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Active control of sprays using a single synthetic jet actuator
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Abstract

The effect of a single synthetic jet on an air atomized solid cone spray was investigated experimentally for several spray flow rate ratios
and synthetic jet momentum coefficients. Particle image velocimetry (PIV) was used to assess the effect of the synthetic jet actuation on
global spray behavior, while shadowgraphy and particle tracking velocimetry (PTV) were used at 45 locations throughout the 3D spray
flow field to measure its microscopic characteristics in order to understand the influence of the synthetic jet on droplet size, distribution,
and concentration. The synthetic jet was able to vector the spray up to about 18� away from the jet with increased vectoring, spray width,
and RMS. Shadowgraphy measurements indicate that for low flow rate ratios, small droplets are pushed across the spray, resulting in
increased concentration of small droplets on the side away from the synthetic jet. For high flow rate ratios, the number of large droplets
is increased along the centerline of the spray, indicating coalescence of small droplets, as they are vectored by the synthetic jet.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Sprays are widely used in a variety of applications,
which include such commonplace and important areas as
combustion, cooling, fire extinguishing, water and chemical
dispersal in agricultural settings, drug delivery, and numer-
ous manufacturing processes, including coating, spray dry-
ing, and many others. It is therefore not surprising that
there have been numerous investigations of various aspects
of sprays over the years. A large number of experimental,
numerical, and theoretical studies have been carried out
on the basics of spray behavior in order to gain an under-
standing of the complex and sometimes competing pro-
cesses that occur simultaneously in a spray (summarized
by Sirignano, 1999). Unfortunately, most of the experimen-
tal studies produce results that are difficult to generalize
due to different operational conditions. However, there is
an effort underway to gain a general understanding and
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ability to model analytically the physical processes within
specific types of sprays (e.g., Cossali, 2001, who proposed
a one-dimensional model for gas entrainment into full
gas sprays).

There have been an even greater number of application-
specific investigations. For example, the effect of spray
characteristics on spray cooling effectiveness (e.g., Ghod-
bane and Holman, 1991; Estes and Mudawar, 1995; Nav-
edo, 2000; Chen et al., 2002, 2004), and in combustion
applications have also been extensively studied (e.g.,
Kuo, 1996; Carvalho et al., 1997; Karpetis and Gomez,
1999; Hardalupas and Horender, 2001; Das and Van-
Brocklin, 2003; Park et al., 2006; Panao and Moreira,
2005; Imaoka and Sirignano, 2005).

In most spray applications, spray characteristics, such as
droplet size and distribution, are highly dependent on the
specific spray nozzle used (Pimentel et al., 2006), which
makes it difficult to alter them without a complete overhaul
of the system. However, it is those characteristics that are
often of utmost importance to the specific task the spray
is required to accomplish (for example in reacting sprays,
combustion, and agriculture). The implementation of
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Nomenclature

Aj area of the synthetic jet orifice
As area of the spray nozzle orifice
Cl momentum coefficient, Cl ¼ AjU2

o

AsU2
e

dd droplet diameter
ds spray nozzle orifice diameter
f driving (formation) frequency of synthetic jet
Lo synthetic jet stroke length, Lo ¼

R s
0 uðtÞdt

Nb number of droplets, at a given size, in the base-
line spray

Nbjtot total number of droplets in the baseline spray
Nf number of droplets, at a given size, in the forced

spray
Qa air flow rate supplied to the spray nozzle
Qw water flow rate produced by the spray nozzle
t time
T period of synthetic jet actuation cycle, T = 1/f
u(t) periodic velocity at the center of the jet exit

plane
U streamwise velocity
UCL centerline velocity of the spray
Ue average air exit velocity at the spray orifice,

U e ¼ Qa

As

Umaxb
maximum centerline velocity of the baseline
spray

Uo synthetic jet’s average orifice velocity, Uo ¼ Lo

T
URMS RMS of the streamwise component of velocity
V cross-stream velocity
VRMS RMS of the cross-stream component of velocity
VtRMS RMS of the total velocity in the measurement

plane, VtRMS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
U2

RMS þ V 2
RMS

q
x streamwise coordinate
y cross-stream coordinate
z span-wise coordinate
Dt time step
Dx distance traveled in the streamwise direction

(used in PTV)
Dy distance traveled in the cross-stream direction

(used in PTV)
d spray width
s blowing portion of the cycle, T/2
h vectoring angle
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active flow control that could enable manipulation of spray
behavior and parameters, as necessary, would enhance the
versatility and efficiency of sprays.

However, to date, there have been a very limited number
of investigations into the effect of active flow control of
sprays. As was discussed by Pothos and Longmire (2002),
flow control of the particulate phase of a two phase flow
can be affected either directly (by a direct impact between
the control mechanism and the particles) or indirectly (by
controlling the spacing and size of coherent structures in
the carrier fluid). For an air-assisted spray, Bachalo et al.
(1993) noted that there are interactions between the spray
droplets and coherent flow structures. Wang et al. (1999)
used an indirect mechanism (a piezo-electric actuator inside
the nozzle) to modulate the spray and affect its characteris-
tics, concluding that it is a viable method to alter spray
cone angle, droplet size and velocity, as well as spray struc-
ture. Sujith et al. (1997) investigated the behavior of drop-
lets in axial acoustic fields (indirect mechanism), finding
that the size and mean terminal velocity of the droplets
are reduced in acoustic fields. In later works, Sujith
(2003, 2005) showed that imposing axial acoustic fields
on air atomized ethanol sprays shortens the spray,
increases the spray cone angle due to entrainment into
the spray, as well as reduces the droplet velocity, which
the author attributes to the presence of smaller droplets
and decrease in the mean drag of droplets. Miller et al.
(2000) implemented a direct mechanism by using a system
of four Coanda jet actuators in the outer swirl cup of a fuel
injector and found that these actuators can be used to sig-
nificantly increase the spreading rate of the spray.

Active flow control has also been used in combustion
applications. Dubey et al. (1997) considered the influence
of an acoustic field on the combustion characteristics of a
hydrogen-stabilized ethanol spray in a Rijke-tube pulsed
combustor. Zhu et al. (2002) numerically explored the
effect of forced oscillations in combustors with spray atom-
izers; Ramanaryanan et al. (2003) carried out characteriza-
tion of an acoustically self-excited combustor with respect
to evaporation, and Benajes et al. (2005) experimentally
investigated the influence of injection rate shaping on spray
characteristics in a diesel common rail system. All these
studies showed that active flow control is a viable method
to affect the development of the spray as well as the drop-
lets themselves (e.g., their size).

In this paper, we investigate the effect of a single syn-
thetic jet actuator on the global behavior of an air atomized
spray, as well as its effect on specific spray characteristics
(such as droplet size, distribution, and concentration) on a
microscopic level. In general, the synthetic jet actuator
can be used as both direct and indirect mechanisms, as
was recently shown by Tamburello and Amitay (2006, in
press). However, in the present paper, the synthetic jet
was used as a direct mechanism only (direct impact of the
synthetic jet onto the droplets stream), as is discussed
below.



A.A. Pavlova et al. / Int. J. Heat and Fluid Flow 29 (2008) 131–148 133
2. Experimental setup and procedure

2.1. Experimental setup

The experiments were conducted in an enclosure having
dimensions of 485 mm · 425 mm · 435 mm with an open
top and a return drain in the bottom. The spray nozzle,
instrumented with a flow control module, was mounted
above the enclosure in order to allow for optical measure-
ments of the spray while minimizing ricocheting of droplets
off the walls and bottom that can obscure the measure-
ments. In the present experiments, water was used as the
working liquid, and the spray was created using an air-
assisted siphoning atomizing nozzle from Delavan (model
30609-2), featuring an orifice diameter of 1.7 mm (the spray
setup is illustrated in Fig. 1). This spray nozzle was selected
due to its ability to produce an axisymmetric full cone
spray with small size droplets. Furthermore, similar nozzle
was used by Sujith (2003, 2005) who used acoustic excita-
tion to affect the spray characteristics.

A constant water level reservoir was used to accommo-
date the spray nozzle. It is comprised of a small open top
container, positioned within a larger open top container
with a return drain. The smaller container was provided
with a continuous supply of water that was allowed to
overflow into the larger container, thereby creating a reser-
voir that was always filled to the same level (point of over-
flow) from which the nozzle siphoned the water. The larger
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container was mounted on a motorized, computer con-
trolled traverse, allowing the water intake level (above
the spray exit plane) to be at a range Lw = 0–49 cm. Thus,
a precise control of the amount of water siphoned in, for a
given air flow rate, was enabled. With the current setup,
droplets with Weber numbers of 5–250 could be produced,
where the characteristic length and velocity are the droplet
diameter and droplet velocity, respectively.

Water was pumped from a 37.9 l container, equipped
with a water level meter, by a diaphragm pump through
a closed 7.6 l pressure vessel, which was used to damp
out the unsteadiness associated with the pump, to the con-
stant water level reservoir. Air flow to the nozzle was pro-
vided with a pressurized air line that passes through a dryer
to remove the moisture and a filter to eliminate any parti-
cles larger than 5 lm, followed by a regulating valve and an
in-line digital flow meter that provided precise monitoring
of the volumetric air flow rate delivered to the spray nozzle.

Water mass flow rates were determined for three values
of Lw used in the present experiments (0, 24.5, and 49 cm)
at five air flow rates, Qa, by collecting the water emitted
from the spray nozzle for 30 s and weighing it on a precise
electronic scale (with a resolution of ±0.01 g). The process
was repeated three times for each set of settings, and the
results were averaged. Volumetric flow rates for the water,
Qw, were then calculated from the mass flow rates.

In the present experiments, the spray was quantified by
two parameters that are related: the water intake level
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above the spray exit plane, Lw, and the air to water flow
rate ratio, Qa/Qw. Fig. 2 illustrates the relationship between
Qa/Qw and Qa for three normalized water levels. For all
three cases, the flow rate ratio varies with the air flow rate.
Moreover, for a given air flow rate, increasing the normal-
ized distance between the water level and the spray nozzle
results in a decrease in Qa/Qw due to the increase of the
amount of water that is siphoned in.

A module for active flow control was designed to fit
onto the spray nozzle, such that the spray nozzle is in the
center and four synthetic jet actuators are located around
the circumference of the spray nozzle at 90� to each other
(Fig. 3). A synthetic jet is a jet that is synthesized at the
edge of an orifice by a periodic motion of a diaphragm
mounted on one (or more) walls of a sealed cavity. When
the diaphragm moves toward the orifice, a vortex ring is
formed at the edge of the orifice, and it moves away with
its own self-induced velocity such that when the diaphragm
moves away from the orifice, the vortex ring is far enough
away and is not affected by the fluid drawn into the cavity.
Therefore, a synthetic jet has a zero-net-mass-flux per cycle
of actuation but allows momentum transfer to the flow,
using ambient air. With proper design, the diaphragm
and the cavity are driven at resonance; thus, only small
electrical power input is needed with another advantage
that no plumbing or mechanical complexities are needed.

In the present experiments, the effect of a single synthetic
jet was investigated and thus only a single synthetic jet was
activated. The synthetic jet was formed by driving a
31.2 mm diameter piezoelectric disk, with a sinusoidal
waveform at a frequency of 1100 Hz. This frequency was
selected such that it corresponds to the optimal driving fre-
quency (i.e., strongest synthetic jet with the minimum input
power) for the system of the piezo disk and the cavity used
in the present experiments. The Strouhal number (based on
the spray nozzle diameter, the average carrier air velocity at
the orifice, and the driving frequency) varies from 0.016 to
0.047 for the range of air flow rates used, which is an order
of magnitude lower than the unsteady modes of the flow.
Therefore, the frequency here is used only to form the jet
and not to excite the coherent structures in the carrier
air flow of the spray. Hence, the flow control here is
due to a direct impact of the synthetic jet onto the spray
(i.e., named by Eaton and Fessler (1994) as a direct
mechanism).

Each synthetic jet has a rectangular slit orifice measur-
ing 5 mm in length and 0.5 mm in width at a distance of
7.3 mm from the spray orifice center and is inclined at an
angle of 30� with respect to the nozzle plane. The angle
of the synthetic jets was selected such that the synthetic
jet will impact on the spray downstream of the developing
region of the spray (recent work by Tamburello and Ami-
tay (2006) on the interaction of a free jet with inclined con-
trol jets, showed a small effect of the angle of the control
jets in a range of 30�–60�). The synthetic jets were cali-
brated using a single hot wire sensor placed in the orifice,
in order to establish their momentum coefficients, defined
as:

Cl ¼
AjU 2

o

AsU 2
e

ð1Þ

where Aj is the area of the synthetic jet orifice, As is the area
of the spray orifice, Ue is the average air exit velocity at the
spray orifice (based on the measured air flow rate), and Uo

is the synthetic jet average orifice velocity, defined as:

Uo ¼
Lo

T
ð2Þ
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where Lo is the synthetic jet stroke length, defined as

Lo ¼
Z s

0

uðtÞdt; ð3Þ

where s = T/2, T = 1/f is the cycle period, f is the jet’s driv-
ing (formation) frequency, and u(t) is the periodic velocity
at the center of the jet exit plane.

2.2. Procedure: global spray measurements

Global spray measurements were carried out with PIV,
which provided the velocity fields of the spray droplets
for an interrogation window of 65.5 mm by 49.5 mm (with
a spatial resolution of 0.38 mm). PIV data were acquired
for five air flow rates, three water intake levels, and three
momentum coefficients at each setting. The PIV system is
based on the commercially available LaVision hardware
and software and utilizes two 120 mJ Nd:YAG lasers and
a 1376 · 1040 pixel resolution thermo-electrically cooled
12-bit CCD camera. For this portion of the experiments,
the CCD camera and the laser head were placed at 90� with
respect to one another. Data were acquired in two planes:
perpendicular to the synthetic jet orifice (x–y plane,
Fig. 4a) and parallel to the orifice (x–z plane, Fig. 4b).
The laser sheet was aligned with the center of the spray,
and the CCD camera was mounted perpendicular to the
laser light sheet. For each case, a set of 2000 double images
was recorded and averaged velocity fields were computed.
In these measurements, no flow tracers were added to the
air flow; therefore, the velocities that were measured in this
two-phase flow were the velocities of the water droplets
themselves, but not of the air present in the spray, as the
water droplets are too large and heavy to faithfully follow
the air motion (the average Stokes number of the droplets
along the centerline is �20). All velocity vectors were calcu-
lated using a cross-correlation technique with adaptive
multi-pass, deformable interrogation windows (single pass
at 32 · 32 and two passes at 16 · 16 pixels) with 50% over-
lap. The camera was mounted at a perpendicular distance
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of �0.35 m to the laser light sheet such that the distance
between pixels was 47.6 lm (for the maximum velocity of
23 m/s) in these experiments, which corresponds to an
average displacement of approximately 5.5 pixels with an
error of approximately ±0.1 pixel, corresponding to veloc-
ity error of ±0.4 m/s.
2.3. Procedure: detailed spray characteristics

The detailed spray characteristics (droplet size, concen-
tration, distribution, as well as velocity of individual drop-
lets) on a microscopic level were obtained using a method
that combined shadowgraphy and particle tracking veloci-
metry (PTV). Shadowgraphy is a technique that is based
on high resolution imaging and backlight illumination,
where solids, opaque or transparent droplets, and bubbles
having a diameter from 2 lm to 2000 lm can be measured.
When the backlighting is created by a double-pulsed laser
light, which is the case in the present work, the velocity of
individual droplets can also be measured (using PTV).
The laser beam passed through a diffuser, such that the
droplets were illuminated from one side, and a high resolu-
tion CCD camera instrumented with a long-range micro-
scope acquired double images of the shadows from the
opposite side (Fig. 5).

The system used is the same dual-pulse laser and optical
arm used for PIV, along with a special diffuser attachment
for scattering the laser light. The CDD camera, with the
microscope attached, and the light source are mounted on
an optical table, and precise positioning of the camera is
ensured by using a two-axis computer-controlled traversing
mechanism. In the present experiments, the distance of the
microscope from the centerline of the spray was 285 mm,
resulting in an interrogation window of 1.3 mm · 1.8 mm.

The information on size, shape, and velocity from the
double-image shadowgraphs was obtained using a com-
mercial algorithm (provided by the LaVision software).
In order to identify and measure only the droplets that
are in the focal plane of the microscope, an intensity-based
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filtering technique was used, as there is a fine balance
between finding all particles in the focal plane and still dis-
carding all the out-of-focus ones. In addition, restrictions
on the droplet centricity, which is the ratio of the length
of the minor axis to the major length of major axis of the
ellipse and reflects how close the shadow of the droplet
comes to a circle (larger than 60%) and droplet size (smaller
than 110 lm in diameter) were used, ensuring that liga-
ments and clusters of droplets that appear as a single shape
are not counted as individual droplets. The error associated
with the sizing of droplets depends on the error in pixels
associated with the system and the error that may be intro-
duced by how the edge of the shadow is defined in process-
ing the data, which was estimated to be at worst 0.5 pixels,
where 1 pixel in the image corresponds to 1 lm, corre-
sponding to an error in droplet diameter of 0.5 lm.

For the calculation of individual droplet velocity, three
passes with the initial window size of 100 lm by 100 lm,
and decreasing the window size by a factor of two with
each pass, were used. In addition, a restriction on the drop-
let diameter difference (between two images in a pair of
images) of less 7% was implemented to ensure that the
droplet is identified as the same on the two images. For
the PTV analysis, initial shifts of droplet motion in the hor-
izontal and vertical directions within a shadowgraph were
supplied to the algorithm, which were different for each
case and each location.

Fig. 6 presents an example of a pair of raw images
(Fig. 6a and b) where the second image was acquired
6.8 ls after the first image, and the processed image
(Fig. 6c). Between the two images the droplets moved a cer-
tain distance in the x-direction, Dx, and a distance Dy in
the y-direction (a representative droplet is marked by an
arrow in Fig. 6a and as a dotted circle in Fig. 6b), and thus
the total velocity of individual droplet was calculated.
Fig. 6c shows the velocity and size of individual droplets
(in m/s and lm, respectively) that are in focus and have
the pre-defined intensity levels and restriction criteria, as
discussed above. Only the droplets that appear in both
images and are recognized as the same droplet have veloc-
ity vectors calculated. The average displacement was
approximately 40 pixels (corresponding to 50 lm), with
the maximum velocity of 27 m/s, which corresponds to
the velocity error ±0.1 m/s.

Additional processing of the Shadowgraphy data was
carried out using a custom-made FORTRAN code. The
code sorts the droplets according to their respective size,
and discards droplets that are associated with spurious
velocity vectors (those that have velocity larger than their
8 neighbors by more than 50%, as well as droplets that only
appear in one image of the pair). It also calculates the
droplet density number distribution (or void fraction) for
all droplets, as well as for a predefined droplet size range.

In the data reported here, Shadowgraphy measurements
(of the baseline spray and when the synthetic jet was acti-
vated) were acquired at 45 locations in the spray, as illus-
trated in Fig. 7, such that the effect of active flow control
could be determined for the entire three dimensional spray.
Only the highest and lowest air flow rates, at a water intake
level to spray nozzle level of 49 cm, were used in these
experiments. For the high air flow rate, 1000 shadowgraph
pairs at each location were sufficient, whereas at the low air
flow rate, 2000 shadowgraph pairs were needed. The larger
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number of images required for the low air flow rate case is
a result of the spray being comprised of fewer droplets at
these conditions, as compared to the spray at the high air
flow rate.
3. Results

3.1. Baseline spray

First, the characteristics of the baseline spray (i.e., with-
out flow control) were established for the nozzle used in the
present work. The effect of the air to water flow rate ratio,
Qa/Qw, on the spray velocity field was examined and is pre-
sented in Fig. 8a–c at Qa/Qw = 166, 475, and 746, respec-
tively, where the spray is from top to bottom. For all
flow rate ratios, the velocity vector field exhibits a single
peak distribution, as expected, where increasing Qa/Qw

yields higher velocities throughout the flow field, while
the jet spreading decreases. Note that due to the laser light
reflection from the spray nozzle, the PIV data near the ori-
fice (i.e., x/ds < 2) is unreliable and thus not presented in
the plots.

To further appreciate the effect of the flow rate ratio, the
downstream evolution of the centerline velocity and the
width of the spray were calculated and are presented in
Fig. 9a and b, respectively. Here, the centerline velocity is
normalized by the maximum centerline velocity, while the
width of the spray is normalized by its orifice diameter.
The width of the spray is defined as the cross-stream dis-
tance between the locations to either side of the spray cen-
terline, where the streamwise velocity is half of the
maximum velocity.

For all flow rate ratios tested, the downstream develop-
ment of the normalized centerline velocity consists of two
distinct regions (Fig. 9a). Near the orifice, for x/ds < 6.5,
the centerline velocity increases very rapidly due to the
momentum of the droplets, while farther downstream,
the centerline velocity decays with downstream distance
as (x/ds)
�0.5, where the decay is weaker as Qa/Qw increases.

This is consistent with the findings of Faeth et al. (1995),
Karpetis and Gomez (1999), and Cossali (2001).

The downstream development of the spray width
(Fig. 9b) also exhibits two distinct regions: near the orifice,
where the spreading of the spray is low, and farther down-
stream, where the width of the spray increases linearly with
downstream distance (similar to the result by Cossali,
2001). Near the orifice, the lowest Qa/Qw spray has the
highest spreading rate, while farther downstream the
spreading rate is the same for all flow rate ratios (the width
of the spray increases linearly with downstream distance),
even though the width of the spray (or spray angle) is smal-
ler with increasing flow rate ratio.
3.2. Active control of the spray using a single synthetic jet

actuator

Next, the effect of a single synthetic jet actuator on the
spray flow field was examined. As was mentioned above,
the Strouhal number, associated with the driving frequency
of the synthetic jet, is an order of magnitude lower than the
unsteady modes of the flow. Therefore, the mechanism by
which the synthetic jet affects the spray is due to a direct
impact of the synthetic jet onto the spray (i.e., direct
mechanism).

Fig. 10a–c and d–f present the cross-stream distributions
of the streamwise and cross-stream velocity components,
respectively, at x/ds = 8.8,14.7 and 23.5 in x–y plane (see
orientation in Fig. 4), for Qa/Qw = 166 and Cl = 0.04,
0.20, and 0.425. The plots of the baseline streamwise veloc-
ity exhibits a single-peak distribution, where the peak
velocity decreases and the spray width increases with
increasing downstream distance. The cross-stream velocity
component exhibits a double peak cross-stream distribu-
tion, one peak on each side of the centerline, with opposite
magnitudes, indicating the spreading of the spray. In this
case the spray angle is �27�, where the edge of the spray
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is defined as the location where the streamwise velocity is
20% of the maximum velocity of the spray. This is consis-
tent with the value of 30�, provided by the manufacturer.

When the synthetic jet is activated, the spray is vectored
away from the synthetic jet, and the vectoring angle
becomes larger with the increase of momentum coefficient
(Fig. 10a–c). The vectoring angle is defined as the angle
between the x-direction and the line that follows the loca-
tion of the maximum spray velocity. Furthermore, the
cross-stream velocity component is positive throughout
most of the cross-stream domain, as a result of the syn-
thetic jet impulse on the droplets.

Next, the effect of the synthetic jet on a spray with a
much higher air to water flow rate ratio (Qa/Qw = 746)
was examined. As will be shown later, at this high Qa/
Qw, the spray consists of a larger amount of smaller size
droplets. Furthermore, at the higher flow rate ratio, the
droplets have higher velocities throughout the flow field,
and since the velocity range of the synthetic jet was the
same as for the spray with the lower flow rate ratio, it
resulted in an order of magnitude smaller range of Cl

(0.005, 0.0225, and 0.0475, respectively). The correspond-
ing cross-stream distributions of the streamwise and
cross-stream velocity components are presented in
Fig. 11a–c and d–f at x/ds = 8.8,14.7, and 23.5, respec-
tively. Without flow control (Fig. 11a) the spray is symmet-
ric with a spray angle of �20� (calculated in the same way
as that of the lower flow rate ratio). When the synthetic jet
is activated, its effect on the velocity vector field is small
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Qa/Qw = 166.
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compared to the low flow rate ratio spray, with the vector-
ing angle less than 2�. However, for a similar momentum
coefficient, the effect of the synthetic jet is much larger on
the spray with the high flow rate ratio (compared to the
low flow rate ratio). This may be attributed to the smaller
size droplets (smaller Stokes number) associated with the
high Qa/Qw, which is more susceptive to the synthetic jet
impulse.

The effect of the synthetic jet on the spray was also
examined by comparing the downstream evolution of the
centerline velocity, the spreading of the spray, and the tra-
jectory of the maximum streamwise velocity with and with-
out flow control, as presented in Fig. 12a–c (Qa/Qw = 166)
and Fig. 12d–f (Qa/Qw = 746), respectively. Here, the vari-
ables are normalized in the same way as in Fig. 9, using the
baseline values. When the synthetic jet is activated, for the
low Qa/Qw, the normalized centerline velocity (Fig. 12a) is
larger than that of the baseline case for x/ds < 6. Further
downstream, the centerline velocity decays faster than for
the baseline, where the decay rate increases with larger
Cl. As Qa/Qw increases (Fig. 12d), the centerline velocity
of the forced spray is lower than for the baseline case
throughout the measurement domain. The difference in
the effect of the synthetic jet for the two flow rate ratios
might be due to the fact that at the low Qa/Qw the spray
has slow moving large droplets, while at the high Qa/Qw
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the spray consists of smaller droplets, as will be discussed
in conjunction with Fig. 15. Note that for x/ds > 15 the
decay rate of the normalized centerline velocity for all three
momentum coefficient cases is similar to that of the base-
line jet.

As mentioned above, the downstream growth of the
spray width (Fig. 12b and e) exhibits two distinct regions
(the dividing line between the two regions is marked in each
plot using a dashed line). When the synthetic jet is acti-
vated, there is a small effect in the region near the orifice,
while the spreading of the spray is significantly enhanced
farther downstream. Note that the geometric location of
the interaction between the spray and the synthetic jet is
at x/ds = 2.5. Furthermore, comparing the effect of the syn-
thetic jet on the low and high flow rate ratio sprays, it is
evident that for a momentum coefficient of Cl = 0.0225
(Fig. 12e) there is a much greater effect at the high Qa/
Qw than there is at the low Qa/Qw, when a synthetic jet with
Cl = 0.04 (almost twice as much) is used. As mentioned
above, this is attributed to the difference in droplet size
between the two cases, where the smaller droplets of the
higher flow rate ratio are more easily affected.

The trajectories of the maximum streamwise velocity,
which are a good measure of the vectoring of the spray,
were calculated and are presented in Fig. 12c and f for
Qa/Qw = 166 and 746, respectively. The synthetic jet has
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hardly any effect in the region near the spray exit, whereas
farther downstream, the location of the maximum velocity
deviates from the centerline (i.e., y/ds = 0) with a vectoring
angle of 0.4�, 9.1�, and 17.7� (Cl = 0.04, 0.20, and 0.425,
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respectively) for the low flow rate ratio spray (Fig. 12c),
and 0.1�, 1.1�, and 1.9� (Cl = 0.005, 0.0225, and 0.0475,
respectively) for the high flow rate ratio spray.

As mentioned above, in the present paper a single syn-
thetic jet actuator was used; therefore, the spray loses its
symmetry and three-dimensionalities arise. Hence, the
effect of the synthetic jet on the spray in the transverse cen-
terline plane (x–z plane, see orientation at Fig. 4b) was
examined and is presented in Fig. 13a–d for the down-
stream development of the centerline velocity (Fig. 13a
and c) and spray width (Fig. 13b and d) at Qa/Qw = 166
(Fig. 13a and b) and 746 (Fig. 13c and d). Here, the width
of the spray is denoted by dz to distinguish from the spray
width in the x–y plane, dy. In this plane, the effect of the
synthetic jet on the low and high Qa/Qw is small compared
to the effect in the x–y plane. For the low Qa/Qw spray, the
effect of the control is noticeable only in the far region (x/
ds > 7), where the centerline velocity increases compared to
the baseline case, as the width of the spray grows slightly.
For the high Qa/Qw spray, the effect of the flow control
is mainly in the near field region (x/ds < 10). In both cases,
the effect is invariant of the momentum coefficient through-
out most of the measurement domain.

Another important spray parameter is its RMS level.
Therefore, the effect of the synthetic jet on the RMS of
the total velocity in the measurement plane, VtRMS, was
Fig. 14. Total velocity RMS fields for the (a) baseline, and the actuat
investigated, and is presented in Fig. 14a for the baseline
case and Fig. 14b–d for the forced spray at Qa/Qw = 166
with Cl = 0.04, 0.20, and 0.425, respectively. As expected,
without control, the RMS is symmetric with respect to
the centerline, and it exhibits a double peak distribution
(one peak on each side of centerline), essentially forming
two ‘‘lobes’’ near the edges of the spray for 2 < x/ds < 7,
which are attributed to the large shear at the edge of the
spray. Farther downstream, the cross-stream distribution
of the RMS has a single peak, where the maximum levels
are around the centerline.

When the synthetic jet is activated the RMS levels
increase throughout the flow field, with larger RMS levels
as Cl increases. The largest increase in the RMS levels is
on the side closer to the synthetic jet. Note that the effect
of the synthetic jet on the RMS levels of the high Qa/Qw

spray is similar (for similar momentum coefficients) and
is not shown here for brevity.

3.3. Control of spray parameters

Finally, the effect of the synthetic jet on the detailed
spray parameters (i.e., droplet size, distribution, and con-
centration) was investigated at 45 locations in the spray
cone (see measurement locations in Fig. 7) using the com-
bined Shadowgraphy and PTV techniques. In these mea-
ed cases with Cl = (b) 0.04, (c) 0.20, and (d) 0.425. Qa/Qw = 166.
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Fig. 15. Droplet size histograms for the baseline spray at x/ds = 8.8 (a,d,g, j,m,p), 14.7 (b,e,h,k,n,q), and 23.5 (c, f, i, l,o, r), and at z/ds = 0 (a,b,c, j,k, l),
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surements, a high magnification long range microscope was
used such that high spatial resolution could be achieved
(the interrogation window is 1.3 mm · 1.8 mm). The drop-
let size distribution histograms for the baseline spray at the
low and the high flow rate ratios are presented in Fig. 15a–i
and 15j–r, respectively. Here, N db

=N db

��
total

is the number of
droplets at a given size range, normalized by the total num-
ber of droplets throughout the interrogation window. For
each droplet size group, five cross-stream locations are pre-
sented, indicated by the different styles of bars.

For Qa/Qw = 166, in the x–y plane along the centerline
(z/ds = 0) and at x/ds = 8.8,14.7, and 23.5 (Fig. 15a–c),
there is a high concentration of droplets having a diameter
between 8 lm and 12 lm, where �85% of the droplets have
a size between 4 lm and 20 lm at all three downstream
locations. For each y/ds location, off the center to both
the left and the right (y/ds = ±2.35 and ±5), the droplets
become progressively larger with increasing distance from
the spray centerline. At y/ds = ±2.35, for all three down-
stream locations, the most prevalent droplet size is still
between 8 lm and 12 lm; however, there are more droplets
of larger diameters than at the centerline. Farther off the
centerline (at y/ds = ±5), there is a high concentration of
droplets with a diameter between 20 lm and 24 lm. Note
the symmetric distribution of droplets about the spray
centerline.

In the x–y plane at z/ds = 2.35 (off the centerline,
Fig. 15d–f), the droplets at y/ds = 0 retain the same trend
as those at z/ds = 0, but there are clearly fewer droplets
of smaller diameters for both y/ds = ±2.35 and ±5 at
x/ds = 8.8 and 14.7 (Fig. 15d and e), where the largest con-
centration of droplets is between 24 lm and 28 lm. Farther
downstream, (x/ds = 23.5, Fig. 15f), the droplet size distri-
bution at all five y/ds locations is more uniform than at the
other two downstream locations.

At the measurement location farthest from the center-
line plane (in the x–y plane of z/ds = 5) at x/ds = 8.8 and
14.7 (Fig. 15g and h, respectively), there are less droplets
of diameters between 4 lm and 24 lm at y/ds = 0, whereas
at the other y/ds locations, the majority of the droplets are
much larger (20 lm to 40 lm).). Farther downstream (at x/
ds = 23.5, Fig. 15i), the droplet distribution at all five y/ds

locations is more uniform than at the other two down-
stream locations.



(b)

x
[m

m
]

(a)
0

1.8

0

0

1.8

(c)

0 y[mm] 1.3
1.8

0.005

0

b

x
[m

m
]

(a)a

c

y[mm]

Fig. 16. Droplet distribution for Qa/Qw = 166; (a) droplet locations in the
measurement window and droplet density number maps for (b) all droplet
sizes, and (c) the most prevalent size group 4–20 lm.

0 25 50 75 100
0.6

0.7

0.8

0.9

1

c

dd [μm ]

C
en

tr
ic

it
y

b

dd

[μm ]

x[mm]

0

20

40

60

80

100

0

20

40

60

80

100

a

dd

[μm ]

0 0.5 1.0 1.5 1.8

0 0.5 1.0 1.3

y[mm]

dd [μm ]

C
en

tr
ic

it
y

dd [μm ]

C
en

tr
ic

it
y

dd

[μm ]

x[mm]

dd

[μm ]

x[mm]

dd

[μm ]

y[mm]

dd

[μm ]

y[mm]

Fig. 17. Droplet diameter distributions along the (a) horizontal axis,
(b) vertical axis, and (c) droplet centricity as a function of droplet size.
Qa/Qw = 166.

144 A.A. Pavlova et al. / Int. J. Heat and Fluid Flow 29 (2008) 131–148
Overall, the droplets are more uniformly distributed far-
ther downstream, at x/ds = 23.5, for all three x–y planes,
with smaller droplets concentrated at the centerline while
the off centerline region is populated by larger droplets.
This is due to coalescence of small droplets at the lower
speed regions near the edges of the spray.

For the high flow rate ratio of Qa/Qw = 746, at the
centerline x–y plane (z/ds = 0, Fig. 15j–l), the droplet size
distributions are similar to those of the low flow rate ratio
spray, except that the most frequently occurring droplet
diameter range at the centerline is smaller (about 85%
of the droplets have a diameter between 4 lm and
12 lm). Off centerline, the majority of the droplets have
a diameter of 8–12 lm and 12–20 lm for y/ds = ±2.35,
and ±5, respectively. The smaller droplet sizes are evident
at other z/ds locations, as well, and are a result of finer
atomization of the water by the nozzle at the higher air
flow rate. At z/ds = 2.35 (Fig. 15m–o), while the droplet
size distribution along the centerline is very similar to
the z/ds = 0 case, at all three downstream locations, the
droplets at y/ds away from the center exhibit a shift
toward larger diameters. At farthest out x–y plane (z/
ds = 5, Fig. 15p–r), although there are still more small
droplets at the centerline, the most frequently encountered
droplet diameter range for other y/ds locations is 16–
28 lm. Thus, although the droplet size trends are similar
for the low flow rate spray, the droplets are, on the aver-
age, smaller than in the lower flow rate ratio spray for all
measured locations.

The data for the histograms presented in Fig. 15 were
averaged over the interrogation domain (1.3 · 1.8 mm),
which can affect the spatial resolution of the measurements.
Therefore, the spatial integrity of the histograms,



Fig. 18. Histograms of the change of the droplet size distribution (WRT the baseline) at x/ds = (a, d) 8.8, (b, e) 14.7, and (c, f) 23.5, at z/ds = 0 for (a–c)
Qa/Qw = 166 with Cl = 0.425, and (d–f) Qa/Qw = 746 with Cl = 0.0475.
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representing the various size classes at different locations
within the spray, was verified and is demonstrated for the
low flow rate ratio case at x/ds = 23.5 in the centerline of
x–y plane in Figs. 16 and 17 (similar results were obtained
at the other measurement locations and are not shown here
for brevity).

Fig. 16a illustrates the locations, within the Shadow-
graphy measurement window, where droplets were found,
and clearly the droplets are evenly distributed throughout
the measurement domain (all the measurement locations
that were used in the present work were away from the
edges of the spray, where droplets are sparse). Fig. 16b
and c show the droplet number density maps for all droplet
sizes found and for the most frequently encountered size
(4–20 lm) in the baseline spray along the centerline, respec-
tively. The droplet number density is defined as the ratio of
the number of droplets of a certain size category in a grid
square (here, 100 lm by 100 lm) to the total number of
droplets found in the measurement domain. These maps
show that all the droplets found are uniformly distributed
throughout the measurement window, and that the distri-
bution of droplet size categories is also uniform and ran-
dom throughout, justifying the size of the interrogation
window that was selected.

Fig. 17a and b show the distribution of the droplet
diameter across the measurement window and in the
streamwise direction, respectively, while Fig. 17c presents
the centricity of the droplets, based on their size. Fig. 17a
and b confirm that for a given droplet size, there is no spa-
tial preference in both directions. As was also shown in the
histogram (Fig. 15 above), the majority of the droplets are
between 8 lm and 24 lm. Fig. 17c shows a typical relation-
ship between droplet diameter and the centricity of the
droplet, where centricity is defined as the ratio of minor



Fig. 19. Histograms of the change of the droplet size distribution (WRT the baseline) at x/ds = (a, d) 8.8, (b, e) 14.7, and (c, f) 23.5, at z/ds = 2.35 for (a–c)
Qa/Qw = 166 with Cl = 0.425, and (d–f) Qa/Qw = 746 with Cl = 0.0475.
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to major axes within the droplet. This plot illustrates that
most droplets found have a centricity between 0.75 and
0.95, and it is the smaller droplets that are less spherical,
thus verifying that droplet clusters and ligaments are not
counted as larger droplets. Similar results were obtained
for higher Qa/Qw sprays and are not shown here for
brevity.

Next, the effect of the synthetic jet on the droplet size
and distribution at the same 45 measurement locations
was examined. Here, the synthetic jet was issued from the
left side of the spray (i.e., �y/ds). The histograms illustrate
the percentage change (with respect to the baseline case) in
the droplet diameter for the controlled cases at three differ-
ent z/ds locations, %ðNdf

� N db
Þ=N db

, in Figs. 18 and 19 for
Qa/Qw = 166 with Cl = 0.425 and Qa/Qw = 746 with
Cl = 0.0475. N db

and Ndf
are the number of droplets (for

a given group size) in the interrogation window for the
baseline and forced cases, respectively. For both flow rate
ratios and all the measured locations, there is clearly an
effect on the droplet size distribution and on the number
of droplets due to the activation of the synthetic jet.

In the x–y centerline plane (z/ds = 0, Fig. 18a–c), for
Qa/Qw = 166, at all three downstream locations, there is
a decrease in the number of small droplets on the left side
of the spray (i.e., the side closer to the synthetic jet) and an
increase of those same small droplets on the right side of
the spray, indicating that small droplets (4 lm 6 dd 6

16 lm) are pushed to the right side of the spray (i.e., away
from the synthetic jet) due to the impulse of the synthetic
jet on the droplets. Also, there are more droplets of large
diameters to the left of the spray centerline and fewer to
the right side, compared to spray without flow control. A
plausible explanation for this is that as the small droplets
are pushed towards the spray centerline, some of them
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coalesce with other droplets on the left side of the spray,
creating larger droplets.

For the high flow rate ratio spray (Qa/Qw = 746,
Fig. 18d–f) there is a drastically different effect. At the
centerline (y/ds = 0) there is a significant increase in the
number of droplets with large diameters at all three down-
stream locations; especially closer to the spray nozzle at
x/ds = 8.8 (Fig. 18d), where the increase in droplets of
32–36 lm is up to 450% compared to the baseline, accom-
panied by a decrease in droplets of diameters 8–12 lm.
This difference from the low flow rate ratio spray is most
likely due to the fact that the Cl of the synthetic jet for
Qa/Qw = 746 is much smaller, and thus it does not have
enough strength to push many of the droplets past the cen-
ter of the spray, causing the droplets at that location to
coalesce into larger droplets.

At the x–y plane off the centerline (z/ds = 2.35, Fig. 19a–
c) for the low flow rate ratio, the change of the droplet size
(when flow control is applied) is similar to that at z/ds = 0,
except that the increase of smaller droplets at y/ds = 5 is
even more dramatic (up to 230% at x/ds = 8.8, Fig. 19a,
and x/ds = 14.7, Fig. 19b), whereas the increase of larger
sized droplets is not as pronounced. In the case of high flow
rate ratio (Qa/Qw = 746 at z/ds = 2.35, Fig. 19d–f), for
x/ds = 8.8 there is an increase in the number of droplets
of dd > 20 lm up to 100% at the farthest from the synthetic
jet location and an increase in the number of droplets of all
diameters at y/ds = 0 (Fig. 19d). At the other two down-
stream locations (Fig. 19e–f), there is a similar trend.

In summary, the synthetic jet has a significant effect on
droplet size distribution of the spray at both flow rate
ratios, but the way the synthetic jet affects the two cases
is very different, due to an almost ten-fold difference in
Cl associated with the two cases, combined with the differ-
ent spray droplet sizes associated with each flow rate. The
mechanism by which the synthetic jet affects the droplets is
due to the direct impact (i.e., transfer of momentum to the
droplets and the carrier air). For Qa/Qw = 166 (see cartoon
in Fig. 20a), small droplets are pushed away from the syn-
thetic jet, across the centerline, and in the process some of
them coalesce and form larger droplets on the side near the
synthetic jet. For Qa/Qw = 746 (see cartoon in Fig. 20b),
the droplets are smaller, they move faster, and the spread-
ing of the spray is smaller than the lower flow rate ratio
spray. Furthermore, the momentum coefficient is much
smaller; thus, the impulse of the synthetic jet is not strong
enough to move the small droplets all the way across the
centerline of the spray, resulting in coalescence occurring
around the centerline of the spray, as seen by the significant
increase of the number of larger droplets at this location.
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This is analogous with the spray behavior in a cross flow,
described by Ghosh and Hunt (1998), as the synthetic jet
in the present work introduces a cross-stream and stream-
wise flow component into the spray.

4. Summary and conclusions

An experimental investigation of active flow control
on air atomized full cone sprays using a single synthetic
jet actuator was conducted. The effect of spray flow rate
ratio and the synthetic jet momentum coefficient on the
global and detailed behavior of the spray was investi-
gated using PIV and Shadowgraphy. The mechanism
associated with the interaction between the spray drop-
lets and the synthetic jet is due to a direct impact of
the synthetic jet onto the spray. This interaction results
in a change in the spray width, streamwise, cross-stream,
and centerline droplets velocities, as well as the velocity
RMS levels. Furthermore, alteration of the droplets size
distribution and concentration throughout the spray was
achieved.

The major conclusion of this work is that active flow
control, via fluidic actuation, using a single synthetic jet
actuator is feasible in controlling a free spray. The effect
of flow control depends mainly on the relative strength of
the jet with respect to the strength of the spray (defined
in the present paper as the momentum coefficient). This
technique can be used as a tool to control sprays for vari-
ous applications such as spray cooling, agriculture (pesti-
cide spraying), fuel injectors, and many more.
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