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Role of Actuation Frequency in Controlled Flow
Reattachment over a Stalled Airfoil

Michael Amitay¤

Georgia Tech Research Institute, Atlanta, Georgia 30332
and

Ari Glezer†

Georgia Institute of Technology, Atlanta, Georgia 30332-0405

The effect of the actuation frequency on the manipulation of the global aerodynamic forces on lifting surfaces
using surface-mounted � uidic actuators based on synthetic (zero mass � ux) jet technology is demonstrated in
wind-tunnel experiments. The effect of the actuation is investigated at two ranges of (dimensionless) jet formation
frequencies of the order of, or well above, the natural shedding frequency. The vortical structures within the
separated � ow region vary substantially when the dimensionless actuation frequency F++ is varied between OO(1)
and OO(10). When F++ is OO(1), the reattachment is characterized by the formation of large vortical structures
at the driving frequency that persist well beyond the trailing edge of the airfoil. The formation and shedding of
these vortices leads to unsteady attachment and, consequently, to a time-periodic variation in vorticity � ux and
in circulation. Actuation at F++ of OO(10) leads to a complete � ow reattachment that is marked by the absence
of organized vortical structures along the � ow surface. This suggests that when the actuation frequency is high
enough, the Coanda-like attachment of the separated shear layer to the top (suction) surface of the airfoil can be
replaced by completely attached � ow for which separation may be bypassed altogether.

I. Introduction

C ONTROLLED reattachment of separated � ows over lifting
surfaces at moderate and high angles of attack by means of

� uidic actuation,with the objectivesof improvingaerodynamicper-
formance and extending the � ight envelope, has been the subject
of numerous investigations since the 1950s. Fluidic actuation has
been conceptuallydividedinto two primarydisciplinesthat are char-
acterized by the temporal nature of the actuation. The traditional,
time-invariant actuation has been based on continuous suction1 or
blowing2 and has typically required substantial mass (and momen-
tum) � ux to achieve some measure of ef� cacy. In contrast, a sub-
stantial body of work since the early 1980s has demonstrated that,
in many cases, temporally variant actuation can effectively replace
the continuousactuation and in many cases achieve better results at
a fraction of the mass � ux.3

Flow around an object can also be controlled by mechanical de-
vices such as an oscillatingfence4 and a rotating cylinder.5 The me-
chanical devices operate as momentum injectors into the boundary
layer. Urzynicok et al.4 found that this type of mechanical actuation
on Wortmann FX 61-184 laminar glider along the entire span yields
an increasein lift up to 40%. On the other hand, the rotatingcylinder
installed on a two-dimensional symmetric airfoil5 increased max-
imum lift by as much as 210% and delayed stalled up to 48 deg
(Rec D 3 £ 104 –5 £ 105 ).

Unsteady actuation, which exploited the receptivity of the sepa-
rating shear layer to externalexcitation[AhujaandBurrin6 (acoustic
excitation) and Seifert et al.3 (steady and unsteady blowing)], had
shown that the time-averaged lift can be substantially increased.
As a result of the modi� cation of global entrainment by the shear
layer, a Coanda-likede� ection toward the � ow boundaryis induced,
which leads to partial restoration of lift.
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The actuation affecting the separating shear layer was typically
applied at a dimensionless frequency F C » O(1) (FC D fact L=U1,
where fact is the actuation frequency, L is a characteristic length of
the separated region, and U1 is the freestream velocity) having a
characteristicperiod that scales with time of � ight over the stream-
wise length of the affected � ow domain.3 However, the work of
Chang et al.7 demonstrated that lift recovery can be attained over
a much broader range of actuation frequencies that far exceed the
unstable frequency of the separating shear layer (up to FC D 20).

More recently, Smith et al.8 and Amitay et al.9;10 demonstrated
the suppression of separation over an unconventional airfoil (the
leading edge of which was an azimuthal section of a circular cylin-
der mounted within a uniformly stretched NACA four-digit series
symmetric airfoil fairing) at moderateReynolds numbers (up to 106,
basedon the chordand the freestreamvelocity) that resultedin a dra-
matic increase in lift and a correspondingdecrease in pressuredrag.
Actuationwas effectedusing synthetic(zeromass � ux) jet actuators,
which were deliberatelyoperated at frequencies that were typically
an order of magnitudehigher than the characteristic(shedding) fre-
quency of the airfoil, that is, FC » O(10) rather than F C » O(1).
These authors argued that the interactionof high-frequencyzero net
mass � ux jets with the cross� ow leads to local modi� cation of the
apparent aerodynamic shape of the � ow surface and, as a result, to
full or partial suppression of � ow separation. Moreover, the recent
experiments of Erk11 demonstrated the suppression of separation
on an FX61-184 airfoil at Reynolds numbers up to 3 £ 106 using
synthetic jet actuation at frequencies up to FC » O(100).

The present work builds on the earlier results of Amitay et al.12

and focuses on the differences in the response of the separated
� ow to actuation at two distinct frequency bands. The � rst band
includes the unstable frequenciesof the separating shear layer, that
is, FC » O(1), whereas the second frequencyband is well above the
receptivity range of the shear layer, that is, FC » O(10).

II. Experimental Apparatus and Procedures
The experimentsare conductedin an open-returnlow-speedwind

tunnel having a square test section measuring 91 cm on a side. The
maximum air speed is 32 § 1 m/s with a freestream turbulencelevel
less than 0.25%. The upper and lower walls of the wind tunnel
are adjusted to compensate for blockage created by the airfoil. The
airfoil model (Fig. 1) comprises a 62-mm-diam leading-edge cir-
cular cylinder mounted within an aerodynamic fairing based on a
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uniformly stretched NACA four-digit series symmetric airfoil, for
which the thicknessto chord ratio d=c is 24% (c D 254 mm). An im-
portant attributeof this con� guration is that it allows for continuous
variation of the azimuthal position of the jet between ¡90 and
C90 deg (relative to the chord of the airfoil; see Amitay et al.12 ).
The surfaces of the cylinder and of the fairing are well polished,
and the transition between the surface of the cylinder and the edge
of the fairing is designed to have a close � t with minimal surface
discontinuity.At a given angle of attack and actuator jet angle, the
junction between the cylinder and the fairing is sealed with a thin
tape.

The cylinder is instrumented with 47 pressure taps that are lo-
cated in the spanwise mid-plane and are equally spaced circumfer-
entially around the cylinder. Similarly, the fairing is instrumented
with 45 pressure taps along the top and bottom surfaces and at the
same spanwise location as the taps on the cylinder. The pressure
data are obtained using two 48-channel Scanivalve systems, and a
10-torr Baratron pressure transducer is used to obtain mean pres-
sure data. The resolution of the pressure transducer is 0.001% of
full scale of 10 torr. The center section of the leading-edge cylin-
der also houses a pair of � ush-mounted adjacent high aspect ratio
rectangular (140 £ 0:5 mm) synthetic jet actuators. The long side
of each rectangular ori� ce is collinear with the axis of the cylinder,
and the two ori� ces are 2.5 mm apart azimuthally. High-frequency
synthetic jets are produced at F C D 10, 14.7, and 20 ( fact D 740,
1088, and 1480 Hz, respectively) using piezoelectrically driven
diaphragms mounted in compact shallow cavities underneath the
surface of the cylinder. Low-frequency synthetic jets are produced
(through the same ori� ces) at FC D 0.95, 2.05, and 3.3 ( fact D 71,
148, and 246 Hz, respectively) by conventional pressure speakers
mounted on opposite ends of the cylinder cavity (in the absence of
the piezoelectricdrivers).

The actuator performance is measured using the momentum
coef� cient

C¹ D NI j

¯
1
2 ½0U 2

0 c (1)

where NI j is the time-averagedmomentum� ux per unit lengthduring
the outstroke and is given by
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where ¿ D T=2 (T is the period of the diaphragm motion); ½ j and
½0 are the jet and freestream � uid densities, respectively; b is the
jet ori� ce width; c is the chord; U0 is the freestream velocity; and

Fig. 1 Airfoil model.

a) b)

Fig. 2 Variation of the pressure coef� cient with the dimensionless actuation frequency a) F+ » OO(1) and b) F+ » OO(10); ® = 17:5 deg and ° = 60 deg.
(The distributions for the baseline � ow are shown by a solid line.)

hu j .Á/i is the phase-averaged velocity at the jet exit plane. The
velocity at the jet exit plane is measured using a miniature hot-
wire sensor (5-¹m tungsten), and the velocity traces are recti� ed
when the velocityreverses its directionat midcycle.Thus, during the
suction part of the cycle the velocity is inverted to re� ect the correct
� ow direction following the procedure of Smith and Glezer.13 The
uncertainty of the velocity measured with the hot wire is §1%.

The nominally two-dimensional � ow� eld associated with each
of the two frequencybands is computed from a sequenceof particle
image velocimetry (PIV) images that are captured in the x – y plane
(z D 0) above the suction side of the airfoil. Each PIV data set com-
prises three partially overlapping frames measuring 100 mm on the
side where time- or phase-averaged velocity (and vorticity) distri-
butions are computed from an ensemble of 150 image pairs. The
illumination is provided by a pair of 120-mJ Nd:Yag lasers with a
maximum repetition rate of 15 Hz. The laser sheet is formed using
a standardoptical arrangement,14 and the images are capturedusing
a 1008£ 1016-elementcharge-coupleddevice camera mounted on
a two-axis traverse (motion resolution§0:06 mm). The uncertainty
of the velocitymeasuredusingPIV is §3%, whereas the uncertainly
in the vorticity is §5%.

In the presentwork, the Reynolds number (based on the chord) is
Rec D 3:1 £ 105, and the angle of attack is ® D 17:5 deg, for which
the airfoil is stalled in the absence of control. The natural shedding
frequency of the separated shear layer is FC D 0.7 (Ref. 8). The
jets issue from the suction side of the airfoil at ° D 60 deg, where
the corresponding downstream distance from the leading edge is
x=c D 0:062 (° is the angle between the jets’ centerline and the
freestream; see Fig. 1) and their combined momentum coef� cient
is C¹ D 3:5 £ 10¡3 .

III. Results
Distributions of the pressure coef� cient about the airfoil for

FC D 0.95, 2.05, and 3.3 and F C D 10, 14.7, and 20 are shown
in Figs. 2a and 2b, respectively. The pressure distributions for the
(baseline) stalled � ow are also shown for reference (solid line). The
location of the actuator on the upper surface is marked by an ar-
row on each plot. Clearly, without control the � ow is completely
separated from the upper surface of the airfoil (as indicated by the
constant pressure coef� cient). Actuation at low reduced frequen-
cies (Fig. 2a) results in a sharp suction peak around x=c D 0:075,
which correspondsto the location of separationand the onset of the
separated shear layer in the baseline � ow. Whereas the streamwise
decrease in static pressure for x=c < 0:15 appears to be independent
of FC, the degree of pressure recovery toward the trailing edge of
the airfoil decreases with increasing FC , leading to a reduction in
lift and a slight increase in pressure drag. The corresponding lift
and drag coef� cients [as well as the lift to (pressure) drag ratios] are
presented in Table 1. These data indicate that when the actuation
frequency is of the same order as the shedding frequency, the lift to
pressure drag ratio L=Dp decreases with increasing actuation fre-
quency (as would be expected from the reduced receptivity of the
separated shear layer to the increased actuation frequency).

The correspondingdistributionsof pressurecoef� cient for actua-
tion at high reduced frequencies (FC ¸ 10; Fig. 2b) exhibit a larger
and wider suctionpeak than at low FC (Fig. 2a), and, consequently,
the actuation results in a larger increment in lift [compared to
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FC » O(1)]. Unlike the data in Fig. 2a, the pressure recoverydown-
stream of the suction peak in Fig. 2b appears to be essentially inde-
pendent of the actuation frequency, suggesting that, for suf� ciently
high frequency, the details of the reattachment become frequency
independent.Furthermore, as shown in Fig. 2b, the pressure differ-
ence between opposite stations on the suction and pressure surfaces
of the airfoil for x=c > 0:5 is smaller than at correspondingstream-
wise stations for the low-frequency actuation, resulting in smaller
contributionsto the pressure drag. Similar to the data in Fig. 2a, the
lift and pressuredrag coef� cients for the three actuationfrequencies
are also presented in Table 1. When the actuationfrequencyis more
than an order of magnitude higher than the shedding frequency,
L=Dp is higher than for low FC . Furthermore, at least within the
present range of high FC, L=Dp appears to be invariant with ac-
tuation frequency, suggesting that the mechanism that leads to the
suppression of separation is not associated with the stability of the
separatedshear layer. It is conjecturedthat, for a givenactuationmo-
mentum coef� cient, there is a domain between the two frequency
ranges where the effectivenessof the actuationhas a localminimum
(which might be thought of as a threshold) above which the actua-
tion effectivenessincreasesmonotonicallyand reaches a � xed level
where it becomes more or less frequency invariant.

Table 1 Variation of the lift and pressure
drag coef� cients and lift to pressure drag

ratio with actuation frequency

FC CL CDp L=Dp

0 0.34 0.34 1.0
0.95 0.80 0.30 2.67
2.05 0.77 0.31 2.48
3.30 0.73 0.31 2.35

10.00 0.91 0.28 3.25
14.70 0.90 2.28 3.22
20.00 0.90 0.28 3.22

Fig. 3 Cross-stream maps of velocity vectors: a) baseline phase- and time-averaged maps pairs of the actuated � ow; b, c) F+ = 0:95, d, e) 3.3, and f,
g) 10.

The nominally two-dimensional� ow� eld associatedwith each of
the two frequencybands is computedfroma sequenceof PIV images
that are captured in the x – y plane (z D 0) above the suction side of
the airfoil. Figures 3a–3g and 4a–4g show cross-streammaps of the
velocity vector distributions and the discrete cross-stream velocity
pro� le, respectively.EachofFigs. 3 and 4 includesa map of the time-
averagedbaseline � ow (Figs. 3a and 4a) followed by pairs of phase-
and time-averagedmaps of the actuated� ow for FC D 0.95, 3.3, and
10. Each pair includes a phase-averagedvelocity � eld (Figs. 3b, 3d,
3f, 4b, 4d, and 4f ), in which the data are taken phase locked to the
actuation waveform, and a time-averaged� eld (Figs. 3c, 3e, 3g, 4c,
4e, and 4g). Whereas Figs. 3a–3g are the entire distributionsof the
velocity vectors, Figs. 4a–4g are discrete cross-stream pro� les of
velocity vectors at � ve downstreamstations along the surface of the
airfoil.

In the absence of control, velocity vector maps of the time-
averaged baseline � ow (Figs. 3a and 4a) exhibit a large recircu-
lating � ow domain with reversed � ow above the surface of the air-
foil. Figure 3b (FC D 0:95) clearly shows that the separating shear
layer is effectively tilted toward the surface, resulting in the rollup
and advection of coherent vortical structures at the actuation fre-
quency (having a characteristicwavelength of »0.4c). The velocity
induced by these vortices is also apparent from the cross-stream
pro� les in Fig. 4b (note the reversed velocity induced near the wall
at x=c D 0:7). In fact, the eddy that precedes the vortex centered
at x=c D 0:7 is already within the wake of the airfoil. The time-
averaged � ow (Fig. 3c) exhibits a broad region of low-velocitynear
the surface, and, as shown in the correspondingplot of cross- stream
velocity pro� les in Fig. 4c, the time-averaged � ow is actually re-
versed near the surface of the airfoil, indicating that the � ow is not
fully attached there. When the actuation frequency is increased to
FC D 3:3 (Figs. 3d–3e and 4d–4e), the streamwise wavelength of
the shear-layer vortices decreases to approximately 0.15c, and the
coherent structures appear to lose their phase coherence (relative to
the actuationwaveform) around x=c D 0:7, although they are clearly
present in the individualsnapshots.Again, the velocity vector maps
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Fig. 4 Cross-stream pro� les of velocity vectors (conditions as in Fig. 3).

of the time-averaged� ow suggest that the � ow is not fully attached,
and the corresponding pro� les in Fig. 4e still show a region of re-
versed � ow near the surface that is induced by the passage of the
large vortical structures.

For actuation frequency that is an order of magnitude higher
than the natural baseline frequency of the separating shear layer
(Figs. 3f–3g and 4f–4g) the phase coherenceof the structureswithin
the attached � ow is greatly reducedcompared to the lower actuation
frequencies, and the boundary layer of the actuated � ow appears to
be fully attached over the entire length of the airfoil. In fact, the
time- and phase-average vector � elds are almost identical. Com-
parison of the time-averaged velocity pro� les for the actuated � ow
(Figs. 4c, 4e and 4g) suggest that at low actuation frequencies the
boundary layer of the mean � ow is reminiscentof a thick separating
boundarylayer in an adversepressuregradient,whereas for FC »10
the boundary layer is signi� cantly thinner.

Correspondingconcentrationsof the spanwise vorticity are com-
puted from the velocity � elds and are shown in grayscale raster
images in Figs. 5a–5g. The image of the time-averaged baseline
� ow (Fig. 5a) shows the clockwise (CW) vorticity concentration
in the separated shear layer. The vorticity � eld associated with the
region of reversed � ow on the upper surface shows a thin con-
centration of opposite sense [counterclockwise (CCW)] spanwise
vorticity near the surface of the airfoil (indicated by the arrow).
Figure 5b (FC D 0:95) shows the rollup and advection of coherent
vortical structures (at the actuation frequency) in the tilted shear
layer. It appears that the tilting of the shear layer results in a rela-
tively thick CW vorticity layer adjacent to the surface of the airfoil
between the actuation input and the onset of the instability that leads
to the rollup of the � rst spanwise vortex, that is, 0:1 < x=c < 0:4.
The � rst spanwiseeddy is centeredabove x=c D 0:7, and its nominal
diameter is approximately 0.25c. The magnitude of vorticity con-
centration within the preceding eddy (over the trailing edge of the
airfoil) is substantially lower than in the upstream vortex because
of the cross-stream spreading, ingestion of opposite sense vorticity
near the surface, and perhapspartial loss of phase reference relative

to the actuationsignal. When the actuationfrequencyis increasedto
FC D 3:3 (Figs. 5d and 5e), the streamwise wavelength of the vor-
tical structures decreases, and their strength (as may be measured
by the concentration of spanwise vorticity) diminishes faster with
streamwise distance. However, the time-averaged thickness of the
vorticity layer above the surface does not appear to decrease sig-
ni� cantly when FC increases from 0.95 to 3.3 (suggesting that the
weakeningof the spanwise vortices in the phase-averagedimages is
a result of loss of phase coherence). Anotherpossible explanation is
that at this frequency there is an increase in the production of neg-
ative (CCW) vorticity near the surface, which may be responsible
for the enhanced weakening of the primary vortices and acceler-
ated loss of phase coherence (beginning around x=c D 0:8). The
data in Figs. 5b and 5d also indicate that the time-periodic forma-
tion and shedding of the vortical structures can lead to synchronous
time-periodic variation in the circulation and consequently in the
lift (and drag) forces as shown hereafterand is also con� rmed in the
numerical simulations of Donovan et al.15 and Wu et al.16

When the actuation frequency is an order of magnitude higher
than the natural baseline frequency of the separating shear layer
(Figs. 5f and 5g), the phase coherence of the structures within the
attached � ow is greatly reduced, and the boundary layer of the ac-
tuated � ow appears to be fully attached over the entire length of
the airfoil. In fact, the time- and phase-averagedvorticity � elds are
almost identical.

The modi� cation of the aerodynamic forces on the airfoil is ac-
companied by substantial changes in the structure of its near wake,
which is investigatedusingx-wire anemometry.Cross-streamdistri-
butions of the time-averaged streamwise and cross-stream velocity
components and of the (computed) spanwise vorticity measured at
x=c D 2 are shown in Figs. 6a–6c, respectively (the distributions
of the baseline � ow are plotted using a solid line). As can be seen
in Fig. 6a, when the actuation frequency is low (FC D 0:95 and
3.3), the increase in the lift to pressure drag on the airfoil is ac-
companied by a downward cross-stream displacement of the wake
(opposite to the direction of the lift force) and a smaller velocity
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Fig. 5 Cross-stream color raster plots of vorticity concentrations (conditions as in Fig. 3).

a) b) c)

Fig. 6 Cross-stream distributions of the time-averaged a) streamwise and b) cross-stream velocity components and c) the corresponding spanwise
vorticity: baseline (——), F+ = 0:95 (² ), F+ = 3:3 ( D ), and F+ = 10 ( ¤ ). (The distributions for the baseline � ow are shown by a solid line.)

de� cit. Furthermore, the cross-stream velocity in the presence of
actuation has a downward offset corresponding to a downwash of
the irrotational � ow above the wake. The actuation also results in a
smaller concentration of mean spanwise vorticity on both sides of
the wake (Fig. 6c). Actuation with FC D 10 results in a consider-
ably smaller wake de� cit (Fig. 6a), indicating a further reduction in
drag. At the same time, the magnitude of the (time-averaged) span-
wise vorticity is also reduced, suggesting that the overall vorticity
� ux into the wake is reduced and also suggesting the possibility of
enhanced vorticity dissipation near the trailing edge.

To further explore the difference between the two frequency
regimes, theunsteadinessof the � ow� eld is investigatedat thediffer-
ent actuationfrequencies.Figures 7a–7d show the cross-streamdis-
tributions of the normalized phase-averaged cross-stream velocity
component hV .yI x D 2c/i. In each of these plots, the shaded gray
area represents the cross-stream domain where the velocity de� cit
of the streamwise velocity is within 80% of the maximum velocity
de� cit (cf. Fig. 6). The time-average velocity distribution V .y/ is
also shown in Figs. 7 for comparison. For all actuation frequen-

cies, the cross-streamvelocity above the wake (i.e., y=d > 0, where
d is the airfoil thickness) is directed toward the wake, indicating
downwash when the actuated � ow is de� ected toward the airfoil.
At F C D 0:95 (Fig. 7a), which is of the same order as the shedding
frequency(F C D 0:7), the phase-averageddistributionsof the cross-
stream velocity oscillate (at the actuation frequency) around the
time-averaged value within the wake (¡2:5 < y=d < 0:75) where
the maximum deviation from the time-averaged velocity occurs
at y=d D ¡1:1 (note that the unsteadiness of the � ow� eld ex-
tends beyond the edge of the measurement domain, y=d D ¡2:5).
When the actuation frequency is increased to 2.05 (Fig. 7b), the
deviation of the phase-averaged pro� les from the corresponding
time-averaged values is considerably smaller and is con� ned to
the domain –1:85< y=d < ¡0:5. The decrease in the � uctuations
is consistent with predictions of conventional stability theory in
that the ampli� cation of the spectral component at FC D 0:95 is
larger than at FC D 2:05. When the actuationfrequencyis increased
to FC D 3:3 (Fig. 7c), the phase-averaged distributions exhibits
only minimal � uctuations relative to the time-averaged pro� le. At
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a)

b)

c)

d)

Fig. 7 Cross-stream distributions of the phase-averaged cross-stream
velocity component: a) F+ = 0:95, b) F+ = 2:05, c) F+ = 3:3, and d)
F+ = 10; the solid line represents the time-averaged distribution, and
the symbols represent data at different phases.

FC D 10 (Fig. 7d), the phase-averaged pro� les coincide with the
mean distribution.As noted in connection with Fig. 3, actuation at
FC D 10 leads to a relatively steady � ow above the airfoil, whereas
actuationat FC D 3:3 leads to the time-periodicformationof vortical
structures that appear to lose their phase coherenceby the time they
are advected over the trailing edge. Therefore, it is not surprising
that this unsteadiness is diminished by x=c D 2.

The time rate of change of the phase-averagedcirculation,within
a closed domain that includes the airfoil, is given by the vortic-

ity � ux into the wake. This � ux is computed from the normalized
(dimensionless) phase-averagedvelocity and vorticity � elds

dh O0i
dOt

D
Z 1

¡1
h OU i ¢ h OÄzi d Oy (3)

and is shown in Figs. 8a–8d for FC D 0:95, 2.05, 3.3, and 10, re-
spectively. (The integration does not account for contributions of
the random components.) The time rate of change of the circulation
may be used to infer the unsteady forces on the airfoil. To this end,
the measurement station is located one chord length downstream
of the trailing edge of the airfoil (x is measured from the leading

a) 0.95

b) 2.05

c) 3.3

d) 10

Fig. 8 Phase-locked vorticity � ux as a function of normalized time at
different F+.
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a)

b)

c)

d)

Fig. 9 Power spectra for F+ : a) 0.95, b) 2.05, c) 3.3, and d) 10; the
spectrum of the baseline � ow is repeated in a dash line in each frame.

edge)where the velocity� uctuationsarewithin the calibrationrange
of the hot-wire sensor. It is also assumed that interaction between
successive vortices within this domain is minimal. In each case the
time-averaged vorticity � ux is nominally zero, indicating that the
corresponding time-averaged circulation is invariant. However, at
FC D 0:95 and 2.05 (Figs. 8a and 8b, respectively) the vorticity � ux
oscillates at the actuation frequency (although the amplitude of the
oscillations decreases substantially between F C D 0:95 and 2.05),
suggesting that the circulation (and consequently the lift force) is
unsteady. When the actuation frequency is increased to FC D 3:3
and 10 (Figs. 8c and 8d), dh O0i=dOt exhibits virtually no oscillation
at the driving frequency. Table 1 shows that, whereas the (time-
averaged) lift coef� cient decreases by 5% when FC increases from
2.05 to 3.3, at FC D 10, CL is 20% higher than at FC D 3:3 and 12%
higher then at FC D 0:95:

Power spectra of the streamwise velocity measured at x=c D 2 on
the upper side of the airfoil wake at a cross-streamelevation,where
the streamwise velocity de� cit is half of the maximum de� cit, are
shown in Figs. 9a–9d (the spectrum of the baseline � ow is repro-
duced using a gray line in each of Figs. 9a–9d for reference), where
the dimensionlessfrequencyis vC D ( f ¢ c/=U1. As is evident from
thecross-streamdistributionsof thevorticityconcentrations(Fig. 5),
when the � ow is actuated (and nominally attached to the upper sur-
face of the airfoil) the cross-stream extent of the wake is reduced
substantially and is accompanied by a reduction in the magnitudes
of rms velocity � uctuations within the wake. At FC D 0:95 (Fig. 9)
there is a strong spectral component at the actuation frequency and
the entire spectrum appears to be attenuated by approximately 3.5.
As FC is increased to 2 and 3.3, the spectral peak at the actua-
tion frequency shifts toward the decaying part of the spectrum (it
is virtually indistinguishable from the background at FC D 3:3),
and the attenuation imposed by the collapse of the separated � ow
domain increases to 4.5 and 7, respectively. The spectrum of the
actuated � ow at FC D 10 (Fig. 9d) is remarkably different from the
spectral distributions at the lower actuation frequencies. There is

a stronger attenuation (well over an order of magnitude) at both
the low and high spectral ends, and the spectrum includes a dis-
tinct inertial subrange for vC > 3 over almost two decades (which
includes the actuation frequency). The reduced power at all spec-
tral components (compared to actuation at lower FC ) indicates that
the attached � ow removes less energy from the uniform stream, re-
sulting in a lower drag. Although there is no question that the � ow
within the wake is strongly affected by the upstream reattachment,
the purpose of the spectra in Fig. 9 is to illustrate the differences
between the wake � ows that result from low- and high-frequency
actuation.

Finally, distributions of the pressure coef� cient about the airfoil
at ° D 10, 25, 40, and 50 deg (Figs. 10a–10d, respectively) demon-
strate that the azimuthal placement of the actuator can signi� cantly

a)

b)

c)

d)

Fig. 10 Variation of the pressure coef� cient with the dimensionless
actuation frequency at a) ° = 10, b) 25, c) 40, and d) 50 deg; the distri-
butions for the baseline � ow are shown by solid lines.
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in� uence the actuation effectiveness.The pressure distributionsfor
the (baseline) stalled � ow are also shown for reference.The location
of the actuator for the upper surface is marked by an arrow on each
plot. Actuation at ° D 10 deg (x=c D 0:002; Fig. 10a) with FC D 3:3
and 10 does not have a measurableeffect on the � ow. However, actu-
ation at FC D 0:95 results in a suctionpeak around x=c D 0:07 that is
followed by a domain (0:08 < x=c < 0:13) in which C p is almost in-
variant, suggestingthe presenceof a local separationbubble.Down-
stream from this bubble there is short domain of pressure recovery
(0:13 < x=c < 022) before the � ow separates and reattaches again
at x=c ¼ 0:75. Actuation at ° D 25 deg (x=c D 0:011; Fig. 10b) with
FC D 3:3 and 10 results in a partial reattachment,where the pressure
distributionexhibits a small suction peak at x=c ¼ 0:08. Whereas at
FC D 10 the � ow is separated (up to x=c ¼ 0:8) downstream of the
suctionpeak,at F C D 3:3 the � owappearsto becompletelyattached.
Note that at this jet locationactuationwith FC D 0:95 resultsin large
suctionpeak and complete reattachment.This behavior changes for
° D 40 and 50 deg (x=c D 0:029 and 0.044, Figs. 10c and 10d, re-
spectively), where actuation at high frequency (F C D 10) results in
a larger and wider suction peak than at low F C. Furthermore, sim-
ilar to the pressure distributions at ° D 60 deg (Figs. 2a and 2b),
the pressure difference across the airfoil for x=c > 0:2 is smaller
than at corresponding streamwise stations for the low-frequency
actuation, resulting in smaller contributions to the pressure
drag.

Other parameters that directly in� uence the degree of control
effectiveness of the present actuators (e.g., the actuation momen-
tum coef� cient, airfoil angle of attack, Reynolds number, etc.)
were discussed previously in some detail (Smith et al.8 and Amitay
et al.9;10;12). Amitay et al.12 showed that the effectof thepresentactu-
ation applied to the presentairfoil is invariantup to Rec D 7:5 £ 105.
Furthermore, Amitay et al.9 showed that the actuation is effective
even when the boundary layer is arti� cially tripped. In their ex-
periments, a two-dimensionalcylinder was speci� cally selected for
the purpose of this demonstration because the base � ow is exten-
sively documented and is inherently separated.Because the leading
edge of the present airfoil comprises a circular cylinder, it is believe
that the earlier results apply for the present airfoil. Moreover, the
work of Seifert and Pack17 demonstrated that the effectiveness of
separationcontrol at low actuation frequencies is virtually invariant
with respect to the Reynolds number up to Rec D 30 £ 106 .

IV. Conclusions
Wind-tunnel experiments are conducted to investigate the effect

of the actuationfrequencyon the couplingbetweenthe syntheticjets
and the cross� ow. The actuationfrequencyis variedbetween the un-
stable frequencyof separatingshear layer and operatingfrequencies
that are at leastan orderon magnitudehigher (0:95 < F C < 20). The
experiments are conducted at Rec D 3:1 £ 105, and, in the absence
of control, the � ow separates at angles of attack exceeding 5 deg.
Flow reattachmentleads to an increase in the lift to pressuredrag ra-
tio for all actuation frequencies.However, actuating at FC » O(10)
results in a larger increase in the lift to pressure drag ratio than
actuating at FC » O(1).

The presentdata show that,dependingon the actuationfrequency,
the lift to pressure drag ratio has two distinct regimes. In the � rst
regime, the actuationfrequency is of the same order of the shedding
frequency (FC < 4), and L=Dp decreases with the actuation fre-
quency. In the second regime, the actuation frequency is at least an
orderof magnitudehigherthan the sheddingfrequency,for example,
FC ¸ 10. Within this regime, L=Dp is nominally 27% higher than
the level within the low-frequencydomain and is virtually invariant
with the actuation frequency. Moreover, velocity measurements in
the cross-stream plane above the airfoil clearly indicate that at low
actuation frequencies the separating shear layer is tilted toward the
surface(similar to a Coandaeffect), and there is substantialrecovery
of lift and reduction of the pressure drag.

The time rate of change of the phase-averagedcirculation (given
by thevorticity� ux into thewakeof the airfoil) is computedfrom the
phase-averagedvelocity and vorticity � elds. At actuation frequen-
cies that are of the same order as the unstable shedding frequency

of the separated shear layer (FC D 0:95 and 2.05) the vorticity � ux
oscillates at the actuation frequency, suggesting that the circulation
(and consequently the lift force) is unsteady. Similar � ndings from
earlier numerical simulations indicated variations in lift that are as
high as 20%. At higheractuationfrequencies(F C D 3:3 and 10), the
normalizedphase-averagedvorticity � ux dh O0i=dOt exhibits virtually
no oscillation at the driving frequency and, therefore, indicates rel-
atively steady aerodynamic forces.

Spectral measurements in the wake of the airfoil indicate that
there is a substantial difference in the nature of � ow reattachment
on the top surface of the airfoil at low and high actuation frequency
domains. It is remarkable that actuation at high frequency leads
not only to the appearanceof a featureless spectrum, but also to the
emergenceof a spectralbandhavinga – 5

3 slope, indicatingenhanced
dissipation.
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