were also integrated using the sec
order Adams–Bashforth method. For particles that mov
out of the domain in the streamwise direction period
boundary conditions were used to reintroduce it in the co
putational domain. The extent of the domain in the cro
stream direction was large enough such that no parti
moved laterally out of the computational box.

For the temporally evolving mixing layer particle Stoke
numbers are defined asSt5tp /t f , wheret f is a time scale
of the large eddies. This definition ofSt in terms of a large-
eddy time scale is conventional for free shear flows~e.g., see
Crowe et al.13–15!. There is, however, a slight ambiguity i
the choice oft f . In this section the flow time scale is define
using the initial vorticity thickness and velocity differenc
between the upper and lower streams, i.e.,t f5dv0 /DU. As
shown in the following figures, this is an appropriate scali
for ‘‘short-time’’ dispersion, i.e., transport times on the ord
dv0 /DU. Nondimensionalization of the response time usi
l/DU, as employed in the previous section, is a better s
ing for long-time dispersion (l/dv057.1). It should also be
noted that using the dominant frequency to definet f as sug-
gested by Aggarwal,28 i.e., t f51/aF , yieldst f52.25, close
to the valuet f5dv0 /DU52.

The mean-square dispersion was obtained using 20
trajectories for each Stokes numberSt50.05, 1, 10, and 100
Particles were initially seeded nonuniformly along the int
face of the layer (y050) ~see Sec. IV A! or a line parallel to
the interface representative of the location where both
freestream and roll up of the vortex influence dispers
(y050.1l) ~see Sec. IV B!. For the interface seedingy0

50 the trajectories of 10,000 particles were obtained,
tially seeded in the left half of the domain (x,l/2) and
symmetry conditions were used to obtain the trajectories
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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the remaining 10,000 particles. For the off-interface seed
there is no symmetry and it is therefore necessary to exp
itly calculate the trajectories of all 20,000 particles.

The primary measure used to quantify the effect of n
uniform seeding on transport is the mean-square disper
in the cross-stream direction,

Y2~ tuy0!5^y2~ tux0 ,y0!&, ~9!

where y(tux0 ,y0) is the location of the particle at timet
whose initial location is (x0 ,y0). The angle brackets,̂ &,
denote the average over the initial particle distribution in
streamwise direction. The effect of nonuniform seeding
studied by varying this initial distribution function,f (x0). In
terms of f (x0), ~9! can be equivalently written as

Y2~ tuy0!5E
0

Lx
y2~ t,x0! f ~x0!dx0 . ~10!

Accurate estimation of the integral in~10! requires a proper
discretization ofx0. In particular, the initial distribution of
particles tracked in the simulations represents effectively
discretization method and is prescribed carefully to maint
small separations between any two neighboring partic
throughout the calculation~e.g., see Wang16!. It is important
to point out that this initial distribution of the tracked pa
ticles required for accurate evaluation of~10! is a separate
consideration from the functions used to achieve nonunifo
seedings, which is completely controlled byf (x0). Equation
~10! was discretized as

Y2~ tuy0!5 (
k51

M21 y2~ t,x0
k!1y2~ t,x0

k11!

2
f S x0

k1x0
k11

2 D
3~x0

k112x0
k!, ~11!

whereM520,000 is the total number of particles andx0
k is

the initial location of thekth particle followed in the simu-
lation.

The effect of nonuniformity in the initial seeding wa
examined using a distribution of the form

F~x0!55
1

A2ps
expH 2

~x02xm1!2

2s2l2 J , for 0<
x0

l
,0.5,

1

A2ps
expH 2

~x02l1xm2!2

2s2l2 J ,

for 0.5<x0 /l<1.0.
~12!

Note that this distribution corresponds to a relatively larg
seeding of particles nearx05xm1 and x05l2xm2, where
xm1 andxm2 are the distance from the peak of the distrib
tion to the saddle points. For particles initially seeded alo
the interface we setxm15xm25xm because of symmetry
While xm1 and xm2 allow variation of the optimal seedin
location and are determined by studying representative
ticle trajectories, the parameters controls the degree of non
uniformity of the initial distribution, i.e., smallers corre-
sponding to greater nonuniformity. Therefore, t
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distribution ~12! is rather general for the purpose of th
study. The distribution function was normalized in order th
f (x0) have unit area, i.e.,

f ~x0!5
1

*0
LxF~x0!dx0

F~x0!. ~13!

IV. PARTICLE TRANSPORT IN A TEMPORALLY
EVOLVING MIXING LAYER

A. Interface seeding

1. Particle trajectories

Prior to calculations used to quantify the effect of no
uniform seeding on dispersion using a large~20,000! en-
semble, it is instructive to examine particle trajectories fo
smaller sample size, similar to that used in the Stuart vor
in Sec. II. The main goal is to gain some insight into t
differences in transport in the evolving~unsteady! flow com-
pared to the steady Stuart vortex. In addition, the trajecto
help determine the optimal seeding locations to be use
~12! for the subsequent calculations using a large ensem
of particles. Shown in Fig. 5 are trajectories from a repres
tative range of initial positions along the interface for flu
elements and finite-inertia particles withSt51, 10, and 100.
The time axis in the following figures has been made dim
sionless usingl andDU, i.e.,T[t/(l/DU). Note also that,
due to symmetry, it is sufficient to consider trajectories
initial seedings 0,x0 /l,0.5. Separatrices have also be
drawn for representative times at which some particles h
crossed the separatrix. For the evolving mixing layer,
separatrix at any given time is defined as the enclosed,
stantaneous streamline passing through the two fixed sa
points atx50 andx5l with y50. The fluid element tra-
jectories in Fig. 5~a! are qualitatively similar to those for th
Stuart vortex~cf. Fig. 2~a!!. For the time interval shown (T
52.8) none of the fluid elements cross the separatrix and
largest lateral transport occurs slightly away from the sad
This again illustrates the time-dependent nature of the
persion, i.e., the larger cross-stream transport for fluid e
ments seeded near the saddle will occur at longer times
shown in Fig. 5~a!. At longer transport times, some flui
elements will cross the separatrix and then be re-entrain
Cross-stream dispersion will also be maximized for partic
initially seeded near the saddle.

The trajectories forSt51, 10, and 100 show simila
effects as illustrated earlier in the Stuart vortex, in addition
other interesting features due to the time-dependent natu
the flow. For example, following the separatrix crossings,
St51 the trajectories ‘‘wobble’’ in response to the quas
periodic shrinking and expansions of the vortex core. It
also interesting to note that the trajectories become relativ
independent of the initial position, implying that at ‘‘lon
times,’’ i.e., within about 5–6 turnover times, there is a we
dependence of dispersion on nonuniform seeding forSt51.
This is consistent with the fact that for Stokes numbers
order unity, particles are efficiently removed from the co
region, becoming relatively independent of their initial co
ditions.
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 5. Particle trajectories from initial locations along the layer interface.~a! Fluid elements at 0<T<2.8; ~b! St51 at 0<T<6.4; ~c! St510 at 0<T
<5.7; ~d! St5100 at 0<T<7.1. Initial streamwise location:•••, x0 /l50.01; ---, x0 /l50.05; , x0 /l50.15; — - —, x0 /l50.20; s, x0 /l0.25; * ,
x0 /l50.33; 3, x0 /l50.40; 1, x0 /l50.48. The separatrix shown as a solid line:~a! T52.8; ~b! T56.4; ~c! T55.7; ~d! T57.1.
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Particle ejection and separatrix crossing forSt510 and
100 are also shown in Fig. 5. These particles exhibit a str
ger dependence of cross-stream displacement on initial p
tion than observed forSt51 as well as a trend toward
maximum lateral transport corresponding to initial positio
shifting towards the core. Note that forSt510, most of the
particles are ejected into the freestream within the time
terval shown (0<T<5.7) and acquire somewhat parallel tr
jectories. The strong time dependence of the transport is
clear, i.e., the lateral transport forSt510 andx0 /l50.25 is
in fact larger than forSt51 within about six vortex turnove
times. It appears from Fig. 5 that for increasing particle
ertia ~i.e., largerSt), particles cross the separatrix at larg
angles. This implies that the transverse particle velocity
creases relative to the horizontal component. This is con
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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tent with the fact that particle residence times in the vor
core region increase with increasing inertia. The transve
fluid velocity that develops as the layer rolls up cumulative
induces a larger vertical particle velocity for large-iner
particles. Thus, a larger alteration of cross-stream displa
ment forSt510 and 100 using nonuniform seeding occurs
later times than is possible forSt51. For St51 the initial
conditions are less dominant with particles being transpo
to the periphery of the vortex. This in turn nearly eliminat
the influence of nonuniform seeding on dispersion.

The results in Fig. 5, as well as for longer time interva
than shown in the figure, can be used to determine the o
mal seeding location in the distribution~12!. In particular,
the peak in~12! for fluid elements andSt51, 10, and 100 to
be used in subsequent calculations of mean-square dispe
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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will be x0 /l50, 0, 0.2 and 0.25, respectively. At sufficient
long times, nonuniform seedings with this peak locati
should yield larger dispersion compared to a uniform init
distribution, with the exception ofSt51.

2. Vorticity field and particle distributions

Temporal development of the fluid vorticity field an
particle distributions are useful for providing insight into th
effect of nonuniform seeding and also illustrate the ad
tional mechanisms relevant to finite-inertia particles d
cussed in the Introduction. Vorticity contours and partic
distributions for each Stokes number are shown in Fig
Fig. 6~a! shows the formation of a large scale spanwise v
tex, with a well-defined roller developed byT52.8. Note
that there is no subharmonic perturbation and therefore
tex pairing is prohibited. The ‘‘wobbling’’~vortex nutation!
evident in the particle trajectories~cf. Fig. 5! is also clear in
Fig. 6~a!. The corresponding particle distributions are sho
in Figs. 6~b!–6~e! for St50.05, 1, 10, and 100, respective
~note that only the locations of every tenth particle have b
shown in the figures!. The particles appear to form continu
ous curves at early times in the evolution whereas individ
particles are identifiable at later times. As expected, distri
tions for St50.05 in Fig. 6~b! are quite similar to fluid ele-
ments. These particles are able to follow the flow relativ
well and near the core region of the vortex the distribut
becomes more spiral-like with increasing time. The distrib
tion near the vortex edge is more complicated with ma

FIG. 6. Vorticity contours and particle distributions from initial seedin
along the layer interface.1, saddle points;s, vortex center.~a! vorticity;
~b! St50.05; ~c! St51; ~d! St510; ~e! St5100.
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‘lobes’ appearing at later times. Though not obvious fro
the figure, some particles cross the separatrix and are
re-entrained back to the core region.

Prior to T52.8 the distribution forSt51 shown in Fig.
6~c! is similar to that forSt50.05. At later times, however
the distribution becomes very different due to the inability
the particles to follow the flow. Particles are efficiently tran
ported from the core region, e.g., atT59.9 the core region
appears to be devoid of particles. More importantly, byT
59.9 most particles are concentrated in regions not far fr
the edge of the vortex, consistent with the relative insen
tivity to initial position shown in Fig. 5. ForSt510 and 100,
particles are also transported from the core region~Figs.
6~d!–6~e!!. The figure also shows that particles with larg
St require more time to travel from the interface, consiste
with their greater response time. This dependence of dis
sion on both time and Stokes number is quite consistent w
several previous studies~e.g., Samimy and Lele,8 and Wen
et al.10!.

3. Development of cross-stream displacement

A useful measure of the time-dependence of lateral d
persion is the temporal development of the particle cro
stream displacement as a function of the initial streamw
location. This quantity is shown in Fig. 7 forSt50.05, 1, 10,
and 100. Because of symmetry, only the left half of the la
is shown. The results shown in the figure correspond to la
times in the evolution of the flow after which the layer
well developed and most particles have crossed the sep
trix ~cf. Figs. 5–6!. Figure 7~a! for St50.05 is similar to that
obtained for fluid elements obtained by Wang16 and shows
that with increasing time the streamwise location cor
sponding to maximum lateral transport moves towards
saddle, similar to the behavior observed for the Stuart vor
~cf. Fig. 1~c!!. As the layer rolls up, resulting in the spira
like distributions shown in Fig. 6~b!, the curves in Fig. 7~a!
oscillate about the interface, the oscillation being caused
particles initially near the saddle being transported to
outer region of the layer and subsequently circulating ab
the core while particles near the core follow circulatory m
tions about the center.

As can also be observed, the additional mechanisms
fecting finite-inertia particle transport result in very differe
behavior as the Stokes number is increased. The behavio
St51 is again interesting, with the ‘‘asymptotic’’ transpo
being y/l'60.25, independent of the initial seeding. Th
apparent discontinuities nearx0 /l50.1 and 0.35 in Fig. 7~b!
occurring because particles initially close together can be
apart at long times. It is also interesting to note that, thou
Fig. 7~b! again shows that nonuniform seeding will not be
effective approach for increasing lateral transport forSt51,
it does suggest the possibility of controlling the transport in
the positive ~or negative! cross-stream direction. For ex
ample, particles will be transported to the upper part of
layer if they are initially seeded at streamwise locatio
x0 /l,0.1 and to the lower part if the initial distribution i
0.1,x0 /l,0.35. Note that this feature forSt51 is not de-
pendent on time while Fig. 7~a! shows that control of the
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 7. Particle cross-stream position as a function of initial streamwise locationx0 . ~a! St50.05:¯, T54.7; — - —,T55.1; ---,T55.5; , T55.9. ~b!
St51: ¯, T54.2; — - —, T54.8; ---, T55.4; , T55.9. ~c! St510:¯, T55.7; — - —, T56.5; ---, T57.4; , T58.2. ~d! St5100: •••, T
55.7; –•–, T56.5; ---, T57.4; , T58.2.
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cross-stream displacement forSt50.05 is strongly depen
dent on the time interval of interest.

For St510 and 100 the temporal development shown
Figs. 7~c! and 7~d! is consistent with the trajectories in Fig
5. With increasing response time the curves develop m
slowly with fewer oscillations than for the smaller Stok
numbers, i.e., the particles are less able to follow the cur
trajectories of the fluid. Forx0 /l50.420.5 the curves de-
velop a discontinuity with increasing time as particles clo
to the core cross the lower separatrix. A comparison of F
7~c! and 7~d! also shows the peak in the displacement sh
ing towards the core asSt increases, further consistent wit
the trajectories in Fig. 5.
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4. Mean-square dispersion

Particle mean-square dispersion in the cross-stream
rection for initial seedings of varying nonuniformity i
shown in Fig. 8. The initial distribution corresponding tos
50.5 is nearly the same as a uniform distribution wh
smallers corresponds to increasingly nonuniform seedin
~i.e., more particles initially nearx05xm). In the initial
stages of the evolution~within 2–3 turnover times! a more
uniform distribution ~larger s) results in largerY2 for St
50.05 ~Fig. 8~a!!. This is consistent with Fig. 7~a! which
shows the initial location corresponding to the largest d
placement is initially away from the saddle point. With in
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 8. Mean-square dispersion in the cross-stream direction for interface seeding.~a! St50.05,xm /l50; ~b! St51, xm /l50; ~c! St510, xm /l50.2; ~d!
St5100,xm /l50.25,¯, s50.5; — - —, s50.05; , s50.005.
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creasing time the greater lateral extent of streamlines n
the saddle point becomes important and nonuniform seed
with a large fraction of light particles near the saddle ha
the greatest lateral transport. AtT'12, for example, the
mean-square dispersion fors50.005 is about 5–6 times
larger than that resulting from a uniform distribution. It
also clear from the figure that the curves corresponding
smalls develop oscillations in response to the quasi-perio
shrinking and expansion of the vortex.

While the dispersion forSt50.05 is similar to that of
fluid elements discussed in Wang,16 the dispersion of par-
ticles with larger Stokes numbers are quite different. T
oscillatory behavior inY2 is reduced by increasing inerti
since the particles do not follow the fluid, are ejected fro
the core region, and cross the separatrix into the freestre
Figure 8~b! is again consistent with the fact that the disp
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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sion for St51 is insensitive to nonuniform seeding. Co
versely, for particles with larger inertia, Figs. 8~c! and 8~d!
show that large increases in lateral transport can be achie
by seeding more particles nearx0 /l50.2 andx0 /l50.25
for St510 andSt5100, respectively.

It should again be remarked that Fig. 8 demonstrates
complicated effect of the mechanisms described in the In
duction on the transport of finite-inertia particles. The tran
verse dispersion of fluid elements and light particles can
maximized for nonuniform seedings with a peak near
saddle points, though this process is clearly time-depend
as Fig. 8~a! shows, with increases in lateral transport bei
achieved after about 324(l/DU) for St50.05. For increas-
ing particle inertia, vortex ejection and subsequent separa
crossing shifts the peak towards the center of the vor
However, for Stokes numbers of order unity there is an e
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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cient transport of particles to the outer region of the vor
~near the separatrices! with little sensitivity of lateral trans-
port to initial seeding. With further increases in respon
time (St510 and 100!, transport becomes increasingly se
sitive to its previous motion with ejection from the core r
gion and separatrix crossing into the freestream leading
large increases in dispersion for nonuniform seedin
Within 5(l/DU) the mean-square dispersion forSt510 is
in fact larger than forSt51 and by 10(l/DU) particles with
St5100 exhibit the largest lateral transport. Thus, in ad
tion to a sensitivity to the initial location, lateral dispersion
also time- and Stokes-number dependent.

B. Off-interface seeding

In the previous section the dispersion of particles i
tially seeded along the interface was considered. In appl
tions, particles can be seeded at various locations~simulta-
neously! along the cross-stream direction. Seeding aw
from the interface is investigated in this section in order
gain further insight into the effect of nonuniform seeding
dispersion. In particular, a line seeding aty0 /l50.1 is ex-
amined, which is within the vortex core region for 0.2
,x0 /l,0.78, in the context of the Stuart vortex~cf. Fig.
1~a!!. For the evolving mixing layer the vortex core siz
increases with time, andy/l50.1 is representative of th
intermediate location where both the freestream and the
up of the vortex affect subsequent dispersion. For lar
cross-stream positions particles travel predominantly in
streamwise direction while for smaller cross-stream locati
the dispersion will be similar to that observed in the previo
section for interface seeding. This off-interface release
particles, along with the interface release discussed in the
section, can be viewed as building blocks of the more g
eral particle injection, such as multiple-line injection or ha
layer injection. The assumption that particle motion does
modify the fluid flow implies that any general injection ca
be analyzed as a superposition of line injections.

1. Particle trajectories

Similar to the procedure described in Sec. IV A, partic
trajectories for fluid elements andSt51, 10, 100 were com-
puted for the off-interface release. Particle velocities w
initially equal to that of the fluid at the particle position. F
largeSt, this initial condition complicates comparison of r
sults from this section to those from Sec. IV A for an inte
face seeding in which the initial particle velocity was ze
For smaller inertia, however, the effect of the initial partic
velocity is less significant. Figure 9 shows trajectories
particles initially aty0 /l50.1 and 0,x0 /l,0.5. Unlike the
interface seeding where the transport of fluid elements
tially near x0 /l50.5 is in the core region, fluid particle
seeded aty0 /l50.1 are transported to the outer region of t
vortex regardless of their initial streamwise location. T
figure also shows that some trajectories cross the separ
and are subsequently re-entrained into the core region
addition, the lateral transport of fluid elements initially ne
x050 is larger than those seeded near the center of the
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main, indicating that nonuniform seeding with the large
fraction of particles nearx050 can enhance dispersion
However, since the lateral extent of streamlines emana
from x050 compared to other streamwise positions is not
large compared to the interface release, the increase in tr
port is smaller than observed in Sec. IV A.

Particle trajectories forSt51 from initial locations 0
,x0 /l,0.5 are shown in Fig. 9~b!. Similar to the behavior
observed for the interface seeding in Sec. IV A~cf. Fig. 5!,
for an initial cross-stream seeding aty0 /l50.1, most of the
trajectories asymptote towardsy/l'0.25 at long times, in-
dependent of the initial streamwise location, and again
plying a weak dependence of lateral dispersion on nonu
form seeding. ForSt510 and 100~Figs. 9~c!, 9~d!!, the
trajectories for long times are shown. Unlike the behav
observed forSt51 and similar to that observed for the in
terface seeding~cf. Fig. 5!, the figure shows a sensitivity o
lateral displacement to initial position with particle motio
becoming nearly parallel to the freestream at long times. T
streamwise position corresponding to the maximum d
placement occurs at approximatelyx0 /l50.40 and 0.48 for
St510 and 100, respectively.

Trajectories from initial positions 0.5,x0 /l,1 are
similar except that more particles are ejected into the low
freestream. Calculations of mean-square dispersion prese
in the subsequent figures are performed with peak value
the initial seeding determined from Figs. 9 and similar t
jectories with initial seedings 0.5,x0 /l,1. In particular,
the peaks arexm15xm250 for St50.05, xm15xm250 for
St51, xm150.4 andxm250.48 for St510, andxm15xm2

50.48 forSt5100. Dispersion for the nonuniformly seede
distributions should be larger than that for a uniform seedi
with the exception ofSt51 in which the dispersion is agai
observed to become independent of initial position.

2. Mean-square dispersion

Cross-stream dispersion,Y2, for different initial seedings
from y0 /l50.1 is shown in Fig. 10. As expected, the no
uniform distributions yield larger dispersion than obtain
for a uniform seeding, with the exception ofSt51 where
cross-stream dispersion is relatively independent of ini
position. Consistent with the particle trajectories shown e
lier, Fig. 10 shows that there are smaller increases in cr
stream dispersion using nonuniform seedings for the
interface release as compared to the interface see
considered in Sec. IV A~cf. Fig. 8!. In addition, the cross-
stream dispersion for the off-interface release is also sma
than previously obtained for the interface seedings. This g
eral feature is expected since both the local fluid transve
velocity and ejection due to fluid vorticity are reduced
locations away from the interface.

V. SUMMARY

Previous examinations have shown that fluid elem
dispersion can be enhanced by nonuniform seeding wit
greater fraction of particles near the saddle point~Wang16!.
In general, particle ejection from vortex cores, separa
crossing, and the effect of initial velocities shift the optim
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 9. Particle trajectories from initial locationsy0 /l50.1 and 0,x0 /l,0.5. ~a! Fluid elements, 0<T<5.7; ~b! St51, 0<T<5.7; ~c! St510, 0<T
<17.0; ~d! St5100, 0<T<56.6. Initial streamwise location:̄ , x0 /l50.01; ---, x0 /l50.05; , x0 /l0.15; — - —, x0 /l50.20; s, x0 /l50.25; * ,
x0 /l50.33; 3, x0 /l50.40; 1, x0 /l50.48. The separatrix atT55.7 is also shown with solid lines~ ! in ~a! and ~b!.
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seeding location of finite-inertia particles towards the vor
core. Nonuniformly seeded finite-inertia particles exhi
substantial increases in dispersion compared to uniform
tial distributions. For Stokes numbers of order unity it is ve
interesting to note, however, that particles are ejected f
the core region and dispersion at long times is nearly in
pendent on initial position.

In general, the optimal seeding maximizing dispersion
dependent upon both the time interval of interest and Sto
number. This is particularly relevant to temporally and
spatially developing flows. For example, previous stud
have shown that particles with response times comparab
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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the time-scale of the large-scale structures in free sh
flows, i.e.,St51, can have greater dispersion than fluid e
ments~e.g., see Samimy and Lele,8 Wenet al.,10 and Crowe
et al.13–15!. The enhanced dispersion forSt51 is also ob-
served in the present study, though it should be noted tha
effective Stokes number corresponding to maximum disp
sion is time dependent. Initially, particles with small Stok
numbers have the largest dispersion while at long times
ticles with large Stokes numbers have sufficient time to
spond to the flow and can also exhibit large dispersion~e.g.,
see Figs. 8 and 10!. For intermediate evolution times pa
ticles with St'1 have the greatest dispersion compared
 license or copyright, see http://pof.aip.org/pof/copyright.jsp
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FIG. 10. Mean-square dispersion in the cross-stream direction for off-interface seeding.~a! St50.05,xm1 /l5xm2 /l50; ~b! St51, xm1 /l5xm2/l50; ~c!
St510, xm1 /l50.4, xm2 /l50.48; ~d! St5100,xm1 /l5xm2 /l50.48.¯, s50.5; —• —, s50.05; , s50.005.
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both smaller and larger Stokes numbers. This is due to
definition ofSt which is based on the initial flow time scale
while the time scale based on vorticity thickness increase
the mixing layer thickness grows and thus the effect
Stokes number for a given response time decreases
time.

The effect of nonuniform seeding was also studied fo
cross-stream position away from the interface where both
freestream flow and vortex roll up affect dispersion. The p
pose was to gain some insight into applications in wh
particles are seeded across an entire stream of the flow. N
uniform seeding is also effective for off-interface seedin
though the increase in dispersion is not as large compare
nonuniform seedings along the interface. Similar to interfa
seedings, the dispersion forSt51 at long times is not en
hanced since these particles are efficiently transported to
Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP
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outer region of the vortex, independent of their initial loc
tion.

The present work focused on relatively simple flu
flows which are two-dimensional and in which there was
vortex pairing. Nevertheless, particle motion in both the S
art vortex and unsteady mixing layer is complex and ve
difficult to predict. In three-dimensional flows with vorte
pairing and small-scale turbulence the parameter space
evant to dispersion enhancement using nonuniform see
will increase. In addition, different vortical structures ma
arise in three-dimensional flows which could alter the typ
of nonuniform seedings used to maximize dispersion. T
reader is referred to Marcu and Meiburg29 and Tong and
Wang30 for a recent examination of particle dispersion
three-dimensional mixing layers.
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