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ABSTRACT

Synthetic jet actuator is a compact device that has applications in drag reduction, heat transfer enhance-
ment and controlled mixing. An isolated synthetic jet is produced by the interaction of a train of vortices
that are formed by alternate ejection and suction of fluid across an orifice such that the time-averaged
mass flux is zero. A unique feature of a synthetic jet is that it is formed entirely from the working fluid
of the flow system in which it is utilized. The temporal and spatial characteristics of the synthetic jet
are dependent on the actuator operating conditions. Amplitude and frequency modulation of the actu-
ator offer possibility of better flow control. No systematic study on the effect of amplitude modulation
on synthetic jet characteristics is available in the literature. The present study reports the properties of
the synthetic jet as a function of both excitation voltage and modulation frequency. Three modulating
frequencies namely, 10 Hz, 25 Hz, and 50 Hz and excitation voltages in the range 5-50V has been con-
sidered. Schlieren visualization has been used to characterize the jet spread while hotwire anemometry
provides detailed time-averaged and fluctuating velocity fields. The present study shows a significant
impact of amplitude modulation on the spatial and temporal evolution of synthetic jets. The rms velocity
fluctuations increase due to amplitude modulation and the effect is more pronounced at low modulating
frequencies. The behavior of a synthetic jet in the presence of a neighboring synthetic jet, i.e. the behavior
of a dual synthetic jet configuration has also been investigated. The spreading of the jet is seen to increase

considerably in the presence of a second neighboring synthetic jet.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Synthetic jets have shown great promise as fluidic vortex gener-
ators in flow control, specifically, drag reduction and heat transfer
enhancement applications. Synthetic jets are generated by the
interactions of a train of vortices periodically drawn into and
ejected from a cavity through an orifice. A typical synthetic jet
actuator consists of an enclosed cavity with one or more openings
(orifice or slot) on one side. The other face has a diaphragm for
actuation. The oscillatory motion of the diaphragm leads to alter-
nate suction and ejection of the fluid between the cavity and the
cross-stream. During the suction stroke, the opening acts as a sink
and entrains the near wall low momentum fluid into the cavity
while during the expulsion stroke, a fluid jet accompanied by a
train of vortices is formed. There is net momentum injection into
the cross-stream without any additional mass addition. The litera-
ture related to the development and characterization of synthetic
jets is presented below.
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Smith and Glezer [1,2] prepared a high aspect ratio synthetic
rectangular air jet and observed the time-harmonic formation and
subsequent interactions of a train of counter-rotating vortex pairs.
Even though the jet was formed without net mass injection, the
hydrodynamicimpulse of the ejected fluid and thus the momentum
of the ensuing jet was non-zero. The authors found that successive
vortex pairs were not subjected to pairing or other sub-harmonic
interactions. In the far field, the synthetic jet was similar to conven-
tional two-dimensional jets. However, in comparison to 2D jets, the
streamwise reduction in the time-averaged centerline velocity of
the synthetic jet was somewhat higher, while the streamwise width
was lower.

Kral et al. [3] performed a two-dimensional numerical simula-
tion of a synthetic jet. They modeled only the region outside the
cavity with the actuation simulated using an analytical velocity
profile at the orifice. Results obtained in their study confirmed
the experimental observations of Smith and Glezer [1] only in
the near-orifice region. Farther away from the orifice, the authors
observed the vortex cores to be smeared by turbulent diffusion.
In experiments, the vortices were seen to break down into a
planar turbulent jet beyond 8-10 slot widths of the aperture.
Rizzetta et al. [4] used DNS to solve the unsteady incompress-
ible Navier-Stokes equations for flow generated by a synthetic
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Nomenclature

D orifice diameter of synthetic jet actuator (m)

E anemometer output voltage (V)

l orifice length (m)

Lo stroke length (m)

PSD power spectral density of the x-component of veloc-
ity fluctuation (m/s)

Re Reynolds number based on orifice diameter and
maximum velocity

Vexc actuator excitation voltage (V)

u velocity component in the x-direction (m/s)

U jet centerline velocity (m/s)

ug (t) instantaneous velocity at the orifice exit (m/s)

Us free stream velocity (m/s)

Urms root mean square fluctuations of u-velocity (m/s)

t time (s)

T time period of one cycle(s)

S Stokes number

X,y Cartesian coordinates with x pointing in the direc-
tion of fluid ejection from the jet

Greek symbols

v kinematic viscosity (m?2/s)

0 fluid density (kg/m3)

jet actuator. In addition to confirming the findings of Kral et
al. [3], the authors also showed that flow in the internal cavity
becomes periodic after several cycles. The breaking down of vor-
tices into a turbulent jet was the result of three-dimensional flow
instabilities which could not be captured in a two-dimensional
simulation. These trends were confirmed by Mallinson et al.
[5] who compared simulation against experiments with round
jets.

Cater and Soria [6] experimentally investigated the spatial struc-
ture and time-averaged flow quantities of a round synthetic jet,
generated by means of an oscillating piston in a cavity. Instan-
taneous velocity fields measured by means of particle image
velocimetry showed radial entrainment in the near field and self-
similarity in the far field. Three types, i.e. laminar, transitional and
turbulent jets were observed with an increase in the jet Reynolds
number.

Smith and Swift [7] conducted an experimental investigation
of a continuous and a planar synthetic jet using schlieren imaging
as well as hotwire anemometry. The Reynolds number (based on
slot width and characteristic jet velocity) selected for the study
was greater than 2000. The authors observed that synthetic jets are
dominated by vortex pairs in the near field region that entrain more
fluid than continuous jets and therefore grow rapidly in terms of jet
width and volume flux. In the far field, both jets have self-similar
velocity profiles.

Ugrina and Flatau [8] studied the effects of diaphragm type,
cavity shape and nozzle geometry on the performance of the syn-
thetic jet actuator. The authors observed that the performance
of the synthetic jet actuator improves when the device is tuned
such that the resonant frequency of the diaphragm matches with
that of the cavity. Fugal et al. [9] numerically studied a two-
dimensional synthetic jet and reported the effects of rounded and
sharp exit section geometry. Cannelle and Amitay [10] studied the
spatial evolution and transitory behavior of a planar synthetic jet
using particle image velocimetry and hotwire anemometry. The
authors observed the near-orifice vortex pairs to be uniform and
two-dimensional that develop three-dimensionality in the down-
stream with the center moving faster than the sides. Travnicek et

al. [11] studied a new fluid jet actuator consisting of a synthetic
jet actuator and a valve-less pump. The resulting jet had an intrin-
sically non-zero-net-mass-flux, in contrast to a synthetic jet and
was classified as hybrid. The actuator operated in a double-acting
regime; both up- and down-strokes of the diaphragm forced the
fluid to flow out from the central and the annular nozzles, respec-
tively. A comparison between actuations by sine and square waves
showed the sine-wave excitation of the diaphragm to be more
effective.

Xu et al. [12] experimentally studied the instantaneous flow
characteristics of a circular orifice synthetic jet by a phase-locked
PIV system. The authors reported instantaneous flow fields, includ-
ing the formation, development and breakdown of the vortex.
Gaetano and Gaetano [13] investigated an axisymmetric syn-
thetic jet produced by an oscillating piston with water as the
working fluid using PIV. The authors showed that a single vor-
tex ring or a train of vortex rings characterizes the near field
during the blowing phase, depending on the jet properties leav-
ing the orifice. Tesaf and Kordik [14] developed a mathematical
model for evaluating the spatial distributions of various quan-
tities of interest in a synthetic jet. The approach was based on
the similarity transformation that converts the governing equa-
tions (one equation for the time-mean momentum transport, the
other for transport of energy of unsteady motion) into a set of
simple ordinary equations. Instead of the asymptotic fully devel-
oped state, this approach employs the existing degree of freedom
in the solution by varying, along the axial distance from the noz-
zle, a parameter which the transformed equations contain. The
new quasi-similarity approach was found to agree very well with
two experimentally investigated generic examples of synthetic
jets.

Amplitude and frequency modulated flow control can target
natural flow instabilities by introducing cross-flow perturbation at
suitable frequencies that interact with the main flow. Hong [15]
used a synthetic jet actuator in a laminar boundary layer as an
instability trigger with stabilizing influence in an adverse pressure
gradient flow. The author observed the synthetic jet actuator to
be more effective at a lower critical frequency than at resonant
frequency. The critical frequency was determined on considera-
tions of flow instability (both T-S and K-H). The motivation for
using the amplitude modulation actuation for synthetic jets comes
from the natural demodulation of the high frequency carrier (the
resonant frequency of the actuator) with the low frequency mod-
ulating signal that modifies the flow. This presents an opportunity
to perturb the flow at non-resonant frequencies and thus adds
flexibility in the design of an actuator. Few applications related to
amplitude modulated synthetic jets are reviewed in the following
paragraphs.

Ritchie and Seitzman [16] used amplitude modulated synthetic
jets for active control of gaseous fuel-air mixing. The authors
observed that amplitude modulation at lower frequencies cre-
ates large scale structures that persist downstream and have
large effects on mixing, especially in the outer mixing layer.
Rathnasingham and Breuer [17] used amplitude modulation to
change the average velocity of the synthetic jet employed for
active flow control in turbulent channel flow. Vukasinovic et
al. [18] used amplitude-modulated actuation of synthetic jets
for separation control over a hemispherical shell. Amplitude
modulation was found to enhance phase-coherent large scale
motions over a broad range of desirable frequencies. Margalit
et al. [19] carried out a parametric study around a semi-span
delta wing with a sharp leading edge using zero-mass-flux
piezoelectric actuators operating at resonance with amplitude
modulation and burst mode. High frequency unmodulated sig-
nal (pure sine waves) resulted in a slight degradation of the
aerodynamic performance. The most significant aerodynamic
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Fig. 1. (a) Schematic drawing of the synthetic jet actuator, (b) optical arrangement for schlieren visualization and (c) schematic of the setup for hot wire measurements.

enhancement was achieved for the burst mode with amplitude
modulation.

The above literature review shows wide application of ampli-
tude and frequency modulated synthetic jets in active flow
control. However, the characterization of synthetic jet is lim-
ited to the unmodulated synthetic jet. There is no systematic
study available in the literature on the influence of modulation
on the synthetic jet characteristics. The objective of the present
study is to investigate the influence of amplitude and frequency
modulation on the flow characteristics of an isolated synthetic
jet.

2. Experimental details

The experimental setup consists of the synthetic jet actuator,
schlieren visualization facility, hotwire anemometry and the driver
for piezo-actuation. The details of these components are described
in the following sections.

2.1. Synthetic jet actuator

The synthetic jet actuator consists of an aluminum cantilever
(50 mm x 20mm x 0.4mm) and a piezoelectric element (SP-5H



A. Qayoum et al. / Sensors and Actuators A 162 (2010) 36-50 39

material measuring 40 mm x 19.75 mm x 0.4 mm) bonded to the
cantilever near its support (Fig. 1(a)). The piezo-element is made of
lead zirconate titanate and the electrical contacts to this element
are provided by soldering the electrical leads to the terminals. The
cantilever is enclosed from all sides with Plexiglas sheets forming a
cavity. The top surface of the cavity has a circular orifice. Two orifice
sizes of diameter 0.5 mm and 2 mm with a height of 1.8 mm have
been used. The piezoelectric element oscillates when supplied with
voltage signal from the function generator (Hewlett Packard HP
33120A) via an amplifier unit (Spranktronics). The highest ampli-
tude of oscillation is obtained by exciting the piezo-element at
the resonance frequency of the cantilever, namely 951 Hz for the
present actuator. The synthetic jet actuator is used in ambient air
and it entrains low momentum near wall air during the suction

stroke. During expulsion, an air jet accompanied by train of vortices
is formed.

2.2. Schlieren flow visualization

The spatial structure of the synthetic jet under different actua-
tion conditions has been visualized using a monochrome schlieren
technique as shown in Fig. 1(b). The Z-type 2-mirror schlieren
system comprises of a continuous wave He-Ne laser light source
(35 mW, 632.8 nm, Spectra-physics), a pair of flat and concave mir-
rors, a knife-edge and a viewing screen. The original laser beam
is expanded by a spatial filter on to a concave mirror (f8, 160 mm
focal length) guided by a flat mirror in-between. The collimated
beam from the concave mirror passes through the test section

Fig. 2. The creation of an amplitude modulated signal and time traces for actuation voltage of £20V for the (a) unmodulated, (b) AM at fam = 10 Hz, (c) AM at fay = 25 Hz, and

(d) AM at fay =50Hz.
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and then to a second concave mirror (f8, 160 mm focal length)
which refocuses the beam onto a knife-edge. The knife-edge is a
razor blade, placed at the focal length of the second concave mir-
ror.

The schlieren technique is sensitive to gradients in the refrac-
tive index field and hence, changes in the fluid density. To generate
such gradients, helium has been used as a tracer element for visual-
ization of the synthetic jet flow patterns. An arrangement is made
for injecting helium in the cavity of the synthetic jet (Fig. 1(b)).
The flow rate of helium is adjusted with the help of a rotameter to
a small value, sufficient to fill the cavity, mix with air and create
meaningful images on the screen. A high speed CMOS sensor based
monochrome camera (MC1302, Mikrotron) with 8-bit dynamic res-
olution has been used to capture the sequence of schlieren images.
The images are recorded at a speed of 250 frames per second with a
spatial resolution of 512 x 512 pixels. The camera is connected to a
PC-based image acquisition system through a 64-bit frame grabber
card (X64-CL, Coreco Imaging).

2.3. Velocity measurement

Velocity measurements have been conducted under ambient
conditions using a hotwire anemometer (CTA Bridge 56C17, Dan-
tec) operating in the constant temperature mode (Fig. 1(c)). The
hotwire anemometer is connected to a data acquisition card (Keith-
ley KPCI 3108) and is run using LabView software. A single wire
probe (55P11) is used for one-component velocity measurement.
The hotwire probe is calibrated using a calibration apparatus
(55D44, Dantec) and a pitot-static tube connected to a micro-
manometer (Furness Control, FC012). The hotwire location in both
axial and radial directions is controlled by an automatic traverse
connected to a personal computer. The sampling frequency is set
equal to 5000 Hz with a sample size of 50,000 for each instanta-
neous velocity measurement.

2.4. Amplitude modulation

The piezoelectric patch mounted on the cantilever located inside
the cavity of the synthetic jet actuator is of the resonant type. It
generates the highest displacement at the cantilever resonant fre-
quency. The resonant frequency of the cantilever is equal to 951 Hz,
which is set as the carrier frequency for the amplitude modula-
tion actuation. Changes in the jet flow pattern about this operating
point, i.e. the carrier frequency have been studied by changing
the supply voltage and the modulation frequency. The modulation
frequencies have been selected on the basis of possible bursting
frequencies in the approaching turbulent boundary layer and the
range of the energy containing eddies inside the boundary layer for
the synthetic jet based control.

It is well known fact that most of the high skin-friction regions
in turbulent boundary layer are induced by near-wall streamwise
vortices known as streaks and suppression in formation of these
structures can lead to significant reduction in skin-friction drag.
Lee et al. [20] observed that synthetic jets are more effective when
the forcing frequency is in the range of T-S frequencies of the
boundary layer. Significant jet effectiveness is observed at a fre-
quency lower than the frequency at which the actuator produces
the maximum velocity without cross-flow. This was attributed to
the interaction of the jet with the natural destabilizing frequency
of the flow. Vukasinovic et al. [18] studied both high frequency
excitation and amplitude modulated synthetic jet actuation at low
frequencies on the evolution of a plane free shear layer. Oscilla-
tion at low frequency (the energy containing region in the baseline
power spectra) influences the mixing process by the cascade mech-
anism. The authors also observed profound effects on the evolution
of both large and small scale motions by high frequency actuation.

Table 1
The characteristic dimensionless parameters (Re;, L and S) of synthetic jet for unmod-
ulated (fam =0) and modulated cases at different excitation voltages (Vexc).

Vexe (V) fam (Hz) Uo (m/s) Re; L S

15 0 0.1947 6.2429 0.4096 9.9569
20 0 0.3959 12.6897 0.8326 9.9569
25 0 0.5733 18.3774 1.2058 9.9569
30 0 0.8646 27.7134 1.8184 9.9569
35 0 1.0852 34.7834 2.2823 9.9569
40 0 1.5500 49.6826 3.2599 9.9569
15 10 0.7130 22.8528 1.4994 1.0210
20 10 1.3821 44.3008 2.9068 1.0210
25 10 1.9689 63.1088 4.1408 1.0210
30 10 2.5232 80.8744 5.3065 1.0210
15 25 0.6387 20.4735 1.3433 1.0210
20 25 1.1142 35.7124 2.3432 1.6143
25 25 1.7144 54,9511 3.6056 1.6143
30 25 2.2129 70.9266 4.6538 1.6143
15 50 0.4973 15.9414 1.0460 2.2830
20 50 0.8993 28.8238 1.8912 2.2830
25 50 1.2810 41.0603 2.6941 2.2830
30 50 1.8908 60.6048 3.9765 2.2830

In the present work, we are interested in the investigation of the
interaction between synthetic jet and the approaching boundary
layer. The literature show that the criteria for selection of modu-
lation frequency depend on the hydrodynamic instability of base
flow, i.e. the boundary layer. We have set the modulation fre-
quency to lie within the energy containing range of the spectrum
of the approaching boundary layer, in fact, close to the bursting
frequency.

The displacement amplitude of the cantilever controls the peak
flow rate generated by the jet. Amplitude modulation was accom-
plished by changing the supply voltage to the actuator over a range
of 5-50V. In addition, the high frequency carrier signal was com-
bined with a low frequency modulating signal over a narrow range
of frequencies. Fig. 2 shows the formation of a modulated signal
obtained by combining the carrier signal with the modulating wave
of a different amplitude and a lower frequency. The phase differ-
ence between the carrier and the modulation signal is equal to zero.
This technique has been used for generating synthetic jets at fre-
quencies other than the resonant frequency of the cantilever. The

Fig. 3. Time traces of streamwise jet velocity (u) at various radial locations (x/D)
with x/D ranging from 0 to 1.78 in intervals of Ax/D=0.16 corresponding to the
axial location (y/D)=0.5. The excitation voltage is set equal to 30V at excitation
frequency of 951 Hz. The orifice diameter, D= 0.5 mm.
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modulation frequencies have been set equal to 10Hz, 25Hz and
50 Hz. Fig. 2(a) shows the time trace of actuation voltage for the
unmodulated synthetic jet at an amplitude of 20V. Fig. 2(b)-(d)
shows the time trace of the actuation voltage for the modulated
case with modulation frequency equal to 10Hz, 25Hz and 50 Hz,
respectively, at 20V amplitude.

2.5. Dimensionless parameters

Two independent dimensionless parameters can be used for
describing the synthetic jet: one is the jet Reynolds number Re; and
the other is the dimensionless stroke length L. These parameters
are defined as:

Lo
L==2
D

UoD
Rej:%

where Uy is the time-averaged blowing velocity over the entire
cycle of time period T, namely:

T/2

1
Up = T/uo(t)dt

0

The jet stroke length, Ly = Uy x Trepresents the length of the column
or slug of fluid pushed out of an orifice during the blowing stroke.

Another important parameter, the Stokes number, S is defined
as

271Rej 12
S =
L

The synthetic jet parameters defined above are presented in
Table 1 as a function of the excitation voltage and modulation
frequency. Reynolds number and stroke length can be used as
measures of the strength of the synthetic jet. Table 1 shows that
the jet Reynolds number and dimensionless stroke length increase
with an increase in the excitation voltage for the unmodulated
configuration. In comparison to the unmodulated jet at a fixed

Fig.4. Comparison of normalized jet centerline velocity (u¢/Umax) in the axial direc-
tion (y/D) with literature. The excitation voltage amplitude is set equal to 30V at
excitation frequency of 951 Hz. The orifice diameter, D=0.5 mm.

actuation voltage, there is an overall increase in the stroke length
and jet Reynolds number for amplitude modulation. The stroke
length and jet Reynolds number decrease with an increase in
the modulation frequency at a fixed excitation voltage. Overall,
the average synthetic jet characteristics results in Table 1 indi-
cate that amplitude modulation generates a stronger synthetic
jet in comparison to the unmodulated synthetic jet. Detailed
characterization of the synthetic jet is presented in the later
sections.

2.6. Validation experiments

The synthetic jet behavior in terms of momentum distribution
during an excitation cycle is different from that of the pulsed jet. The
proper formation of a synthetic jet whose mass flux over a cycle is
equal to zero can be verified using the velocity time traces recorded
close to the orifice exit at various radial locations. Fig. 3 presents
the velocity time trace as a function of the radial coordinate (x/D).
The streamwise location is close to the exit of the orifice (y/D=0.5).

Fig. 5. Centerline mean and RMS velocities for unmodulated and amplitude modu-
lated jets at y/D=2.5 as a function of excitation amplitude for various excitation
frequencies: (a) time-averaged velocity (uy) and (b) rms velocity (ums). Orifice
diameter D=0.5mm and carrier frequency is equal to 951 Hz.
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Fig. 6. Variation of jet centerline mean (u) and rms velocities (urms) as a func-
tion of modulation frequency at an axial location, y/D = 2.5 for excitation amplitude,
Vexc =20V. Orifice diameter, D=0.5 mm and carrier frequency is equal to 951 Hz.

Fig. 7. Jet centerline velocity profiles in the axial (y/D) direction for unmodulated
and modulated jets: (a) time-averaged velocity (u), and (b) rms velocity (ums).
Orifice diameter, D=0.5 mm and carrier frequency is equal to 951 Hz.

An excitation voltage of 30V is considered. Since the hotwire mea-
surements are not sensitive to the direction of flow, flow reversal
is seen as a second peak in Fig. 3. Flow reversal is sustained up to a
considerable radial distance. The peak during reversal, i.e. suction
is lower compared to the blowing phase, mainly owing to a change
in effective cross-sectional area during the two phases. The time
duration of acceleration of the synthetic jet is smaller than that of
jet retardation. The second peak near the orifice disappears as we
move away in the radial direction. The flow towards the cavity dur-
ing the suction stroke is a maximum near the center of the orifice. It
reduces in the radial direction due to the influence of ambient static
fluid. Consequently, the two peak structure vanishes and only one
small peak is observed during one oscillation cycle. Similar velocity
time traces for an unmodulated synthetic jet have been presented
by Utturkar et al. [21].

Fig. 4 compares the normalized axial velocity profile at the cen-
terline of the jet with that in the literature. The jet centerline
velocity increases in the axial direction to a peak value with sub-
sequent reduction to zero velocity in the ambient. The normalized
profile in Fig. 4 matches reasonably well with the experimental

Fig. 8. Jet velocity profiles in the radial direction for unmodulated and modulated
jets at axial location, y/D=6: (a) time-averaged velocity (u), and (b) RMS velocity
(Urms). Orifice diameter, D=0.5 mm and carrier frequency is equal to 951 Hz.
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Fig. 9. Velocity power spectra at Vexc =20V for different axial locations (y/D=4, 8, 14) at the jet centerline (x/D=0): (a) Unmodulated jet, (b) AM at fay = 10Hz, (c) AM at
fam=25Hz, and (d) AM at fam =50 Hz. Orifice diameter, D=0.5 mm and carrier frequency is equal to 951 Hz.

results of Mallinson et al. [22]. The slight mismatch in the down-
stream region (y/D > 10) with that of Lee et al. [20] can be attributed
to the difference in the jet Reynolds number between the two stud-
ies. Compared to 0.776 m/s of the present study, the maximum jet
centerline velocity of the synthetic jet used by Lee et al. [20] is
equal to 5m/s. The diameter of the orifice being equal to 0.5 mm
for the two studies, it can be concluded that the differences are
related to those in the jet Reynolds number. Overall, Figs. 3 and 4
validate the exit-plane properties of the synthetic jet of the present
study.

3. Results and discussion

Synthetic jets are characterized by the formation, advection, and
diffusion of vortex rings. The strength of the vortex ring can be
gauged in terms of circulation while its frequency content deter-
mines the likely impact when the synthetic jet is combined with
a second flow field that needs to be controlled. The vortex rollup
characteristic of synthetic jet is strongly influenced by the nature
of excitation of the diaphragm. The present study examines the
effect of excitation voltage and modulation frequency on the char-
acteristics of the synthetic jet. The influence of the orifice diameter
and the presence of a neighbor on the evolution of the synthetic
jet have also been investigated. Results are presented in terms of

the time-averaged velocity profiles in the axial and the radial direc-
tions, velocity power spectra and time series, and flow visualization
using the schlieren technique.

3.1. Effect of excitation voltage and modulation frequency

Fig. 5 presents the time-averaged centerline velocity and the
corresponding rms velocity as a function of the excitation volt-
age at an axial location of y/D=2.5 from the exit plane of the
orifice. Both unmodulated and modulated jets are considered at
various modulation frequencies. The excitation voltage is var-
ied between 5V and 40V. Since the dielectric breakdown of the
piezo patch occurs at 80V (peak-to-peak), the maximum excita-
tion voltage for the amplitude modulation experiment is set equal
to40V.

Fig. 5 shows an increase in both the time-averaged and the
rms velocities with an increase in the excitation voltage. The
centerline velocity quantities are nearly equal for the unmodu-
lated and modulated experiments till an excitation voltage of 15V
is reached. Subsequently, the time-averaged velocity decreases
with the excitation voltage for the modulated case. In compari-
son to the unmodulated jet, however, the rms velocity is greater
for all amplitude modulation experiments, increasing with the
excitation voltage (Fig. 5(b)). The rms velocity decreases at all exci-
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Fig. 10. Velocity time traces at Vexc =20V for various axial locations (y/D=4, 8, 14) at the orifice centerline (x/D=0): (a) Unmodulated jet, (b) AM at fay = 10Hz, (c) AM at
fam =25Hz, and (d) AM at fam =50 Hz. Orifice diameter, D=0.5 mm and carrier frequency is equal to 951 Hz.

tation voltages with an increase in modulation frequency. This
behavior is related to the variation of the stroke length of the
synthetic jet with respect to the modulation frequency (Table 1).
For unmodulated and amplitude modulated jets, the stroke length
increases with an increase in the excitation voltage. The stroke
length decreases with an increase in frequency. The stroke length
represents the length of the fluid column containing the fluid
that is ejected during the blowing phase. It is proportional to
the distance traveled by the vortex ring from the orifice exit till
the onset of the next suction cycle. When the stroke length is
small, the vortex ring does not move sufficiently far away from
the orifice exit. It is drawn back into the orifice during the suc-
tion stroke. For the higher modulation frequency jets, the ejection
period is smaller and therefore the vortex ring has less time to
grow. As a result, the rms velocity fluctuations are uniformly
smaller.

The effect of modulation frequency on the jet characteristics is
presented in Fig. 6. Quantities reported are the time-averaged and
the rms velocity variation along the jet centerline. The modulation
frequencies are varied from 5Hz to 100Hz at a constant excita-
tion voltage of 20V and amplitude modulation level of 100%. With
an increase in modulation frequency, Fig. 6 shows a reduction in
the magnitude of both the time-averaged and the rms velocities.
For an increase in the modulation frequency, the relative reduc-
tion in the rms velocity is much greater than the time-average.
This trend indicates a greater influence of amplitude modulation

at lower frequencies when compared to the higher. As noted in
Table 1, the reason can be traced to a smaller stroke length at higher
frequencies. A confirmation of this result using flow visualization
is presented in Section 3.6.

3.2. Axial and radial velocity distribution

The evolution of the synthetic jet in the axial direction depends
on the vortex rollup and its interaction with the neighboring field.
Fig. 7 compares the time-averaged and rms velocities in the axial
direction for the amplitude modulated jet with respect to the
unmodulated. The excitation voltage is set equal to 20V and three
modulation frequencies 10 Hz, 25 Hz and 50 Hz are compared. Fig. 7
shows that the time-averaged and rms velocities increase in the
axial direction to a peak and subsequently decrease. The highest
peak in the time-averaged velocity is observed for the unmod-
ulated jet at an earlier axial (y/D) location. The peak position
shifts away from the orifice with modulation. The peak velocity
for the modulated jet decreases with an increase in modulation
frequency.

When compared to the unmodulated, the rms velocity is signif-
icantly higher for the modulated jet (Fig. 7(b)). The axial location
(y/D) corresponding to the peak rms velocity is independent of fre-
quency. However, the peak value is dependent on the modulation
frequency itself. This trend is clearly brought out through power
spectra in Section 3.5.
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Fig. 11. Schlieren images of a synthetic jet as a function of (a) excitation amplitudes and (b) modulation frequency. Orifice diameter, D=0.5 mm and carrier frequency is

equal to 951 Hz.

The spatial growth of the synthetic jet due to mixing with the
ambient fluid is investigated in terms of the radial velocity dis-
tribution. Fig. 8 compares the radial velocity profile at an axial
location of y/D =6 for the unmodulated and modulated cases. The
overall nature of the time-averaged and rms velocity profiles is
identical, with a maximum at the jet centerline and a reduction
in its magnitude in the radial direction. The highest peak in the
time-averaged velocity is observed for an amplitude modulated jet
at the lowest frequency and the minimum centerline velocity is
observed for the unmodulated jet (Fig. 8(a)). Fig. 8(a) also com-
pares the radial velocity distribution from the present study with
that from quasi-similarity model of Tesaf and Kordik [14]. There
is a good match between the experiment and the quasi-similarity
model indicating general similarity in behavior between the mod-
ulated and the unmodulated synthetic jets. In contrast, the rms
velocity for the unmodulated jet is significantly lower than that
of the modulated jet (Fig. 8(b)). At all radial locations, the overall
rms velocity is higher for modulation at lower frequencies when
compared to higher modulation frequencies. The influence of the
modulation frequency is higher near the jet centerline when com-

pared to its periphery. The overall jet width is also higher at low
frequencies.

3.3. Velocity power spectra and time traces

Fig. 9 compares the power spectra of the streamwise velocity
component of the unmodulated and modulated jets. The excita-
tion voltage is set equal to 20V and three modulation frequencies,
namely 10 Hz, 25 Hz, and 50 Hz have been compared. Power spec-
tra have been determined from velocity measurements along the
orifice centerline and are shown at three axial locations (y/D=4,
8, and 14). Various axial (y/D) locations have been considered for
understanding the distribution of frequency content in the flow
field. A re-distribution in energy among the harmonics is expected
due to vortex evolution and interaction. The axial location, y/D=4
corresponds to the peak rms velocity and downstream points
y/D=8 and 14 correspond to the decay region of the rms velocity
(Fig. 7).

Fig. 9(a) shows a clear spectral peak at the resonant frequency
of the actuator (=951 Hz) for the unmodulated jet. The low fre-
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quency portion of the power spectrum originates from the large
scale structures of the flow and contributes strongly to the kinetic
energy of fluctuations. Fig. 9(a) shows that the energy containing
region diminishes in magnitude in the axial direction, correlating
well with a reduction in the rms velocity of Fig. 7. With increase
in the axial distance from the orifice, the low frequency part of
the spectrum attenuates quite rapidly, indicating an early break-
up of the ring vortices produced by the tip of the orifice. The power
spectra of the amplitude modulated synthetic jets are shown in
Fig. 9(b)-(d). The corresponding frequencies are in the range of
10-50Hz, being much smaller than 951 Hz, the carrier frequency.
The spectra in Fig. 9(b)-(d) show a clear peak at the respective
dominant frequencies. Additional peaks of lower value are also
to be seen at integer multiples of the modulating frequency. In
contrast to the unmodulated jet, sidebands appear around peak,
and thus the bandwidth of the peak at the modulation frequency
increases in the axial direction, indicating the broadening of the
energy containing region. For the unmodulated jet, the sharp peak
at the resonant frequency remains unchanged in the streamwise
direction.

Fig. 9 shows that the total areas under the respective spectra
are higher for the amplitude modulation jet in comparison to the
unmodulated. These areas diminish in the axial direction. The rela-
tive distribution of power between the low frequency and the high
frequency regions depends on the modulation frequency. When
the modulation frequency is close to the frequency of the energy
containing eddies of the unmodulated jet (Fig. 9(a)), a significant
influence is seen in the jet evolution, particularly in terms of veloc-
ity fluctuations and distribution of energy over the frequency scale.
The increase in frequency content of the energy containing eddies
is evident from the broadening of the power spectra for the modu-
lated jet. The shift in the position of the peak itself reveals that the
size of the freshly created large eddies is affected by the presence
of smaller ones in the flow field.

Fig. 10 shows the time traces of the streamwise component of
velocity corresponding to the power spectra of Fig. 9. The high-
est peak velocity for the amplitude modulated jet is observed at
the minimum frequency considered, namely 10 Hz (Fig. 10(b)). The
peak velocity magnitude decreases with an increase in the mag-
nitude of the modulation frequency, Fig. 10(c) and (d), consistent
with the result that the velocity fluctuations of the unmodulated
jet are smaller than the modulated jet (Figs. 5 and 7). The carrier
frequency content (at 951 Hz) is strongly attenuated in the down-
stream region and the fluctuation at the modulation frequency
alone (namely 10-50Hz) is significant. These data of Fig. 10 are
in agreement with the spectra of Fig. 9. The time traces of veloc-
ity in Fig. 10 show greater periodicity at the modulation frequency
over a considerable axial distance.

The modulated and unmodulated voltage signals that drive the
synthetic jet actuator are shown in Fig. 2. Here, the peak voltages
of all signals are seen to be nearly equal. In contrast, the veloc-
ity peaks created in the jets vary from one actuation condition
to another. Further, these peaks decay in the axial direction. An
examination of Fig. 9 provides an explanation for these trends. The
velocity peak corresponds to the modulation frequency (except
for the unmodulated jet, where it corresponds to the carrier fre-
quency). The peak value can be associated with a vortex ring
created by the fluid leaving the orifice. The vortex advects in the
streamwise direction and is progressively broken up in such a
way that harmonics of the modulation frequency are to be seen
in the power spectra. A new vortex is then created in a subse-
quent cycle when smaller vortices are already present in the flow
field. The new vortex, then has a size different from the one cre-
ated in the purely quiescent fluid. This scenario contrasts with
an unmodulated jet where carrier frequency is high, the initial
vortex generated is small, which dissipates rapidly with distance.

Fig.12. (a) Time-averaged radial velocity (u) and (b) radial rms velocity (ums ) profile
for larger diameter (D =2 mm) orifice at the streamwise location, y/D = 1.5 for various
excitation conditions. The carrier frequency is equal to 475 Hz.

Hence, all later vortices are created practically in a stationary
fluid.

3.4. Schlieren visualization

Fig. 11(a) shows the time-averaged schlieren images of the syn-
thetic jet as a function of excitation voltage in the range of 25-40V.
The streamwise extent of the synthetic jet is seen to increase with
an increase in the excitation voltage. These results correlate well
with the stroke length data of Table 1, where the stroke length is
shown to increase with the excitation voltage. Fig. 5(a) also shows
an increase in jet centerline velocity with increase in the excitation
voltage, thus providing an explanation for the increased spread in
the main flow direction.

Fig. 11(b) shows the time-averaged schlieren images as a func-
tion of the modulation frequency (10Hz, 25Hz, and 50Hz) at an
excitation voltage of 20V. The average length of the amplitude
modulated jet is higher in comparison to that of the unmodulated
jet. Fig. 7(a) also supports the above claim that the jet penetra-
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Fig. 13. Time-averaged Schlieren images for (a) single jet, and (b) double jets under different excitation conditions. Orifice diameter, D=2 mm for all jets and the distance
between the jets for double jet configuration is equal to 4 mm. The carrier frequency is equal to 475 Hz.

tion length for an unmodulated excitation is lower when compared
to the modulated since the centerline velocity beyond y/D>15 is
insignificant for the former when compared to the latter. In addi-
tion, the higher rms velocity for the modulation experiment beyond
y/D>5 in comparison to the unmodulated, strengthens the above
claim (Fig. 7 (b)). At 10Hz amplitude modulation frequency, the
penetration depth of the jet is about 16 x D compared to 9x D value
at 50 Hz amplitude modulation frequency. Thus, the jet penetra-
tion length decreases with an increase in the modulation frequency.
Once again, these results correlate well with the stroke length data
of Table 1 and the centerline velocity variation in Fig. 6. Over-
all, Fig. 11 confirms the effectiveness of amplitude modulation for
modification of the synthetic jet characteristics. For a given excita-
tion voltage, the strength of the jet can be increased by employing
low frequency modulation.

3.5. Effect of orifice diameter

The orifice diameter of the synthetic jet was changed from
0.5mm to 2 mm to investigate the consistency of the amplitude

modulation effect. Fig. 12 compares the radial distribution of
the time-averaged and rms velocities for unmodulated jets and
those with amplitude modulation for the larger orifice diameter
(D=2mm). As discussed in Section 3.4, the time-averaged velocity
is insensitive to amplitude modulation though the rms velocity dis-
tribution shows a strong influence. The effect is stronger at lower
modulation frequencies, since rms values decrease from 10Hz
onwards to 50 Hz. These results were also uniformly seen at the
smaller orifice diameter (D=0.5 mm) presented earlier. Fig. 13(a)
presents schlieren images of the jet emerging from the larger ori-
fice for various excitation amplitudes and frequencies. The overall
spread and size of the jet is larger for the synthetic jet with larger
orifice in comparison to that of the small sized orifice seen in
Fig. 11. Fig. 13 shows the jet strength to increase with excitation
voltage while low frequency modulation is more effective when
compared to the higher frequency. Comparing Fig. 13 with Fig. 8
for the smaller orifice, the influence of amplitude modulation for
the two orifice diameters is seen to be similar. Overall, jet patterns
recorded for the orifices of two different diameters are found to be
qualitatively similar.
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Fig. 14. Time-averaged radial velocity (u) and radial rms velocity (u;ns) profile in the spanwise direction (Z/D) at the axial location y/D =3 for various excitation conditions
and jet operations: (a) either jet 1 (solid lines) or jet 2 (broken lines) operating, and (b) both jet 1 and jet 2 running simultaneously. The orifice diameter, D=2 mm and the

distance between the jets is equal to 4 mm. The carrier frequency is equal to 475 Hz.

3.6. Double jet configuration

The number of synthetic jets placed adjacent to each other is an
additional parameter for optimization in flow control applications.
The present section is concerned with the influence of amplitude
modulation in a double jet configuration with a pitch-to-diameter
ratio equal to 2. Fig. 13 shows visualization images using schlieren
for both single and double jet configurations at various modula-
tion frequencies. The orifice diameters are equal for the jets, being
D=2 mm while the distance between the two jets is 4 mm. In the
near field region, the two jets evolve independently of each other.
The two jets grow in the downstream direction and merge with
each other. The width of the dual jet configuration is greater than
twice those of the individual synthetic jets (Fig. 13(b)). This result
indicates an increase in the effectiveness of the dual jet and the
occurrence of strong interaction between them.

Fig. 14 presents the radial u (time-averaged) and uys profiles
for the single and double jet configurations. Fig. 14(a) shows the
highest average fluid speed at an actuation of 55V, when jet 1, jet
2 and the two-jet configuration are considered. The synthetic jet
characterization plot of Fig. 5 also shows a higher u-velocity for the
unmodulated jet excited at 55 V. Fig. 14(b) shows lower average jet
velocity for the double jet configuration in comparison to the single
jet actuation. This result can be attributed to greater mixing of the
vortices generated by the two actuators and hence a reduction in
the peak value. No significant influence of amplitude modulation

on the u-velocity is observed, either for the single jet or the dual jet
configuration. Amplitude modulation affects the rms velocity, for
example, at an amplitude of 30V and 10 Hz modulation frequency
shows comparable rms velocity as that of 55 V without modulation.
The inter-jet region shows higher u and ums velocities for the dual
jet configuration in comparison to the single jet. Overall, Fig. 14
confirms the broadening of the two-jet system.

Fig. 15 presents the u’ spectra of one of the jets (jet 1) at var-
ious spanwise locations (z/D=-0.31 and —0.47) for a wall normal
location of y/D=3 and various actuation conditions. Comparing
Fig. 15(a) and (b) indicates a significant influence of excitation volt-
age in the energy containing region of the power spectra. The carrier
frequency is clearly visible in all spectra. Fig. 15(a) shows the slope
of the spectra for single and dual jets to be significantly different
at the two locations, namely z/D=-0.31 and —0.47. There is an
additional broad peak at z/D=—0.47 for the dual jet configuration.
This is indicative of the generation of additional energy containing
eddies due to the interaction between the two jets. A compari-
son of Fig. 15(c) and (d) reveals the difference in the influence of
the modulation frequency on the energy containing eddies. Lower
modulation frequency leads to fuller spectra in the low frequency
range. The dual jet configuration shows a larger slope in the dissi-
pation regime because the jet interaction produces smaller vortices
and hence greater viscous dissipation. A comparison of Fig. 15(b)
and (c) indicates similarity in the average energy content at an
excitation of 55V (unmodulated) and 30V, 10 Hz modulation fre-
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Fig. 15. The v’ spectra at different spanwise (Z/D) locations of the jet (jet 1) at axial location y/D =3 with both single jet (jet 1) and double jet (jet 1 and jet 2) operating under
various actuation conditions: (a) Vexc =30V, (b) Vexc =55V, (€) Vexc =30V, fam = 10 Hz, and (d) Vexc =30V, fam = 50 Hz. The orifice diameter, D=2 mm and the distance between

the jets is equal to 4 mm. The carrier frequency is equal to 475 Hz.

quency with the exception that additional frequencies are seen for
the modulated jets. Fig. 15 supports the rms velocity trends shown
in Fig. 14. Thus, the effect of amplitude modulation and the inter-
action between two jets can be clearly observed from the spectra
of Fig. 15.

4. Conclusions

A synthetic jet actuator using cantilever-type piezo-actuation
has an inherent limitation since it provides maximum amplitude
of displacement only at its resonant frequency. Amplitude mod-
ulation provides a mechanism by which additional frequency can
be introduced as a control parameter of the synthetic jet actua-
tor while the amplitude of the cantilever vibration is increased.
In applications, the modulation frequency of the synthetic jet can
be tuned with that of the main flow being controlled. The present
study investigates the characteristics of the synthetic jet for a car-
rier frequency of 951 Hz under modulation conditions varying from
10Hz to 50Hz. Hotwire anemometry and schlieren visualization
techniques have been used. Of specific interest is the effect of ampli-
tude modulation at various frequencies and interaction between
two neighboring synthetic jets. Important observations arrived at
in the present investigation are summarized below.

1. Amplitude modulation strongly influences the basic character-
istics of a synthetic jet. The extent of influence depends on the
selection of modulation frequency.

2. The non-dimensional stroke length of the synthetic jet increases
with actuation voltage. The stroke length is higher for ampli-
tude modulation compared to that of an unmodulated jet. The
increase in the stroke length is higher at lower modulation fre-
quencies.

3. Amplitude modulation increases both the jet penetration in the
streamwise direction and the magnitude of rms velocity fluc-
tuations. Low frequency modulation resonates with the base
(vortical) flow of the unmodulated jet and broadens the energy
containing region of the power spectrum.

4. Schlieren visualization reveals the spatial spread and distribu-
tion of the jets and confirms the stronger influence of amplitude
modulation on growth of the synthetic jet.

5. The dual jet configuration in which the main jet grows in the
presence of a neighboring synthetic jet results in joint improve-
ment of the combined growth rate.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.sna.2010.05.008.
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