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Abstract

The flow transients associated with controlled reattachment and separation of the flow over a stalled airfoil are investigated in

wind tunnel experiments. Control is effected using surface-mounted synthetic jet actuators that are typically operated at fre-

quencies, which are at least an order of magnitude higher than the characteristic shedding frequency of the airfoil. While at these

actuation frequencies the circulation (and hence the lift) of the attached flow is nominally time invariant, actuation at lower

frequencies that are commensurate with the shedding frequency results in a Coanda-like attachment of the separated shear

layer, organized vortex shedding and substantial oscillation of the circulation. The transients associated with flow reattachment

and separation are investigated using amplitude modulation of the actuation waveform. Phase-locked measurements of the

velocity field in the near wake of the airfoil and corresponding flow visualizations show that the transients that are associated

with the onset of reattachment and separation are accompanied by the shedding of large-scale vortical structures and oscilla-

tions of the circulation. Pulsed modulated actuation of the actuation waveform is used to capture these transient effects and

augment the increase in lift that is obtained by conventional time-harmonic actuation. � 2002 Elsevier Science Inc. All rights

reserved.
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1. Introduction

Active manipulation of separated flows over lifting
surfaces at moderate and high angles of attack to
achieve complete or partial flow reattachment with the
objective of improving the aerodynamic performance
and extending the flight envelope has been the focus of a
number of investigations since the early 1980s. Coanda-
like reattachment is normally effected by exploiting the
receptivity of the separating shear layer to external ex-
citation which affects the evolution of the ensuing vor-
tical structures and their interactions with the flow
boundary. Active flow control schemes that rely on the
instability of the separating shear layer was demon-
strated in a number of earlier investigations of separated
flow (e.g., Ahuja and Burrin, 1984; Huang et al., 1987;
Hsiao et al., 1990; Williams et al., 1991; Seifert et al.,
1996).

Separation control by means of internal acoustic ex-
citation (e.g., Huang et al., 1987) has typically employs
an acoustically driven cavity within the airfoil in which
(normally time harmonic) acoustic excitation is applied
through a spanwise slot upstream of separation (typi-
cally near the leading edge of the airfoil). The work of
Chang et al. (1992) confirmed earlier results of Hsiao
et al. (1990), namely, that at low excitation levels, exci-
tation at or near the unstable frequency of the separat-
ing shear layer (St ¼ factc=U1 ¼ 2, where fact is the
actuation frequency, c is the chord and U1 is the free
stream velocity) can lead to a 50% increase in post-stall
lift. Similar approach for the coupling of internal forcing
to the predominant instabilities of the separating shear
layer was also employed in the experiments of Wy-
gnanski and Seifert (1994) and Seifert et al. (1996).
These authors used unsteady jet blowing over several
airfoil models to achieve various degrees of separation
control by employing dimensionless actuation frequen-
cies St � Oð1Þ (instead of St, these authors chose to de-
note the dimensionless actuation frequency as F þ; in their
work the characteristic length scale xs is the stream-
wise extent of the separated flow domain). However, an
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important contribution of the work of Chang et al.
(1992) was the demonstration that the application of
acoustic excitation at levels that are somewhat higher
than those of their baseline experiments resulted in ef-
fective control of separation over a broad range of ex-
citation frequencies (up to St ¼ 20) that far exceed the
unstable frequency of the separating shear layer.

Smith et al. (1998) and Amitay et al. (2001) dem-
onstrated the utility of synthetic (zero mass flux) jet
actuators for the suppression of separation over an un-
conventional airfoil at moderate Reynolds numbers (up
to 106) resulting in a dramatic increase in lift and de-
crease in pressure drag. The jets are typically operated at
dimensionless frequencies that are an order of magni-
tude higher than the shedding frequency of the airfoil
(i.e., St � Oð10Þ) and because they are zero net mass flux
in nature, their interaction with the crossflow leads to
local modification of the apparent shape of the flow
surface. Full or partial reattachment including the con-
trolled formation of a closed separation bubble, can be
controlled by the streamwise location and the strength
of the jets. The excitation is effective over a broad
streamwise domain that extends well upstream of where
the flow separates in the absence of actuation and even
downstream of the front stagnation point on the pres-
sure side of the airfoil. Furthermore, the work of Ami-
tay and Glezer (1999) showed that while the circulation
of the attached flow when actuation is applied at St �
Oð10Þ is nominally time invariant, the shedding of or-
ganized vortical structures when actuation is applied at
St � Oð1Þ leads to a time-periodic variations in the cir-
culation (and therefore in the lift).

The sensitivity of the attached flow (and the restored
lift) to the excitation frequency is also demonstrated in
the numerical simulation of Donovan et al. (1998) who
investigated flow reattachment over a NACA 0012 air-
foil using time-harmonic zero mass flux blowing at
St ¼ 1. These simulations showed a 20% post-stall in-
crease in lift at a ¼ 22�. However, the reattachment was
similar to a Coanda-like effect where the forced shear
layer deflected towards the airfoil surface, and the time-
periodic vortex shedding from the top surface of the
airfoil, led to 20% oscillations in the lift coefficient.
Similarly, the more recent numerical simulations of Wu
et al. (1998) reaffirmed that a separated flow can be ef-
fectively manipulated by low-level periodic blowing/
suction near the leading edge. The forcing modulates the
evolution of vortical structures within the separated
shear layer and promotes the formation of concentrated
lifting vortices, which in turn interact with trailing-edge
vortices and thereby alter the global stalled flow. In a
certain range of post-stall angles of attack and actuation
frequencies, the flow becomes periodic and is accom-
panied by a significant lift enhancement.

The present work builds on earlier results of Amitay
and Glezer (1999, 2001, 2002) and focuses on the tran-

sients associated with flow reattachment and separation
when actuation is applied at frequencies for which
St � Oð1Þ and also St � Oð10Þ (Section 3). As shown in
Section 4, the transients associated with flow reattach-
ment and separation can exploited to achieve an im-
provement in the efficiency of the jet actuators by pulsed
modulation of the excitation input.

2. Experimental setup

The experimental setup is described in detail in the
earlier work of Amitay et al. (2001). The experiments are
conducted in an open return, wind tunnel having a test
section measuring 91 cm on the side. The airfoil model is
comprised of an aluminum leading edge circular cylin-
der mounted within a fiberglass aerodynamic fairing
that is based on a uniformly stretched NACA four-digit
series symmetric airfoil. The 62.2 mm diameter cylinder
spans the entire test section and can be rotated about its
axis within the fairing and is tangent to the surface
of the fairing at the apexes of its cross-stream edges
(where the airfoils has its maximum thickness). The
chord of the combined cylinder-fairing airfoil is 25.4 cm,
its thickness to chord ratio is 24% and its angle of attack
a can be independently varied between �25� and 25�.

The center section of the cylinder houses a pair of
adjacent synthetic jet actuators each having a flush-
mounted rectangular orifice (0.5 mm wide and 140 mm
long). The orifices are collinear with respect to the axis
of the cylinder along their long dimension, and sepa-
rated by 2.5 mm. The actuator performance is measured
using the momentum coefficient, Cl ¼ �IIj=1

2
q0U

2
0 c, where

�IIj is the jet time-averaged momentum flux per unit length
during the outstroke (Smith and Glezer, 1998), q0 and
U0 are the free stream density and velocity, respectively,
and c is the chord.

The cylinder section of the airfoil is instrumented
with 47 pressure taps that are located in the spanwise
mid-plane and are equally spaced circumferentially
around the cylinder. Similarly, the fairing is instrumen-
ted with 45 pressure taps along the top and bottom
surfaces and at the same spanwise location as the taps on
the cylinder. Cross-stream distributions of the stream-
wise and cross-stream velocity components are mea-
sured in the wake of the airfoil using x-configuration hot
wire miniature sensors that are mounted on a computer-
controlled traversing mechanism. In addition, the ve-
locity and vorticity distributions in the cross-stream
(x–y) plane, z ¼ 0, above the airfoil (i.e., on the suction
side) are measured using particle image velocimetry
(PIV) using a 1008 � 1016 pixel CCD camera with a
magnification of 53 lm/pixel (the nominal particle di-
ameter is sub-pixel). Velocity vectors are computed
on a 62 � 62 grid using a standard cross-correlation
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technique. Each of the ensemble-averaged data maps
consists of 150 realizations (image pairs).

3. Flow transients associated with reattachment and

separation

The enhancement of the aerodynamic performance of
the present airfoil using synthetic jet actuators is dis-
cussed in detail in earlier papers by Smith et al. (1998)
and Amitay et al. (2001). These works show that the
flow over the airfoil at post-stall angles of attack can be
attached using actuation effected by synthetic jet actu-
ators that are integrated into the surface of the airfoil.
The actuation results in a substantial increase in the lift
and concomitantly in reduced pressure drag. Further-
more, the modification of the aerodynamic forces on the
airfoil is accompanied by substantial decease in the
cross-stream width of the wake and in the evolution of
the large-scale vortical structures.

In what follows, the dynamics of the reattachment
and separation processes following an onset and termi-
nation of pulsed amplitude modulation of the actuator
(control) input are presented for which the dimension-

less frequency of the actuation signal is either St � Oð1Þ
or O(10). The modulation is synchronized with the ac-
tuator’s driving signal such that the leading edge of the
modulating waveform coincides with a zero crossing of
the actuator signal and continues for 0.5 s. Using x-wire
anemometry, the transients of the flow resulting from
the pulsed excitation is measured in detail across the
near wake at x̂x ¼ x=c ¼ 2. The airfoil is placed at an
angle of attack of 17.5�, the jets issue from the suction
side of the airfoil at c ¼ 60� where the corresponding
downstream distance from the leading edge is x̂x ¼ 0:062
(c is the angle between the jets’ centerline and the free
stream), the momentum coefficient is 3:5 � 10�3, the free
stream velocity is 18.5 m/s, and ReC ¼ 310,000.

The phase-averaged cross-stream distributions of the
dimensionless spanwise vorticity is computed from the
streamwise and cross-stream velocity distributions (not
shown) and are shown in Fig. 1a and b for St ¼ 10 and
0.95, respectively (the up and down arrows denote the
times where the control is turned on and off, respec-
tively). Note that ŷy corresponds to the leading edge of
the airfoil (cf. Amitay and Glezer, 2001) and U1, T (the
actuation period), and c are used to render all variables
dimensionless. When the flow is separated (i.e., before

Fig. 1. Phase-averaged black and white raster plot of the cross-stream distribution of the spanwise vorticity measured at x=c ¼ 2; (a) St ¼ 10 and

(b) St ¼ 0:95.
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and after the pulse modulated excitation is applied), the
vorticity distribution in the wake is comprised of a train
of vortical structures of alternating sign (clockwise
vorticity is taken to be negative) having a nominal
passage frequency of 50 Hz. Nevertheless, the total
vorticity flux across the wake during one period of the
(baseline) shedding frequency is approximately zero.

As was shown by Smith et al. (1998), the actuation
leads to flow reattachment and the establishment of a
higher (positive) lift force on the airfoil, which must be
accompanied by a change in the vorticity flux and a net
increase in circulation associated with positive (counter-
clockwise) vorticity. However, following the reattach-
ment, a strong clockwise vortex indicating a reduction in
lift is initially advected past the measurement station.
This vortex is inherent of a separated flow and it is as-
sociated with the negative ‘‘trapped’’ vorticity that must
shed off the airfoil. The shedding of the negative vor-
ticity is followed closely by a stronger counter-clockwise
vortex indicating the reestablishment of lift (‘‘starting
vortex’’). These two large vortices are followed by a
series of smaller vortices of alternating signs and di-
minishing strength. It is remarkable that the initial
transient following the application of the high-frequency
pulse-modulated control (Fig. 1a) are very similar to
that of the low-frequency actuation (Fig. 1b). However,
in contrast to the reattachment at the higher reduced
frequency in which the shedding of organized vortical
structures appears to subside following the transient (for
t̂t > 300, Fig. 1a), the reattachment at a reduced fre-
quency of order one appears to be accompanied by the
coherent shedding of a train of strong vortices at the
actuation frequency.

When the control is turned off, the flow separates
again and the airfoil loses its lift. This reduction in lift is
accompanied by a decrease in circulation and the
shedding of negative (clockwise) vorticity. However,
immediately following the termination of the control,
a counter-clockwise vortex indicating a momentary in-
crease in lift is advected past the measurement station
before the separated vorticity field is established. These
flow transients are similar at both actuation frequencies
suggesting that the separation process is similar.

These data suggest that when the flow is actuated at
a low reduced frequency, which is of the same order of
the natural shedding frequency to which the separated
flow is inherently receptive, the control input is ampli-
fied and the reattachment is manifested by the passage
of shear layer vortices along the surface of the airfoil.
However, when the actuation frequency is high enough,
the interaction of the jets with the flow occurs at a
smaller length scale, which leads to local modification of
the apparent shape of the airfoil, and suppresses the
shedding of large-scale vortices (for more details of
the interaction of a synthetic jet with a crossflow see
Honohan et al., 2000).

As noted by Amitay et al. (1999), the time rate of
change of the circulation is given by the phase-averaged
vorticity flux

dhĈCi
dt̂t

¼
Z 1

�1
hÛUihX̂Xzidŷy: ð1Þ

Here, hĈCi, hÛUi, hX̂Xzi and t̂t are the normalized phase-
averaged circulation, streamwise velocity, spanwise
vorticity and time, respectively. By integrating the vor-
ticity flux, dhĈCi=d̂tt, the phase-averaged increment (rel-
ative to the baseline flow) of the circulation, �DhĈCi, is
estimated and shown in Fig. 2 (St ¼ 0:95 and 10 are
shown using solid and dashed curves, respectively). Note
that the integration does not account for contributions
of the fluctuating components, and it is assumed that
because the measurement station is located only one
chord-length downstream of the trailing edge of the
airfoil, which is shorter than the wavelength of the
shedding frequency, the interaction between successive
vortices within this domain is minimal.

When the flow reattachment begins, �DhĈCi exhibits a
similar transient at both control frequencies. The in-
cremental change in the circulation with respect to the
baseline flow �DhĈCi initially diminishes to a value of
�0.6 (resulting in a momentary decrease in the lift co-
efficient) and then recovers to a value of 0.33 and 0.43
(for St ¼ 0:95 and 10, respectively) with the shedding of
the second counter-clockwise vortex. It appears that the
shedding of the starting vortex causes partial trailing
edge separation, which is manifested by the shedding
of another (weaker) clockwise vortex followed by a train
of vortices of alternating signs (see cartoon). The
circulation (and lift coefficient) ultimately converges to

Fig. 2. Phase-averaged circulation increment for a ¼ 17:5� and c ¼ 60�.
St ¼ 0:95 (—), and 10 (- - -).
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its attached value, which is in good agreement with the
lift coefficient obtained from previous pressure mea-
surements (Smith et al., 1998). However, while for high
frequency actuation the circulation ultimately reaches a
steady level, low-frequency actuation results in oscilla-
tions of �DhĈCi at the actuation frequency with peak-
to-peak fluctuations of up to 55% of the mean level for
the attached flow.

When the control is turned off the circulation initially
increases before settling to the baseline-stalled level,
which is similar to the transient variation of lift on a
pitching airfoil during dynamic stall.

The flow mechanisms associated with the controlled
reattachment process (at St ¼ 10) are demonstrated in a
sequence of smoke visualization images in Fig. 3a–f (the
separated flow, in the absence of control, is shown for
reference in Fig. 3a). The smoke is injected in a sheet at
the center span and is illuminated using a pulsed laser.
At t̂t ¼ 8 after the control is activated (Fig. 3b) a vortex
with a negative vorticity, which is associated with the
shedding of the trapped vorticity of the separated flow,
is formed near the leading edge. At t̂t ¼ 18 (Fig. 3c), this
vortex has grown in size and is advected downstream.
Note the beginning of the formation of a second vortex
with a negative vorticity near the leading edge. As time
progresses these two vortices continue to advect towards
the trailing edge while increasing in size (by the time the
first vortex reaches the trailing edge its size is more than
half of the airfoil’s chord, Fig. 3d). At t̂t ¼ 33 (Fig. 3e) a
third vortex is formed, however, this vortex resides near
the surface of the airfoil and does not increase in size as
the first two vortices. Following the transient (t̂t ¼ 125,
Fig. 3f) the flow is completely attached to the surface of
the airfoil and there is no evidence of vortical structures.
Note that the vortices with a positive vorticity that

contribute to the establishment of a positive lift are not
present in these flow visualization images because they
are shed from the trailing edge off the window used for
the flow visualization.

Note that the effects of the jet location, the momen-
tum coefficient, the Reynolds number and the actuation
frequency on the global behavior of the flow around
the airfoil is discussed in detail in the earlier papers by
Smith et al. (1998) and Amitay and Glezer (2002).

4. Aerodynamic performance enhancement using pulse-
modulated actuation

The flow transients associated with the controlled
reattachment and separation processes that are de-
scribed in Section 3 are exploited to further enhance the
effectiveness of the jet actuators. Pulse-modulation of
the actuation input, which may be useful in situation
when either the streamwise placement or the strength of
the jet actuators are sub-optimal is demonstrated by
placing the jet actuator at c ¼ 42�, where as shown in
the earlier work of Smith et al. (1998), Cl yields some
measure of proportional control of the lift coefficient.
The effect of Cl on the distribution of the pressure co-
efficient around the airfoil (at St ¼ 10) is shown in Fig. 4
for Cl ¼ 3:7 � 10�3 and 4:6 � 10�3 (open and solid sym-
bols, respectively; the pressure distribution in the ab-
sence of control is shown using a solid curve). It is
evident that when Cl ¼ 4:6 � 10�3, the flow is fully at-
tached (CL ¼ 0:8) and a strong low-pressure region is
present near the leading edge on the suction side of the
airfoil followed by a rapid pressure recovery towards the
trailing edge. However, a relatively small (18%) reduc-
tion of the momentum coefficient to Cl ¼ 3:75 � 10�3,

Fig. 3. Phase-averaged images during the reattachment process for a ¼ 17:5�, c ¼ 60�, and St ¼ 10. t̂t ¼ 0 (a), 8 (b), 18 (c), 24 (d), 33 (e) and 125 (f).
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results in a partially reattached flow and a substantial
degradation of the lift coefficient to CL ¼ 0:4. The
pressure distribution exhibits a much smaller suction
peak near the leading edge followed by a separation
bubble that extends throughout most of the upper sur-
face of the airfoil.

By exploiting the flow transients that are associated
with the onset and removal of the actuation, the per-
formance of the actuators at reduced levels of momen-
tum coefficient, can be substantially enhanced by pulse
modulation of their resonance waveform (nominally at
St ¼ 10). While the period t0 and duty cycle ~dd of the
modulating pulse train can independently varied, in

what follows ~dd ¼ 0:25 and the modulating frequency
f̂f ¼ 1=t0 is varied between 0.27 and 5.0.

The long-term variation of the phase-averaged (i.e.,
relative to the modulating wavetrain) circulation with f̂f
following the decay of the initial transients is shown in
Fig. 5a–d for f̂f ¼ 0:27, 1.1, 3.3 and 5.0, respectively (the
time trace corresponding to the unmodulated actuation
is shown for reference in each plot using symbols). The
modulation frequency f̂f ¼ 0:27 (Fig. 5a) corresponds to
the ‘‘natural’’ passage frequency of the vortices during
the initial (transient) stages of the reattachment process
(Fig. 2). The resulting quasi-steady circulation exhibits
oscillations that are similar in magnitude and duration
to the transient stages of the reattachment with shedding
of similar vortical structures. The phase of each pulse of
the modulating wave train is timed so that it retriggers
reattachment before the flow separates again. This
phase is evidently a bit off, because the circulation ap-
parently exhibits low-frequency variations (having a
period of the order of 60T). When f̂f is increased to 1.1
the elapsed time between pulses within the modulating
wave train is decreased (Fig. 5b) and the large oscilla-
tions in the circulation are substantially attenuated. This
suggests that the modulating pulses are timed to prevent
continuous shedding of large vortical structures and the
corresponding variations in circulation. The recovery of
an asymptotic circulation of approximately �hDĈCi ¼
0:45 also suggests that the actuation allows the accu-
mulation and maintenance of (clockwise) vorticity on
the suction side of the airfoil even though the reattach-
ment is unsteady and the circulation oscillates with
peak-to-peak variations of 42% of its asymptotic mean
level.

Further increase in f̂f to 3.3 (Fig. 5c) results in a
circulation that is similar to the magnitude of the

Fig. 4. Pressure coefficient distributions around the airfoil. (�)

Cl ¼ 4:6 � 10�3, () Cl ¼ 3:75 � 10�3, and (—) baseline.

Fig. 5. Long-term variation of the phase-averaged circulation increment for a ¼ 17:5� and c ¼ 42�. f̂f ¼ 0:27 (a), 1.1 (b), 3.3 (c) and 5.0 (d).
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piecewise-averaged circulation in Fig. 5b (f̂f ¼ 1:1).
However, the absence of oscillations at the modulating
frequency indicates optimal timing between the modu-
lating pulses. It is remarkable that pulse modulation
yields an increase of �400% in the lift coefficient (when
it reaches steady state) compared to continuous high-
frequency actuation but at 25% of the jet momentum
coefficient. Finally, when the modulating frequency is
further increased to f̂f ¼ 5 (Fig. 5d), the time between
successive pulses of the modulating wave train is ap-
parently too short to capture the unsteady vortical
structures. The effectiveness of the modulation is mini-
mal and the circulation returns to the same levels ob-
tained with a continuous pulse train.

Given these results, it might be argued that a lift
coefficient increment similar to that of Fig. 5c may be
obtained by simply operating the jet actuators time
harmonically at St ¼ f̂f thus bypassing the need for pulse
modulation altogether. This argument is tested by com-

paring the effect of both actuation approaches namely,
time harmonic excitation at St ¼ 3:3 and pulse modu-
lation at f̂f ¼ 3:3 while maintaining the same jet mo-
mentum coefficient. Time traces of the normalized
circulation for both cases are shown in Fig. 6 (time har-
monic actuation is plotted using symbols). Also shown
are the input waveforms that lead to identical Cl over
one period of the actuation. These data clearly show
that time harmonic actuation does not yield the same
levels of lift coefficient as pulse modulated actuation.

To further demonstrate the effectiveness of the pulse
reattachment technique the flow field above the airfoil is
computed using a sequence of PIV images taken in the
x–y plane (z ¼ 0) over the upper surface of the airfoil.
Each image is comprised of three partially overlapping
frames measuring 10 � 10 cm2. The data are acquired at
a ¼ 20�, Rec ¼ 310; 000, c ¼ 45�, and Cl ¼ 4:5 � 10�3.
Each image is comprised of three partially overlapping
frames each consisting of 150 realization pairs. Cross-
stream maps of time-averaged velocity vectors are
shown in Fig. 7a–d. In the absence of control (Fig. 7a),
the separated flow exhibits a large recirculating flow
domain above the entire upper surface of the airfoil. At
this low level of Cl, unmodulated actuation at St ¼ 10
(Fig. 7b) leads to a slight downstream migration (to
x̂x � 0:3) of the point of separation and the flow is
completely separated thereafter.

When the flow is actuated using pulse modulated
actuation at f̂f ¼ 1:1 of an St ¼ Oð10Þ carrier (Fig. 7c),
the flow is attached over most of the surface of the
airfoil. It is interesting to note that for x̂x > 0:7, the
boundary layer of the attached flow becomes noticeably
thicker presumably as a result of a sub-optimal pressure
recovery. The vector image suggests that the flow may
be separated just upstream of the trailing edge of the

Fig. 6. Phase-averaged circulation increment for a ¼ 17:5� and c ¼ 42�.
(s) Continuous periodic actuation and (—) pulsed reattachment

technique.

Fig. 7. Time-averaged velocity vector fields for a ¼ 20� and c ¼ 45�. Baseline (a), St ¼ 10 (b), and f̂f ¼ 1:1 (c), and St ¼ 1:1 (d).
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airfoil. A comparison of this vector map with the cor-
responding map for unmodulated actuation at St ¼ 1:1
(Fig. 7d) shows that the unmodulated actuation results
in thickening of the wall layer that commences much
farther upstream (i.e., x̂x > 0:2).

Phase-averaged velocity vector maps corresponding
to the pulse modulated and unmodulated actuation are
shown in Fig. 8a–f, respectively, at three phases. While
the phase-averaged vector maps for actuation at f̂f ¼ 1:1
(Fig. 8a–c) exhibits an attached flow, where the flow
fields at the three phases are very similar (there is a slight
difference near the trailing edge), unmodulated actua-
tion at St ¼ 1:1 (Fig. 8d–f) results in the rollup and
advection of coherent vortical structures at the actua-
tion frequency having a nominal characteristic wave-
length of 0.4c.

Distributions of the pressure coefficient around the
airfoil for St ¼ 1:1 and f̂f ¼ 1:1 are shown in Fig. 9. The
pressure distribution for the baseline stalled flow (solid
line) is also shown for reference. Actuation with the
pulse modulation (f̂f ¼ 1:1, solid circles) leads to a large
suction peak around x̂x ¼ 0:1 with a pressure recovery
downstream of the suction peak, suggesting that the
flow is fully attached to the surface of the airfoil. The
corresponding distributions of pressure coefficient for
St ¼ 1:1 with Cl ¼ 3:5 � 10�3 (an order of magnitude
larger than for actuation using pulse reattachment) re-

sults in a similar suction peak. However, unlike the pulse
modulation actuation the pressure recovery downstream
of the suction peak appears to be less rapid with a
separation bubble near the trailing edge. A more accu-
rate comparison is to compare the effect of both actua-
tion approaches namely, time harmonic excitation at
St ¼ 1:1 and pulse modulation at f̂f ¼ 1:1 while main-
taining the same jet momentum coefficient. Actuation at

Fig. 9. Pressure coefficient distributions around the airfoil, a ¼ 20�,
c ¼ 45�. f̂f ¼ 1:1, Cl ¼ 5:4 � 10�4 (d); St ¼ 1:1, Cl ¼ 5:4 � 10�3 (s);

St ¼ 1:1, Cl ¼ 5:4 � 10�4 (�) and baseline (—).

Fig. 8. Velocity vector fields for a ¼ 20�, c ¼ 45�, f̂f ¼ 1:1 (a,b,c) and St ¼ 1:1 (d,e,f); at different phases.
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St ¼ 1:1 with Cl ¼ 3:5 � 10�4 (star symbols) yields a
negligible effect on the pressure distribution around the
airfoil, suggesting that by simply operating the jet ac-
tuators time harmonically at St ¼ f̂f (thus bypassing the
need for pulse modulation altogether) is not sufficient to
obtain the same lift coefficient increment.

5. Conclusions

The present paper reports a wind tunnel investigation
of the manipulation of the global aerodynamic forces on
a thick airfoil using surface-mounted synthetic jet ac-
tuators. The response of the flow over the airfoil to time-
modulated control input is measured in the cross-stream
plane of the airfoil wake using phase-locked two-com-
ponent hot-wire anemometry, while the flow field over
the airfoil is measured using phased-locked PIV. The
effect of the actuation is investigated at two ranges of jet
actuation frequencies (St � Oð1Þ and O(10)).

Flow reattachment over the stalled airfoil begins with
the advection of a strong clockwise vortex (trapped
vorticity) past the measurement station indicating a re-
duction in lift that is followed closely by a stronger
counter-clockwise vortex indicating the reestablishment
of lift. For the high-frequency actuation the reduced
wake of the attached flow ultimately reaches a quasi-
steady state of symmetric vorticity distribution. In con-
trast to the reattachment at St � Oð10Þ, when the re-
duced actuation frequency is O(1), the reattachment is
followed by the coherent shedding of a train of strong
vortices at the actuation frequency. When the flow re-
attachment begins, the phase-averaged change in circu-
lation with respect to the baseline flow, �hDĈCi, exhibits
a similar transient at both control frequencies. However,
while for high frequency forcing the circulation (and
thus the lift coefficient) ultimately reaches a steady level,
low-frequency actuation results in oscillations of hDĈCi
(and CL) at the actuation frequency with peak-to-peak
fluctuations of up to 55% of the mean level for the
attached flow.

The flow mechanisms associated with the reattach-
ment process are demonstrated in a sequence of smoke
visualization images. Following the activation of the
control a vortex with a negative vorticity is formed near
the leading edge. This vortex is due to the negative vor-
ticity associated with the separated flow. The vortex is
advected downstream and increases in size and a second
vortex is formed near the leading edge. As time pro-
gresses these two vortices continue to increase in size, and
near the trailing edge the size of the first vortex is more
than half of the airfoil’s chord. Following the transient,
the flow is completely attached to the surface of the air-
foil and there is no evidence of vortical structures.

The second part of the paper describes a new actua-
tion technique that is used to achieve an improvement in

the efficiency of the jet actuators by using pulse modu-
lated excitation input. Pulse modulation frequency of
successive bursts of the driving signal helps to ‘‘capture’’
the vorticity produced during the initial stages of the
separation process on the suction side of the airfoil and
thus to increase the lift force. The actuator resonance
waveform (nominally at St ¼ 10) is pulse modulated
such that the period and duty cycle of the modulating
pulse train are independently controlled. The duty cycle
was restricted to 25% and the modulating frequency f̂f
was varied between 0.27 and 5.0. When the modulation
frequency is f̂f ¼ 0:27 (corresponds to the natural pas-
sage frequency of the vortices during the initial transient
stages of the reattachment process), the circulation ex-
hibits oscillations that are similar to the transient stages
of the reattachment with shedding of similar vortical
structures. When f̂f is increased to 1.1 the large oscilla-
tions in the circulation are substantially attenuated.
Further increase in f̂f to 3.3 results in a circulation (and
consequently lift coefficient) that is similar to the mag-
nitude of the piecewise-averaged circulation at f̂f ¼ 1:1
but the absence of oscillations. When the modulating
frequency is increased further to f̂f ¼ 5, the effectiveness
of the modulation is minimal and the lift coefficient re-
turns to the same levels obtained with a continuous
(high frequency) pulse train.

Given these results, it might be argued that a lift
coefficient increment similar to f̂f ¼ 3:3 may be obtained
by simply operating the jet actuators time harmonically
at St ¼ f̂f thus bypassing the need for pulse modulation
altogether. This argument was tested by comparing the
effect of both actuation approaches namely, time har-
monic excitation at St ¼ 3:3 and pulse modulation at
f̂f ¼ 3:3 while maintaining the same jet momentum co-
efficient. This comparison shows that time harmonic
actuation does not yield the same levels of lift coefficient
as pulse modulated excitation.
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