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Simulations of Particle Dynamics in a Confined Shear Flow

E. J. Chang* and K. Kailasanathf

U.S. Naval Research Laboratory, Washington, D.C. 20375

The dynamic behavior of particles injected into the high-speed shear flow in the confined geometry of an axisym-
metric dump combustor is studied computationally using the flux-corrected transport algorithm and a Lagrangian
approach to track particles in the flow. Small particles are seen to travel with the large vortical structures, while
intermediate sized particles are seen to form sheets as they are ejected from these structures. Dispersion of the par-
ticles is found to be optimal at Stokes numbers on the order of unity when particles that have been deposited on the
combustor walls are neglected. Further analysis shows that it is the shedding frequency that governs the dispersion,
even at downstream locations where the first merging frequency governs the fluid flow. This property is observed
for all particle sizes studied except for cases at very low Stokes numbers, where the merging frequency, as well as
the frequency obtained by combining the merging and shedding frequencies, is observed. A correlation between
particle size and flow vorticity is also obtained and shows that high concentrations of particles can be associated
with high vorticity for small particles, whereas the opposite is true for intermediate to large sized particles.

Introduction

M ULTIPHASE flows are encountered in many practical com-
bustion applications. In many systems, liquid fuel is sprayed

into the combustor, where it mixes and burns with the air. In some
newer applications such as the combustion of high-energy fuels, the
fuel may actually be injected in the form of a slurry or as solid parti-
cles in a gaseous stream. Therefore, there is a critical need to study
the dynamics of particles in shear flows such as those encountered
in propulsion systems.

There has been much work done in the past regarding the be-
havior of particles in fluid flows. Much of this work has focused on
either idealized flows with no confining boundaries such as homoge-
neous isotropic turbulence1'2 and free shear layers3'4 or on specific
problems such as particle deposition and reflection in boundary lay-
ers near walls.5'6 Some work has also been done involving heavy
particles injected into freejets.7'8 However, little basic work has
been done in areas with true engineering applications. In general,
in practical applications, fuel-air mixing and combustion take place
in confined geometries. A shear layer in such a confined system
can be significantly different from a free shear layer because of the
interactions between the acoustics of the confined system and the
large-scale vortical structures in the shear layers.9 In addition, the
confinement could significantly inhibit the dispersion and migration
of particles. This paper reports on a numerical study of the behav-
ior of particles injected into a high speed shear layer such as that
encountered in the dump combustor of a ramjet system.

Previous work dealing with heavy particles includes that of Wang
and Maxey2 for particles settling as the result of gravity in homoge-
neous isotropic turbulence. They found that sheets of particles form
leading to increased settling rates when the particle response time
is on the order of the Kolmogprov scale. Such sheets, formed in the
braid region between vortex structures, have also been observed in
the experiments of Longmire and Eaton8 for a particle laden round
jet as well as in the numerical work of Martin and Meiburg,10 who
found the existence of particle sheets in a free shear layer, here at
Stokes number S « 1, leading to preferential particle dispersion at
Stokes numbers on the order of unity.

Crowe et al.11 investigated heavy particle behavior in a turbu-
lent free shear flow. They found that intermediate sized particles,
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with response times on the order of the observed characteristic flow
time, were quite strongly dispersed, in some cases to an extent
greater than that of the fluid, by large-scale coherent flow struc-
tures. In addition, they found that small particles tended to follow
fluid elements, whereas for larger sized particles, the flow had little
influence on particle trajectory. The experimental work of Lazaro
and Lasheras4'12'13 confirms the existence of optimal dispersion in
a plane turbulent mixing layer for intermediate sized particles and
further demonstrates the selective dispersion of different sized par-
ticles. For the unforced case, dispersion was always found to be less
than the fluid momentum, whereas in the forced case it was possible
for particle dispersion to exceed that of the fluid momentum.

Similarly, for heavy particles injected into axisymmetric jets
Chung and Troutt14 have demonstrated optimal dispersion for in-
termediate sized particles. More recently, this result has also been
observed by Uthuppan et al.,7 who found enhanced dispersion of in-
termediate size particles in an axisymmetric jet and explored differ-
ent mechanisms responsible for the observed dispersion. Reviews
of these and other results concerning particle dispersion in shear
flows can be found in Crowe et al.15 and Eaton and Fessler.16

One of the issues investigated here is whether dispersion will
still be maximized in a flow with confining boundaries, such as
the ramjet combustor, at Stokes numbers on the order of unity. We
will also examine the relationship between particle dispersion and
vortex shedding and merging as well as the relationship between
flow vorticity and particle concentration.

Numerical Model
Simulation of Fluid Flow

The flow into a central dump ramjet combustor is computed by
solving the compressible, time-dependent, conservative equations
for mass, momentum, and energy in an axisymmetric geometry us-
ing the flux-corrected transport (FCT) algorithm,17 a conservative,
monotonic algorithm with fourth-order phase accuracy. No explicit
term representing physical viscosity is included in the model. No
artificial viscosity is needed to stabilize the algorithm because of the
residual numerical diffusion present that effectively behaves like a
viscosity term for short wavelength modes on the order of the zone
size. This damping of the short wavelengths is nonlinear, and the
effects of the residual viscosity diminish very quickly for long wave-
length modes, resulting in a high effective Reynolds number. This
approach called monotonically integrated large-eddy simulation is
described in detail elsewhere.18 This is the same approach used by
Kailasanath et al.9> 19~21 in previous simulations of ramjet combustor
flows.

A schematic of the idealized ramjet used is shown in Fig. 1.
This particular configuration was chosen because of the extensive
studies9'19"22 of nonreactive and reactive flows performed on this
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Fig. 1 Schematic of the configuration studied; the inlet diameter
D = 6.35 cm is used to nondimensionalize the length scales.
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Fig. 2 Fourier spectrum of velocity fluctuations in the shear layer for
flow, forced at 5% of inlet pressure at 1380 Hz, 0.24D (1.55 cm) down-
stream of the comhustor step: ——, 120 X 240 grid and ••• • • , 60 x 120
grid.

system and is representative of typical applications. A cylindrical
jet with a prescribed mean velocity of UQ = 100 m/s flows through
an inlet of diameter D into a cylindrical combustion chamber of
larger diameter. An annular exit nozzle at the end of the chamber
is modeled to produce choked flow. The choked outflow conditions
force the flow to become sonic at the exit throat. At solid walls the
normal flux is set to zero and the pressure is extrapolated to the
normal stagnation condition. At the inflow, no pressure conditions
are set, but the mass flow rate and inflow velocity are specified. The
specific flow used in this study is that with an inflow Mach number
of 0.31. The physical dimensions are those given in Fig. 1, with
the exit consisting of an annular ring at 0.625Z) with an area of
14.89 cm2. The mass inflow rate is 0.78 kg/s with a mean velocity
of 100 m/s, and the initial chamber pressure is 188 kPa.

A fixed computational grid is used with fine zones used near the
entrance to the combustor in both the radial and axial directions.
The cell sizes gradually increase away from the dump plane. This
flow has been shown to be accurately resolved using a 60 x 120
grid.19-22 For example, at an axial distance of 1.55 cm downstream
of the combustor step, the amplitude of velocity fluctuations at the
shedding frequency, 1380 Hz, agrees with that of a 120 x 240 grid to
within 5% (Fig. 2). Similarly, at a distance of 5.41 cm downstream
of the step, the amplitude of the first merging frequency, 690 Hz,
agrees to within 1.5% (not shown).

Simulation of Particle Motion
In this study the motion of heavy particles in a one-way coupled

system is considered. The particles are assumed to be small in com-
parison with the smallest scales of the flow, and the loading is such
that the presence of the particles does not modify the gas flow in the
combustor. Additionally, the presence of a particle does not affect or
modify the motion of any neighboring particles. However, the mo-
tion of the particles is related directly to the local flow in the ramjet u.

A Lagrangian approach is used to track each particle. Under the
assumption that the density of particle pp is much larger than the den-
sity of the surrounding fluid pf (a water/air ratio gives pwater/Pair ^
103) the Basset-Boussinesq-Oseen equation of motion23 reduces to

dV(Q [u(Y, t) - V(t)]f(Rep) + W
dt

d7(Q
df

(1)

(2)

Table 1 Relationship between particle diameter dp,
particle response time rp, and Stokes number 5

dp, /nm

1
2
3
4
5
6
7
8
9

10
15
20
25
30
50

Tp, S

3.12 x 10~6

1.25 x 10~5

2.81 x 10~5

5.00 x 10~5

7.81 x 10~5

1.12 x 10~4

1.53 x 10~4

2.00 x 10~4

2.53 x 10~4

3.12 x 10~4

7.03 x 10~4

1.25 x 10~3

1.95 x 10~3

2.81 x 10~3

7.81 x 10~3

S

4.31 x 10~3

1.72 x 10~2

3.88 x 10-2

6.90 x 10~2

0.108
0.155
0.211
0.276
0.349
0.431
0.970
1.72
2.70
3.88
10.7

where V(t) and Y(t) are the velocity and position of the heavy
particle. The Stokes response time rp and Stokes terminal velocity
W are defined as

TD = 18/x and (3)

where pp and dp are the density and diameter of the sphere and IJL the
dynamic viscosity of the surrounding fluid. Here we use pp = pwater
and IJL = jL6air at one atmosphere of pressure and 288 K, and gravity
effects are neglected (W = 0). The characteristic flow time is taken
to be the vortex shedding frequency at the combustor step t/ = 1 //.
This time is used to compute the Stokes number S = r p / t f . Stokes
numbers for various particle diameters are given in Table 1. The
coefficient f(Rep) is a scalar function of the particle Reynolds
number Rep = |V — u\dp/v^r and is equal to unity for the Stokes
flow assumption of this study. The effect of using a nonlinear drag
law to calculate f(Rep) as compared to the linear assumption used
here has been studied by Wang and Maxey2 for heavy particles
settling in homogeneous isotropic turbulence. They found small
quantitative but no qualitative differences using a nonlinear drag
law. Results for the current system under consideration lead to a
similar conclusion.24

Particles are injected into the ramjet combustor every 10 A£, where
Af = 0.376 x 10~6 s, at the corner of the combustor step, r = D/2
and z = 0, with zero radial velocity and streamwise velocity uinj =
50 m/s. This injection location and velocity were chosen to both
maximize dispersion and to model a true fuel injection combustor
system. Uthuppan et al.7 investigated the effect of injection location
in a jet and found that dispersion is optimal injecting in the core of
the shear layer. We chose an injection velocity of 50 m/s because
this is the approximate downstream velocity of the vortex structures.
Injecting at this velocity provides the best opportunity for particle
interaction with these flow structures. Other injection locations and
velocities were examined and indicate that these, indeed, are the
optimal injection location and velocity.

A fourth-order Adams-Bashforth method is used to integrate
the particle velocity in time and a fourth-order Adams-Moulton
method to obtain the particle location. A two-dimensional sixth-
order Lagrangian interpolation scheme25 is used to interpolate flow
properties to the particle locations.

Both reflective and absorptive wall boundary conditions have
been employed, with an emphasis on the latter. By reflective, we
mean that particles that hit a wall are assumed to bounce back into
the ramjet combustor in a perfectly elastic manner with purely reflec-
tive symmetry (specular reflection). Absorptive boundary conditions
are those in which a particle is assumed to stick to the combustor
wall upon impact and remain fixed at that location for the remainder
of the simulation.

Results
The particular flow configuration just described has been studied

in detail by Kailasanath et al.9 They found that vortex shedding at the
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Fig. 3 Fourier spectrum of velocity fluctuations in the shear layer: a)
0.64D (4.1 cm) downstream of the combustor step and b) 1.72D (10.9 cm)
downstream of the combustor step.

6.0

Fig. 4 Lines of constant vorticity inside idealized ramjet combus-
tor at a) t = 20,000A* (7.52 ms), b) t = 40,000At (15.04 ms), and c)
t= 100,000 A* (37.6ms).

combustor step occurs at a frequency of /= 1380 Hz corresponding
tq a Strouhal number of Srdo = f60/ U0 = 0.0146, where 00 = 0.106
cm is the initial shear layer thickness defined by the computational
grid.9 A Fourier analysis of velocity fluctuations at a distance of
0.64D from the dump plane confirms this finding (Fig. 3a). Anal-
ysis at 1.72D indicates a second characteristic frequency of 690
Hz Sr6o = 0.0073, the first subharmonic of the vortex shedding
frequency (Fig. 3b). Finally, we note other geometry related fre-
quencies that may come into play. These include the quarter wave
of the inlet (145 Hz), the first longitudinal mode frequency of the
combustor (445 Hz), and a beat frequency between the inlet and
combustor frequencies (300 Hz). Typical vorticity contours of this
flow at various times can be seen in Fig. 4. Here only the upper
half-plane is shown.

The results presented here are mainly from simulations with ab-
sorptive boundary conditions. Except where noted, the results for
simulations with specular reflective boundary conditions yield qual-
itatively similar results.

Figures 5-7 show particle positions for various particle sizes at
times corresponding to the flow shown in Fig. 4. It is fairly evident
that small particles remain in the shear layer and are transported
with the large vortex structures. Conversely, at intermediate particle
sizes [S & O(l) or dp & 15jifcm] the formation of particle sheets
can clearly be seen outside of and between areas of high vorticity.

a)

b)

v..- ^ - .-> :, / • • . * r ; . ; _ o . 5
._._._._._._._._._._..._._._._._._._._._._._._._._._._._._._.] J Q O
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Fig. 5 Particle locations inside idealized ramjet combustor for l-/xm-
diam particles (S = 0.004) at a) t = 20,000 At (7.52 ms), b) t = 40,000 A*
(15.04 ms), and c) t = 100,000 Af (37.6 cms).
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Fig. 6 Particle locations inside idealized ramjet combustor for 15-/xm-
diam particles (5 = 0.970) at a>* = 20,OOOAf (7.52 ms), b) t = 40,000 At
(15.04 ms), and c) t = 100,000 A/ (37.6 ms).
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Fig. 7 Particle locations inside idealized ramjet combustor for 30-^mi-
diam particles (S = 3.881) at a) t = 20,000 At (7.52 ms), b)f = 40,000 At
(15.04 ms), and c) t = 100,OOOAf (37.6 ms).

Particle Dispersion __
Figure 8 shows the time-averaged dispersion 8 (t) of all particles

in the combustor. The dispersion 5(0, in centimeters, is defined by

[y^'Yr-m-r- vHa-»% J (4)

where rio = 3.175 cm = injection location and N(t) is the number
of particles in the combustor at time t. The quantity 5(0 is obtained
by averaging collected sets of data from a simulation run. Our results
indicate that after an extended period of time the dispersion, initially
increasing with time, eventually settles to a quasisteady state. For the
Stokes numbers used in this study, this time is on the order of 0.015 s,
or approximately 40,000 time steps, corresponding to approximately
21 vortex shedding events. Therefore, to obtain accurate values for
the well-mixed system, we do not begin to sample particle dispersion
data used to obtain <5(0 until t = 0.02256 s, or 60,000 time steps
after particle injection has begun. This sampling continues until the
end of the simulation run, in this case an additional 200,000 steps or
0.0752 s. Included in Fig. 8 are data that includes particles that have
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Fig. 8 Time-averaged dispersion as a function of Stokes number for
absorptive boundary conditions including particles that have stuck to
the combustor wall (o), for absorptive boundary conditions excluding
particles that have contacted the combustor wall (D), and for specular
reflecting boundary conditions (A).
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Fig. 9 Number of particles deposited on combustor walls vs time.

stuck to, or been deposited on, combustor walls as well as dispersion
values that do not include such particles.

Discounting small particle behavior, dispersion is maximized at
dp = 15 (Jim (S = 0.970) if deposited particles are not included.
When included, dispersion is maximized at a higher particle diam-
eters. This is because particles deposited on the outer radial walls
will increase the dispersion measurement. Figure 9 shows that the
number of deposited particles continues to increase with particle di-
ameter until dp = 20 ̂ m (5=1.725), the point at which dispersion
is maximized.

That the time-averaged dispersion is high for small particles
does not necessarily mean that dispersion is optimal in this regime.
Figure 10 clearly demonstrates that the initial, time-dependent dis-
persion can be higher for other particle sizes. The high time-averaged
dispersion for small particles is an artifact resulting from a backflow
region along the outer combustor wall. Particles that are carried to
the end of the combustor and do not exit through the nozzle are
transported in this backflow region. Therefore, any particles inside
the combustor but not inside the shear layer are at or near the max-
imum radial distance defined by the confining geometry creating a
higher measured dispersion. This is a deceptive feature directly re-
sulting from the confining walls; high dispersion for small particles
is not because of ejection from the shear layer but because of fluid
transport of particles that do not exit the shear layer and are carried
in the backflow near the outer combustor wall. We note that at the
end of a typical simulation run for dp < 5 /xm the number of par-
ticles that exit the combustor will have reached a total on the order
of 70% of total particles injected. While increasing with time, this
total will never reach 100% for a system with continuous injection
because of a finite particle residence time inside the combustor.

Also seen in Fig. 8 is the time-averaged dispersion with specular
reflecting boundary conditions. Dispersion reaches a peak at particle
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Fig. 10 Dispersion vs time for 1-, 15- and 30-/xm-diam particles
(5 = 0.004,0.970, and 3.881).
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Fig. 11 Tune-averaged local dispersion 8t(t)/D, where i is the down-
stream distance from the combustor step in centimeter.

diameters near dp = 15 ̂ m or S = 0.970. The relatively higher
overall dispersion is because of the accumulation of particles near
the outer radial wall. In the preceding case, it was seen that a large
number of particles made contact with the outer wall. Now, instead
of remaining on the wall, these particles are deflected back into the
flow and congregate in the low-vorticity regions adjacent to walls.

To evaluate particle dispersion in different regions of the com-
bustor, we define a second dispersion function 5/(r), which mea-
sures the dispersion via Eq. (4) for particles in the region i cm
< z < (i + 1) cm. Thus, 81 (t) is the dispersion at time t for all par-
ticles 1-2 cm downstream of the injection location. Figure 11 shows
8t(t) averaged over time for 250,OOOAf, sampled every 50AJ and
i = 1 , . . . , 30. For very small particles (S <£ 1) the dispersion is
quite uniform; however, for intermediate-sized particles there is a
definite bias indicating areas of higher dispersion. This is because
of the tendency of intermediate sized particles to migrate out of
the shear layer, away from regions of intense vorticity. Particles
that are ejected toward the combustor wall accumulate at nearby
low-vorticity areas. As the particle size increases, it takes longer
for them to exit the shear layer region and the maximum in the
dispersion distribution moves downstream. Note that although 15-
/xm-diam particles (S = 0.97) exhibit the highest global dispersion,
as seen in Figs. 8 and 10, here it can be seen that higher dispersion
is obtainable at different axial locations for different particle sizes.

Figure 6 indicates that at intermediate Stokes numbers all par-
ticles are not carried downstream. To quantify streamwise par-
ticle distribution the following method was adopted. A func-
tion Pt(t) is defined as the fraction of particles in the interval
i cm<' z < (i +1) cm of the total number of particles in the interval
lcm< z <-31 cm for i = 1,... ,30. For a given timer, P/(f) gives
the distribution of particles in the streamwise direction. Figure 12
shows the time average of P/ (t) and indicates that for intermediate
to large sized particles there exists a streamwise distance at which
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Fig. 12 Time-averaged particle distribution P/ (0, where j is the down-
stream distance from the combustor step in centimeter.
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Fig. 13 Amplitude of 1380- and 690-Hz components of velocity fluctu-
ations in the shear layer vs axial distance downstream.

particles tend to accumulate. As with the dispersion distribution,
this distance moves downstream as the particle size is increased.

Figure 13 shows the amplitude of the shedding and merging
components of the flow velocity in the shear layer vs downstream
distance. It is clear that particle motion should be characterized by
the shedding frequency near the injection location (z = 0). The
merging frequency does not become dominant until z & D and
is much lower in amplitude. For intermediate to high particle re-
sponse times, a shift to this characteristic frequency will not occur
until particles are well into the combustor and noise dominates the
signal. It is expected, therefore, that dispersion would most likely
be characterized by the shedding frequency throughout much of the
combustor except at very low Stokes numbers, in which case the
particles respond immediately to the surrounding fluid.

The data used to construct 8t(t) and P/(f) can be used to deter-
mine whether there is any correlation between particle dispersion
and time-dependent flow structures and acoustics. Taking a Fourier
transform of Df (t) and P/ (0 will indicate any characteristic fre-
quencies. Figures 14a-14c show the Fourier spectra of 84(t), <$10(0>
and 620(0 for 15-jnm-diam particles (S = 0.97), Previously it was
established that the dominant frequencies at these locations were
the frequency due to vortex shedding, 1380 Hz, and the first vor-
tex merging frequency, 690 Hz. Other than some inconsequential
low-frequency noise, it is seen that it is the shedding frequency that
governs the behavior of dispersion for intermediate sized particles,
even at downstream locations where the merging frequency governs
the fluid flow. This property is observed for all particle sizes studied
except for cases at very low Stokes numbers where the merging fre-
quency and associated harmonics are seen. This is an expected result
as the particle response time for all but the smallest particles is large
enough to suggest that characteristic flow frequencies at one loca-
tion will not be observed in characteristic particle quantities until

0 500 1000 1500 2000 2500 3000
Frequency (Hz)

0.008

0.006
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0 500 1000 1500 2000 2500 3000
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0.008
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c)
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Fig. 14 Fourier spectra of local particle dispersion: a) 0.63D (4.0 cm)
downstream of the combustor step, b) 1.57Z) (10.0 cm) downstream of
the combustor step, and c) 3.15D (20 cm) downstream of the combustor
step for S = 0.970 (dp = 15 /xm).

farther downstream. Similarly, the merging frequency, 690 Hz, is
not seen in the dispersion spectra until well downstream of the first
vortex merging. This also explains the lack of correlation with any
of the acoustic modes of the system. For the parameters of the sys-
tem studied here, it is the second and subsequent mergings in the
shear layer that are affected by the acoustics. Based on the results
discussed, these frequencies will be expected to affect the dispersion
only allocations farther downstream than the second merging. By
then, however, the end of the combustor is reached and most of the
particles have also been already dispersed. The vortical structures
have also grown to nearly reach the wall of the combustor. Therefore,
the particle dispersion at none of the locations studied is dominated
by the system acoustic frequencies. A wider diameter and longer
combustor might allow some additional unimpeded growth of the
shear layer and have locations where the acoustic frequencies of the
system are observed. However, the acoustic frequencies themselves
will be lower in a wider and longer system. Hence, further stud-
ies are needed to more definitely conclude on the effects of system
acoustics on dispersion.
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Fig. 15 Time-averaged particle concentration C as a function of nor-
malized flow vorticity.

Stokes Number

Fig. 16 Dependence of normalized flow vorticity |u>| on Stokes num-
ber for absorptive boundary conditions excluding particles that have
been deposited on the combustor walls (o), for absorptive boundary
conditions including particles that have been deposited on the combus-
tor walls (D), and for specular reflecting boundary conditions (A); zero
vorticity is assumed for particles deposited on combustor walls.

Particle Accumulation and Concentration
It has been established that in flows with unconfined boundaries

heavy particles with small Stokes numbers tend to accumulate in
areas with high flow vorticity, whereas those with Stokes number
near unity tend to accumulate in sheets outside such areas.4'8 To
determine a relationship between particle size and flow vorticity, a
correlation function C(f) is obtained by dividing the flow domain
into equally sized boxes and counting the number of particles in each
box. Associated with each box is the magnitude of the flow vortic-
ity at the center of that box. The range spanned by the minimum
and maximum of these vorticity values is then divided into evenly
spaced intervals and the average number of particles in each box
associated with a given interval of vorticity as a fraction of the total
number of particles in the system per unit volume is determined.
Thus, C(0 gives a measure of particle concentration associated
with specific flow vorticity values. Figure 15 shows C(t) averaged
over 10 separate data sets of the particle/flowfield for various sized
particles plotted against the magnitude of the flow vorticity. For very
low Stokes numbers, high concentrations are seen to be correlated
with high-vorticity levels. At these low Stokes numbers, particles
act essentially as fluid markers. Since particles are injected in the
core of the shear layer where vorticity is at its highest, they remain in
and are transported by these areas of high vorticity. At intermediate
Stokes numbers, relatively higher concentration levels are seen to
be associated with low flow vorticity as particles are ejected from
the shear layer. At higher Stokes numbers the correlation between
low flow vorticity and particle concentration decreases as particle
inertia increases, diminishing the effects centrifugal forces have on
ejecting particles from the shear layer.

Figure 16 shows the average of the magnitude of the flow vorticity
\cb\ as a function of Stokes number. Here \cb\ is obtained by taking
the magnitude of the flow vorticity at each particle location for a

given time and averaging over all particles in a given sample and,
finally, averaging over 10 samples. It is again seen that low Stokes^
numbers are associated with high flow vorticity. As the Stokes num-
ber increases, a dip is observed where particles accumulate in areas
with low vorticity. At higher Stokes numbers, particles become less
correlated with flow vorticity and a rise in the curve is seen. This is
because of the larger particle inertia and lower dispersion keeping
particles within or near the shear layer.

Conclusions
In this study we have found that, as in a free shear layer, particle

dispersion is maximized for particle diameters on the order of 15 /xm
in diameter, or when the Stokes number is near unity, when parti-
cles are injected at a velocity on the order of the mean streamwise
velocity of flow structures in the combustor. However, this property
was found to hold only when particles that have been deposited on-
the combustor walls are excluded from the dispersion calculation.
Including such particles into the dispersion calculation tended to
skew these results toward larger diameters. If deposited particles
are included, dispersion is not maximized until larger particle diam-
eters because of an increase in particle deposition rate with Stokes
number that peaks at dp & 20 jum (S == 1.72). Lying in between is
the specular reflection case in which dispersion was found to reach
a maximum at dp & 15 )L6m, or Stokes number near unity, but re-
main high for larger particles. Here, particles, which have contacted
the outer combustor wall, remain in the low-vorticity regions near
the outer combustor wall increasing the measured dispersion. These
results bring out the role of different wall boundary conditions and
suggest the need for further studies involving more complex wall
boundary conditions.

Further investigation indicates that whereas global dispersion is
optimal for dp « 15 /zm, local dispersion can be optimal for other
sized particles. For the particle sizes considered in this study, our
results show that higher local dispersion can be associated with both
a farther downstream distance from the injection location and larger
particle sizes. In fact, we found that the maximum local dispersion
for larger particles can exceed that of the optimal global disper-
sion. Associated with this increased dispersion with particle size and
downstream distance is a more uniform particle distribution. Larger
particles, with their higher inertia, travel farther downstream inside
the confining geometry; moderately sized particles, while exhibiting
high dispersion, tend to accumulate toward the front of the combus-
tor as they are ejected from the shear layer and are transported to the
front of the combustor by the backflow along the combustor wall.
This indicates that a penalty associated with optimal dispersion is
poor axial distribution of particles.

A direct correlation between Stokes number and flow vorticity
was found. Low Stokes numbers were found to be associated with
high vorticity, indicating that small particles are carried with vortex
structures throughout the flowfield. Conversely, intermediate Stokes
numbers [S « O(l)] were associated with low vorticity as particles
are ejected from the shear layer and migrate into regions of low
vorticity.

It was also found that the dispersion in the front end of the com-
bustor could be characterized by the vortex shedding frequency even
in locations where this was not the characteristic frequency of the
flow. That is, the dominant frequency of particle dispersion in a par-
ticular location did not always correspond to the dominant fluctuat-
ing flow frequency at that location. This does not mean that vortex
merging has no effect on dispersion. Further investigation showed
that the first merging frequency can characterize dispersion, but at
distances much farther downstream than the actual merging events.
This also explains the absence of the system acoustic frequencies
in the Fourier analysis of particle dispersion at various locations
within the combustor. For the particular geometry simulated, the
system acoustic frequencies primarily influence the second and sub-
sequent vortex mergings, which occur in the latter half of the com-
bustor. To observe their effect on particle dispersion, much longer
and wider systems will be needed. However, the acoustic frequen-
cies for such systems will also be different. Therefore, further re-
search on additional system configurations is needed for more defini-
tive conclusions on the influence of system acoustics on particle
dispersion.
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