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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 numb&sin the calculations were 0.05, 1, 10, and 100
where St 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 PhysidsS1070-663(98)01407-X

I. INTRODUCTION tions at subharmonic wavelengths, strongly influence both
flow field dynamics as well as mixing processesg., see
Gas-phase turbulent free shear flows laden with smalgown and Roshkd Winant and Browand,Ho and Huerré,
solid particles or liquid droplets are encountered in a wide;4 | azaro and Lashefa. Particle dispersion in mixing
variety of processes. Industrially relevant examples includg, o an the effect of large scale structures have also been

the dispersion of liquid fuel droplets in combustors, coal Pary o subject of numerous studiésee Croweet al,® Chein

ticles in power plants, and aerosols in ventilation systems. I Chund, Samimy and Lelé, Lazaro and Lasherés,
these and other applications it is the mixing of particles with

i 9 10 ; : 1 ;
the gas phase that often dictates the efficiency and stabilit |sh|da§t al,"Wenet al, 'Martln and 'V'e'b““-?’l’ and R.aju'
nd Meiburg?®. Both experimental and numerical studies in-

of particular processes, e.g., droplet vaporization and mixing ,
or contaminant removal. Thus, the ability to predict anddicate that the effect of the large scale structures on particle

control, dispersion in free shear flows is important. dispersion can be well characterized in terms of the particle
Of particular interest in this work is particle dispersion Stokes numberSt, which is defined as the ratio of the par-
in a mixing layer. As is now well known, experimental and ticle aerodynamic response time to the time scale of the large
numerical results have demonstrated the existence of larggeale fluid motion(Crowe et al’*™9. Particles with small
scale coherent vortical structures in free shear flows. Thesgtokes numbers follow the flow and have approximately the
structures, which originate from the roll up of the vorticity at same dispersion as the fluid. Particles with large Stokes num-
the most unstable wavelength and pairing due to perturbabers are relatively unaffected by the flow since their response
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time is substantially larger than the time scale of the largadifferent dispersion pattern and a larger lateral transport
scale structures. Consequently, the dispersion of particlesompared to fluid elements. For two-dimensional temporally
with large Stokes numbers is smaller than that of fluid ele-evolving mixing layers, even fluid elements initially at the
ments. For intermediate Stokes numbers, e.g., of order onéterface can cross over the separatrices, leading to rapid
particle dispersion can be substantially larger compared tmixing (Wang and Maxe¥f). It is expected that particle in-
fluid elements. The increased dispersion results from the faartia will enhance the process of separatrix crossing in two
that these particles can be flung from the core region of vorways. The first is that inertia will cause particles to cross the
tices(e.g., see Crowet al3~19. separatrices in a shorter time relative to fluid elements. In
Common to nearly all previous studies, both experimen-addition, while a significant fraction of fluid elements may
tal and numerical, is that particle distributions were initially be re-entrained into the vortex core in an unsteady mixing
uniform. Wang® found that the stretching rate at the inter- layer, finite-inertia particles are more likely to stay in the
face of a two-dimensional mixing layer varies relative to thefreestream once they have crossed through the separatrices.
vortex structure and proposed that a nonuniform initial dis-It should be noted that this enhanced separatrix crossing is
tribution at the interface can alter the dispersion of fluid el-closely related to the ejection mechanism. As a result, par-
ements at later times. Watfgdemonstrated that transverse ticles with Stokes numbers of order unity will be most effi-
dispersion of fluid elements, i.e., along the direction of theciently removed from the vortex core and ejected into the
mean-velocity gradient, could be substantially increased ofreestream, leading to a weaker dependence of long-time lat-
decreased by changing the initial seeding along the interfaceral dispersion on the initial location. Therefore, the influ-
A related work is that of Martin and Meibuttwhere finite-  ence of separatrix crossings should reduce the effectiveness
inertia particles were initially seeded uniformly throughout of nonuniform seeding on dispersion control. The fact that
one side of the mixing layer. Martin and Meibdtgound  the underlying flow fieldsstreamline pattern and vorticity
that particles crossing the interfaceriginate in fairly thick  magnitudg inside and outside the vortex cores are signifi-
and slightly curved bands that emanate from the freecantly different makes the separatrix crossing an important
stagnation point’ implying a phase-coupled injection can event in the particle transport process. For this reason, the
enhance dispersion. timing and persistence of separatrix crossings are worth con-
For fluid elements, nonuniform seedings with the largessidering on their own.
fraction of particles near the saddle point significantly en-  Finally, another complication relevant to considerations
hances cross-stream dispersion since the lateral extent of nonuniform seeding for finite-inertia particles and not rel-
streamlines in this region are larger than at other locations ievant to fluid elements, is that of initial conditions, i.e., the
the layer(see Sec. Il A The rapid straining near the saddle initial particle velocity. For increasing Stokes number the
also enhances mixing as discussed in WHnghis larger influence of the initial particle velocity becomes increasingly
straining and displacement of streamlines will affect thestrong. In both the Stuart vortex and the unsteady mixing
transport and mixing of finite-inertia particlédartin and  layer, the initial vertical fluid velocity along the interface
Meiburg'?) and is expected to dominate for small inertia par-varies with position, with a maximum occurring near the
ticles which follow similar paths as the fluid. However, as midpoint between the saddle and the vortex center. The
will be shown in this paper, the relative significance of thismaximum value in the mixing layer, of course, depends on
effect on dispersion control by nonuniform seeding is re-the perturbation magnitude of the instability modes. The de-
duced as the particle response time is increased. There aregate to which the initial particle velocity will affect disper-
least three new mechanisms that arise for finite-inertia parsion depends on particle inertia and time. For finite-inertia
ticles and must be considered. First, particle inertia results iparticles, initial conditions can alter the effectiveness of dis-
the ejection of particles from the vortex core due to the largepersion control by nonuniform seeding.
centrifugal force, which introduces a competing effect and  The additional effects outlined above affecting the trans-
favors a large seeding near the core of the vortex where thgort of finite-inertia particles, i.e., centrifuging from vortex
ejection rate is the largest. For small Stokes numbers;ores, separatrix crossings, and initial conditions, are them-
asymptotic analyses show that the effect of inertial bias orselves connected to the underlying structure of the layer and
particle motion increases witBt (Maxey'’), implying that  a systematic examination of their effect on dispersion en-
the fraction of particles seeded near the vortex center shouldancement by nonuniform seeding has not been undertaken.
increase with Stokes number in order to enhance dispersiofVhile it would be advantageous to develop a theoretically
Second, the ejection from vortex cores due to particlebased description of the effect of nonuniform seeding on the
inertia induces a radial particle velocity, which will lead par- dispersion of finite-inertia particles, the coupled influences
ticles to cross over the separatrices, i.e., the streamlines pasender the problem complex enough that analysis of a sim-
ing through the saddle points. The separatrices divide thelified flow is warranted.
vortex core region from the free stream and play a significant  Therefore, the primary objective of this work is to ex-
role in the mixing process of fluid element®Vang and amine the effect of nonuniform seeding on particle transport
Maxey'®). In a steady flow, e.g., a Stuart vortex, fluid ele-in mixing layers. A complicating feature is their temporal
ments initially seeded at the interface will remain inside theand spatial development. The influences relevant to finite-
vortex core bounded by the separatrices, while finite-inertianertia particles—Ilateral extent of streamlines, ejection from
particles will cross over the separatrices and are left in theortex cores, separatrix crossing, and initial conditions—can
freestream at later timésee Sec. Il B This results in a very be more clearly studied through the examination of particle
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motion in a simplified steady flow; in particular, a Stuart 03 i ‘
vortex. As shown in Sec. Il, nonuniform seeding in a Stuart e

vortex enhances lateral transport and all the effects outlined 0-2/’\

above can be clearly observed. Numerical simulations of a
two-dimensional mixing layer are then used to further cor-
roborate the effectiveness of nonuniform seeding on particle
dispersion for a range of Stokes numbers and to quantify
increases in lateral transport. Unlike the previous results by
Wang® and Martin and Meiburd! which imply that a large

seeding near the saddle point can enhance particle disper- -0 gv

sion, it is shown in this work that the optimal seeding loca- T
tion depends on Stokes nl_me_er and time, among other fac- -03; 02 od Y 08 1
tors. The general conclusion is that for fluid elements the

optimal seeding location is near the saddle point, for par- (a) z/A

ticles with St=1 nonuniform seeding has little effect on the
long-time dispersion, for particles with largst, the optimal
location shifts towards the vortex center.

Finally, it should be remarked that in spatially develop-
ing mixing layers the method of nonuniformly seeding par-
ticles corresponds to a nonuniform injection in tifeg.,
through an adjustment of the injection rate from the nazszle
used to seed particlesSince nonuniform injection in appli-
cations can be performe@imultaneously at various loca-
tions across the layer, it is also of interest to examine disper-
sion of particles seeded nonuniformly along a line away from
the interface. Contained in Sec. Il is an analysis of particle
motion in a Stuart vortex, both for fluid elemeriec. Il A
and finite-inertia particleéSec. Il B. Following in Sec. Il is
a summary of the simulations of the temporally evolving

mixing layer and processing of particle statistics. Calcula- 03
tions of particle dispersion using interfa¢®ec. IV A) and 0.25
off-interface (Sec. IV B) seedings in a temporally evolving
two-dimensional mixing layer then follow in Sec. IV. The 02l
main conclusions of the work are summarized in Sec. V. 3
< 0.15)
1. PARTICLE TRANSPORT IN A STUART VORTEX % ;
A. Fluid elements =0
In this section the transverse dispersion of particles 0.051
seeded along the interface of a Stuart vortex is considered. 0 ‘ . ‘ .
The Stuart vortex is a steady flow which is an exact solution 0 0.2 0.4 0.6 0.8 1
of the Euler equations. The stream function is () z/A
NAU 2my 2m(Xx—0.9\) FIG. 1. Streamlines and semiheiditof the streamline passing through the
P(Xy)= A4 In( COSV{T P {T} ] J point (x,0) as well as the time needed for fluid elements to reach semiheight
(1) in the Stuart vortex(a) Streamlines(b) semiheight of the streamline pass-

ing through &,0); (c) the time required for fluid elements travel from, Q)
whereAU is the velocity difference across the layer and to (0.5H).
the wavelength. Note that this form of the Stuart vortex has
saddle points atX, y)=(n\A, 0) and vortex center at ((0.5
+n)\, 0), wheren=0,+1,=2, ... . Theparametep con-  tion between the streamline and the lixee 0.5\) compared
trols the shape of the vortexi=1 corresponding to a peri- 10 other points along the interface. The semiheight of the
odic row of point vortices whileo=0 to a parallel shear streamline passing through the poirt Q) can be derived as
flow. The large scale vortical structures in a typical mixing 1 27(x—0.5\)
layer are similar to the Stuart vortex wigh=0.25 (Stuart!® H(x)=z—cosh {1+ p—p COS{—
Ho and Huerré,and Meiburg and Newtdf) and this value 2w A
is used for the calculations presented in this section. Thevhich is shown in Fig. (b). The figure shows that the semi-
streamlineg1) are shown in Fig. (), which indicates that height is maximum for the saddle points, zero for the vortex
the streamline passing through the saddle p@n6) has the center, and takes on values<®/\ <0.153 for the other
largest semiheightl (defined as thg value of the intersec- points along the interface. Therefore, of the fluid elements

], @
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initially along the interface, those near the saddle point will
have the largest lateral dispersion. Consequently, a nonuni
form seeding with a larger fraction near the saddle will have 0.15}
larger transverse dispersion than can be achieved using
uniform seeding, as shown previously in the calculations by
Wang:® 0.05!
While Fig. 1(b) shows fluid particles initially seeded

0.2

0.1

near the saddle points will have large lateral transport, an U\

important consideration is the timg required for fluid ele- = _g 51

ments to reach the semiheight Although the semiheight

for the saddle point is the largegtf. Fig. 1(b)), an infinite -0.1¢

time ty—oc is required for particles to reach (@.5H) since ~0.145"

the velocity vanishes there. Figurécl showst,, as a func-

tion of streamwise location along the interface. It is clear that —0.2O 02 04 06 08 1

ty decreases dramatically for fluid elements further from the
saddle poin{i.e., closer to the vortex cenjeiThe important

point illustrated by Fig. (c) is that the nonuniform seeding (4 z/A
yielding the largest dispersion is time-dependent, e.g., fluid

particles initially between the saddles and vortex center will 0.2 M

have the largest lateral transport early in the evolution of the 0.15-

trajectories. Only at long times will a seeding with the largest 7 =

fraction of fluid elements nedbut not aj the saddle point 0.1} Sl E et N
yield the largest cross-stream dispersion. 005" !

B. Finite-inertia particles

y/A

Finite-inertia particles do not follow the same trajecto-
ries as fluid elements and therefore cross-stream dispersio 0.1}
might not be maximized using seedings with a larger fraction
of particles near the saddle. To examine the additional effects
described in the Introduction, particle trajectories are calcu- 0.2

lated for a range of Stokes numbers in which particle motion 0 02 04 06 08 1
is described using a simplified form of the equation of mo-
tion derived by Maxey and Rile$, ) />

dUi Vi — U
i (3) FIG. 2. Particle trajectories in the Stuart vortex, separatrix shown as a solid

dt Tp line. The time stepdt/(\/AU)=0.0001 and the total integration time

wherev; is the velocity of the particle and; is the velocity ~ Y/(AAU)=0.9. (@ Fluid elementsib) 7,/(\/AU)=1. ---, X/A=0.01;
of the fluid at the particle position. Equati¢é8) describes the X—/—)\—:b%?\fci.og;;a:glx:o.la O: %o/ =0.25;%, %0/ =0.33; X,
motion of particles with densities substantially larger than ° e o
that of the surrounding fluid and diameters small compared
to the smallest scales of the flow. A line@tokes drag law  circulatory nature of the fluid particle trajectories in Figa)2
has been used which is applicable for small particle Reyis evident, with the lateral transport of particles seeded near
nolds numbers. The response time ifB) is 7, the core remaining small. The separatrix has also been drawn
=(2ppa2)/(9pfv) wherep, and p; are the densities of the and shows, as expected, that for initial seedings along the
particle and fluid, respectively, is the particle radius, and interface, there is no separatrix crossing by fluid elements. In
is the fluid kinematic viscosity. Assuming that the terminal Fig. 2(b), however, the inability of finite-inertia particles to
velocity of the particle is much less than the velocity scale infollow similar trajectories as the fluid is also clear. Conse-
a mixing layer, we neglect the body force term (i8). It quently, finite-inertia particles are ejected from the core re-
should also be noted thé) neglects the influence of virtual gion of the vortex and cross the separatrix relatively rapidly.
mass, buoyancy, and the Basset history force on particle mdue to a rapid ejection into the freestream, nonuniform seed-
tion. For particles with material densities large compared tang will be a less effective means of controlling dispersion.
the fluid these forces are negligible compared to the drag. In addition, while the cross-stream dispersion of fluid par-
Shown in Fig. 2 are trajectories of fluid elements andticles will be enhanced due to the larger lateral extent of
finite-inertia particles. For the finite-inertia particles, the ini- streamlines emanating from the saddle point, a comparison
tial velocity was set equal to the fluid velocity at the particle of Fig. 2(a) and 2b) indicates that the effect of particle ejec-
position. Trajectories for a range of initial positions along thetion and separatrix crossing changes the optimal seeding lo-
interface and for a time interval corresponding to about oneation of finite-inertia particles compared to that for fluid
“vortex turnover time” (t/(A/AU)=0.9), are shown. The elements.

Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



1704 Phys. Fluids, Vol. 10, No. 7, July 1998 Wang, Squires, and Wang

0.2 1.2
0.15}
a 1r
@ 0.1
0.05} » 0.8r
s <
0 =
g 0.6f
= -0.05 > 06
=
-01 S 04f
-0.15
. . . W 0.2r
0% 0.2 0.4 06 0.8 1
0 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5
A
o/ zfA
2 FIG. 4. Maximum cross-stream dispersion as a function of the initial
streamwise location in the Stuart vortex—, fluid elements; ---,
(b) 1.5 T, /INAU=10.
1t . . .
shows, in general, a larger lateral transport for particles with
< initial velocity equal to the fluid velocity. In particular, for
= 05 initial seedings near or axy/\=0.25, where the cross-
stream fluid velocity is largest, the lateral transport differs by
or more than a factor of two for particles with initial velocities
equal to the fluid compared to initial velocities equal to zero.

05, 0 5 - s 20 The effect of initial conditions will become stronger for in-
creasing particle inertia and this will in turn lead to larger
differences in displacement for different initial conditions.

z/A While changes in the initial particle velocity will increase or
_ o _ decrease lateral transport, it is interesting to note that, unlike
FIQ. 3: Pgrtlcle trajectques in the Stuart vortex; the separatrix shown as ?he dispersion of fluid elements which is maximized for ini-
solid line in (a). The time stepdt/(\/AU)=0.0001. (a) O<t/(A/AU) . ” . .
<2.25; (b) O<t/(A/AU)<4.5. Initial particle velocity equal to fluid veloc- tial seedings near the saddle, the cross-stream dispersion for
ity at the particle position——, x,/A=0.01; -, xo/A=0.15; —-—, finite-inertia particles is larger at points away from the saddle
Xo/N=0.25; - -+, Xo/NA=0.48; initial particle velocity equal to zerd®, for both initial conditions.
Xo/A=0.01*, Xo/A=0.15;X, X0 /A =0.25; +, X, /A =0.48. It is also important to note that, while ejection, separatrix
crossing, and initial conditions alter the dispersion of finite-
inertia particles compared to fluid elements, Figs. 2 and 3
Shown in Fig. 3 are trajectories for the same initial con-show lateral transport of finite-inertia particles remains sen-
ditions as considered in Fig.l? as well as trajectories in sitive to initial position and that nonuniform seeding may
which the initial particle velocity is zero. The short-time evo- still be used to maximize cross-stream dispersion. To further
lution in Fig. 3a again shows the separatrix crossings oc-illustrate this point, trajectories were calculated for a range of
curring as particles are ejected from the core region. For thparticle response times. A representative plot showing the
initial particle velocities considered, i.e., zero or the value ofmaximum cross-stream dispersion as a function of initial
the fluid velocity, there is a relatively minor effect on trans- streamwise location is shown in Fig. 4. The initial condition
port for particles seeded near the saddig/f =0.01) be- was that the particle velocity was equal to the fluid velocity.
cause the fluid velocity is small in this region. As the fluid Note that Fig. 8) shows that after particles are ejected into
velocity increases away from the saddle, the effect of thehe far-field freestream, the cross-stream dispersion becomes
initial particle velocity is more significant and there are nearly independent of time. Thus, the “maximum’ disper-
larger differences evident in displacement in Fi¢g)2with  sion in Fig. 4 corresponds to the asymptotic limit in which
particles having initial velocity identical to the fluid seeded there is virtually no change in lateral dispersi@mtegration
near or at the mid-poirt,/\=0.25 crossing the separatrix times greater than 1a@AU). For fluid elements, consistent
earlier. The complex effect of the initial conditions is appar-with Fig. 1(b), the dispersion is largest for initial positions
ent for the trajectories from,/\ =0.48 where for an initial near the saddlg=0. The peak then moves towards the core
velocity of zero the particle crosses the lower separatrixfor finite-inertia particles. The shift away from the saddle
while for an initial velocity equal to that of the fluid the again illustrates the contribution of the additional effects rel-
particle is ejected from the core over the upper separatrix. evant to finite-inertia particlef. Figs. 2—3. The increased
Following the evolution in Fig. &), the effect of the semiheight of the streamline, which favors a greater seeding
initial velocity on transport at longer times in Fig(l3  of particles near the saddle, is less effective for finite-inertia
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particles due to vortex ejection by centrifugal forces, separa- AU
trix crossing, and initial conditions. Thus, while the trans- S,=——, (8)
verse dispersion of fluid elements can be maximi@tdong (du1/9y)y-o

times with the greatest fraction of particles seeded near th%ndUl is the mean streamwise velocity, o is the value at
saddle, for particles with finite inertia the optimal seeding;_ g "The governing equations were &;esolved using 256
location is shifted to regions between the saddle and vortex >57 grid points with a uniform grid in the streamwise di-

center. rection and a hyperbolic-tangent stretched grid in the cross-

The above discussions using a steady Stuart vortex illussyraam direction. Simulations conducted at a coarser resolu-
trate the various physical mechanisms affecting dispersiof),, (128x 129 grid points were nearly identical to the fine-

control of finite-inertia pgrticles. O.ur main interest .is to grid results. For the temporally-evolving layer periodic
study how these mechanisms contribute to the eﬁectlvene%undary conditions are appropriate for the streamwise di-

of dispersion control in an unsteady mixing layer. Describéqgction. No-stress boundary conditions were applied in the
in the next section is an overview of the simulations; results.;oss-stream direction i.eu,=au, /dx,=0 whereu, and

from the calculations are then presented in Sec. IV. u, are the streamwise and cross-stream velocity, respec-
tively.

Ill. SIMULATION OVERVIEW

A. Calculation of a temporally evolving mixing layer

B. Particle statistics

Th luti f di ional mixing | Particle motion was calculated usifg). From compu-
€ evolution of a tW_O' Imensional mixing 1ayer Was 40n of an Eulerian velocity field as described in Sec. Il A,
calculated through numerical simulation of the INCOMPressy3) o integrated in time using second-order Adams—

|blehN(;aV|er—Stok§_s eqléalt'/longz Pusm%s th% J\r/acnorllgl StRsashforth. The initial particle velocities were zero. Since it is
method(e.g., see Kim and Moiff, Perot,” an uet al™). only by chance that a particle is located at a grid point where

Spat|all g%nvatlves a_rreh e\g;_lluate_d udsmg secolnd-order daccureﬁge Eulerian velocity field is available, fourth-order Lagrange
central differences. The discretized system is time advanceg,, nmials were used to interpolate the fluid velocity to the
using second-order Adams-Bashforth for the convectiv article position(see Wanggt al2” for a further discussion

terms and the Crank-Nicholson method for the ViSCOUspyyicye displacements were also integrated using the second-

terms. The Poisson equation for pressure was solved USirlg]rder Adams—Bashforth method. For particles that moved
Fourier series expansions in the streamwise direction t05ut of the domain in the streamwise direction periodic

g_ether with t_ridiagonal matrix inversiofsee Williams® and boundary conditions were used to reintroduce it in the com-
Kim and_Mt_)ler). o . L putational domain. The extent of the domain in the cross-
The initial mean velocnym_ the streamwis)(direction stream direction was large enough such that no particles
was a hyperbolic-tangent profile, moved laterally out of the computational box.
Uo(y) =3 tanhy. (4) For the temporally evolving mixing layer particle Stokes
numbers are defined &= 7,/7¢, wherer; is a time scale
of the large eddies. This definition &ftin terms of a large-
eddy time scale is conventional for free shear fldeig., see

The profile(4) was perturbed using eigenfunctions obtained
from linear stability analysis, i.e.,

Uz (X,Y) = Uo(y) +AZ{Up(y) e @], (5)  Croweet al’®™. There is, however, a slight ambiguity in
R _ the choice ofr¢ . In this section the flow time scale is defined
Us(X,y)=AZ{ve(y)e *F*}, (6)  using the initial vorticity thickness and velocity difference

whereil- ande. are the eigenfunction of the streamwi ndbetween the upper and lower streams, irgs 8,0/AU. As
€ eutF andve ? e't' ce ?fh uf C(;) 0 tel S ej‘ Trsle andspown in the following figures, this is an appropriate scaling
cross-stream velocities of the fundamental mode. The MO} wqp gy fime» dispersion, i.e., transport times on the order

amplified two-dimensional wave for the incompressible ﬂowéwolAU. Nondimensionalization of the response time using

\(/v'\|/|th hthlek ezng)eanh_prhoflle(4) has da )[/vavenum?eapt; 0.4446 N AU, as employed in the previous section, is a better scal-
icha » WhICh corresponds 1o a wavelengtn, ing for long-time dispersionN/é,,9="7.1). It should also be
noted that using the dominant frequency to defip@as sug-

T
A= ar =14.132. () gested by Aggarwaf i.e., 7;=1/ag, yields 74=2.25, close
N . . to the valuer;=46,,/AU=2.
Note thatug andvg in (5) and(6) are complex functions and The mean-square dispersion was obtained using 20,000

R{ﬁ} denotes the real part. The disturbance magnitude watsajectories for each Stokes numigt=0.05, 1, 10, and 100.
chosen a®\=0.04 for which the perturbation field is still in Particles were initially seeded nonuniformly along the inter-
its stage of linear instability. Following Michalk8,eigen-  face of the layery,=0) (see Sec. IV Aor a line parallel to
functions were normalized such that the real part of thehe interface representative of the location where both the

eigenfunction at the interface/ € 0) was unity. freestream and roll up of the vortex influence dispersion
The computational domain in the streamwise direction(y,=0.1\) (see Sec. IV B For the interface seedinyg,
was chosen ak,=\ while in the cross-stream directidr, =0 the trajectories of 10,000 particles were obtained, ini-
=5\. The reference Reynolds numbRe=AUGS,,,/v was tially seeded in the left half of the domaix€\/2) and
1000 wheres,, is the vorticity thickness, symmetry conditions were used to obtain the trajectories of
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the remaining 10,000 particles. For the off-interface seedinglistribution (12) is rather general for the purpose of this
there is no symmetry and it is therefore necessary to explicstudy. The distribution function was normalized in order that
itly calculate the trajectories of all 20,000 patrticles. f(xg) have unit area, i.e.,

The primary measure used to quantify the effect of non-

uniform seeding on transport is the mean-square dispersion  f(x,)= C F(Xo). (13
in the cross-stream direction, J o F(X0)dXg
Y2(tlyo) =(y*(t|X0.Y0)), (9 |v. PARTICLE TRANSPORT IN A TEMPORALLY

. . . . EVOLVING MIXING LAYER
where y(t|xq,Yo) is the location of the particle at time

whose initial location is >(0,y_0)_._The apgle .bre}cke_ts(, ) A. Interface seeding
denote the average over the initial particle distribution in the
streamwise direction. The effect of nonuniform seeding isz. particle trajectories
studied by varying this initial distribution functiori(xg). In

terms off (xo), (9) can be equivalently written as Prior to calculations used to quantify the effect of non-

uniform seeding on dispersion using a lar(®9,000 en-
Ly semble, it is instructive to examine particle trajectories for a
Y3(tlyo)= fo y2(t,X0) f(X0)dXg. (100 smaller sample size, similar to that used in the Stuart vortex
in Sec. Il. The main goal is to gain some insight into the
Accurate estimation of the integral {10) requires a proper differences in transport in the evolvirignsteady flow com-
discretization ofx,. In particular, the initial distribution of Pared to the steady Stuart vortex. In addition, the trajectories
particles tracked in the simulations represents effectively th&elp determine the optimal seeding locations to be used in
discretization method and is prescribed carefully to maintairi12) for the subsequent calculations using a large ensemble
small Separations between any two neighboring partidegf partiCleS. Shown in Flg 5 are trajectories from a represen-
throughout the calculatiote.g., see Warl§). It is important tative range of initial positions along the interface for fluid
to point out that this initial distribution of the tracked par- €lements and finite-inertia particles wiit=1, 10, and 100.
ticles required for accurate evaluation @) is a separate The time axis in the following figures has been made dimen-
consideration from the functions used to achieve nonuniforngionless using. andAU, i.e., T=t/(A/AU). Note also that,
seedings, which is completely controlled bx,). Equation due to symmetry, it is sufficient to consider trajectories for

(10) was discretized as initial seedings 8<xq/\<<0.5. Separatrices have also been
drawn for representative times at which some particles have

. Mo y20e xK) Fy 2 XKL  (xE T crossed the separatrix. For the evolving mixing layer, the
YA(tlyo) = k21 > 5 separatrix at any given time is defined as the enclosed, in-

stantaneous streamline passing through the two fixed saddle
X(xET1—x5), (11)  points atx=0 andx=X\ with y=0. The fluid element tra-
jectories in Fig. Ba) are qualitatively similar to those for the
whereM =20,000 is the total number of particles axglis  Stuart vortex(cf. Fig. 2a)). For the time interval showniT(

the initial location of thekth particle followed in the simu- =2 8) none of the fluid elements cross the separatrix and the
lation. largest lateral transport occurs slightly away from the saddle.

The effect of nonuniformity in the initial seeding was This again illustrates the time-dependent nature of the dis-
examined using a distribution of the form persion, i.e., the larger cross-stream transport for fluid ele-

. ) ments seeded near the saddle will occur at longer times than
1 exol — (Xo= Xm1) for 0<&<0 5 shown in Fig. %a). At longer transport times, some fluid
Poro 202002 |’ e elements will cross the separatrix and then be re-entrained.

_ ) Cross-stream dispersion will also be maximized for particles
Fxo=q 1 expl — (Xo— A +Xmp) initially seeded near the saddle.
Ny 202)\2 ' The trajectories forSt=1, 10, and 100 show similar

effects as illustrated earlier in the Stuart vortex, in addition to
(12) other interesting features due to the time-dependent nature of

the flow. For example, following the separatrix crossings, for
Note that this distribution corresponds to a relatively largerSt=1 the trajectories “wobble” in response to the quasi-
seeding of particles neatg=xX,;; and Xo=\—X;2, Where periodic shrinking and expansions of the vortex core. It is
Xm1 andx,, are the distance from the peak of the distribu-also interesting to note that the trajectories become relatively
tion to the saddle points. For particles initially seeded alongndependent of the initial position, implying that at “long
the interface we seX,;=Xm=X, because of symmetry. times,” i.e., within about 5—-6 turnover times, there is a weak
While x,,; and x, allow variation of the optimal seeding dependence of dispersion on nonuniform seedindgSfisr 1.
location and are determined by studying representative paifhis is consistent with the fact that for Stokes numbers of
ticle trajectories, the parametercontrols the degree of non- order unity, particles are efficiently removed from the core
uniformity of the initial distribution, i.e., smallesr corre-  region, becoming relatively independent of their initial con-
sponding to greater nonuniformity. Therefore, theditions.

| for 0.5=xy/A=<1.0.
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FIG. 5. Particle trajectories from initial locations along the layer interféa@eFluid elements at & T<2.8; (b) St=1 at 0<T<6.4; (c) St=10 at O<T
<5.7; (d) St=100 at 0<T<7.1. Initial streamwise location:-, Xq/\=0.01; ---,Xq/A=0.05; ——, X¢/A=0.15; — - —, X /A =0.20; O, Xq/\0.25; *,
Xo/N=0.33; X, Xo/A=0.40; +, Xo /N =0.48. The separatrix shown as a solid lif@: T=2.8; (b) T=6.4; (c) T=5.7; (d) T=7.1.

Particle ejection and separatrix crossing =10 and tent with the fact that particle residence times in the vortex
100 are also shown in Fig. 5. These particles exhibit a stroneore region increase with increasing inertia. The transverse
ger dependence of cross-stream displacement on initial podiuid velocity that develops as the layer rolls up cumulatively
tion than observed foSt=1 as well as a trend towards induces a larger vertical particle velocity for large-inertia
maximum lateral transport corresponding to initial positionsparticles. Thus, a larger alteration of cross-stream displace-
shifting towards the core. Note that f&t=10, most of the ment forSt=10 and 100 using nonuniform seeding occurs at
particles are ejected into the freestream within the time indater times than is possible f@t=1. For St=1 the initial
terval shown (6=T=5.7) and acquire somewhat parallel tra- conditions are less dominant with particles being transported
jectories. The strong time dependence of the transport is aldo the periphery of the vortex. This in turn nearly eliminates
clear, i.e., the lateral transport f&t=10 andxy/A=0.25is  the influence of nonuniform seeding on dispersion.
in fact larger than foSt=1 within about six vortex turnover The results in Fig. 5, as well as for longer time intervals
times. It appears from Fig. 5 that for increasing particle in-than shown in the figure, can be used to determine the opti-
ertia (i.e., largerSt), particles cross the separatrix at largermal seeding location in the distributidd2). In particular,
angles. This implies that the transverse patrticle velocity inthe peak in(12) for fluid elements an&t=1, 10, and 100 to
creases relative to the horizontal component. This is conside used in subsequent calculations of mean-square dispersion
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T=14

‘lobes’ appearing at later times. Though not obvious from
the figure, some particles cross the separatrix and are then
re-entrained back to the core region.

Prior to T=2.8 the distribution foiISt=1 shown in Fig.
6(c) is similar to that forSt=0.05. At later times, however,
the distribution becomes very different due to the inability of
the patrticles to follow the flow. Particles are efficiently trans-
ported from the core region, e.g., 8= 9.9 the core region
appears to be devoid of particles. More importantly, by
=9.9 most particles are concentrated in regions not far from
the edge of the vortex, consistent with the relative insensi-
tivity to initial position shown in Fig. 5. FoBt=10 and 100,
particles are also transported from the core regiBiys.
6(d)—6(e)). The figure also shows that particles with larger
St require more time to travel from the interface, consistent
with their greater response time. This dependence of disper-

L
/\/
9 sion on both time and Stokes number is quite consistent with
L///
(@

T=42

T=57 ]

T=T1 |

NI QL ¢

5;
=
.

P

i
:i%\
%

several previous studigg.g., Samimy and Lel2and Wen
et al19).

T=9.9

RN [
T=113 ; s 3. Development of cross-stream displacement

A useful measure of the time-dependence of lateral dis-
persion is the temporal development of the particle cross-
FIG. 6. Vorticity contours and particle distributions from initial seedings Strea.m dISp.Iacemer.]t ?‘S a funcgon_of the initial streamwise
along the layer interfacet, saddle points©, vortex center(a) vorticity; location. This quantity is shown in Fig. 7 f&t=0.05, 1, 10,

(b) St=0.05; (c) St=1; (d) St=10; (e) St=100. and 100. Because of symmetry, only the left half of the layer
is shown. The results shown in the figure correspond to later
times in the evolution of the flow after which the layer is
well developed and most particles have crossed the separa-
trix (cf. Figs. 5—6. Figure {a) for St=0.05 is similar to that
obtained for fluid elements obtained by Wahgnd shows
that with increasing time the streamwise location corre-
sponding to maximum lateral transport moves towards the
saddle, similar to the behavior observed for the Stuart vortex
(cf. Fig. 1(c)). As the layer rolls up, resulting in the spiral-
like distributions shown in Fig. ®), the curves in Fig. (&)

Temporal development of the fluid vorticity field and oscillate about the interface, the oscillation being caused by
particle distributions are useful for providing insight into the particles initially near the saddle being transported to the
effect of nonuniform seeding and also illustrate the addi-outer region of the layer and subsequently circulating about
tional mechanisms relevant to finite-inertia particles dis-the core while particles near the core follow circulatory mo-
cussed in the Introduction. Vorticity contours and particletions about the center.
distributions for each Stokes number are shown in Fig. 6. As can also be observed, the additional mechanisms af-
Fig. 6(a) shows the formation of a large scale spanwise vorfecting finite-inertia particle transport result in very different
tex, with a well-defined roller developed bly=2.8. Note  behavior as the Stokes number is increased. The behavior for
that there is no subharmonic perturbation and therefore vorSt=1 is again interesting, with the “asymptotic” transport
tex pairing is prohibited. The “wobbling’(vortex nutation  beingy/\~*=0.25, independent of the initial seeding. The
evident in the particle trajectoridsf. Fig. 5 is also clear in  apparent discontinuities negg/\ =0.1 and 0.35 in Fig. (b)

Fig. 6(a). The corresponding particle distributions are shownoccurring because particles initially close together can be far
in Figs. §b)—6(e) for St=0.05, 1, 10, and 100, respectively apart at long times. It is also interesting to note that, though
(note that only the locations of every tenth particle have beefkig. 7(b) again shows that nonuniform seeding will not be an
shown in the figures The particles appear to form continu- effective approach for increasing lateral transportSa+ 1,

ous curves at early times in the evolution whereas individuait does suggest the possibility of controlling the transport into
particles are identifiable at later times. As expected, distributhe positive (or negativé cross-stream direction. For ex-
tions for St=0.05 in Fig. &b) are quite similar to fluid ele- ample, particles will be transported to the upper part of the
ments. These particles are able to follow the flow relativelylayer if they are initially seeded at streamwise locations
well and near the core region of the vortex the distributionxy/\<<0.1 and to the lower part if the initial distribution is
becomes more spiral-like with increasing time. The distribu-0.1<x,/\ <0.35. Note that this feature f@t=1 is not de-
tion near the vortex edge is more complicated with manypendent on time while Fig. (@ shows that control of the

(@ ®) © @

will be xo/A=0, 0, 0.2 and 0.25, respectively. At sufficiently
long times, nonuniform seedings with this peak location
should yield larger dispersion compared to a uniform initial
distribution, with the exception dbt=1.

2. Vorticity field and particle distributions
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FIG. 7. Particle cross-stream position as a function of initial streamwise locegiof@) St=0.05:--+, T=4.7;, —-—,T=5.1; ---, T=5.5;——, T=5.9.(b)
St=1: -, T=4.2, —-—,T=48; ---, T=5.4, —, T=5.9. (¢) St=10:--+, T=5.7;, —-—, T=6.5; ---, T=7.4;, —, T=8.2. (d) St=100: -, T
=5.7, ——,T=6.5; -, T=7.4,—, T=8.2.

cross-stream displacement f&t=0.05 is strongly depen- 4. Mean-square dispersion
dent on the time interval of interest.

For St=10 and 100 the temporal development shown in Particle mean-square dispersion in the cross-stream di-
Figs. 7c) and 7d) is consistent with the trajectories in Fig. rection for initial seedings of varying nonuniformity is
5. With increasing response time the curves develop morghown in Fig. 8. The initial distribution corresponding do
slowly with fewer oscillations than for the smaller Stokes =0.5 is nearly the same as a uniform distribution while
numbers, i.e., the particles are less able to follow the curve@mallero corresponds to increasingly nonuniform seedings
trajectories of the fluid. Forg/\=0.4—0.5 the curves de- (i.e., more particles initially neax,=xy). In the initial
velop a discontinuity with increasing time as particles closestages of the evolutiofwithin 2—3 turnover timgsa more
to the core cross the lower separatrix. A comparison of Figsuniform distribution (larger o) results in largerY? for St
7(c) and 7d) also shows the peak in the displacement shift-=0.05 (Fig. 8@)). This is consistent with Fig. (@ which
ing towards the core aSt increases, further consistent with shows the initial location corresponding to the largest dis-
the trajectories in Fig. 5. placement is initially away from the saddle point. With in-

Downloaded 01 Jul 2005 to 128.117.47.188. Redistribution subject to AIP license or copyright, see http://pof.aip.org/pof/copyright.jsp



1710 Phys. Fluids, Vol. 10, No. 7, July 1998 Wang, Squires, and Wang

0.05 ‘ ; 0.5

0.1

0.08r

(b) ()

FIG. 8. Mean-square dispersion in the cross-stream direction for interface se@lli8g¢= 0.05,x,,/A=0; (b) St=1, x,,/\=0; (¢) St=10, X,,/A=0.2; (d)
St=100, X,,/A=0.25,--+, 0=0.5; — - —, 0=0.05;—, ¢=0.005.

creasing time the greater lateral extent of streamlines neaion for St=1 is insensitive to nonuniform seeding. Con-
the saddle point becomes important and nonuniform seedingsersely, for particles with larger inertia, Figs(cB and &d)
with a large fraction of light particles near the saddle haveshow that large increases in lateral transport can be achieved
the greatest lateral transport. At=12, for example, the by seeding more particles negg/\=0.2 andxy/A=0.25
mean-square dispersion fer=0.005 is about 5-6 times for St=10 andSt=100, respectively.
larger than that resulting from a uniform distribution. It is It should again be remarked that Fig. 8 demonstrates the
also clear from the figure that the curves corresponding t@omplicated effect of the mechanisms described in the Intro-
small o develop oscillations in response to the quasi-periodiduction on the transport of finite-inertia particles. The trans-
shrinking and expansion of the vortex. verse dispersion of fluid elements and light particles can be
While the dispersion folSt=0.05 is similar to that of maximized for nonuniform seedings with a peak near the
fluid elements discussed in Walfythe dispersion of par- saddle points, though this process is clearly time-dependent,
ticles with larger Stokes numbers are quite different. Theas Fig. &) shows, with increases in lateral transport being
oscillatory behavior inY? is reduced by increasing inertia achieved after about-34(\/AU) for St=0.05. For increas-
since the particles do not follow the fluid, are ejected froming particle inertia, vortex ejection and subsequent separatrix
the core region, and cross the separatrix into the freestreamrossing shifts the peak towards the center of the vortex.
Figure &b) is again consistent with the fact that the disper-However, for Stokes numbers of order unity there is an effi-
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cient transport of particles to the outer region of the vortexmain, indicating that nonuniform seeding with the largest
(near the separatricewith little sensitivity of lateral trans- fraction of particles neax,=0 can enhance dispersion.
port to initial seeding. With further increases in responseHowever, since the lateral extent of streamlines emanating
time (St=10 and 100, transport becomes increasingly sen-from x,=0 compared to other streamwise positions is not as
sitive to its previous motion with ejection from the core re- large compared to the interface release, the increase in trans-
gion and separatrix crossing into the freestream leading tport is smaller than observed in Sec. IV A.

large increases in dispersion for nonuniform seedings. Particle trajectories folSt=1 from initial locations 0
Within 5(A/AU) the mean-square dispersion Bt=10 is  <xy/A<0.5 are shown in Fig.(®). Similar to the behavior

in fact larger than foSt=1 and by 104/AU) particles with  observed for the interface seeding in Sec. M@k Fig. 5),
St=100 exhibit the largest lateral transport. Thus, in addi-for an initial cross-stream seedingyat/\ =0.1, most of the
tion to a sensitivity to the initial location, lateral dispersion is trajectories asymptote towarggx~0.25 at long times, in-

also time- and Stokes-number dependent. dependent of the initial streamwise location, and again im-
plying a weak dependence of lateral dispersion on nonuni-
B. Off-interface seeding form seeding. ForSt=10 and 100(Figs. 9c), 9(d)), the

. . . ) . .. trajectories for long times are shown. Unlike the behavior
. In the previous sec_t|0n the d|sper3|on_ of particles N Hbserved forSt=1 and similar to that observed for the in-
t!ally seedgd along the interface was _con5|dere_d._ In applicgg face seedingcf. Fig. 5), the figure shows a sensitivity of
tions, particles can be seeded at various locatisitaulta- lateral displacement to initial position with particle motion

neously along the cross-stream direction. Seeding aWa%ecoming nearly parallel to the freestream at long times. The

frqm the intt_erfa}ce i_s investigated in this S(_ection in or.der Ostreamwise position corresponding to the maximum dis-
gain fur.ther |nS|gh§ into the gffect of nonumform segdlng ONplacement occurs at approximatedy/\ = 0.40 and 0.48 for
d|sperS|on. Iln pgrtlcu'la'r, a line seedmgy@t/)\Z.OJ IS €X- gt 10 and 100, respectively.

amined, which is within the vortex core region for 0.22 Trajectories from initial positions OsBxo/A<1 are

1<x0/)\F<0.7h8, n tTE’T contgx_t oflthe St#art vortesf. F'g'_ similar except that more particles are ejected into the lower
(a). For the evolving mixing layer the vortex core size freestream. Calculations of mean-square dispersion presented

!ncreas? W'tlh time, ar;]gll A :boﬁ 'E rcfepresentatwe gf r:he m the subsequent figures are performed with peak values of
Intermediate location where both the freestream and the roy, o jpifiq| seeding determined from Figs. 9 and similar tra-

up of the vortex affect subsequent dispersion. For large ectories with initial seedings O05xy/A<1. In particular
cross-stream positions particles travel predominantly in th e peaks are,; =X ;=0 for St=0.05, X,y =X p=0 for,
streamwise direction while for smaller cross-stream locationg;_; 120_2‘ andr; ,=0.48 for St= '10’“ andn;< =X

the dispersion will be similar to that observed in the previous_ 0.45'3 f(r)ant= 100. Dig]persion for the nor;unifornrplly semeded
sect.|on for mterfgce segdlng. This off-mtgrface re!ease Ofjistributions should be larger than that for a uniform seeding,
particles, along with the interface release discussed in the la; ith the exception oft=1 in which the dispersion is again

section, _can_b_e w_ewed as bundlng_ bloc_ks (_)f_the_ MOre 9eNghserved to become independent of initial position.
eral particle injection, such as multiple-line injection or half

layer injection. The assumption that particle motion does no

modify the fluid flow implies that any general injection can
be analyzed as a superposition of line injections. Cross-stream dispersiow?, for different initial seedings

from yo/A=0.1 is shown in Fig. 10. As expected, the non-
uniform distributions yield larger dispersion than obtained
for a uniform seeding, with the exception 8ft=1 where
- . . . _cross-stream dispersion is relatively independent of initial
. S|m|_lar to the .procedure described in Sec. IV A, IoartICIepos;ition. Consistent with the particle trajectories shown ear-
trajectories for ﬂu|_d elements arit=1, 10,' 100 WEre Com- gy, Fig. 10 shows that there are smaller increases in cross-
puted for the off-interface release. Particle velocities wereaam dispersion using nonuniform seedings for the off-
initially qualltc.).that of t_h_e fluid at _the particle po_sition. FOr interface release as compared to the interface seeding
large St, this initial condition complicates comparison of re- .o <iqarad in Sec. IV Acf. Fig. 8. In addition, the cross-

fsults from this secrt]l'or;l t?] those Ifrom ,Slec' I\I/ A for an inter- o am dispersion for the off-interface release is also smaller
ace seeding in which the initial particle velocity was z€ro.ynan previously obtained for the interface seedings. This gen-

For smaller inertia, however, the effect of the initial particle oo teatyre is expected since both the local fluid transverse

velocity is less significant. Figure 9 shows trajectories forvelocity and ejection due to fluid vorticity are reduced at
particles initially atyo /A = 0.1 and G<xy /A <<0.5. Unlike the

: ; : _locations away from the interface.
interface seeding where the transport of fluid elements ini-

tially near xq/A=0.5 is in the core region, fluid particles

seeded ay,/\=0.1 are transported to the outer region of theV' SUMMARY

vortex regardless of their initial streamwise location. The  Previous examinations have shown that fluid element
figure also shows that some trajectories cross the separatriispersion can be enhanced by nonuniform seeding with a
and are subsequently re-entrained into the core region. Igreater fraction of particles near the saddle pdiang®).
addition, the lateral transport of fluid elements initially nearin general, particle ejection from vortex cores, separatrix
Xo=0 is larger than those seeded near the center of the darossing, and the effect of initial velocities shift the optimal

E. Mean-square dispersion

1. Particle trajectories
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FIG. 9. Particle trajectories from initial locationg /A =0.1 and G<x,/\<0.5. (a) Fluid elements, & T<5.7; (b) St=1, 0<T<5.7; (c) St=10, O<T
<17.0; (d) St=100, 0<T<56.6. Initial streamwise location: -, Xo/A=0.01; ---,Xo/A=0.05; 7, X¢/A0.15; — - —, X3 /A=0.20; O, X, /\=0.25; *,
Xo/N=0.33; X, Xo/A=0.40; +, Xo/N=0.48. The separatrix &=5.7 is also shown with solid lines—) in (a) and (b).

seeding location of finite-inertia particles towards the vortexthe time-scale of the large-scale structures in free shear
core. Nonuniformly seeded finite-inertia particles exhibitflows, i.e.,St=1, can have greater dispersion than fluid ele-
substantial increases in dispersion compared to uniform iniments(e.g., see Samimy and LeélaNVenet al,*° and Crowe
tial distributions. For Stokes numbers of order unity it is veryet al*=19. The enhanced dispersion f&t=1 is also ob-
interesting to note, however, that particles are ejected fronserved in the present study, though it should be noted that the
the core region and dispersion at long times is nearly indeeffective Stokes number corresponding to maximum disper-
pendent on initial position. sion is time dependent. Initially, particles with small Stokes
In general, the optimal seeding maximizing dispersion isnumbers have the largest dispersion while at long times par-
dependent upon both the time interval of interest and Stoketicles with large Stokes numbers have sufficient time to re-
number. This is particularly relevant to temporally and/orspond to the flow and can also exhibit large disperg@g.,
spatially developing flows. For example, previous studiesee Figs. 8 and 10For intermediate evolution times par-
have shown that particles with response times comparable ticles with St=1 have the greatest dispersion compared to
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FIG. 10. Mean-square dispersion in the cross-stream direction for off-interface se@lliSg=0.05, X /N =Xn2 /A =0; (b) St=1, X1 IN=Xm2/A\=0; (¢)
St=10, X1 /N =0.4, X /N =0.48; (d) St=100, X3 /N =Xm2 /IN=0.48. -+, 0=0.5; —- —, 0=0.05;——, ¢=0.005.

both smaller and larger Stokes numbers. This is due to theuter region of the vortex, independent of their initial loca-
definition of St which is based on the initial flow time scale, tion.

while the time scale based on vorticity thickness increases as  The present work focused on relatively simple fluid
the mixing layer thickness grows and thus the effectivefiows which are two-dimensional and in which there was no
Stokes number for a given response time decreases Witfytex pairing. Nevertheless, particle motion in both the Stu-

time. art vortex and unsteady mixing layer is complex and very

The effect of npnumform seedmg_ was also studied for Hifficult to predict. In three-dimensional flows with vortex
cross-stream position away from the interface where both the _. .
airing and small-scale turbulence the parameter space rel-

freestream flow and vortex roll up affect dispersion. The pur—p 1o di . h ¢ usi i di
pose was to gain some insight into applications in which®an' 0 dISpersion enhancement using nonuniiorm seeding

particles are seeded across an entire stream of the flow. NoWill increase. In addition, different vortical structures may
uniform seeding is also effective for off-interface seedings,arise in three-dimensional flows which could alter the types
though the increase in dispersion is not as large compared & nonuniform seedings used to maximize dispersion. The
nonuniform seedings along the interface. Similar to interfacdeader is referred to Marcu and Meibétgand Tong and
seedings, the dispersion f&t=1 at long times is not en- Wang® for a recent examination of particle dispersion in
hanced since these particles are efficiently transported to thtree-dimensional mixing layers.
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