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ABSTRACT
A moving wall section attached to a piezo-electric actuator was used to perturb the particle-laden flow
exiting a fully developed turbulent channel. The Reynolds number based on the channel width and
centerline velocity was 4240. The maximum velocity of the moving wall was 9.5 cm/s (2.3% of the mean
centerline velocity), and the maximum displacement was 120 µm, corresponding to 1.84 wall units. The
actuator displacement frequency and amplitude were tuned independently to generate different effects on
the particle-laden flow, and both quantities were documented to provide precise boundary conditions for
numerical codes. Two particle sizes were investigated at a particle-to-air mass loading ratio of 3.5%. The
Stokes numbers based on Kolmogorov scales at the center plane were 1.9 and 7.4. The flow behavior was
documented by flow visualization, number density measurements, and particle and gas velocity
measurements. The experiments showed that actuation affects particle velocity and distribution both
directly and indirectly; directly, by altering the boundary conditions seen by the particles flowing near the
wall at the channel exit, and indirectly, by controlling the spacing and the size of the induced vortices in
the jet. The direct effects, which are useful for reducing the high particle concentration layers evolving
near the channel sidewalls, required both a significant impact velocity and significant displacement of the
activated wall. Larger impact velocities are associated with larger forcing frequencies or Strouhal
numbers. The indirect effects were strongest for the lowest Stokes number tested (Skf = 0.45). This Stokes
number was associated with the lowest Strouhal number (hence largest vortices) and smallest particles. In
this case, the particle distribution in the jet changed dramatically, and particle dispersion was significantly
increased.
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1.

INTRODUCTION

In industry there are numerous applications of particle-laden flows. Some current control issues
concern how particle distribution and velocity affect transport efficiency, pollutant formation, erosion,
agglomeration, and surface deposition in both wall-bounded and jet flows. Understanding these physical
issues is of vital importance for several reasons. First, improved numerical models can be developed to
predict device behavior prior to construction. Second, improved understanding of the flow physics will
lead to better methods for controlling flow behavior either in steady state operating conditions or
instantaneously.
Most of the previous work on controlling particle-laden flows has focused on optimizing the average
global behavior of the system. For example, in chemical reactors containing fluidized beds, the mean
particle and gas flow rates can be controlled independently by using a combination of flow resistances,
valves, and bypass lines (Fox et al., 1989). This type of control does not consider fluctuations in the mean
flow rate or typical instantaneous distributions of particles over the reactor volume, both of which could
have significant effects on overall reaction efficiency. Some control of local and temporal behavior in
simple particle-laden flows has been accomplished. For example, the work of Longmire and Eaton (1994)
demonstrated active control of particle distribution in a round jet developing from a potential core. In this
case the gas phase was modified by means of acoustic forcing, and particles with sufficiently small inertial
time scales responded to the induced, dominant large-scale vortex structure. The instantaneous particle
distribution and the overall dispersion were therefore controlled indirectly. In turbulent wall-bounded,
particle-laden flows, where a wide range of flow scales exists, very little work has been done on
controlling particle motion. Hishida and Maeda (1994) used magnetic particles to enhance heat transfer
coefficients at the wall of a gaseous channel flow. By switching on an electromagnet, the authors could
increase the number of particles contacting and traveling close to a heat transfer surface. Thus, they altered
the flow behavior by manipulating the particles directly.
The main goal of this study was to control particles in a turbulent flow with a moving wall section. A
jet exiting a fully-developed turbulent channel was chosen for its relatively simple geometry and ease of
comparison with other experimental and numerical studies. A commercial piezoelectric actuator was
chosen to drive the moving wall because of its tunability over a range of frequencies and amplitudes.
Therefore, a variety of forcing conditions could be achieved.
Depending on the choice of control parameters, particles could respond either to perturbations of the
gas phase or to changes in boundary conditions only. Therefore, given the flow and the actuator, the first
objective of this work was to determine the effect of the actuation on the gas flow downstream. The
second objective was to determine how the actuator affected particle velocity and distribution in the
particle-laden jet both directly and indirectly: directly, by actively modifying the boundary conditions seen
by the particles through their impact with the actuation wall and indirectly, by modifying the gas flow
structure in the jet through actuation.
2.

EXPERIMENTAL FACILITY AND TECHNIQUES AND FLOW CONDITIONS

2.1 Experimental Facility
The flow facility for the experiments described was a vertical channel with a rectangular cross section
(Aspect Ratio, AR = 11.6, and width w = 1.55 cm). The channel was designed to generate fully-developed
turbulent conditions near its exit. The channel body, which can be seen in Fig. 1, consists of three main
sections: the flow conditioning section, the development section, and the actuator section. The air flow is
driven by a frequency-controlled centrifugal blower, and the particles (solid glass beads) are introduced
from a pressurized screw feeder upstream of the channel inlet. The air-particle mixture enters the flow
conditioning section and passes downward through a series of grids and coarse and fine honeycombs to
eliminate swirl and to achieve uniformity in particle concentration as well as in mean gas and particle
velocities. To reduce electrostatic effects, all grids and honeycombs were grounded, and the relative
humidity of the air was controlled with a hot-water humidifier upstream of the blower. Furthermore, a
laminar flow meter (LFM) control system maintained a constant gas volumetric flow rate at the desired
particle mass load and limited slow fluctuations in the flow rate to 0.5%. The particle-laden flow passes
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through a development section of length 70w before reaching the actuator section in a fully developed
state.
The actuator section contains a rectangular plate (or activated wall) attached to a piezo-electric
translator. A detail of the actuator section can be seen in Fig. 1. In the present configuration, the activated
wall is oriented to generate wall-normal motions. The actuator is a PZT ‘stack’ (Polytec-PI, model P245.77) with a maximum displacement of 120 µm, a maximum operating voltage of 1000 Volts and a
resonant frequency of 2550 Hz. A linear amplifier (Polytec-PI, model P-270.10) was used to drive the
piezo-electric translator. For the experiments described, the piezo-electric translator was operated in a
closed loop mode. Strain gauge sensors attached to the stack were used to sense the actual translator
displacement and a PID controller provided the necessary control feedback. The closed loop mode
provides a means of minimizing uncertainties and errors in the absolute position of the translator by sensing
and controlling the actual translator position. Uncertainties in the absolute positioning are mainly caused
by the long-term drift, hysteresis, and temperature dependence that PZT ceramic exhibits in the open loop
(uncontrolled) mode (for a detailed description see Pothos, 2002).
The particles used were solid glass beads with nominal density of 2.48 g/cc and index of refraction of
1.5. Throughout this study, two size ranges were investigated. The first size range was centered on a
diameter of 30 µm (τp = 6.9 ms, where τp is the aerodynamic response time, defined as τp = (ρpdp2) / 18µ)
and the second one was centered on 60 µm (τp = 27.6 ms). In each size range, 95% of the particles fell
within the band of 10 µm surrounding the center diameter.
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Figure 1. Particle-laden jet facility and actuator detail (w is the width of the channel).
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2.2 Experimental Techniques
A laser vibrometer system (LV) was used to monitor both the velocity (VW) and displacement (dW) of
the activated wall under various control conditions. The system consists of an optical head (Polytec-PI,
model OFV-352) and an electronic signal processor or velocity decoder (Polytec-PI, model OFV-2600).
Over a measurement range of 0 to ±60 m/s, the system is specified to yield ±0.1% accuracy with a
repeatability of ±0.02%. Velocity and displacement measurements were made by holding the input
frequency (f) fixed and increasing the peak-to-peak voltage (Vp-p) input to the amplifier from low values up
to a maximum near 10 Volts. This peak input corresponds to 1000 Volts output to the actuator. For each
set of inputs (f, Vp-p), the feedback loop was optimized for a step response by tuning the differential and
integral terms of the controller. After the optimization procedure, the velocity and displacement of the
moving plate were measured. A detailed description of the actuator performance maps can be found in
Pothos and Longmire, 2001.
Airflow characteristics (time-averaged gas velocities and spectra) downstream of the channel exit were
investigated thoroughly with a hot-wire anemometer (TSI Inc., processor model IFA-100), while flow
visualizations were also performed to assist in the interpretation of the hot-wire results (for a detailed
description, see again Pothos and Longmire, 2001).
Particle concentration measurements were performed using digital imaging. Instantaneous images of
the particle flow were obtained by illuminating the area downstream of the channel (up to 6.5w
downstream) with a thin laser sheet (thickness ~0.5mm) from a Nd:YAG pulsed laser (Continuum Surelite
I). Single-pulse, instantaneous and phase-locked images were obtained using a specially constructed
timing circuit to link the laser pulsing and actuator timing with the timing of the frame grabber of a Kodak
Megaplus ES-1.0 8-bit digital camera with a resolution of 1024 x 1024 pixels.
The acquired images were analyzed using custom software. First, particles were identified as objects
by searching for local maxima in intensity and then applying a region-growing algorithm (see Khalitov and
Longmire, 2002). Once all objects were identified in the images, then each image was divided into a
regular grid of rectangular cells. Each cell (8 x 4 pixels) had an actual area of 0.8 mm x 0.4 mm with the
longer dimension in the streamwise direction. The particle number density was incremented at the four
grid points surrounding each particle according to the exact particle position in order to obtain particle
concentration maps.
To determine the uncertainty in local values of particle number density, the uncertainty analysis
performed by Longmire and Eaton (1990) was followed. The distribution of particles placed randomly in a
flow field obeys Poisson statistics. In a Poisson distribution, the mean (µ) is equal to the variance (σ2), and
the bound for a 95% confidence level is about 2σ from the mean. As the mean number of particles per grid
area increases, the standard deviation increases as the square root, and the relative uncertainty in the mean
decreases. With 30-µm particles, the local uncertainty varied from 6 to 8% near the center of the jet, while
in the shear layers, the local uncertainty was 11%. With 60-µm particles, values of the local uncertainty
were 6.7 to 9.5% near the jet center and 12.5% in the shear layers respectively.
Finally, for measuring streamwise (Vx) and normal (Vy) particle velocities, a two-component Laser
Doppler Anemometry system (TSI Inc., processor model IFA 750) was employed. The system was set up
to operate in backscatter. Time-averaged particle velocity measurements were computed by acquiring
between 8192 and 12288 samples per data point in both random or coincidence mode. A typical total
uncertainty in the time-averaged, mean streamwise velocity measurement (Vx) was ±0.95% (±0.8% due to
the LDA apparatus, ±0.5% due to flow unsteadiness and ±0.11% due to statistical uncertainty) in the
particle-laden jet core and ±1.4% (±1.15% due to LDA apparatus, ±0.5 due to flow unsteadiness and
±0.6% due to statistical uncertainty) in the shear layers. Typical total uncertainties in the time-averaged
mean normal (Vy) velocity measurements were ±0.032 m/s (±0.030 m/s due to the LDA apparatus, ±0.010
m/s due to flow unsteadiness and ±0.003 m/s due to statistical uncertainty) and ±0.040 m/s in the shear
layers.
2.3 Flow conditions
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An (x,y,z) coordinate system (see Fig. 1) is employed to describe the results. When the plate is not
actuated, its inner face is aligned with y/w = 0.5. In all of the experiments, the mean velocity of the
unforced flow at the center of the channel exit was Uunf(0,0) = 4.14 m/s, the turbulence level was 5%, and
the Reynolds number (Rew) based on this velocity and the channel width (w) was 4240. The maximum
velocity (VW,max) of the moving plate was 2.5% of Uunf(0,0), and the maximum displacement (dW,max) was
120 µm, corresponding to y+ = 1.84 (y+= yجu+/ν; u+ is the friction velocity estimated as 0.23m/s, and ν is the
air viscosity). Qualification measurements showed that the mean and rms velocities were uniform in the zdirection to within 1% over 65% of the channel span. The measurements described below were all taken at
the mid-span of the channel.
The particle mass loading was kept low (~ 3.5%) in order to minimize the effects of particles on the gas
flow as well as particle-particle interactions. The Kolmogorov-based Stokes number at the center of the
channel exit was 1.9 for 30-µm particles and 7.4 for 60-µm particles. These values were computed based
on the following equation:
1/ 2

d 2pρ p  (u ')3 
Sk kol =
=


τ kol 18ρg  ν 3 ( w / 2) 
Here, ρp and ρg are particle and air densities, and u’ is the rms gas velocity at the channel exit.
In addition to unforced flow, three forcing cases were investigated corresponding to Strouhal numbers
(St) [based on the forcing frequency (f), w, and Uunf(0,0)] of 0.25, 0.42 and 1.46 respectively. The
parameters chosen to characterize each forcing condition are summarized in Table 1. The maximum
displacement of the moving plate was chosen to be the same for Cases I (St = 0.25) and II (St = 0.42),
while the maximum velocity of the plate in Case II was twice that of Case I. The maximum velocity in
Cases II (St = 0.42) and III (St = 1.46) was the same. The last two columns of Table 1 correspond to the
Stokes number (Skf) associated with the induced vortices in the forced flow.
τp

Case
I
II
III

f
(Hz)
65
110
385

Vp-p
(Volts)
9.5
9.5
4.0

dW,max
(µm)
115.2
114.8
31.9

VW,max
(mm/s)
47.0
79.5
80.1

Uunf (0,0)
(m/s)
4.14
4.14
4.14

St =
fw/Uunf(0,0)
0.25
0.42
1.46

Skf = τpf
30-µm
60-µm
0.45
1.8
0.80
3.0
2.70
10.6

Table 1. Characteristic parameters of the forcing cases.

1.

RESULTS AND DISCUSSION

Figure 2 shows time-averaged particle number density contour maps for the unforced reference cases
of 30-µm and 60-µm particles. The lowest contour level in each color map (0.00005) corresponds to 82
and 47 particles counted for 30-µm and 60-µm particles, respectively. The first point to notice is that the
distribution of particles exiting the fully-developed turbulent channel flow is not uniform over the normal
(y-axis) direction. Figure 2a clearly indicates that 30-µm particles are heavily concentrated in narrow
layers that have evolved along the aluminum sidewalls. The high concentration layers (defined as yellow
or red in the contour maps) extend to x/w ~ 1.50. In the case of 60-µm particles (see Fig. 2b), layers of
high particle concentration are also present, although they are narrower and shorter than the corresponding
ones for 30-µm particles. For both sizes, the high concentration layers are centered at y+ ≅ 7 ± 3 (the grid
resolution corresponds to y+ = 6), thus slightly away from the wall.
The smaller particles (30-µm) appear to disperse beyond the channel width beginning near x/w = 1.
Their spreading rate is initially significant (notice the slope of the outer or minimum contour level).
However, it decreases at x/w ~ 3. Beyond x/w = 1, some of the particles move outward, but it is interesting
to notice that a significant number of particles in the high concentration layers move inward toward the jet
core (follow the yellow contour level). In other words, many particles in the range 1.0 < x/w < 3.5 must
have normal velocities directed toward the jet axis. Further downstream (x/w > 3.5), particle density
values level off in the jet core, and the jet spreading rate (defined by the particle distribution) appears
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constant. With 60-µm particles, outward dispersion occurs steadily beginning at x/w ~ 1.5. Over the range
1.5 < x/w < 3.0, spreading rates are clearly smaller than for 30-µm particles. Further downstream (x/w >
4), the outward spreading rate appears similar, but the width of the particle distribution is smaller.
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Figure 2. Normalized time-averaged particle density contour maps for unforced flow particle-laden jet.
Particle diameters are 30 µm (left) and 60 µm (right).
Direct Effects of Actuation
In this section, we examine the effect of forcing on the structure of layers of high particle
concentration near the jet exit. Figure 3 shows the time-averaged concentration maps of 30-µm particles
for all three forcing conditions examined (see Table 1). Forcing at St = 0.25 (see Fig. 3a) reduces the
length of the layer evolving close to the activated plate. In this case, the layer extends to x/w ~ 1.0 as
opposed to x/w ~ 1.50 in unforced flow. Forcing at St = 0.42 (see Fig. 3b) reduces the aforementioned
length further to x/w = 0.60. Recall that Case I (St = 0.25) is similar to Case II (St = 0.42) in that the
maximum displacement (dW,max) of the activated wall is equivalent (y+ = 1.80). However, the maximum
velocity in Case II is twice as large as in Case I. Therefore, it appears that the larger impact velocities
associated with Case II are important in breaking up the high particle concentration.
Figure 3c shows the normalized concentration map for Case III (St = 1.46). Case III has the same
maximum wall velocity as Case II, but the maximum wall displacement is 3.6 times smaller (equivalent to
y+ = 0.50). A careful examination of Fig. 3c reveals no significant asymmetries attributable to particle-wall
impacts. In fact, the high concentration layers appear longer than for unforced flow. Therefore, it appears
that the smaller displacements corresponding with this case are much less effective at breaking up the high
concentration layers. This result leads to the conclusion that few 30-µm particles travel very close to the
channel walls, and it reinforces our belief that particles are concentrated in layers slightly away from the
walls (an estimate of y+ ≅ 7 ± 3 was given previously). The three cases studied, then, indicate that both a
significant impact velocity and a significant displacement of the activated wall are required for effectively
reducing the high particle concentration layers.
In general, forcing at St = 0.25 and St = 0.42 resulted in earlier particle dispersion compared with the
unforced case. For example, in Fig. 3b (St = 0.42), particle spreading begins already at x/w = 1. This is
attributed to particles impacting the activated plate while it is moving outward in the –y direction. At x/w
= 2, particle dispersion is increased in both shear layers for both forcing cases (see Fig. 3a and 3b). This
suggests that flow disturbances caused by the moving plate are felt by particles on both sides of the jet. In

6

11th International Symposium on Applications of Laser Techniques to Fluid Mechanics, Lisbon, July 2002
both cases, however, forcing yields faster spreading in the actuator-side shear layer than in the fixed-wall
shear layer suggesting that impacts with the moving wall act in addition to flow disturbances to increase
particle dispersion on the actuator side. Furthermore, at x/w = 2, particle dispersion rates appear higher for
St = 0.42 than for St = 0.25. This is attributed to the larger wall velocities generated in this case. As the
flow progresses (x/w > 2.5), higher spreading rates are associated with forcing at St = 0.25. This is
associated with the motion generated by large-scale vortices (which have spacing ~ w) induced at the lower
forcing frequency of St = 0.25, as opposed to smaller ones induced at the higher frequency of St = 0.42.
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Figure 3. Normalized time-averaged particle density contour maps for unforced flow particle-laden jet
forced at St = 0.25 (left), St = 0.42 (middle), and St = 1.46 (right). Particle diameters are 30 µm.
The direct effects of forcing are further highlighted in the sequence of plots in Figures 4, 5 and 6.
Figure 4 shows both unforced and forced time-averaged streamwise and normal mean particle velocity
profiles taken at x/w = 1 for 30-µm particles. The forced streamwise velocity profiles lie on top of the
unforced one except for St = 0.42, where particle velocities are slightly larger in the outer region of the
shear layers. Similar trends were observed for the corresponding gas velocity profiles in single-phase flow
(see Pothos and Longmire, 2001). The normal velocity profile for St = 0.25 lies on top of the unforced one
except for the actuator-side shear layer (y/w < -0.4), where the forced flow yields larger outward velocities.
Forcing at St = 0.42 yields larger outward normal velocities than the unforced ones at locations in both
shear layers (y/w > 0.35 and y/w < -0.35). Similar to St = 0.25, the effect of actuation is more pronounced
in the actuator-side shear layer. Also, forcing at St = 0.42 yielded stronger inward particle motion (see y/w
= -0.35 and y/w = 0.35) than the other two cases. The above is expected since forcing at St = 0.42 revealed
a much stronger near-field effect than St = 0.25 due to the larger impact velocities associated with this
forcing condition.
Figures 5 and 6 show probability density functions (PDFs) of streamwise and normal particle velocity
respectively at specific locations in the actuator-side shear layer. The two locations (see indicators in Fig.
4) were selected to examine the direct effects of the actuation. In Fig. 5, for example, it is clear that forcing
at St = 0.42 yields increased values of streamwise velocity at y/w = -0.45. At y/w = -0.35, however, the
three PDF shapes appear indistinguishable. By contrast, in Fig. 6, forcing at St = 0.42 yields stronger
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outward particle motions (see y/w = -0.45) as well as stronger inward particle motions (see y/w = -0.35).
Note also that, at both y locations, the wall-normal velocity variance is larger for St = 0.42.
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Figure 4. Normalized unforced and forced time-averaged streamwise (Vx, left) and normal (Vy, right)
particle velocity profiles at x/w = -1. Particle diameters are 30 µm.
0.20

0.20

Unforced
St = 0.25

0.15

Unforced

Location 1:
(x/w, y/w) = (-1,-0.45)

St = 0.25

0.15

St = 0.42

N / N tot

N / N tot

St = 0.42

Location2:
(x/w, y/w) = (-1,-0.35)

0.10

0.10

0.05

0.05

0.00 0

0.25

0.5

0.75

1

1.25

0.00 0

0.25

Vx / Uo(0,0)

0.5

0.75

1

1.25

Vx / Uo(0,0)

Figure 5. Probability distribution functions (PDFs) of streamwise (Vx) particle velocity at locations 1 and
2 at x/w = -1. Particle diameters are 30 µm.
0.30

0.30
0.25

0.20

N / N tot

N / N tot

0.20

0.15

0.15
0.10

0.10

0.05

0.05

0.00

-0.2

Location 2:
(x/w, y/w) = (-1, -0.35)

0.25

Location 1:
(x/w, y/w) = (-1,-0.45)

-0.15

-0.1

-0.05

0

0.05

Vy / Uo(0,0)

0.1

0.15

0.2

8

0.00

-0.2

-0.15

-0.1

-0.05

0

0.05

Vy / Uo(0,0)

0.1

0.15

0.2

11th International Symposium on Applications of Laser Techniques to Fluid Mechanics, Lisbon, July 2002

Figure 6. Probability distribution functions (PDFs) of streamwise (Vx) particle velocity at locations 1 and
2 at x/w = -1. Particle diameters are 30 µm.
Indirect Effects of Actuation
In the forcing cases considered, the moving plate induced the formation of vortices at the forcing
frequency. In this section, we consider the effects of these vortices on the particle distribution and velocity
in the jet. For the forcing frequencies and particle diameters considered (see Table 1), the strongest
alterations in particle distribution occurred for the lowest Stokes number (Skf = 0.45). Therefore, the
following discussion is focused on this case (30-µm particles at St = 0.25). A phase-locked particle
concentration map is plotted in Fig. 7. The arrows in Fig. 7 correspond to locations of vortices induced at
the forcing frequency. (The staggered vortices associated with this Strouhal number have been observed in
visualizations of smoke-marked single-phase flow). The concentration map indicates that some particles
exist within the vortex cores. Nevertheless, the concentration values are low within these areas and vary
between 1/10 and 1/3 of the values near the centerline. Downstream of the vortex cores, the extent of
moderate particle concentration increases in width. If we define the width of the particle column by the
span including green contours and above, it is obvious that the vortices distort the particle column by
increasing and decreasing its width over the streamwise range shown. Also, it is apparent from
concentration maps at other phases that vortices on opposite sides of the jet are out of phase with one
another. As the flow moves downstream (or as we step forward through the forcing phases), the particle
column oscillates back and forth giving a snake-like appearance.
An interesting feature in the concentration map shown in Fig. 7 is the existence of higher particle
concentration values in both shear layers within 3.5 < x/w < 4.5 (follow the cyan contour level). These
zones, which contribute to arrowhead shapes observed in the particle column, result from the passage of
vortices in both shear layers. Particles located downstream of the vortex cores are convected away from
the jet axis in the normal direction. The streamwise fluid velocities at these locations (y/w ~ ± 1.0) are
smaller than the vortex core velocities, and the forward motion of the particles is retarded. Particles then
tend to become oriented in the angled streaks shown by the cyan contours. Also, there is no doubt that the
large vortices at this Strouhal number contribute to the faster spreading of particles into the surrounding
flow observed in Fig. 3.
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Figure 7. Normalized phase-locked (Φ = 0 ) particle density contour map for jet forced at St = 0.25.
Particle diameters are 30 µm.
For comparison, Figure 8 provides phase-averaged particle concentration maps of 30-µm particles for
the other two forcing frequencies (see Table 1). The highest forcing frequency shows no obvious
modification in particle behavior compared with unforced flow. At St = 0.42, however, two key points are
apparent. First, the plot shown in Fig. 8a as well as plots of additional phase angles indicate that the
vortices induced at St = 0.42 as well as the perturbations on the particle column are symmetric with respect
to the jet centerline. These observations agree with flow visualization as well as hot wire results performed
on single-phase flow (see Pothos and Longmire, 2001). Time-averaged rms profiles as well as spectra
were symmetric about y = 0 for St = 0.42. Thus, at this and higher forcing frequencies, perturbations
propagate quickly across the jet width resulting in equivalent flow modifications on both shear layer sides.
In contrast, for St = 0.25, the rms profiles and spectra were different in the two shear layers. The
maximum rms value and strongest spectral peak crossed from the actuator side to the nonactuator side as
the flow moved downstream. The second key point is that the vortices induced at St = 0.42 are more
closely spaced than those at St = 0.25. As a consequence, the higher frequency (smaller time scale)
vortices generate smaller perturbations on the particle stream.
Finally, although not shown, similar measurements were obtained for the larger 60-µm particles, but
the perturbations caused by the vortices were significantly smaller due to the larger Stokes numbers. Such
effects have been well-documented by a number of previous computations and experiments.
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Figure 8. Normalized phase-locked (Φ = 0o) particle density contour map for jet forced at St = 0.42 (left)
and St = 1.46 (right). Particle diameters are 30 µm.
4. CONCLUSIONS
The current experimental study revealed that the initial particle distribution in a flow exiting a fully
developed channel varies with particle diameter, thus particle Stokes number (SkKol). Furthermore, it was
documented that particles were concentrated in layers slightly away from the channel walls as opposed to
previous DNS and LES studies (see for example McLaughlin, 1989, Brooke et al., 1992, 1994, Wang and
Squires, 1996) where particle concentration peaked at the channel walls.
Forcing affected both particle velocity and distribution in the free jet. This happened both directly, by
actively modifying the boundary conditions seen by the particles through their impact with the moving wall
and indirectly, by modifying the gas flow structure in the jet. Concerning the direct effects, it was shown
that both a significant impact velocity (VW, max) and a significant displacement (dW,max) of the activated wall
are required for effectively reducing the high particle concentration layers. This condition is enhanced by
higher Strouhal numbers and was demonstrated at St = 0.42. In terms of the indirect effects of actuation,
strong alterations in the shape of the particle jet column and particle dispersion rates were associated with
lower Strouhal and Stokes numbers where the relative vortex scale is larger and therefore more effective at
altering particle velocity and hence distribution. This was demonstrated at St = 0.25 and Skf = 0.45 (30 µm
particles).
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