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■ Abstract The evolution of a synthetic (zero-net mass flux) jet and the flow mech-
anisms of its interaction with a cross flow are reviewed. An isolated synthetic jet is
produced by the interactions of a train of vortices that are typically formed by alternating
momentary ejection and suction of fluid across an orifice such that the net mass flux is
zero. A unique feature of these jets is that they are formed entirely from the working fluid
of the flow system in which they are deployed and, thus, can transfer linear momentum
to the flow system without net mass injection across the flow boundary. Synthetic jets
can be produced over a broad range of length and timescale, and their unique attributes
make them attractive fluidic actuators for a number of flow control applications. The
interaction of synthetic jets with an external cross flow over the surface in which they
are mounted can displace the local streamlines and induce an apparent or virtual change
in the shape of the surface, thereby effecting flow changes on length scales that are one
to two orders of magnitude larger than the characteristic scale of the jets. This control
approach emphasizes an actuation frequency that is high enough so that the interaction
domain between the actuator and the cross flow is virtually invariant on the global
timescale of the flow, and therefore, global effects such as changes in aerodynamic
forces are effectively decoupled from the operating frequency of the actuators.

1. OVERVIEW

Jet-like flows having complex spatial and temporal characteristics can be engen-
dered in a quiescent medium (or in a cross flow) by the advection and interactions
of trains of discrete vortical structures (e.g., Saffman 1981). The hydrodynamic
impulse that is necessary to form each of these vortices is imparted at the flow
boundary by the momentary discharge of slugs of fluid through an orifice. The
flow typically separates at the edge of the orifice, and a vortex sheet is formed
and rolls into an isolated vortex that is subsequently advected away under its own
self-induced velocity. Depending on the flow symmetry and the repetition rate, the
dynamics and interactions of the vortical structures within a pulsed jet can lead to
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spatial evolution that is remarkably different from the evolution of a continuous
(conventional) jet having the same orifice and time-averaged flux of streamwise
momentum. Moreover, discrete vortical structures can also be formed within a
continuous jet by deliberate temporal modulation of its streamwise momentum
flux, which, depending on the degree and frequency of modulation, can lead to
radical modification of the unmodulated jet. For example, Lee & Reynolds (1985)
demonstrated that small changes in the azimuthal formation of successive vortex
rings in a circular jet can alter their trajectories and result in spectacular far-field
“bifurcation” or “blooming.”

“Synthetic” jet flows are similar to pulsed jets in that they are also produced by
the advection and interactions of trains of discrete vortical structures. However, a
unique feature of synthetic jets is that they are formed entirely from the working
fluid of the flow system in which they are deployed and, thus, can transfer linear
momentum to the flow system without net mass injection across the flow boundary.
The fluid that is necessary to synthesize the jet is typically supplied by intermittent
suction through the same flow orifice between consecutive ejections. Because the
characteristic dimensions of the ensuing jet scale with the orifice, it is possible,
in principle, to synthesize jets over a broad range of length scales [e.g., synthetic
jets having a nominal orifice dimension of 150µm were fabricated using standard
silicon micromachining techniques by Coe et al. (1994, 1995), and more recently
Muller et al. (2001) reported microfabricated jet arrays].

The oscillating (time-reversed) pressure drop across an orifice that is neces-
sary to form a synthetic jet can be imposed by an acoustic field, provided that the
amplitude of the pressure oscillations is large enough to induce the time-periodic
roll-up and subsequent advection of discrete vortices. The impulse that is imparted
to each vortex has to be large enough to overcome the influence of both the orifice
image and the forces associated with the (reversed) suction flow. Ingard & Labate
(1950) used standing waves in an acoustically driven circular tube to induce an
oscillating velocity field in the vicinity of an end plate and observed the formation
of zero-net mass flux jets from opposing trains of vortex rings on both sides of
the orifice. In a later experiment, Lebedeva (1980) created a round jet with velo-
cities of up to 10 m/s, by transmitting high-amplitude sound waves through an ori-
fice placed at the end of a tube. In a related investigation, Mednikov & Novitskii
(1975) reported the formation of a jet without net mass flux and average streaming
velocities of up to 17 m/s, by inducing a low-frequency (10–100 Hz) oscillatory
velocity field at the end of a conical resonating tube driven by a piston and bellows
mechanism.

Streaming motions without mass addition can also be effected by the transmis-
sion of sound through the flow field (often referred to as acoustic streaming) or by
oscillating the boundary of a quiescent medium. Although these streaming flows
are produced without net mass flux, they are not typically accompanied by the
formation of discrete vortices that are inherent in the formation of synthetic jets by
fluid injection through an orifice. As noted by Lighthill (1978), the streaming mo-
tions induced by acoustic waves result from the dissipation of acoustic energy or



21 Nov 2001 10:31 AR AR151-19.tex AR151-19.SGM ARv2(2001/05/10)P1: GJC

SYNTHETIC JETS 505

the attenuation of the transmitted sound. Such attenuation can occur either within
the body of the fluid (i.e., away from solid surfaces) at very high frequencies or
owing to viscous effects near a solid boundary. Streaming motions associated with
moving (oscillating) solid boundaries have been the subject of a number of investi-
gations, most notably the time-harmonic oscillations of a cylinder normal to its axis
(e.g., Stuart 1966, Davidson & Riley 1972, Riley & Wibrow 1995). Davidson &
Riley demonstrated streaming velocities on the order of 1 cm/s in water at a nominal
oscillation frequency of 45 Hz.

James et al. (1996) investigated the evolution of a synthetic round turbulent jet
that is formed in water without an orifice by a submerged oscillating diaphragm
that is flush mounted in a flat plate. These jets are produced without mass injection
normal to and at the center of the diaphragm and are comprised entirely from
radially entrained fluid. The jets are formed only when small clusters of cavitation
bubbles appear and subsequently collapse near the center of the diaphragm during
each oscillation cycle. The authors conjectured that the time-periodic formation of
these bubbles displaces vorticity from the actuator’s boundary layer and leads to
the formation of nominally axisymmetric turbulent vortices (e.g., Kovasznay et al.
1973) that coalesce to synthesize a turbulent jet. Similar to a conventional turbulent
round jet, the time-averaged width and the inverse of the centerline velocity of this
synthetic jet increase linearly with the distance from the actuator.

In recent years, plane and round synthetic jets that are formed by time-periodic
alternate ejection and suction of the working fluid through an orifice in the flow
boundary have been investigated both experimentally (Smith & Glezer 1997, 1998;
Smith et al. 1999; Mallinson et al. 1999; Crook et al. 1999, 2001; Rediniotis
et al. 1999; Chen et al. 2000; Muller et al. 2000, 2001) and numerically (Kral
et al. 1997; Rizzetta et al. 1998; Guo & Kral 2000). These investigations have
emphasized a compact flow generator in which the orifice forms one of the sur-
faces of an otherwise sealed shallow cavity where the flow is driven by the mo-
tion of a diaphragm (or a piston) that is built into one of the cavity walls. For a
given actuation input, the effectiveness of the flow generator can be maximized
when the diaphragm and cavity are driven at a coupled resonance that depends
on both the cavity flow (and geometry) and the structural characteristics of the
diaphragm.

The investigations of Smith & Glezer (1997, 1998) have shown that, near the jet
exit plane, the synthetic jet flow is dominated by the time-periodic formation, ad-
vection, and interactions of discrete vortical structures (e.g., vortex pairs or vortex
rings), which ultimately become turbulent, slow down, and lose their coherence.
Owing to the suction flow, the time-averaged static pressure near the exit plane of
a synthetic jet is typically lower than the ambient pressure and both the streamwise
and cross-stream velocity components reverse their direction during the actuation
cycle. The time-periodic reversal in flow direction along the jet centerline (between
the blowing and suction strokes) leads to the formation of a stagnation point on
the centerline downstream of the orifice and confines the suction flow to a narrow
domain near the exit plane. These features as well as the celerity and characteristic
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length scale of the discrete vortices that form the jet can be varied over a broad
range by the amplitude and period of the diaphragm motion.

The interaction of a synthetic jet (or jet arrays) with an external cross flow
over the surface in which they are mounted can displace the local streamlines and
induce an apparent or virtual change in the shape of the surface and is, therefore,
of considerable interest for flow control applications. The control of aerodynamic
flows by modifying the apparent shape of aerosurfaces in order to prescribe the
streamwise pressure distribution and thereby influence their aerodynamic perfor-
mance is not new and was addressed in several investigations in the 1940s and
1950s. For example, Perkins & Hazen (1953) used a stationary trapped vortex to
alter the apparent local surface curvature and therefore the direction of the exter-
nal flow near the trailing edge of an airfoil to increase the lift at zero angle of
attack. In a recent investigation of the evolution of synthetic jets on the surface
of a two-dimensional cylinder, Honohan et al. (2000) demonstrated that when the
jets are operated on a timescale that is well below the characteristic timescale of
the base flow, the formation of a quasi-steady interaction domain near the surface
is accompanied by a more favorable pressure gradient. As a result, the surface
boundary layer downstream of this domain becomes thinner allowing the flow to
overcome stronger adverse pressure gradients and therefore delaying (or altogether
suppressing) flow separation.

The unique attributes of synthetic jets coupled with the development of actu-
ators that can be integrated into the flow surface without the need for complex
piping and fluidic packaging make them attractive fluidic actuators for control of
both external and internal flows. As noted above, apparent surface modification is
typically implemented by operating the jet actuator on timescales that are below
the characteristic timescale of the base flow. However, the unsteady effects of the
actuation can also be coupled to inherent instabilities of the base flow to affect
significant global modifications on scales that are one to two orders of magnitude
larger than the characteristic length scales of the jets themselves. The utility of
synthetic jets for flow control was demonstrated in the vectoring of conventional
jets in the absence of extended control surfaces by Smith & Glezer (1994, 1997)
and, in more detail, by Smith (1999). Since then, this approach to flow control has
been adopted in a number of other applications, including the modification of the
aerodynamic characteristics of bluff bodies (Amitay et al. 1997, 1998), control of
lift and drag on airfoils (Kral et al. 1997; Smith et al. 1998; Amitay et al. 1999,
2001; Seifert & Pack 1999), reduction of skin friction of a flat-plate boundary layer
(Lorkowski et al. 1997), mixing in circular jets (Davis & Glezer 1999), and control
of internal flow separation (Amitay et al. 2000) and of cavity oscillations (Fabris &
Williams 1999, Lamp & Chokani 1999).

The present review paper comprises two primary parts. In Section 2, the for-
mation and the near- and far-field evolution of isolated synthetic jets (i.e., in the
absence of a cross flow) are discussed. Section 3 focuses on the evolution of the
interaction domain between a synthetic jet and a cross flow on the surface of a
two-dimensional cylinder and the modification of the base flow.
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2. ISOLATED SYNTHETIC JETS

2.1. Jet Formation

An isolated synthetic jet in the absence of a cross flow is produced by the inter-
actions of a train of vortices that are typically formed by alternating momentary
ejection and suction of fluid across an orifice such that the net mass flux is zero.
Whereas the nominally axisymmetric (or two-dimensional) flow during the suction
stroke may be thought of as similar to the flow induced by a sink that is coincident
with the jet orifice, the flow during the ejection stroke is primarily confined to a
finite narrow domain in the vicinity of the jet centerline. During the momentary
ejection, the flow separates at the sharp edges of the orifice and forms a vortex
sheet that typically rolls into a vortex (vortex rings or vortex pairs for circular or
two-dimensional orifices, respectively) that moves away from the orifice under its
own self-induced velocity (e.g., Auerbach 1987). The degree of interaction be-
tween the vortex and the reversed flow that is induced near the orifice by suction
of makeup fluid when the pressure drop across the orifice is reversed depends on
the strength (i.e., impulse) of the vortex and its distance from the orifice.

As noted in Section 1, synthetic jets are typically formed by imposing a time-
periodic alternating pressure drop across an orifice (e.g., by acoustic waves or by
the motion of a piston or a diaphragm). Recent investigations have employed a
variety of jet drivers including piezolectrically driven diaphragms (e.g., Smith &
Glezer 1997, 1998; Mallinson et al. 1999; Crook et al. 1999; Chen et al. 2000), elec-
tromagnetically driven pistons (e.g., Rediniotis et al. 1999, Crook & Wood 2001),
and acoustically driven cavities (e.g., Erk 1997, McCormick 2000, Kang et al.
2000). Crook et al. (1999) modeled the coupled structural and fluid characteristics
of a synthetic jet generator that employed a piezoelectrically driven diaphragm.
The flow was modeled using the unsteady Bernoulli equation, and the effects of
the orifice diameter and the cavity height on the jet flow were evaluated. Although
the agreement between the predicted and measured dependence of the centerline
velocity on orifice diameter and cavity height is poor, the trends are similar. More
recently, Chen et al. (2000) characterized piezoelectrically driven synthetic jet ac-
tuators using a variety of piezoceramic disc elements having different mechanical
properties and varying thickness and diameter.

The complex flow field within the actuator cavity has been primarily treated
numerically. For example, Rizzetta et al. (1998) used the unsteady compressible
Navier-Stokes equations for numerical simulations of both the flow within the
actuator cavity and the jet flow near the orifice where the time harmonic motion
is driven by a moving wall (opposite to the orifice). Two-dimensional simulations
were conducted for either a fixed Reynolds number or a fixed cavity height. During
the suction stroke, a counter-rotating vortex pair is formed at the inner edges of
the orifice, impinges on the opposite wall, and dissipates near the center of the
cavity (ostensibly owing to the injection of opposite sense vorticity from the wall
boundary layer) before the next ejection cycle begins. For a given Reynolds num-
ber, the strength of the vortex pairs that are produced on both sides of the orifice



30 Nov 2001 10:0 AR AR151-19.tex AR151-19.SGM LaTeX2e(2001/05/10)P1: GJC

508 GLEZER ¥ AMITAY

appears to increase with decreased cavity height (as was also confirmed in a later
investigation by Lee & Goldstein 2000). A comparison between time-averaged
velocity distributions downstream of the orifice of both two-dimensional and sep-
arate three-dimensional simulations and the earlier measurements of Smith &
Glezer (1997) yielded a reasonable agreement near the jet centerline.

In the work of Smith & Glezer (1998), a nominally high aspect ratio (AR= 150)
two-dimensional synthetic jet is formed in air through a rectangular orifice (0.5 mm
wide) in a shallow (and otherwise sealed) cavity by piezoelectric diaphragms that
are mounted on one of the cavity walls (Figure 1a) and are driven at resonance
(nominally 1140 Hz). A Schlieren image in thex-y plane of the jet that extends
approximately throughx/b = 70 (Figure 1b) shows a vortex pair that is formed
near the orifice as well as the outline of a turbulent jet farther downstream. Although
the vortex pair and the remainder of the ejected fluid appear to be laminar after
the roll-up is completed, the cores of the vortex pairs become unstable and begin
to break down to small-scale motions aroundt/T = 0.5 (i.e., at the beginning of
the suction flow). Similar to an isolated vortex ring (Glezer 1988), the onset of
small-scale transition appears to take place near the front stagnation point of the
vortex pair where the strain rates are high. Based on the Schlieren visualization,
the transition process seems to proceed toward the rear of the vortex and ultimately
progresses through the fluid stem behind it.

Axisymmetric vortex rings (e.g., Didden 1979, Glezer 1988) may be charac-
terized by two primary dimensionless parameters. The first parameter is the di-
mensionless “stroke” lengthL0/d(L0 =

∫ τ
0 u0(t)dt, whereu0(t) is the streamwise

velocity (averaged over the area of the orifice),τ is the time of discharge, andd is
the characteristic length scale of the orifice. The second parameter is the Reynolds
number based on the impulse (i.e., the momentum associated with the discharge)
and is given byReI0 = I0/µd, where I0 = ρ

∫ τ
0

∫
A u2

0(x, t)dA dt, whereρ and
µ are the fluid density and viscosity, respectively. Alternative Reynolds numbers
may be defined based on the circulation of the ejected fluid or the time-averaged
orifice velocity during the ejection. For noncircular orifices, the aspect ratio of the
orifice may influence the out-of-plane distortion of the vortices and hence their
streamwise advection and evolution (e.g., Dhanak & Bernardinis 1981) and ul-
timately the streamwise variation of the jet cross section (e.g., Ho & Gutmark
1987). When the vortices are generated time-periodically to synthesize a jet, an
important formation parameter is the repetition rate or the formation frequency
f, where the dimensionless frequencyF∗ = f I0/(ρν2) is a measure of the total
impulse per unit time and thus may be used as a parameter that characterizes dif-
ferent jets according to their strength. Other formation parameters may include
the formation duty cycle (i.e.,τ/T) and an integral formation parameter that ac-
counts for different velocity programs during the ejection and suction strokes. The
characterization of the formation parameters of the jet is simplified when the jet
is driven time-harmonically, and the formation parameters depend primarily on
the frequency and amplitude of the driving mechanism (e.g., diaphragm or piston
motion) and cannot be varied independently.
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Some details of the formation of the jet vortices were studied by Rediniotis
et al. (1999) in a circular jet (D = 2 mm) driven by a shaker. For a given Reynolds
number (ReD = 200), the authors observed the formation of a jet forL0/D = 1.6
andSt= 0.2 (based on the maximum exit velocity); while forL0/D = 0.16 and
St= 2, the ejected fluid was drawn back into the cavity during the suction stroke
and therefore no jet was formed. [In experiments on the formation of vortex rings
in the absence of suction, Didden (1979) noted that isolated vortex rings could
not be produced forL0/D < 0.4 over the same range of Reynolds numbers.]
In related flow-visualization experiments, Crook & Wood (2001) investigated the
formation and interaction of vortices within a round synthetic jet operating at
50 Hz (Figure 2). For four Reynolds numbers (between 660 and 2300, based on
the peak velocity at the orifice) and correspondingL0/D between 2.56 and 8.9,
the vortices increase in size, and there is virtually no interaction between successive
vortices. In fact, the turbulent vortices atReD = 2300 resemble isolated turbulent
vortices, including the formation of secondary vortices within the wake, that were
observed by earlier investigators (e.g., Glezer 1988). However, for a low Reynolds
number (ReD = 330, L0/D = 1.28), the celerity of the successive vortices appears
to be low enough so that the motion is apparently affected by the buoyancy of the
tracer smoke particles.

2.2. Near-Field Evolution

It is clear that at least in the near field of the jet, its evolution depends critically on
the details of the formation and advection of the discrete vortices in the presence
of the time-periodic reversed flow. Smith & Glezer (1998) determined the celerity
Uc(x, t) of the vortex pairs (Figure 3a) from the time derivative of the phase-
averaged trajectories of the cores of a family of nominally two-dimensional vortex
pairs (for 1400< I0/µh < 30,000 and a fixed actuator frequency). The trajectories
of the vortex pairs appear to scale withL0, and they are made up of three distinct
domains that are characterized by substantial changes in the celerity. For 0.25<
t/T < 0.5, the vortex pairs are nominally laminar and the celerity decreases like
(t/T)−0.5 (a straight line segmentm= −0.5 is shown for reference). Based on flow
visualization, Smith & Glezer (1998) noted that the vortex pair begins to undergo
transition to turbulence approximately at the beginning of the suction cycle of the
actuator, which may in fact be triggered by core instabilities associated with the
reversal of the streamwise velocity near the exit plane. Following transition (0.5<
t/T < 0.8), Uc(x, t) decreases like (t/T)−2, which is faster than for the laminar
vortex pair and considerably faster than for an isolated turbulent vortex. The celerity
has a local minimum att/T ≈ 0.8 and then increases like (t/T)2 until the vortex
pair becomes indistinguishable from the jet flow and its fluid effectively moves
with the mean flow of the jet. The authors noted that regardless of the total impulse,
no vortices are phase locked to the actuator signal much beyondt/T > 1.3.

In addition to the time-averaged centerline velocityUcl(x) and the celerity, the
evolution of the jet near the exit plane may also be characterized by the magnitude
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Figure 3 (a) Variation of vortex-pair celerity with time.ReI0 = 1,396 (h), 3,171 (¤),
4,967 (♦), 9,072 (4), 12,552 (∇), 18,124 (x), 20,761 (¥), 22,282 (̈ ), 27,025 (N), and
29,654 (H); (b) Mean centerline velocity (¤), celerity (h), and residual velocity (♦) for
ReI0 = 18,124 (ReU0 = 383). From Smith & Glezer (1998).

of the phase-averaged (relative to the actuation signal) residual centerline veloc-
ity between (i.e., before or after the passage of) successive vortices at a given
streamwise location. This residual velocityUr (x) is, in part, a measure of the
time-invariant velocity of fluid that is entrained into the jet column by the suction
flow that is induced at the orifice. Figure 3b shows the streamwise variation of
Uc(x),Ur (x), andUcl(x) in the near field (for ReI0 = 18,124) and shows that both
the celerity and the centerline velocity decrease substantially during transition to
turbulence (aroundx/b = 7). Furthermore, the celerity and the residual velocity
become equal to the time-averaged centerline velocity forx/b > 20. However,
the centerline velocity decreases likex−0.58 (compared tox−0.5 for conventional
two-dimensional turbulent jets) ostensibly as a result of the variation of the static
pressure in the vicinity of the orifice and the finite aspect ratio of the jet.

The time-periodic reversal in flow direction along the jet centerline during the
blowing and suction strokes leads to the time-periodic appearance of a stagnation
(saddle) point on the centerline (between the recent vortex and the jet exit plane) that
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Figure 4 Phase-averaged streamline maps computed (att/T = 0.75) from particle
image velocimetry (PIV) data.f = 600 Hz,ReU0 = 300, andL0/b= 29.1.

moves along the centerline during the suction stroke. The presence of a stagnation
point in phase-averaged streamline maps of a two-dimensional jet (Figure 4) that
are computed from particle image velocimetry (PIV) data is shown by B.L. Smith
and A. Glezer (submitted). The stagnation point is located atx/b = 5 and the
stagnation streamlines on both sides of the stagnation point separate between the
flow that is driven by the ejection stroke and the suction flow (toward the jet orifice).
The latter is restricted to the domain that is also bounded by the exit plane of the
jet and is nominally symmetric with respect to the jet centerline. The streamline
map also shows that the flow downstream of the branches of the stagnation point
on both sides of the centerline is directed toward the jet orifice and then turns
around in the streamwise direction near the cross-stream edges of the jet. These
authors also noted that the symmetry of the flow that is transported toward the
orifice during the suction stroke can be altered on either side of the jet center-
line by extending one of the edges of the jet orifice in the downstream direction
(the length of the extension is of the order of the orifice width) thus restricting the
suction flow on that side and increasing the flow rate on the opposite side of the jet
orifice. As shown by the authors, the ability to control the symmetry of the suction
flow plays an important role in the vectoring of conventional jets by synthetic jet
actuators.

2.3. Far-Field Evolution

The works of Smith & Glezer (1997) and Smith et al. (1999) in a two-dimensional
jet show that although cross-stream distributions of the time-averaged stream-
wise and cross-stream velocity components and the corresponding rms velocity
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fluctuations appear to collapse in the usual similarity coordinates, the streamwise
scaling of other variables (e.g., the centerline velocity, jet width, volume flow
rate, etc.) do not match corresponding scaling for conventional jets. For example,
whereas the widthb of a two-dimensional synthetic jet varies likex0.88 (b ∝ x for
a conventional two-dimensional jet), db/dx is almost twice as large as in conven-
tional jets at much higher Reynolds numbers (of order 104, e.g., Heskestad 1965).
Furthermore, even though the streamwise variation of the jet volume flow rate
dQ/dx is smaller than in conventional jets, the net entrained volume flow rate of
the synthetic jet within the domainx/b< 80 is nearly 4Q0 (Q0 = U0b) and sub-
stantially larger than for conventional jets (e.g., Kotsovinos & Angelidis 1991).
The departure from conventional self-similarity is apparently associated with a
streamwise decrease in the jet’s momentum flux, which is typically assumed to be
an invariant of the flow for conventional self-similar two-dimensional jets. This
decrease in the momentum flux of synthetic jets is a result of the adverse stream-
wise pressure gradient near the jet orifice that is imposed by the suction cycle of
the actuator and is manifested by a time-averaged static pressure, which is lower
than the ambient.

In a related numerical investigation (using RANS) of an isolated two-
dimensional synthetic jet, Kral et al. (1997) considered a two-dimensional incom-
pressible synthetic jet flow where the unsteady flow from the harmonic motion of
the actuator was modeled with blowing/suction boundary condition (the simula-
tion did not take into account the details of the cavity flow). The numerical results
for the streamwise variation of the centerline velocity as well as cross-stream
distributions of the streamwise velocity were in good agreement with the earlier
measurements of Smith & Glezer (1997).

It appears that the far-field behavior of round synthetic jets is somewhat closer
to that of conventional (turbulent) round jets. For example, Mallinson et al. (1999,
2000) reported a good agreement between measured and computed streamwise
variation of the centerline and cross-stream velocity distributions and that the
centerline velocity decays like 1/x (as in conventional round jets) (Figure 5).
Muller et al. (2000, 2001) focused on the thrust produced by a synthetic round jet
over the range 200<ReI0 < 2000. They showed that the jet performance depends
on L0/D and identified two flow regimes. ForL0/D< 3, the thrust increases like
L4

0 and is smaller than the momentum flux of the ejected fluid, ostensibly as a result
of the reingestion of some of the vorticity during the suction stroke. However, for
L0/D > 3, the thrust is proportional toL2

0 and is equal to the momentum flux
of the ejected fluid. These authors also showed that, unlike two-dimensional jets,
the entrainment rate of the round synthetic jet is comparable to a conventional
axisymmetric turbulent jet.

Velocity spectra of synthetic jets are characterized by the rapid streamwise at-
tenuation of spectral components above the formation frequency of the jet thus
indicating strong mixing and dissipation within the jet and reduction in the total
turbulent kinetic energy (Smith & Glezer 1998). Power spectra of the centerline
velocity of the two-dimensional jet in Figure 3 are shown in Figure 6a–c (measured
at x/b = 5.9, 19.7, and 177.2, respectively). Near the jet exit plane (Figure 6a),
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Figure 5 The streamwise variation of the jet centerline velocity (from Mallinson
et al. 1999). Experiments (e), laminar computation (--), turbulent computation (—),
corrected turbulent computation (–•–).

the spectrum is dominated by the formation frequency and its higher harmonics
(hot-wire rectification within this domain also adds higher harmonics), whereas the
spectral distribution below the fundamental frequency is virtually featureless. The
harmonics of the formation frequency are rapidly attenuated with downstream dis-
tance and byx/b = 19.7; only the fundamental and its first harmonics are present,
and there is a significant increase in the magnitude of the spectral band below the
formation frequency. Therefore, following the time-harmonic formation of the dis-
crete vortex pairs, energy is transferred from these primary (“large-scale”) eddies,
which coalesce to form the jet, both to the mean flow and to smaller scales at which
dissipation ultimately takes place. It is remarkable that the spectral band below the
formation frequency (with the exception of a weak spectral band around 10 Hz)
remains featureless and shows no evidence of subharmonics of the formation fre-
quency (and thus of pairing interactions between the jet vortices). Subharmonic
frequencies were present in the DNS of a two-dimensional synthetic jet of Lee &
Goldstein (2000) who showed evidence of vortex pairing at low Reynolds num-
bers (based on the jet peak velocity). However, these authors noted that the pairing
interactions might have been the consequence of the closed streamwise-periodic
simulation domain.

A striking feature of the velocity spectra in Figures 6b,c is the rapid streamwise
attenuation of high spectral components indicating strong dissipation within the
synthetic jet and a reduction in the total turbulent kinetic energy. Byx/b = 177
(Figure 6c), the nominal magnitude of the bandf < 100 Hz is comparable to the
corresponding band near the jet exit plane (suggesting energy transfer to the smaller
scales) and at the same time, the “rollover” frequency moves toward lower fre-
quencies. The spectral distributions in Figures 6b,calso include a relatively narrow



21 Nov 2001 10:31 AR AR151-19.tex AR151-19.SGM ARv2(2001/05/10)P1: GJC

514 GLEZER ¥ AMITAY

Figure 6 Power spectra of the centerline velocity (Smith & Glezer 1998). Each curve
is successively displaced 7 decades: (a) x/b = 5.9, (b) 19.7, and (c) 177.2;ReU0 = 383.

frequency band having a slope of approximately−5/3, suggesting the existence
of an inertial subrange, which is limited by the (global) low Reynolds number of
the flow. It is noteworthy that because the characteristic local (centerline) velocity
decreases with downstream distance the spectral peak at the formation frequency
actually shifts toward higher wave numbers where the dissipation ultimately takes
place.

3. INTERACTION OF SYNTHETIC JETS
WITH A CROSS FLOW

3.1. Global Effects

Some fundamental features of virtual aerodynamic modification of bluff bodies
are investigated in the flow around a circular cylinder in a uniform cross stream.
This base flow provides a unique opportunity to place the jet at various azimuthal
positions having different local pressure gradients and to investigate its global
effect on the flow field and the aerodynamic forces on the model. The interaction
between the jets and the cross flow over the cylinder model were first investigated in
a flow visualization study (Amitay et al. 1997) in a small, two-dimensional smoke
tunnel (ReD= 4000) for a number of azimuthal jet positions (Figure 7a–d). The
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Figure 7 Smoke of the flow around a circular cylinder visualization: (a) baseline;
and (b) actuated:φ= 0, γ = 60◦ and (c) 180◦, and (d ) φ= 120◦, γ = 180◦.

center section of a cylinder model (D = 62 mm) is instrumented with a pair of
adjacent rectangular synthetic jet actuators (0.5× 140 mm) that are spaced 2.5
mm apart along the long side of their orifices and are flush with the cylinder surface
and collinear with its axis. The azimuthal jet location relative to the front stagnation
point γ is varied by rotating the cylinder around its axis and the actuation level
is characterized using the momentum coefficientCµ = Ī j /

1
2ρ0U2

0 D, whereĪ j is
the time-averaged jet momentum per unit length during the outstroke andρ0 is the
free-stream fluid density.

The baseline flow (the flow is from left to right) is shown for reference in
Figure 7a and appears to separate atθ ∼ 80◦ (for reference below, the streamwise
line of symmetry is denoted thex axis). When the jets are placed atγ = 60◦

(Figure 7b) and are operated in phase so that the combinedCµ is O(10−3), the
effect on the cross flow is manifested by a (relatively small) local deformation of
smoke streaklines above the top surface of the cylinder. Although the changes in the
external flow are somewhat subtle, it is apparent that the separation point on the top
surface moves downstream and that the front stagnation point is displaced below
the x axis (i.e., toward the bottom of the cylinder). Other visualization images
show that the cross-stream symmetry of the cylinder wake can be substantially
altered when the jets are placed in the azimuthal domain 100◦< γ < 180◦ for
increased levels ofCµ (Amitay et al. 1997) and can induce the formation of two
uneven closed recirculating regions. When the jets are placed atγ = 180◦ and
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Cµ is increased to O(10−1) (Figure 7c), the external flow appears to be almost
attached to the surface of the cylinder. Finally, in Figure 7d, the jets are still placed
atγ = 180◦, but they are operated out of phase such that the bottom jet is leading
by 2π/3. [As shown by Smith & Glezer (1998), Smith et al. (1999), and more
recently investigated numerically by Guo & Kral (2000), out-of-phase operation
of adjacent synthetic jets results in vectoring of the combined jet toward the jet that
is leading in phase.] The vectoring of the jets results in downward deflection of the
entire wake and a concomitant displacement of the front stagnation point, which
is qualitatively similar to classical flow visualization snapshots of the flow around
a spinning cylinder. The decrease and increase in the spacing between streaklines
above and below the cylinder, respectively, are indicative of a change in circulation
and generation of lift.

In larger-scale experiments, Williams et al. (1991) used time-harmonic bleed
out of a narrow spanwise slot in a cylindrical shell driven by an internal high-
power speaker [21,000<ReD< 55,000 and 0.1< St< 1.5, and a bleed coefficient
Cb=O(0.1)] to investigate the effect of the forcing frequency of unsteady bleed on
the pressure distribution around the cylinder where the azimuthal location of the
slot was varied upstream and downstream of separation. The most salient feature
of the actuated flow was a local variation in the azimuthal pressure distribution
(primarily downstream of the jet) that suggests an increase in lift (but in some cases
also an increase in form drag). Their data also suggest that when actuation was
applied near the location of separation (in the absence of actuation), the separation
point moved as far downstream asθ ≈ 120◦. Williams et al. (1991) also reported
that the local minimum in the pressure coefficient downstream of the excitation slot
scaled withCb (which is proportional to the conventional momentum coefficient
Cµ), and that for a given bleed coefficient the effect of the excitation is essentially
independent of the forcing frequency.

Detailed azimuthal pressure distributions on the surface of the cylinder de-
scribed in connection with Figure 7 were measured by Amitay et al. (1997) in a
series of wind tunnel experiments at considerably higher Reynolds numbers (up to
131,000) but substantially lower levels of momentum coefficient [Cµ∼O(10−4)].
The actuation frequency is deliberately selected to be well above the natural shed-
ding frequency of the cylinder (typicallySt ≈ 0.2), and atReD= 75,500 (Cµ=
6 · 10−4) the actuation Srouhal number is approximately 2.5. The azimuthal dis-
tributions of the pressure coefficientCp(θ ) on the surface of the cylinder for the
baseline and actuated configurations at several actuator anglesγ (each marked with
a dashed line) are shown in Figure 8a–c. At this level ofCµ, the effect of the jets
on the pressure distribution is noticeable forγ >15◦. Whenγ = 45◦ (Figure 8a),
there is already a global change inCp(θ ) around most of the circumference of
the cylinder. The pressure coefficient decreases both upstream and downstream
of the actuator relative to the baseline flow between the front stagnation point,
andθ ≈ 120◦ (where the flow appears to separate) with a local minimum around
θ ≈ 75◦ indicating a nonzero lift force. Of particular note is the almost uniform
increase in the base pressure of the cylinder between the top and bottom separation
points indicating a decrease in pressure drag (see also Figure 9b). As γ is
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Figure 8 Azimuthal variations ofCp atReD = 75,500 (h) baseline and (x) actuated.
The dashed lines mark the jet location: (a) γ = 45◦, (b) 110◦, and (c) 120◦.

increased, the pressure on the top surface continues to decrease (whenγ = 100◦,
the pressure minimum almost reaches the potential flow valueCp= −3) and the
separation point moves farther downstream (up to 125◦). It is noted that similar
asymmetric pressure distributions were measured in the absence of actuation at
ReD = 360,000 (Shih et al. 1993) where the asymmetry resulted from one-sided
turbulent reattachment. At this Reynolds number, the flow apparently tends to be
bi-stable and may even exhibit hysteresis (Schewe 1983).
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Figure 9 Variations of (a) CL and (b) CDp with jet angle. (h) ReD = 75,500, St =
2.6, (N) ReD = 75,500, St= 4.5, (∗) ReD = 131,000, St= 1.49.

Perhaps the most prominent feature in the pressure distributions whenγ > 100◦

(Figures 8b,c) is the appearance of a local minimum in the static pressure on the
unactuated (lower) half of the cylinder upstream of the separation point, which
offsets the increase in lift. Whenγ = 110◦ (Figure 8b) the two pressure minima
and the rest of the pressure distributions on the top and bottom surfaces are almost
symmetric, indicating that at this actuator angle the lift is approximately zero.
As γ is further increased to 120◦ (Figure 8c) the pressure distribution upstream
of the actuator on the actuated side is almost indistinguishable from the pressure
distribution of the baseline flow. However, the suction induced by the jets in the
base region appear to delay separation on the opposite (bottom) half of the cylinder,
indicating a reversal in the direction of the lift force.

The variations of the lift coefficientCL and of the normalized increment in
(pressure) draĝCDp(ĈDp = CDpactuated

/CDpbaseline
− 1) with azimuthal jet position

are shown in Figure 9a,b, respectively for two Reynolds numbers and actuation
frequencies. At least for these experimental conditions, the distributions ofCL

andĈDp appear to be only weakly dependent on the actuation frequency. At both
frequencies,ĈDp decreases (i.e., a decrease in the pressure drag), whereasCL

increases withγ . At ReD = 75,000, the maximum lift coefficient is approximately
0.54, and atReD = 131,000 the lift coefficient reaches a maximum of 0.93 [in
the experiments of Shih et al. (1993), atReD = 360,000 the lift coefficient was
1.6]. As noted in connection with the pressure distribution in Figure 8c, the lift
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force reverses its direction forγ > 100◦ and ultimately vanishes atγ = 135◦.
These measurements also showed that, for the range 60◦ ≤ γ ≤ 90◦,CL andĈDp

are relatively insensitive to variations inCµ for Cµ > 10−4.
A localized delay of separation of a (tripped) turbulent boundary layer on the

surface of a circular cylinder (ReD = 550,000) downstream of a single round syn-
thetic jet (d= 1.2 mm) placed just upstream of the separation line was investigated
by Crook et al. (1999). The jet was driven with and without amplitude modulation
(the modulation frequency was equal to the natural shedding frequency). Oil film
flow visualization indicated entrainment of the surrounding fluid toward the jet
actuator and a localized delay of separation. In a related investigation, Rediniotis
et al. (1999) used a two-dimensional tangential synthetic jet for delaying separa-
tion over a circular cylinder in a water tunnel (ReD = 6,600). By placing the jet
immediately downstream of the separation line (in the absence of actuation) and
operating it at near the natural unstable frequency of the separating shear layer,
the authors were able to delay separation and asserted that this delay was caused
by increased mixing within the cylinder boundary layer.

The modification of the aerodynamic forces on the cylinder is accompanied by
substantial changes in the structure of its wake, as may be inferred from represen-
tative measurements of the cross-stream distributions of the time-averaged stream-
wise velocity and the Reynolds stresses (Amitay et al. 1998) shown in Figure 10.
For the baseline configuration, the cross-stream distribution of the streamwise ve-
locity is reasonably symmetric about the streamwise axis (y/D = 0), indicating
that the lift coefficient is nearly zero. The effected lift and reduced pressure drag
are accompanied by a cross-stream displacement of the wake as a result of an in-
duced downwash (not shown) as well as a smaller velocity deficit within the wake
(Figure 10a). The actuation also results in substantial reduction of the turbulent
stresses across the entire wake (onlyu′v′ is shown in Figure 10b), which may be
attributed to the reduction in the scale of the shed vortices and enhanced dissipation
that is caused by direct coupling of the excitation to the small-scale motions in
the near wake (e.g., Wiltse & Glezer 1998). As shown by the power spectra of the
streamwise velocity in Figure 11a, the actuation frequency of the jets is within the
dissipation range of the near wake flow and substantially higher than the natural
shedding frequency. Note that the distribution ofu′v′ in the actuated flow is not
symmetric about the center of the wake and is somewhat higher on the (upper)
actuated side (Figure 10b). Similar measurements of the effect of actuation when
the cylinder’s upper and lower boundary layers are deliberately tripped (symmet-
rically at θ = ±30◦) show that the increase in lift and reduction in drag are also
accompanied by a substantial reduction in the turbulent stresses within the wake.

Power spectra of the streamwise velocity measured on both sides of the wake at
x/D = 1 and 3 where the streamwise velocity deficit is half the maximum deficit
are shown in Figures 11a,b, respectively. The spectra of the baseline flow are
dominated by a spectral peak at the (natural) shedding frequency (47 Hz), which
increases in amplitude betweenx/D = 1 and 3. In the presence of actuation,
the spectrum on the upper side of the wake includes a strong component at the
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Figure 10 The cross stream distributions of the mean streamwise velocity (a) and
the Reynolds stresses (b) atx/D= 3 for ReD= 75,500,Cµ= 6 · 10−4 andγ = 60◦. ( h)
baseline and (x) actuated.

actuation frequency (740 Hz), and the spectral peak at the shedding frequency and
all other spectral component below the actuation frequency are strongly attenuated,
suggesting enhanced transfer of energy from the large to small scales. On the
bottom (unactuated) side of the wake, the shedding frequency increases to 80 Hz
commensurate with the reduction in the cross-stream width of the wake. The
magnitudes of the spectral peak at the shedding frequency and all other spectral
components are smaller than in the baseline flow. Atx/D = 3 (Figure 11b),
the spectral component at the actuation frequency vanishes and the spectra on
both sides of the wake are similar and include a spectral component at the higher
shedding frequency (80 Hz). Furthermore, these data indicate that the turbulent
kinetic energy throughout the entire spectrum of the actuated flow is lower on both
sides of the wake, suggesting enhanced dissipation.

3.2. The Interaction Domain

For a given formation frequency and in the absence of a global length scale, the
interaction domain between a synthetic jet and the cross flow near the jet orifice
scales with the momentum flux ratio and the jet width (Honohan et al. 2000).
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Figure 11 Power spectra measured at (a) x/D = 1 and (b) x/D = 3. The gray and black
lines represent the baseline and actuated cases, respectively.

Depending on the formation frequency, the local free-stream velocity, and the
dynamic pressure ratio between the jet and the cross flow, two distinct interaction
domain are observed. These interaction regions alter the flow above the surface of
the cylinder and thus its apparent aerodynamic shape. These regimes are mapped
in terms of the dynamic pressure ratio ( jet to cross flow) and the Strouhal number
(based on jet width and free-stream velocity) and are shown in Figure 12. For a given
dynamic pressure ratio, a closed recirculation region exists when the dimensionless
frequency is larger than a critical value, and discrete vortices exist when this
parameter is small. A dimensionless frequencyf̂ that is given by the product of
the Strouhal number and the dynamic pressure ratio (Uj/U∞)2 can be used as a
delimiter between the two flow regimes, for example, the dashed line in Figure 12
corresponds tôf = 0.1.

Some details of the interaction between a two-dimensional jet mounted on a
flat plate were investigated numerically by Palaniswamy (2001) in the vicinity of
the jet orifice. The jet is 2 mm wide, with peak orifice velocity of 45 m/sec, and the
speed of the uniform cross flow is 10 m/sec. The novel limited numerical scales
(LNS) approach is a hybrid between RANS and LES in which small-scale flow
features are resolved wherever computational grid is adequate and are diffused in
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Figure 12 Interaction domain map. (N) Discrete vortices, (¤) transitory,
( x) closed recirulation. Dashed line corresponds tof̂ = 0.1.

coarse parts of the mesh. Figure 13 presents a superposition of the velocity vector
field and a color raster plot of the spanwise vorticity at four phase points of the
actuation cycle. At the beginning of the ejection stroke (t/T = 0, Figure 13a),
a (CW) vortex from the previous vortex pair is visible downstream of the ori-
fice (note the vortex pair that forms inside the orifice during the suction stroke).
At t/T = 0.22 (Figure 13b), the vortex pair associated with the current ejec-
tion stroke is tilted in the streamwise direction (the CCW vortex appears to be
somewhat weaker ostensibly as a result of injestion of opposite-sense vorticity
from the upstream boundary layer). During the next suction stroke of the cycle
(Figure 13c), the vortex pair is removed from the orifice (their stems are drawn
into the cavity), and the CCW vortex begins to roll over the CW vortex and toward
the surface while it continues to weaken (and ultimately vanishes).

Distributions of the spanwise vorticity computed from several overlapping PIV
data sets that are acquired along the surface of the cylinder (spatial resolution
better than 0.15 mm) are shown in Figure 14 (ReD = 21,500). The time-averaged
vorticity in Figure14a shows that the baseline flow separates atθ ≈ 85◦. Phase-
averaged vorticity maps in the presence of actuation (Figure 14b) show that the
jet’s vortex pairs interact with the wall boundary layer to form a train of clock-
wise (CW) vortical structures that are advected downstream, become weaker, and
disappear within 3–4 wavelengths of the excitation (λ = 0.5U∞/ f ). These and
other data (e.g., Figure 13) indicate that the (upstream) counterclockwise (CCW) jet



30 Nov 2001 10:4 AR AR151-19.tex AR151-19.SGM LaTeX2e(2001/05/10)P1: GJC

SYNTHETIC JETS 523

Figure 15 Boundary-layer displacement thicknessReD = 21,500, γ = 630,
Cµ= 5.1× 10−2, f̂ = 0.035. (h) baseline, (x) actuated.

vortex is accelerated above and around the CW vortex and rapidly weakens (within
one wavelength). The image of the time-averaged actuated flow (Figure 14c)
shows an interaction domain that protrudes into the cross flow above the edge
of the local boundary layer in the absence of actuation (also see Figure 15) and
ends approximately 2–3λ downstream from the jet orifice followed by a thin-
ner downstream boundary layer compared to the baseline flow. The evolution
of the (time-averaged) boundary layer displacement thicknessδ∗ for the base-
line and actuated flows are shown in Figure 15. Within the interaction domain,
(60◦ < θ < 80◦), δ∗ in the presence of actuation increases, reaches a local maxi-
mum immediately downstream of the jet, and then diminishes substantially, sug-
gesting the presence of a favorable streamwise pressure gradient. Forθ > 80◦,
δ∗ begins to increase again, although at a lower streamwise rate than in the absence
of actuation, until separation occurs atθ = 110◦.

Local changes in the time-averaged pressure field that are caused by the in-
teraction domain are computed from highly resolved PIV data sets. Figure 16
shows two streamlines having the same value of the stream function in the ab-
sence and presence of actuation superimposed with the vorticity distribution that
is associated with the interaction domain between the jet and the cross flow
(note the displacement of the streamline in the presence of actuation). The cor-
responding pressure distributions along the streamlines are shown in Figure 16b.
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Compared to the baseline flow, in the presence of actuation, the pressure along the
streamline is lower over the entire measurement domain, indicating an increase in
the velocity along the streamline. More significantly, within the azimuthal sector
that includes the interaction domain, there is a local minimum in the pressure dis-
tribution that indicates a significant favorable pressure gradient in the cross flow
above the interaction domain. The favorable gradient is followed by a small region
of weaker adverse pressure gradient, and finally, there is a slight favorable pressure
gradient through the rest of the domain. As shown in Figure 15, the alteration of the
streamwise pressure gradient results in a thinner boundary layer downstream of the
interaction domain, and as a result, the separation occurs farther downstream. It is
noted that Newman (1961) also reported a favorable pressure gradient downstream
of the line of reattachment in a separating wall jet.

In addition to the downstream displacement of the separation domain, the in-
teraction between the jet and the cross flow also has a profound effect on the sep-
arated shear layer. Figure 17 is a series of color raster plots of the time-averaged
Reynolds stresses. The most striking feature in this figure is the diminution in
magnitude of the Reynolds stresses within the separated shear layer as a result
of the actuation. These data also accentuate the interaction domain where the
largest contribution to the Reynolds stresses stems from the passage of the dis-
crete vortices that are induced by the jet (e.g., Figure 14). The reduction of the
Reynolds stresses within the separated shear layer of the actuated flow suggests
that the delay in separation is not merely the result of a transition to turbulence in
the surface boundary layer. Recent measurements have shown that the placement
of a passive obstruction on the surface (instead of the jet) having a characteristic
heighth/D = 0.014 and a shedding frequency is similar to that of the jet and
yields a similar interaction domain and similar levels of Reynolds stresses within
the separating shear layer. Moreover, the cylinder lift and pressure drag associated
with the passive obstruction are the same as in the presence of the jet.

3.3. Dynamic Response to Pulse-Modulated Actuation

The actuation discussed in the previous section is applied at frequencies that are
typically higher than and decoupled from the “natural” unstable frequencies of the
base flow (e.g., the shedding frequency), and therefore, its effect may be thought
of as quasi-steady. In this section, we touch briefly on the transient effects of the
actuation to assess the characteristic time of change in the global aerodynamic
forces. Actuation is applied using pulse (top-hat) modulation of the actuator (res-
onant) waveform where the response time of the actuator itself is on the order of
one actuation period.

As shown in Section 3.1, actuation atγ = 45◦ results in a positive lift force
on the cylinder, which must be accompanied by a transient change in the vor-
ticity flux with a net increase in circulation that is associated with the shedding
of positive (CCW) vorticity. The measurements of Amitay et al. (1998) showed
that, after the onset of modulation, a strong CCW vortex followed by several
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Figure 18 The time response of (a) the phase-
averaged vorticity flux and (b) the incremental
change in circulation.

counter-rotating vortices is shed before the wake reaches a limit state that is char-
acterized by a narrower cross section and increased shedding frequency (from 50
to 80 Hz). A similar (but longer) train of counter-rotating vortices is shed fol-
lowing the termination of the modulation where the decrease in the lift force is
accompanied by a decrease in circulation.

The dynamic response of the lift force to pulse-modulated actuation is inferred
from the time rate of change of the (dimensionless) phase-averaged circulation
d〈0〉/d(t/T) = ∫∞−∞〈U/U0〉·〈ÄzU0/D〉d(y/D), which is estimated from (phase-
averaged) cross-stream vorticity flux (not accounting for contributions of the fluc-
tuating components). The incremental change in the circulation with respect to
the baseline flow−1〈0〉 is subsequently computed by time integration (see Fig-
ure 18). Prior to the onset of modulation, the vorticity flux of the baseline flow
exhibits weak oscillations that correspond to passage of counter-rotating wake
vortices (Figure 18a). Owing to the absence of a clear phase reference prior to
the application of actuation (the base flow is not locked to the actuation wave-
form), the magnitude of the change in the circulation during the passage of suc-
cessive pairs of counter-rotating wake vortices cannot be estimated from these
data.
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The onset and termination of the top-hat modulation are accompanied by brief
decaying oscillatory bursts of the vorticity flux at the nominal passage frequency
of the alternating CW and CCW vortices within the wake. These bursts represent
oscillatory flow around the entire cylinder as the circulation is adjusted. A compar-
ison of the bursts following the onset and termination of the modulation indicates
there are substantial differences in the characteristic decay times of the circulation
transients that are phase locked to the modulation, namely, 2–3 periods and approx-
imately 15 periods of the “natural” shedding frequency, respectively. It appears that
the presence of the interaction domain between the jet and the cross flow leads to
stronger damping of global flow oscillations around the cylinder that are associated
with the changes (increase or decrease) in the overall aerodynamic forces.

4. CONCLUDING REMARKS

Much of the interest in synthetic jets stems from their potential utility for flow
control applications, specifically control of the performance of aerodynamic sur-
faces through fluidic modification of their apparent aerodynamic shape. As shown
in Section 3, the interaction domain between a synthetic jet and a cross flow over a
solid surface can lead to a local displacement of the cross flow and thereby induce
an “apparent” modification of the flow boundary and alter the local pressure and
vorticity distributions. Earlier investigations have shown that these attributes may
be exploited to modify or control the evolution of wall-bounded and free-shear
flows (e.g., flow separation, jet vectoring, vortex flows, etc.) on scales that are
one to two orders of magnitude larger than the characteristic length scale of the
jets themselves. Furthermore, active modification of the apparent shape of aero-
dynamic surfaces could enable the tailoring of the pressure gradient on existing
aerodynamic surfaces to overcome effects of adverse pressure gradients and local
separation, thereby enabling unconventional aerodynamic design approaches that
are driven primarily by mission constraints (e.g., payload, stealth, volume, etc.).
In that case, the compromised aerodynamic performance of such designs could
potentially be augmented by the use of apparent surface modification to maintain
acceptable aerodynamic performance.

An important issue in terms of control effectiveness is the characteristic time
scale of the actuation. Several investigations of the suppression of flow separation
on airfoils, for example, have emphasized actuation frequencies that can couple
directly to the instability mechanisms of the separating shear layer in order to
effect a Coanda-like reattachment. This approach relies explicitly on the narrow-
band receptivity of the separating shear layer to a control input that is effective
within a limited spatial domain (typically immediately upstream of separation)
where the excitation is applied at a frequency that is of the order of the unsta-
ble frequency of the base flow such that the excitation period nominally scales
with the time of flight over the length of the reattached flow. In contrast, recent
work (Smith et al. 1998, Amitay et al. 2001) demonstrated the utility of syn-
thetic jet actuators for suppression of separation at moderate Reynolds numbers
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[O(106)] using actuation frequencies that are at least an order of magnitude higher
than the characteristic (e.g., shedding) frequency of the airfoil. This approach em-
phasizes an actuation frequency that is high enough so that the interaction domain
between the actuator and the cross flow is virtually invariant on the global time
scale of the flow, and therefore, global effects such as changes in aerodynamic
forces are effectively decoupled from the operating frequency of the actuators. At
the same time, the broader control bandwidth can also be used to augment the
quasi-steady aerodynamic forces by exploiting a prescribed unsteadiness of the
separated flow domain using a temporally modulated actuation input to control
the rate of vorticity shedding into the wake.
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Figure 1 (a) Schematic diagram of a synthetic jet actuator and (b) Schlieren im-
age of a rectangular synthetic jet.ReI0= 18, 124 (ReU0= 383),b= 0.5 mm, andf=
1140 Hz.
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Figure 2 The effects ofReD and orifice length on the vortices within a synthetic jet
(from Crook & Wood 2001).D= 5 mm, andf= 50 Hz.

Figure 13 Superimposed velocity vector field and vorticity field at different phases
during the actuation cycle (from Palaniswamy 2000).
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Figure 14 Normalized vorticity.ReD= 21,500,γ = 630,Cµ= 5.1× 10−2, f̂ = 0.035.
(a) baseline; actuated: (b) phase locked and (c) time averaged.
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Figure 16 (a) Vorticity in interaction domain superimposed with streamlines of the
same streamfunction value: (- -) baseline and (—) actuated. (b) The pressure coefficient
along the streamline: (e) baseline and (•) actuated.

Figure 17 Normalized Reynolds stresses,ReD= 21,500. Baseline (left column)
and actuated (right column). Cµ= 5.1× 10−2, γ = 630, f̂ = 0.035. (a, d) u′r u′r /U2,
(b, e) u′ϑu′ϑ/U2, and (c, f ) u′r u

′
ϑ/U2.


