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a b s t r a c t

The interaction of a particle-laden jet ðReUe ¼ 6600Þ with a single synthetic jet or a continuous control jet
located upstream of the main jet exit (i.e., within the main jet nozzle) was examined experimentally
using PIV and PTV. A reduction technique was used to calculate 3-D flow fields from multiple 2-D mea-
surement planes to study the complex 3-D interactions. The synthetic jet was shown to influence the par-
ticles both directly and indirectly through the manipulation of the carrier fluid’s drag force on the
particles. The synthetic jet impulse directly vectors the particles away from the synthetic jet, while the
formation of large vortical structures indirectly affects the particles, spreading throughout the measure-
ment domain. By comparison, a continuous control jet only vectors the particles away from itself. The
lowest Stokes number particles respond similarly to the carrier fluid, while higher Stokes number parti-
cles are less responsive to the control and only follow the strong vortical structures (i.e., higher circula-
tion), which suggests that the preferential concentration concept depends on both the Stokes number as
well as the strength of the coherent structures.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Active flow control of a single-phase jet has been a topic of re-
search over the last few decades (Yule, 1978). Adding a discrete
phase to a fluid, such as solid or liquid particles or bubbles, adds
a level of complexity due to both the interactions between the dis-
crete phase and the carrier fluid as well as the response of the par-
ticles to control. These multiphase flows are of immense interest as
they can be found in a variety of engineering applications, includ-
ing internal combustion engines, liquid and solid propellant rock-
ets, cyclone combustors, biomass gasifiers, dental caries removal,
sand-blasting, and many others.

Many studies have been conducted to examine the effects of
flow control on particle-laden flows, where the main focus was
to alter the fluid flow field characteristics, such as the vortical
structures, turbulence quantities, mixing characteristics, or mean
velocity profiles, and, thus, affect the particulate phase indirectly.
However, unlike single-phase flows, multiphase flows pose a new
difficulty in the presence of the second phase that can, and usually
does, alter any or all of the flow field characteristics. The lack of
accurate, predictive models of the effects of various flow control
techniques on the particulate and fluid phases in tandem with
more accurate methods of experimental investigations of these
flows have produced an increase in the research related to the con-
trol of particle-laden flows in recent years.
ll rights reserved.
An important concept related to indirect particle-laden flow
control is preferential concentration (Eaton and Fessler, 1994; Fess-
ler et al., 1994; and others), which describes the accumulation of
particles within specific regions of a turbulence field. This is driven
by two mechanisms: centrifuging of particles away from vortical
structures and accumulation of particle clusters in highly strained
convergence zones with low vorticity. Preferential concentration is
strongest for Stokes numbers of order one, where the particle time
scales match the vortex motions that actually cause the concentra-
tions (Eaton and Fessler, 1994). Numerous experimental and
numerical studies have demonstrated the effects of preferential
concentration for many types of flows, for example, isotropic tur-
bulence (Squires and Eaton, 1990, 1991; Wood et al., 2005), back-
ward facing steps (Fessler and Eaton, 1997; Glezer and Amitay,
2002; Yu et al., 2004), plane wakes (Yang et al., 2000), and duct
flows (Winkler et al., 2004). For axisymmetric jets, the more
important effect of preferential concentration appears to be the
formation of particle clusters in the highly strained regions of
low vorticity, with the jet showing great sensitivity to the initial
particle location (Eaton and Fessler, 1994).

One of the most commonly used methods of active flow control
is to acoustically excite the particle-laden flow using a speaker in
the jet’s plenum (e.g., Longmire and Eaton, 1992, 1994; Anderson
and Longmire, 1995; Sakakibara et al., 1996; Hoffmann and More-
ira, 1996; Anderson, 1997; Cerecedo et al., 2004; and others). Long-
mire and Eaton (1992) demonstrated that, in the presence of
acoustic excitation, particle dispersion was dominated by convec-
tion via coherent structures (vortex rings) rather than by diffusion
due to random three-dimensional turbulence. In areas with large
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vortical structures, the jet contained distinct regions of high and
low particle concentration corresponding to highly strained re-
gions of low vorticity (between vortex rings) and areas of high vor-
ticity (the vortex rings themselves), respectively. Moreover, a large
percentage of particles were ejected away from the jet by the out-
ward moving fluid at these locations of high vorticity. Particles
could not follow strongly diverging fluid streamlines nor deceler-
ate as quickly as the fluid phase, which explains why particles were
ejected by vortical structures rather than entrained back into the
jet (Anderson and Longmire, 1995; Sakakibara et al., 1996; Ander-
son, 1997).

In a later work, Longmire and Eaton (1994) showed that the for-
mation of high particle density clusters and the delay of strong par-
ticle dispersion can be accomplished when the excitation
waveform consisted of two frequencies, a fundamental and a
sub-harmonic, rather than a single frequency. This concept was
confirmed by Kiger and Lasheras (1995, on a shear layer) as well
as Cerecedo et al. (2004, on an axisymmetric jet). Furthermore,
additional control of the vortex pairing location as well as the nat-
ure of cluster merging and subsequent dispersion can be accom-
plished by varying the phase between the two forcing waves
(Longmire and Eaton, 1994). Hoffmann and Moreira (1996) noted
that the carrier fluid boundary conditions also played a prominent
role in controlling particle ejection (from vortical structures) and
clustering. In addition, larger particles (higher sp) had higher parti-
cle/fluid correlations due to the differences in the turbulence field
(Sakakibara et al., 1996).

Another time-periodic excitation method, using an oscillating
wall section, showed that the actuation affected particle velocity
and distribution both directly, by altering the boundary conditions
seen by the particles through wall impact, and indirectly, by con-
trolling the spacing and size of coherent vortices in the jet (Pothos,
2002; Pothos and Longmire, 2002). The direct effects required a
significant impact velocity and wall displacement and were useful
for reducing high particle concentration layers evolving near the
channel sidewalls at their rectangular jet’s exit. The indirect effects,
which were associated with the lowest Strouhal numbers (largest
vortices) and the smallest particles, were similar to those using a
speaker in the jet’s plenum as described above.

Another common method of particle-laden flow control is add-
ing a swirl to the jet (e.g., Bulzan et al., 1987; Amitay et al., 2003;
Apte et al., 2003; and others). Adding swirl results in an increase in
particle spreading rates and the concentration of particles into a
hollow-cone pattern along the outside edge of the jet due to cen-
trifugal forces. Amitay et al. (2003) showed that the particles did
not follow (move slower than) the carrier fluid and were ejected
from the swirling fluid, thus explaining the large spreading rates
and hollow-cone patterns. Yu et al. (2003) showed similar results
in their numerical simulation of a pipe flow, with particles being
ejected from the centerline toward the pipe walls and a strong
dependence on the particle size.

In some cases, passive forms of flow control have been used.
Middha and Wexler (2003) redesigned a focusing nozzle (similar
to those used in aerosol sprays) using additional structures within
the nozzle upstream of the exit to improve particle concentration
and trajectories. Particles near the boundary layer did not under-
go the same acceleration as those in the jet core and, thus, were
not easily influenced by the sharp turns and quick decelerations
within the nozzle. In addition, particles with Stokes numbers on
the order of one were the most responsive to changes in the
nozzle.

In other investigations, multiple flow control methods were
used (Wicker and Eaton, 1999, 2001). When acoustic excitation
was combined with swirl, Wicker and Eaton (2001) showed an in-
crease in radial particle dispersion due to the large vortex struc-
tures. The acoustic excitation preferentially concentrated the
particles into relatively narrow bands with concentration peaks
occurring in the saddle regions between vortex rings. These rings
play a strong role in preferential concentration, even in a highly
turbulent swirling jet field, as they more effectively disperse the
particles and cause directed particle motions.

Wicker and Eaton (1999) also added large three-dimensional
perturbations, in the form of four equally spaced vortex generators,
to the acoustically-excited swirling jet to significantly alter the
particulate and fluid structures. The passive vortex generators
added longitudinal vorticity (at an opposite sign from the swirl)
and disrupted the development of the axial vortex rings, thereby
reducing radial particle dispersion and particle flinging. Vortex
generators also altered the signature of the particle concentration
field making it azimuthally asymmetric. Preferential particle con-
centrations remained, but the large-scale structures did not appear
to significantly increase the radial particle dispersion. The initial
asymmetry in the axial structure, due to the injected longitudinal
vorticity, was sufficient to disrupt the effectiveness of the vortex
rings to disperse particles radially. Thus, the ability of the vortex
generators to reduce particle flinging by vortex rings may be
important in practical applications.

To the best of the authors’ knowledge, synthetic jet actuators
(e.g., Smith and Glezer, 1998, 2002; Glezer and Amitay, 2002; Ami-
tay and Cannelle, 2006; and others) have never been implemented
with particle-laden jets. A review of this technology, including
many of its application, is provided by Glezer and Amitay (2002).
The synthetic jet actuator is unique among fluidic control methods
because it is synthesized from the working fluid of the flow system.
Thus, it transfers momentum to the flow with no net mass injec-
tion across the flow boundary while eliminating the need for an
additional fluid source and extraneous pumping and piping (Smith
and Glezer, 1998, 2002; Cannelle and Amitay, 2005; Amitay and
Cannelle, 2006).

The motivation of the present paper is to explore, experimen-
tally, the direct and indirect particle flow control mechanisms
associated with the use of a single synthetic jet actuator mounted
perpendicular to an axisymmetric particle-laden jet. In particular,
the authors seek to explore the resulting three-dimensional flow
field as well as to get a better understanding of the mechanisms
associated with the activation of the synthetic jet. Another objec-
tive is to examine the weighted contribution of each mechanism
by comparing the effects of the synthetic jet with those found
using a continuous control jet as well as by changing the synthetic
jet’s upstream location (i.e., within the main jet nozzle). The goal of
this paper is to enhance the current knowledge of particle-laden
flows to improve the effectiveness of flow control for particle con-
centration, vectoring, and spreading. Furthermore, understanding
the effect of a single synthetic jet is the first step in understanding
the effect of multiple control jets.

2. Experimental facility

Using the same jet assembly as the previous work of Tambu-
rello and Amitay (2007a), an experimental investigation was con-
ducted in a 1.56 � 0.72 � 0.72 m clear-walled enclosure using a
LaVision particle image velocimetry (PIV) system, with particle
tracking velocimetry (PTV) capabilities. The PIV system consists
of a double-pulsed, Nd:Yag laser, a high resolution CCD camera,
and a programmable timing unit. The laser beam was transformed
into a sheet using a cylindrical lens and was focused through an
optical lens to create a light sheet approximately 1 mm thick at
the center of the measurement domain. The repetition rate was se-
lected so it will not bias the data; this was accomplished by ensur-
ing that it was not a sub-multiple of either the actuation frequency
or the natural frequencies of the flow. For more information on the
experimental setup, see Tamburello (2007).
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For the current investigation, the single-phase velocity vectors
were calculated using a cross-correlation PIV technique with adap-
tive multi-pass and deformable interrogation windows with 50%
overlap. For the majority of the data, a single pass at 64 � 64 fol-
lowed by two passes at 32 � 32 pixels was used to calculate the
velocity vectors. The camera was mounted at a perpendicular dis-
tance of �0.4 m to the laser light sheet such that the distance be-
tween pixels is �27.1 lm, with a maximum flow tracer
displacement of approximately 7 pixels resulting in an error of
approximately ±0.1 pixels (±0.37 m/s).

For the particle-phase, a PTV method based on the size and
intensity values of the particles was used to identify particles
and to calculate their velocities and concentration. If a potential
particle (two matched correlation peaks from the two image expo-
sures) matched specific pixel size and intensity criteria, it was
identified as a particle and its velocity was calculated. All valid par-
ticles were then counted at a given position (using their centroids)
over the set of images to calculate their concentrations. For the
majority of the data presented, the particles were examined inde-
pendently, without the use of flow tracers for the gaseous phase.
This is discussed later in the text. In addition, to minimize the
resulting file size and processing time, the particle fields are con-
verted from the pixel-by-pixel resolution at which the data were
acquired to a 4 � 4 pixel grid (i.e., averaged over a 4 � 4 pixel inter-
rogation domain) with a maximum loss of less than 0.1% of the to-
tal number of particles during the conversion.

Spherical, titanium dioxide particles with a nominal diameter of
0.3 lm were used as flow tracers for the single phase jet measure-
ments and flow visualization. The particles used in this study were
solid glass spheres with a nominal density of approximately 2.5 g/
cc. A summary of the characteristics for each particle class can be
found in Table 1. The particles, which will be referred to as T01,
T09, and T19 based on their particle response times defined by
Eq. (2.1), are centered at diameters, dp,ave, of 11 lm, 35 lm, and
50 lm, respectively.

sp ¼
qpd2

p

18l
ð2:1Þ

Here, sp is the particle response time, qp is the particle density,
dp is the particle diameter, and l is the carrier fluid viscosity. The
values of sp are approximately 19, 9, and 1 for the T19, T09, and
T01 particles, respectively. However, because these particles have
Reynolds numbers, Rep, greater than unity, the assumptions of
Stokes’ analysis no longer hold (Eaton and Fessler, 1994). Thus,
for higher particle Reynolds numbers, the adjusted particle re-
sponse time, s�p, can be estimated using relatively simple drag laws
(Rep 6 700 for Torobin and Gauvin, 1959; Fessler et al., 1994) such
as Eq. (2.2):
Table 1
Summary of particle and flow tracer characteristics

Particle group T01 T09 T19 Flow tracers

Material Glass Glass Glass Titanium dioxide
dp,ave (lm) 11 35 50 0.3
dp,range (lm) (90%) 4–22 (90%) 27–43 (95%) 44–53 (80%) 0.2–0.45
qp (kg/m3) 2490 2490 2500 4140
sp,ave (ms) 0.920 9.31 19.1 0.00114
sp,range (ms) 0.122–3.68 5.54–14.1 14.8–21.5 0.0005–0.0026
St25m/s 5.75 58.2 119 0.0071
Rep,o 2.86 15.2 17.0 Not measured
s�p;ave (ms) 0.703 4.72 9.31 Not measured
s�p;range (ms) 0.160–2.81 2.81–7.15 7.22–10.5 Not measured
St�25m=s 4.39 29.5 58.0 Not measured
sf (ms) 1 1 1 1
St�f ;25m=s 0.703 4.72 9.31 Not measured
s�p ¼
sp

1þ 0:15Re0:687
p

ð2:2Þ

Here, Rep is the particle Reynolds number and is defined by Eq.
(2.3), where m is the fluid kinematic viscosity, U is the carrier fluid
velocity, and Up is the particle velocity:

Rep ¼
ðU � UpÞdp

m
: ð2:3Þ

For the current work, the particle Reynolds number is calcu-
lated along the main jet centerline at x/de = 0.5.

The most common definition for the fluid characteristic time
scale (sf) of an axisymmetric free jet (Hardalupas et al., 1989; Eaton
and Fessler, 1994; Hoffmann and Moreira, 1996; Amitay et al.,
2003; Middha and Wexler, 2003; and others) is defined as the ratio
of the main jet exit diameter, de, to the carrier fluid exit velocity, Ue.
However, for the current work, the fluid flow is forced using peri-
odic excitation, which provides a more appropriate fluid time scale
based on the frequency of the excitation, f, as shown in Eq. (2.4):

sf ¼
1
f

ð2:4Þ

The Stokes number, St, which is the ratio of the particle re-
sponse time to the carrier fluid characteristic time scale, was then
calculated. Note that Table 1 provides three different Stokes num-
ber calculations (based on Eqs. (2.1), (2.2) and (2.4)) for each of the
particle classes, with the last entry, St�f ;25m=s, being the most appro-
priate for particle categorization.

Both flow tracers and particles were introduced upstream of the
nozzle assembly using air-based atomizers. By controlling the
pressure in the atomizers, a particle (or tracer) flow rate could be
produced. In addition, by adding the particles (and/or tracers) up-
stream of the nozzle assembly (rather than within it), the particles
(and/or tracers) remain more evenly distributed throughout each
sequence of images. The gas flow rate was kept constant for each
case using a flow meter (Top-Trak Mass Flow Meter model Sierra
826-NX-OVI-PV1-V1-MP) with a maximum volumetric flow rate
of 100 L/min (�125 m/s for the current nozzle assembly). For more
information on the experimental setup, see Tamburello (2007).

A sequence of 500 image pairs was used to calculate the ensem-
ble averages and turbulent quantities for the single-phase jet.
Compared to the same values calculated from 2000 image pairs,
the 500 image pairs have a difference in the ensemble average
and turbulent quantities magnitudes of less than 1% and 10%,
respectively, with very similar flow fields. For the T01, T09, and
T19 particles, a sequence of 1000, 4000, and 5000 image pairs,
respectively, were used to calculate the particle velocities, RMS
values, and particle number densities. The number of instanta-
neous image pairs necessary to describe a full data set was found
by comparing these quantities for a given particle size. Note that
no data were taken for fewer than three particles at a given loca-
tion for any of the particle classes.

The gas- and particle-phase accuracies were deemed sufficient
since the objective of the present work is to compare the flow fields
with and without the activation of the synthetic jet. In addition,
this saved significant time and space that is required to acquire,
process, and save the data. The instantaneous velocity vectors for
the single-phase jet were validated using the RMS of their eight
neighboring vectors, where any vector whose magnitude was lar-
ger than twice the RMS was replaced by the average velocity of
the neighboring vectors. For the particle laden jet velocity vectors,
the instantaneous velocity vector fields were validated using a
three step process. First, the instantaneous images were processed
via PIV to establish the general velocity trends of the flow field.
Next, the instantaneous images were processed using PTV to calcu-
late the particle velocity vectors, which were required to be within
60% of the PIV trend data. Finally, a low/high-pass filter was used
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to eliminate those particle velocities that were outside of realistic
limitations.

As was mentioned previously, a single synthetic (zero-net-
mass-flux) jet issued perpendicular to the main jet was employed
to actively control the particle-laden jet. A control module (made
from stereolithography), which incorporated a synthetic jet actua-
tor, was attached directly to the jet assembly, as shown in Fig. 1.
The synthetic jet was formed as a result of the periodic motion
of a piezoelectric disk that was mounted to one of the walls of a
sealed cavity having a single 1.2 mm circular opening, the syn-
thetic jet orifice, dsj. In the present work, the main jet Reynolds
number is 6600 (Ue = 25 m/s; de = 4 mm) and the driving frequency
of the synthetic jet, f, is fixed at 1000 Hz. This corresponds to a
Strouhal number (Str) of 0.16, as defined by Eq. (2.5)

Str ¼
fde

Ue
ð2:5Þ

This frequency was selected such that it is within the range of
the natural unstable modes of the main jet and, thus, takes advan-
tage of the main jet’s naturally amplifying structures. Note that
using this frequency yielded the largest effects on a single-phase
jet, as was shown by Tamburello and Amitay (in press). The
strength of the synthetic jet (relative to the main jet) is quantified
using the momentum coefficient, Cl, defined as

Cl ¼
nIj

1
2 qU2

ed2
e

ð2:6Þ

Ij is the time-average synthetic jet momentum per unit length dur-
ing the outstroke, and is defined as

Ij ¼
1
s

qd2
sj

Z s

0
u2

j ðtÞdt ð2:7Þ

The phase-averaged centerline velocity, uj(t), at the synthetic jet
exit plane was measured using a single hotwire sensor. In the
experiments presented in this paper, 0.005 < Cl < 0.16, with a cor-
responding peak velocity of 8.8–72 m/s.

A LabView code was written to synchronize the programmable
timing unit within the PIV system with the actuation cycle of the
synthetic jet to acquire phase-locked data. This code generated
two signals; the first was the driving signal for the synthetic jet
actuator, while the second was a TTL signal at a sub-multiple fre-
Converging
Nozzle

tc

x

y

Synthetic
Jet Module 

Module Cap 

Fig. 1. Schematic of the synthetic jet flow control module.
quency of the synthetic jet’s driving signal, which served as the
trigger for the PIV data acquisition. Data were acquired at a given
phase by changing the delay between these two signals.

The single-phase and particle-laden jet flow fields resulting
from the interaction with a single synthetic jet actuator are clearly
three-dimensional. Thus, a data reduction technique, as outlined
by Tamburello and Amitay (2007b,c), based on the work by Scha-
backer and Bölcs (1996) and Sakakibara et al. (2001), was used that
created a three-dimensional measurement grid from multiple two-
dimensional measurement planes. This grid does not capture
structures smaller than 1 mm; however, it captures the large-scale
structures, and this provides valuable insight into the global inter-
actions between the synthetic jet and the main jet. The smaller size
structures were explored by analyzing the data at each two-dimen-
sional plane separately, as will be shown later. Note that the syn-
thetic jet was always oriented along the x–y measurement plane
along the main jet centerline.

As was shown by Longmire and Eaton (1992), for particle-laden
flows with mass loadings less than 11% (or 8% according to Prevost
et al., 1996), the particulate phase is assumed to have little to no
influence on the fluid phase making simultaneous measurements
unnecessary. In addition, Hardalupas et al. (1989) showed that par-
ticle-particle interactions were negligible for particle volume frac-
tions lower than 0.3%. Thus, with the mass loading and volume
fractions of 1% and 0.0048%, respectively, used in the current study,
simultaneous measurement of both phases is unnecessary and par-
ticle-particle interactions can be neglected. These assumptions
were verified experimentally by taking simultaneous particle/car-
rier fluid measurements for selected cases. For these simulta-
neous-measurement cases, high- and low-pass filters were used
to remove the particles (high intensity) from the tracers (low
intensity). For the tracers, large voids were left by the particles that
had been removed, which required additional processing to elimi-
nate these voids from the velocity statistics. For the particles, the
size of the remaining high-intensity clusters was used to distin-
guish between particles and background noise (bright clusters of
flow tracers or particles located off of the measurement plane).

Compared to the single-phase (air only) data, the decoupled air
phase results have a difference in the ensemble average and turbu-
lent quantities magnitudes of less than 3% and 11% (for the base-
line and forces cases, respectively) with very similar flow fields.
These differences are assumed to be attributed to the particles’
influence on the fluid-phase measurement. For example, Hassan
et al. (1992), and Sakakibara et al. (1996) showed the fluid-phase,
in the vicinity of large particles, was difficult to measure accurately
using optical methods, such as PIV or PTV, due to the light scatter-
ing of the large particles (particle ‘‘halo” or ‘‘corona”). Also, parti-
cles located off of the measurement plane can be mistaken as
fluid phase due to their lower light scattering, making the fluid-
phase measurements less accurate. Thus, in many simultaneous
measurement techniques, the fluid phase has shown a false
influence by the particle due to fluid-phase measurement error.
Therefore, it was decided to measure each phase separately.

3. Results and discussion

The interaction of an axisymmetric, particle-laden free jet with
a single synthetic jet actuator (issued perpendicular to the main
jet’s streamwise axis) is presented in the following sections. First,
the global effects of the synthetic jet at a fixed upstream distance
on the three-dimensional time- and phase-averaged flow fields of
the highest Stokes number particle-laden jet used is presented in
Section 3.1. Section 3.2 presents the effects of the synthetic jet
on three different Stokes number particle-laden jets. The weighted
contribution of both the direct and indirect mechanisms of syn-
thetic jet flow control is examined in Section 3.3. Note that the ef-
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fect of the synthetic jet on a single-phase jet is discussed in greater
detail in Tamburello and Amitay (2007b).

3.1. Three-dimensional flow field

In this section, the three-dimensional flow field resulting from
the interaction of the T19 particle-laden free jet, which has the
highest Stokes number tested, with and without the activation of
a single synthetic jet is discussed. Because of its high Stokes num-
ber, the effect of flow control is expected to have the largest devi-
ation from the effect on the single-phase flow field.

As described in Section 2, multiple two-dimensional x–y and x–
z measurement planes were used to created three-dimensional
renderings of the single-phase and T19 particulate phase flow
fields. Fig. 2 presents three-dimensional renderings composed of
three translucent iso-total-velocity surfaces (Vtotal/Ue = Vp,total/
Ue = 0.35, 0.55, and 0.75) for the baseline (Fig. 2a and b) and
time-averaged forced jets with Cl = 0.005 (Fig. 2c and d) and 0.16
(Fig. 2e and f) for the gas-phase (Fig. 2a, c and e) and T19 particu-
late phase (Fig. 2b, d and f). Note that a darker region exists in each
of the T19 data within the potential core near the main jet exit due
to the rendering software’s attempt to add depth to the three-
dimensional representations. These darker regions are equal to
the highest contour values (Vp,total/Ue = 0.75). The total velocities
Fig. 2. Three-dimensional renderings of the single-phase iso-total velocity (a, c, e) and T
(c, d) and 0.16 (e, f).
for the carrier fluid (Vtotal/Ue) and particle-phase (Vp,total/Ue) are
based on the streamwise, cross-stream, and spanwise velocity
components (U, V, and W, and Up, Vp, and Wp, respectively) as given
by Eqs. (3.1) and (3.2):

V total

Ue
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2 þ V2 þW2

p
U2

e

; ð3:1Þ

Vp;total

Ue
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

p þ V2
p þW2

p

q
U2

e

: ð3:2Þ

For the carrier fluid, the baseline flow field (Fig. 2a) is axisym-
metric about the jet’s centerline. With a single synthetic jet acti-
vated at the lowest momentum coefficient used in this study
(Cl = 0.005, Fig. 2c), the main jet flow field becomes asymmetric.
As the momentum coefficient is increased (Cl = 0.16, Fig. 2e), the
synthetic jet penetrates deeper into the main jet and spreading
increases.

For the particulate phase, the baseline (Fig. 2b) is also axisym-
metric about the main jet centerline. Note that the particle veloc-
ities are lower than the carrier fluid velocities near the main jet
exit even though the highest contour levels have the same nor-
malized total velocities. When the synthetic jet is activated, the
iso-total-particle-velocity surfaces (Fig. 2d and f, Cl = 0.005 and
0.16, respectively) become asymmetric with increasing widths
19 particle iso-total velocity (b, d, f). Baseline (a, b) and forced jets with Cl = 0.005
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and decreasing velocity farther upstream as the momentum coef-
ficient increases. These trends, which are less pronounced com-
pared to the gas phase, can be explained through the synthetic
jet’s direct and indirect control mechanisms. Note that both of
these control mechanisms change the drag force created by the
carrier fluid acting on the particles. However, for the sake of dis-
cussion, these mechanisms will be described in terms of the fluid
motion source rather than the resulting drag force. The synthetic
jet impulse moves the particles directly, similar to the impulse of
a continuous control jet. Conversely, the periodic motion of the
synthetic jet amplifies the unstable modes of the carrier fluid cre-
ating large vortical structures that indirectly influence particle
motion through preferential concentration (see Eaton and Fessler,
1994).

These two mechanisms can be better explained by examining
the corresponding phase-averaged forced jets. Fig. 3 presents the
three-dimensional iso-velocity renderings for the phase-averaged
(/ = 180�) gas (Fig. 3a and c) and particulate phases (Fig. 3b and
d) at Cl = 0.005 (Fig. 3a and b) and 0.16 (Fig. 3c and d). At the low-
est momentum coefficient, (Cl = 0.005, Fig. 3a), the synthetic jet
yields an indentation in the gas phase jet’s iso-surface on the side
closer to the synthetic jet. Furthermore, large coherent structures
(formed by the synthetic jet’s actuation frequency) travel down-
Fig. 3. Phase-averaged (/ = 180�) maps of the single phase iso-total velocity (a, c) and T
stream as time progresses, resulting in a bending of the main jet
flow (see Tamburello and Amitay, 2007b). As the momentum coef-
ficient is increased (Cl = 0.16, Fig. 3c), the synthetic jet penetrates
deeper into the gas phase jet as can be seen from the deeper inden-
tation in the iso-surfaces.

For the particulate phase at Cl = 0.005 (Fig. 3b), the iso-total-
particle-velocity rendering becomes S-shaped due to the indirect
mechanism while maintaining velocities similar to the baseline
(Fig. 2b) through x/de � 4. As the momentum coefficient is in-
creased to Cl = 0.16 (Fig. 3d), the iso-surfaces become more dis-
torted with decreased velocities farther upstream due to the
increased direct effects (increased synthetic jet impulse). In addi-
tion, the phase-averaged iso-surfaces have indentations that result
from the synthetic jet’s impulse into the particle-laden jet, with
larger indentations for increased momentum coefficients.

While the particle velocities are essential to understanding the
particles’ response to flow control, the velocity alone does not fully
describe the relationship. The particle concentration, as given by
the particle number density in Eq. (3.3), is also essential to under-
standing the particle’s response to flow control.

bCNp ¼
CNp

CNp;max

¼ Np=Agrid

Np;max=Agrid
ð3:3Þ
19 particle iso-total velocity (b, d). Forced jets with Cl = 0.005 (a, b) and 0.16 (c, d).
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Here, Np is the number of particles found at a given grid posi-
tion, Np,max is the maximum number of particles within the mea-
surement domain, Agrid is the area of a position on the
measurement grid, CNp is the particle concentration at a given grid
position, and CNp;max is the maximum particle concentration within
the measurement domain. Using the data reduction technique de-
scribed in Section 2, the two-dimensional particle concentrations
were transformed into three-dimensional particle renderings.
Fig. 4 presents three-dimensional particle number density render-
ings composed of three translucent iso-bCNp surfaces (bCNp ¼ 0:1,
0.25, and 0.5) for the baseline (Fig. 4a), the time-averaged
(Fig. 4b and d), and phase-averaged (/ = 180�, Fig. 4c and e) jets
with Cl = 0.005 (Fig. 4b and c) and 0.16 (Fig. 4d and e) for the
T19 particle-laden jet.

The bCNp distribution for the baseline particle-laden jet (Fig. 4a)
is axisymmetric about the jet centerline with highest concentra-
tions along the centerline. When the synthetic jet is activated,
the time-averaged bCNp distributions (Fig. 4b and d) have decreased
magnitudes and increased spreading with increased effects for
increasing momentum coefficient. The phase-averaged bCNp distri-
butions (Fig. 4c and e) show the asymmetric, three-dimensional
distortions seen in the total particle velocity renderings (Fig. 3b
and d). At the lowest momentum coefficient (Cl = 0.005, Fig. 4c),
the asymmetric distortions are relatively small and the
Fig. 4. Three-dimensional iso-particle number density maps of the T19 particles: time-av
(b, c) and 0.16 (d, e).
bCNp ¼ 0:25 iso-surface extends to x/de � 6. As the momentum coef-
ficient is increased (Cl = 0.16, Fig. 4e), the distortions become more
pronounced throughout the measurement domain and the bCNp

magnitude begins to decrease farther upstream.
As mentioned previously (see Section 2), the three-dimensional

rendering technique used in this section does not have a high spa-
tial resolution and, thus, shows only the global behavior. In order
to better understand the small-scale structures and particle mo-
tions, the remainder of this work will present gas- and particu-
late-phase data in selected higher resolution two-dimensional
measurement planes.

3.2. Stokes number effects

The effect of active flow control on different size particles (dif-
ferent St) was also investigated and is presented in this section.
Note that each of the particle-laden jets had the same mass loading
of c � 1% and was forced with a single, perpendicular synthetic jet
issued at tc/de = 0.4.

Fig. 5 presents the normalized time-averaged streamwise veloc-
ity profiles along the x–y centerline plane of the baseline and
forced jets with Cl = 0.005 and 0.16 at x/de = 1 (Fig. 5a, d, g and j),
3 (Fig. 5b, e, h and k), and 6 (Fig. 5c, f, i and l) for the single-phase
(Fig. 5a–c) and the T01 (Fig. 5d–f), T09 (Fig. 5g–i), and T19
eraged (a, b, d) and phase-averaged (c, e). Baseline (a) and forced jets with Cl = 0.005
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(Fig. 5j–l) particle-laden jets. The corresponding streamwise
velocity profiles along the x–z centerline plane as well as the
cross-stream and spanwise velocity profiles are presented in Figs.
6–8 respectively. Without flow control, the normalized streamwise
velocity distributions (Fig. 5a–c and 6a–c, x–y and x–z planes,
respectively) for the gas phase are symmetric about the x-axis,
while the corresponding cross-stream (Fig. 7a–c) and spanwise
(Fig. 8a–c) velocity profiles are anti-symmetric, as expected. In
addition, the streamwise velocity profile near the main jet exit is
uniform for �80% of the orifice diameter, and its potential core
extends to approximately 5de.

With the synthetic jet activated at the lowest momentum
(Cl = 0.005) for the single-phase jet (Fig. 5a–c), the cross-stream
extent of the streamwise component (in the x–y plane) is increased
in both directions and the peak magnitude is decreased for x/de = 3
and 6 (Fig. 5b and c, respectively). In addition, the main jet is vec-
tored away from the synthetic jet side immediately downstream of
the main jet exit and is tilted back toward the synthetic jet farther
downstream. These trends may be attributed to the synthetic jet’s
impulse, which vectors the main jet away from the control side, as
well as the growth of the vortical coherent structures due to the
near-field periodic nature of the synthetic jet (within the range
of unstable modes of the main jet), which vectors the main jet in
both directions.

As the momentum coefficient is increased (Cl = 0.16), the jet is
wider (than the Cl = 0.005 case) and is vectored both away from
and toward the synthetic jet, where the cross-stream distribution
of velocity exhibits a double peak distribution for x/de > 3.5. These
trends further support the speculation of the two mechanisms
associated with the interaction of the synthetic jet with the main
jet.

It has been established in the literature (Saffman, 1962; Hets-
roni, 1989; Eaton and Fessler, 1994; and others) that low Stokes
number flows are more responsive to the carrier fluid and, thus,
follow its downstream distribution more closely, as shown for
the T01 particle-laden jet (Fig. 5d–f). The baseline streamwise
velocity profiles have a relatively uniform (top-hat velocity)
cross-section at x/de = 1 (Fig. 5d), which corresponds to the region
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of constant width potential core for the gas-phase jet. Farther
downstream (Fig 5e and f), particle dispersion takes place in the
shear layers due to the fluid circulation of the vortex rings, which
are formed in the instantaneous carrier fluid (not shown). This re-
sults in ejection of the particles outward from the centerline. In
addition, the velocity profiles become more rounded, similar to
those seen for the gas phase.

With the synthetic jet activated, the T01particles (Fig 5d–f) are
vectored both toward and away from the synthetic jet side, with
increased vectoring for increased momentum coefficients. These
trends can be attributed to both the direct impulse of the synthetic
jet as well as the amplification of the carrier fluid’s coherent vorti-
cal structures, resulting in larger velocity magnitudes. In addition,
the T01particles have similar streamwise velocity profiles, in both
magnitude and distribution width, to those of the gas phase jets,
which suggests that the low Stokes number particles follow the
carrier fluid. Note that the high momentum coefficient T01particle
case has a double-peak distribution for x/de = 6 (Fig. 5f), similar to
the single-phase forced jet (Fig. 5c).

For the larger Stokes number particles (T09 and T19 particles,
Fig. 5g–i and j–l, respectively), the baseline particle-laden jets
are very similar to one another. Each has double-peak distribu-
tion near the main jet exit (T09 and T19, Fig. 5g and j, respec-
tively), where the minimum velocity between the peaks
corresponds to the region of highest particle concentration (as
will be shown in Fig. 9). At x/de = 3, as the particles are advected
off of the jet centerline, the velocity profiles become relatively
uniform (Fig. 5h and k, T09 and T19, respectively), becoming
more rounded farther downstream (Fig. 5i and l, T09 and T19,
respectively).
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With the synthetic jet activated, the larger Stokes number par-
ticles (T09 and T19 particles, Fig. 5g–i and j–l, respectively) do not
follow the carrier fluid as closely as the T01particles do. For
Cl = 0.005, the synthetic jet increases particle spreading both to-
ward and away from the control side, but to a much lesser extent
than the T01particles. As the momentum coefficient is increased,
the particle-laden jet width is further increased and more of the
particles are vectored away from the synthetic jet side. This might
be attributed to the direct effect, which is more pronounced for the
larger Stokes number.

Similar results are shown along the x–z centerline plane
(Fig. 6), where the synthetic jet slightly widens the velocity
fields (compared to the baselines) throughout the measurement
plane for the gas- and T01, T09, and T19 cases (Fig. 6a–i and
j–l, respectively). The velocity magnitudes decrease with increas-
ing momentum coefficient as the forced single-phase and parti-
cle-laden jets are vectored out of the measurement plane. As
for the x–y centerline plane, the velocity field of the lower
Stokes number (T01) particle-laden jet in the x–z centerline
plane is similar to the single-phase jet with larger spreading
than the higher Stokes number (T09 and T19) particle-laden
forced jets.

The synthetic jet also causes a significant increase in the cross-
stream velocity on both sides of the single-phase jet (Fig. 7a–c), as
well as the T01 (Fig. 7d–f), T09 (Fig. 7g–i), and T19 (Fig. 7j–l) par-
ticle-laden jets in the x–y centerline plane, especially farther
downstream (at x/de = 3 and 6). This trend is indicative of increased
spreading in the x–y direction. By contrast, the spanwise velocity
along the x–z centerline plane (Fig. 8) is also increased by the syn-
thetic jet, but to a much lesser extent than in the cross-stream
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direction. This can be attributed to the carrier fluid and particles
being vectored out of measurement plane.

Next, the particle distributions, as depicted in the particle num-
ber densities in Figs. 9 and 10 (in the x–y and x–z centerline planes,
respectively) were examined to better understand the effect of
synthetic jet flow control. Fig. 9 presents the time-averaged vortic-
ity distributions of the carrier fluid (Fig. 9a, e and j) and normalized
particle number density distributions (Fig. 9b, f and j; c, g and k;
and d, h and l; T01, T09 and T19, respectively) for the baseline
(Fig. 9a–d) and forced jets with Cl = 0.005 (Fig. 9e–h) and 0.16
(Fig. 9i–l) in the x–y centerline plane, with the corresponding dis-
tributions along the x–z centerline plane in Fig. 10.
The baseline gas-phase jet’s normalized spanwise vorticity
distribution (X̂z, Fig. 9a) is antisymmetric about the x-axis, with
positive vorticity along the left-side shear layer and negative
vorticity (marked by dashed lines) along the right-side shear
layer, as expected. When the synthetic jet is activated (Fig. 9e
and i, Cl = 0.005 and 0.16, respectively), the vorticity distribu-
tions are extended both toward and away from the synthetic
jet for both momentum coefficients, with decreasing magnitudes
farther upstream (compared to the baseline) with increasing
momentum coefficient. At the highest momentum coefficient
(Cl = 0.16, Fig. 9i), a secondary negative-vorticity region forms
within the positive vorticity region for x/de > 4.2 marking the



Fig. 9. Normalized spanwise vorticity (a, e, i) and particle number density (b–d, f–h, j–l) contours for the baseline (a–d) and forced jets with Cl = 0.005 (e–h) and 0.16 (i–l) for
the single-phase (a, e, i) and the T01(b, f, j), T09(c, g, k), and T19 (d, h, l) particles in the x–y centerline plane.
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valley in the double-peak distribution seen in the velocity vector
field (Fig. 5c).

For the baseline T01 jet (Fig. 9b), the bCNp distribution has a rel-
atively uniform cross-section for x/de < 2, which corresponds to the
region of the constant-width potential core for the gas-phase jet
(Fig. 9a). Farther downstream, particle dispersion takes place in
the shear layers due to the vortex rings, which are formed in the
instantaneous carrier fluid, that eject the particles outward from
the centerline. Note that the highest particle concentrations are
within the main jet potential core where the cross-stream velocity
of the carrier fluid is minimal.

For the baseline T09 and T19 jets (Fig. 9c and d, respectively),
the highest particle concentrations are along the x-axis, but the
concentration drops significantly with downstream distance as
the particles spread off of the main jet centerline. However, un-
like the smaller T01 particles, the T09 and T19 particles remain



Fig. 10. Normalized spanwise vorticity (a, e) and particle number density (b–d, f–h) contours for the forced jets with Cl = 0.005 (a–d) and 0.16 (e–h) for the single-phase (a, e)
and the T01(b, f), T09(c, g), and T19 (d, h) particles in the x–z centerline plane.
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in a narrow column along the centerline. The regions of highest
particle concentration correspond to the minimum particle
velocities between the peaks in the corresponding velocity fields
(Fig. 5g–i and j–l). In addition, the cross-stream extent of the T19
particle concentration fields is slightly narrower than the T09
particles.

When the synthetic jet is activated, the bCNp distributions of the
smallest particles tested (T01, Fig. 9f and j) along the x–y centerline
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plane are much wider, where the highest magnitudes extend for x/
de < 3.5 and 0.9 (Cl = 0.005 and 0.16, respectively). As the momen-
tum coefficient increases, the spreading begins farther upstream.
In addition, the T01 particle distributions have widths that resem-
ble the gaseous phase vorticity distributions (Fig. 9e and j), which
is indicative of the T01 particles following the gas-phase well.

For the higher Stokes number particles (T09 and T19 particles,
Fig. 9g and k and 9h and l, respectively), the particles are mainly
spread away from the synthetic jet side (due to the direct effect)
and the particle concentration decreases farther upstream, with
the effects increasing with increased momentum coefficient. Note
that, for Cl = 0.16 (Fig 9k and l, T09 and T19 particles, respectively),
there is a concentration of particles outside of the main jet flow for
1 < x/de < 3, 0.6 < y/de < 1.3, which correspond to particles that have
been thrown away from the main jet by large vortical structures.
This will be discussed in more detail below. Comparing the T09
and T19 particles, the bCNp distributions are quite similar even
though the Stokes number is doubled, which may imply that there
is a range of Stokes numbers much greater than unity that has sim-
ilar responses to the carrier fluid.

Similar results are shown along the x–z centerline plane
(Fig. 10), where the synthetic jet slightly widens the bCNp distribu-
tions (compared to the baselines) throughout the measurement
plane for each of the particle classes. The bCNp magnitudes decrease
with increasing momentum coefficient as the particles are vec-
tored out of the measurement plane. As for the x–y centerline
plane, the lower Stokes number (T01) particle-laden forced jet in
the x–z centerline plane has similar bCNp distributions to the to sin-
gle-phase vorticity distributions, with larger distribution widths
than the higher Stokes number (T09 and T19) particle-laden forced
jets.

Next, the effect of the synthetic jet on the particulate and carrier
fluid velocity fluctuations was investigated by calculating the pla-
nar RMS velocity according to Eqs. (3.4) and (3.5) for the gas and
particle velocities, respectively.

VRMS;planar

Ue
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

RMS þ V2
RMS

q
Ue

ð3:4Þ

Vp;RMS;planar

Ue
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

p;RMS þ V2
p;RMS

q
Ue

ð3:5Þ

Here, URMS and VRMS are the streamwise and cross-stream RMS
velocities, respectively, for the gas phase, and Up,RMS and Vp,RMS are
the streamwise and cross-stream particle RMS velocities,
respectively.

Fig. 11 presents the normalized planar RMS velocity distribu-
tions for the gas (Fig. 11a, e and i) and particle (Fig. 11b, f and j;
c, g and k; and d, h and l; T01, T09, and T19, respectively) phases
for the baseline (Fig. 11a–d) and forced jets with Cl = 0.005
(Fig. 11e–h) and 0.16 (Fig. 11i–l) along the x–y centerline plane,
with the corresponding planar RMS velocity distributions along
the x–z centerline plane in Fig. 12. Note that the contour lines cor-
respond to VRMS,planar/Ue = Vp,RMS,planar/Ue = 0.1, 0.3, 0.5, 0.7, 0.8, 0.9,
and 1.0.

For the single-phase jet (Fig. 11a), the planar RMS velocity is
symmetric about the x-axis with its largest magnitudes in the po-
tential core closest to the main jet exit on both sides of the jet and
decreasing magnitude with radial distance from the jet centerline
and downstream distance (x/de > 2). When the synthetic jet is acti-
vated, the RMS velocity (Fig. 9e and i, Cl = 0.005 and 0.16, respec-
tively) shows decreased magnitudes and increased width with
downstream distance. As the momentum coefficient increases,
the RMS levels throughout the flow field decrease. Note the dou-
ble-peak concentrations for x/de > 4, corresponding to the double-
peak distribution in the velocity field.
Similar to the single-phase jet, the baseline T01 particle-laden
jet (Fig. 11b) has a symmetric RMS velocity distribution with its
highest values within the potential core. However, the highest
magnitudes are located along the shear layers of the potential core
for x/de < 2.5, which corresponds to the regions of highest velocity
gradient for the carrier fluid. The T09 and T19 particles (Fig. 11c
and d, respectively) have similar double-peak planar particle
RMS velocity distributions with regions of highest magnitude
along the shear layer near the main jet exit (x/de < 1.5), which cor-
respond to the peak velocities at these locations (as seen in Fig. 5g–
i and j–l, respectively). Farther downstream (x/de > 2.5), the parti-
cle-laden jets have single-peak distributions with their highest val-
ues along the main jet centerline.

When the synthetic jet is activated (Cl = 0.005 and 0.16,
Fig. 11f and j, respectively), the planar particle RMS velocity dis-
tributions for the T01 particles are similar to the corresponding
single-phase flow distributions (Fig. 11e and i, respectively),
but with lower magnitudes and slightly narrower distribution
widths. As the momentum coefficient is increased, the magni-
tude decreases and the distribution width increases farther
upstream.

For the higher Stokes number particles (Cl = 0.005, T09 and T19,
Fig. 11g and h, respectively), the planar particle RMS distributions
are similar to the baselines (Fig. 11c and d, respectively) for x/
de < 3, with double-peak distributions that have their highest mag-
nitudes along the shear layer. Farther downstream (x/de > 3), the
magnitude decreases and the profiles exhibit single-peak distribu-
tions while their cross-stream extent is larger (compared to the
baselines). As the momentum coefficient is increased (Cl = 0.16,
Fig. 11h and l), the RMS distribution remains double-peaked near
the main jet exit (x/de < 1.5) while, farther downstream, the distri-
bution width is further increased and the magnitudes are further
decreased. There are additional regions of velocity fluctuations
along the side closer to the synthetic jet (0.7 < y/de < 2) that corre-
spond to particles drawn out of the main jet flow by large vortical
structures of the carrier fluid (discussed later).

Similar trends are shown for the normalized planar RMS veloc-
ity distributions in the plane perpendicular to the synthetic jet (x–z
centerline plane, Fig. 12). The normalized planar RMS velocity dis-
tributions are symmetric about the x-axis for both the single-phase
and particle-laden (all three particle classes) forced jets, with
decreasing magnitude farther downstream as the momentum coef-
ficient is increased.

In order to further understand the evolution and dispersion of
the forced particle-laden jets, phase-averaged data for each particle
size were acquired and are presented in Figs. 13–15. Figs. 13 and
14 present the particle number density (line format) superimposed
onto the single-phase vorticity distributions (flood format) along
the x–y and x–z centerline planes, respectively. To highlight the
relationship between the coherent structures in the carrier fluid
and the particulate phase, Fig. 15 presents the particle velocity vec-
tors superimposed onto the vorticity field for the dashed regions in
Fig. 13. Note that the bCNp contour lines correspond to 0.01, 0.1, 0.2,
0.3, . . . ,1.0. In addition, note that the vorticity distributions do not
provide differentiation between negative and positive vorticity be-
cause they are used to present the location of the vortical
structures.

Fig. 13 presents the phase-averaged flow fields (/ = 180�) with
Cl = 0.005 (Fig. 13a–c) and 0.16 (Fig. 13d–f) for the T01 (Fig. 13a
and d), T09 (Fig. 13b and e), and T19 (Fig. 13c and f) particle-laden
jets in the x–y centerline plane, while the corresponding x–z cen-
terline planes are shown in Fig. 14. According to preferential con-
centration (Eaton and Fessler, 1994), particles can be indirectly
affected by vortical structures, present in the carrier fluid, by caus-
ing the particle to accumulate in highly strained regions between
vortical structures as the particles are unable to penetrate the cores



Fig. 11. Normalized planar RMS velocity fields for the baseline (a–d) and forced jets with Cl = 0.005 (e–h) and 0.16 (i–l) for the single-phase (a, e, i) and the T01(b, f, j), T09(c,
g, k), and T19 (d, h, l) particles in the x–y centerline plane.
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of the vortical structures. In addition, the impulse of the synthetic
jet also directly moves the particles away from the control.

When the synthetic jet is activated at Cl = 0.005 (Fig 13a, b, and
c; T01, T09, and T19 particles, respectively), the direct effects of the
synthetic jet impulse are small compared to the indirect effects. The
T01 particles (Fig. 13a), which have the lowest Stokes number
ðSt�f ;25m=s ¼ 0:703Þ, are the most responsive to the carrier fluid mo-
tions. Conversely, the T09 and T19 particles (Fig. 11b and c, respec-
tively), which have Stokes numbers that are an order of magnitude
larger (St�f ;25m=s ¼ 4:72 and 9.31, respectively), are less responsive
to the carrier fluid motions and mainly remain along the centerline
throughout the measurement planes with only small deviations
from the centerline toward the end of the measurement domain.
These deviations can be attributed to the large vortical structures,
resulting from the change in fluid velocity, seen by the particles
that drag the particles off of the centerline.

At the highest momentum coefficient (Cl = 0.16, Fig. 13d, e, and
f; T01, T09, and T19 particles, respectively), both the direct and indi-
rect mechanisms are much larger because the synthetic jet is much
stronger (higher momentum coefficient), resulting in stronger



Fig. 12. Normalized planar RMS velocity fields for the forced jets with Cl = 0.005 (a–d) and 0.16 (e–h) for the single-phase (a, e) and the T01(b, f), T09(c, g), and T19 (d, h)
particles in the x–z centerline plane.
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coherent structures (�80% increase in circulation) as well as in-
creased impulses such that the particles deviate from the main
jet centerline to a greater extent with increased spreading in the
spanwise direction. The particles cluster just downstream of the
vortical structures (in the highly strained regions) and are pulled
from the clusters by the outward-moving flow along the down-
stream edge of the vortical structures according to preferential
concentration (Eaton and Fessler, 1994). This is especially promi-



Fig. 13. Phase-averaged (/ = 180�) normalized particle number density distributions (lines) superimposed on the corresponding single-phase vorticity fields (floods) with
Cl = 0.005 (a–c) and 0.16 (d–f) for the T01(a, d), T09(b, e), and T19 (c, f) particles in the x–y centerline plane.
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nent for the T01 particles (Fig. 13d) where the bCNp distribution ex-
tends to the edges of the carrier fluid vorticity distributions. While
the T09 and T19 particles (Fig. 13e and f, respectively) also show
larger distortions of the bCNp distributions (than the Cl = 0.005
cases), they deviate from the centerline to a lesser extent than
the T01 particles and do not follow the large vortical structures
as the smaller particles do. Note that the vortical structures induce
lateral drag force (via changes in the velocity field) on the particles,
which drags them away from the main jet centerline. The higher
the maximum vorticity magnitude, the larger the velocity and
resulting lateral drag force and, thus, the more particles are af-
fected by the vortical structures. In addition, the lower the particle
Stokes number, the more effective the vortical structures are at
dragging the particles.

Similar results are shown in the x–z centerline plane (Fig. 14),
where the distributions remain symmetric with particles clustered
upstream and downstream of the large vortical structures and
more particles being drawn and/or forced away from the centerline
for increased synthetic jet momentum coefficients and smaller
particle Stokes numbers.

The above trends show that each of the particle cases is influ-
enced directly by the synthetic jet’s impulse as well as indirectly
by the resulting coherent vortical structures. The T01 particles
are the most responsive to changes in the carrier fluid and follow
the fluid flow fairly closely. By contrast, the T09 and T19 particles,
which have Stokes numbers that are an order of magnitude larger
than the T01 particles, are much less responsive to the carrier fluid
and do not follow the bulk of the fluid flow except for the stronger
vortical structures (higher circulation). In addition, the T09 and T19
particles have fairly similar responses to the forced flow, with the
T09 particles being slightly more responsive due to their lower
Stokes number.

While the position of the particles with respect to the vortical
structures, as given by the particle number density, is essential
to understanding the particle’s response to flow control, the posi-
tion alone does not fully describe the relationship. Thus, Fig. 15



Fig. 14. Phase-averaged (/ = 180�) normalized particle number density distributions (lines) superimposed on the corresponding single-phase vorticity fields (floods) with
Cl = 0.005 (a–c) and 0.16 (d–f) for the T01(a, d), T09(b, e), and T19 (c, f) particles in the x–z centerline plane.
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presents the phase-averaged (/ = 180�) particle velocity vector
field superimposed onto the carrier fluid vortical structures along
the x–y centerline plane with Cl = 0.005 (Fig. 15a–c) and 0.16
(Fig. 15d–f) for the T01 (Fig. 15a and d), T09 (Fig. 15b and e), and
T19 (Fig. 15c and f) particles. In order to accurately explore the ef-
fect of the vortical structures on the particles, a zoomed-in view is
presented as marked by the dashed line in Fig. 13.

With the synthetic jet activated at Cl = 0.005, the T01 particles
(Fig. 15a) near the vortical structures are pulled away from the
main jet centerline toward the vortical structures. The T01 particles
within the potential core are advected straight downstream (along
the x-axis) for x/de < 2 where the particles have their highest con-
centration (refer to Fig. 9f), while those closest to the vortical struc-
tures are drawn away from the potential core. By contrast, the T09
and T19 particles (Fig. 15b and c, respectively) remain along the
main jet centerline throughout the measurement plane.

When the synthetic jet is activated at Cl = 0.16 (Fig. 15d, e, and
f; T01, T09, and T19 particles, respectively), the particles sur-
rounding the vortical structures are accelerated away from the
structures with higher velocities for each of the particle classes.
Some of the particles are not expelled from the vortices but, in-
stead, reverse direction and are advected around the vortices (at
very low velocity). This result is expected for the T01 particles
(Fig. 15d), which has a low Stokes number, but was somewhat
unexpected for the T09 and T19 particles (Fig. 15e and f, respec-
tively), which have Stokes numbers that are much larger than
unity. The authors attribute this to the high amplitude forcing
of the Cl = 0.16 synthetic jet that creates large vortical structures
with magnitudes that are large enough to influence even these
high Stokes number particles. This is in contrast to much of the
literature (Longmire and Eaton, 1992; Eaton and Fessler, 1994;
and others) that use low amplitude acoustic forcing to influence
the high Stokes number particles, which are not appreciably influ-
enced by the forcing and appear more like the Cl = 0.005 forced
particle-laden jets (Fig. 15b and c; T09 and T19 particles,
respectively).
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3.3. Weighted contributions

As was mentioned above, the synthetic jet affects the particle-
laden jet through two mechanisms that are based on altering the
drag force produced by the carrier fluid: (1) the synthetic jet’s di-
rect impulse, which transfers momentum to the fluid around the
particles; and (2) indirect control via the vortical structures (prefer-
ential concentration) that are formed due to the gaseous-phase
unstable modes. To further understand the weighted contribution
of each mechanism on the particulate phase, the synthetic jet loca-
tion was moved farther upstream of the main jet exit (i.e., within
the main jet nozzle), where the distance between the control jet
and the main jet exit is defined as tc. Tamburello and Amitay
(2007b) showed that the effectiveness of altering a single-phase
free jet with a single perpendicular synthetic jet actuator was re-
duced by moving the synthetic jet farther upstream of the main
jet exit. It is speculated that by moving the synthetic jet farther up-
stream into the main jet nozzle, the effects of the synthetic jet’s im-
pulse is reduced and the primary effect becomes the growth of the
naturally unstable modes, which is also reduced but to a lesser ex-
tent. This has to be validated using numerical simulation, which is
out of the scope of this paper. In terms of a particle-laden jet, these
results suggest that the indirect effect on the particulate phase will
be slightly reduced but the direct effects will be significantly
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mitigated. Therefore, the effect of the synthetic jet’s upstream loca-
tion on the T09 particle-laden jet was also investigated and is dis-
cussed in this section.

Fig. 16 presents the normalized streamwise (Fig. 16a–c and g–i),
cross-stream (Fig. 16d–f), and spanwise (Fig. 16j–l) particle veloc-
ity profiles in the x–y (Fig. 16a–f) and x–z (Fig. 16g–l) centerline
planes for the forced jet with Cl = 0.16 for tc/de = 0.4, 0.9, and 1.4
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When the synthetic jet is activated, the synthetic jet located at
tc/de = 0.4 has the largest cross-stream Up/Ue profiles (x–y center-
line planes, for x/de = 3 and 6, Fig. 14b and c, respectively) and
the smallest peak velocity magnitudes (throughout the measure-
ment plane) compared to the other two synthetic jet locations.
By contrast, the synthetic jet located at tc/de = 1.4 yields the small-
est changes from the baseline with the most narrow velocity pro-
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spanwise extent throughout the measurement domain, which can
be attributed to the vectoring of the other two cases (tc/de = 0.4 and
0.9) out of the measurement plane to a greater extent.

Next, the normalized cross-stream (x–y centerline plane, Fig
16d–f) and spanwise (x–z centerline plane, Fig. 16j–l) velocity pro-
files are examined. The normalized cross-stream and spanwise
velocity profiles for the baseline jet are anti-symmetric with a neg-
ative peak on the left side and a positive peak on the right side,
which is indicative of increased spreading in both directions. When
the synthetic jet is activated, the cross-stream and spanwise ex-
tents of the velocity profiles increase for all synthetic jet locations,
especially in the x–y centerline plane (Fig. 16d–f) on the side oppo-
site the synthetic jet. In this plane, the synthetic jet located closest
to the main jet exit (tc/de = 0.4) yields larger effects than the other
two synthetic jet locations, especially on the side away from the
control. In addition, the negative Vp/Ue (side opposite the synthetic
jet) has higher magnitudes than the positive Vp/Ue due to the in-
creased spreading. In the x–z centerline plane (Fig. 16j–l), the acti-
vation of the synthetic jets at each upstream location results in
increased spanwise extents. Note that similar results were shown
at lower momentum coefficients, but are not shown for the sake
of brevity.

To further understand the effect of each mechanism on the par-
ticulate phase, the effect of the synthetic jet (SJ90) on the T09 par-
ticle-laden jet is compared to that of a continuous control jet (CJ90)
where the only control mechanism is due to the direct effects of
the impulse. Both control jets are issued within the main jet nozzle
at tc/de = 0.4 with Cl = 0.16.

Fig. 17 presents the normalized streamwise (Fig. 17a–c and g–i),
cross-stream (Fig. 17d–f), and spanwise (Fig. 17j–l) particle veloc-
ity profiles in the x–y (Fig. 17a–f) and x–z (Fig. 17g–l) centerline
planes for the forced jet with Cl = 0.16 at x/de = 1 (Fig. 17a, d, g
and j), 3 (Fig. 17b, e, h and k), and 6 (Fig. 17c, f, i and l).

When the synthetic jet is activated, the cross-stream extent of
the streamwise particle velocity (in the x–y plane, Fig. 17a–c) is
increased in both directions throughout the measurement plane.
In addition, the peak velocities decrease (compared to the base-
line) with downstream distance. By contrast, the continuous con-
trol jet yields a decrease (compared to the baseline) in the cross-
stream extent for x/de = 1 (Fig. 17a), while the velocity distribu-
tion is wider than the baseline farther downstream (x/de = 3
and 6, Fig. 17b and c, respectively). The CJ90 also results in higher
peak velocities (than the synthetic jet) that are vectored farther
away from the control jet with downstream distance. Further-
more, as the downstream distance increases, the synthetic jet
yields a larger vectoring to the side away from the control due
do the additional spreading resulting from the amplification of
the coherent structures. These differences can be attributed to
the continuous control jet’s lack of indirect effects. Since the con-
tinuous control jet momentum is used to directly influence the
particles, they are only forced away from the continuous control
jet side.

In the x–z centerline plane (Fig. 17g–i) when either control jet is
activated, the normalized streamwise velocity profiles are rela-
tively symmetric about the x-axis throughout the flow field. How-
ever, the peak velocity is reduced due to the vectoring of the
particles off of the measurement plane.

In the x–y centerline plane, the magnitudes and cross-stream
extent of the Vp/Ue profiles (Fig. 17d–f) increase (compared to
the baseline) for both control jets throughout the measurement
plane, especially on the side opposite the control jet, which is
indicative of increased spreading. In addition, when the synthetic
jet is used, larger effects (compared with the continuous control
jet cases) are shown on both sides of the main jet. Note that the
continuous control jet case has small cross-stream velocity on
the control jet side and its highest Vp/Ue magnitudes are on the side
opposite the control jet due to the large vectoring of the particles
away from the continuous control jet.

In the x–z centerline plane (Fig. 17j–l), both flow control tech-
niques yield slightly increased spreading of the particle-laden jet
throughout the measurement domain, with relatively equal peak
spanwise particle velocities for both the SJ90 and CJ90 cases.
4. Conclusions

This paper examines experimentally the effects of flow control
on an axisymmetric particle-laden jet via a single synthetic jet
actuator that is issued perpendicular to the main jet, within the
main jet nozzle. This work provides an insight into the direct and
indirect mechanisms of flow control and their effect on the com-
plex three-dimensional flow field resulting from the interaction
by utilizing a three-dimensional rendering technique based on
multiple two-dimensional measurement planes. The synthetic jet
was driven at a frequency of 1000 Hz (Str = 0.16), which corre-
sponds to the naturally unstable modes of the carrier fluid and,
thus, takes advantage of the naturally amplifying structures within
the main jet flow to better influence the particulate phase.

The effect of the synthetic jet on the particle velocity and distri-
bution is through both direct and indirect mechanisms. The parti-
cle-laden jet was directly affected by the addition of momentum
from the control jet and indirectly, through preferential concentra-
tion, by controlling the size and location of the coherent vortical
structures downstream of the main jet exit. When the synthetic
jet was activated, its impulse penetrated into the particle-laden
jet such that the carrier fluid drags the particles away from the
synthetic jet side (i.e., direct effect). The synthetic jet also formed
large coherent vortical structures in the carrier fluid that indirectly
affected particle spreading, as well as the mean and RMS velocity
fields, throughout the measurement domain. When the synthetic
jet was activated farther upstream (within the main jet nozzle),
particle spreading was reduced, as was also shown in previous
work for the single-phase jet.

When a continuous control jet was used (instead of the syn-
thetic jet), the effect was only to vector the particles away from
the control due to the lack of the indirect mechanism. Since the en-
tire momentum from the continuous control jet is used to directly
influence the particulate phase, relatively all of the particles are
forced away from the continuous jet side.

The effect of the Stokes number was also examined where, for
each of the particle sizes tested, the particles were shown to be
influenced by the control. The lowest Stokes number particles
ðSt�f ;25m=s ¼ 0:703Þ followed the gaseous phase fairly well, with
velocity distributions that were similar to the single-phase flow.
The higher Stokes number particles, which are an order of magni-
tude larger (St�f ;25m=s ¼ 4:72 and 9.31), were less responsive to the
gaseous phase. However, when high-amplitude forcing was used,
large vortical structures with magnitudes that are large enough
to influence these high Stokes number particles and advected some
of the particles around the vortices (at a very low velocity) rather
than expelling them. This suggests that preferential concentration
depends on both the Stokes number as well as the strength of the
coherent vortical structures.
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