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Aerodynamic Flow Control over an Unconventional Airfoil
Using Synthetic Jet Actuators
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Control of flow separation on an unconventional symmetric airfoil using synthetic (zero net mass flux) jet
actuators is investigated in a series of wind tunnel tests. The symmetric airfoil comprises the aft portion of a NACA
four-digitseries airfoiland a leading edge section that is one-half of a round cylinder. The experiments are conducted
over a range of Reynolds numbers between 3.1 X105 and 7.25 X10°. In this range, the flow separates near the leading
edge at angles of attack exceeding 5 deg. When synthetic jet control is applied near the leading edge, upstream
of the separation point, the separated flow reattaches completely for angles of attack up to 17.5 deg and partially
for higher angles of attack. The effect of the actuation frequency, actuator location, and momentum coefficient
is investigated for different angles of attack. The momentum coefficient required to reattach the separated flow
decreases as the actuators are placed closer to the separation point. In some cases, reattachment is also achieved
when the actuators are placed downstream of the stagnation point on the pressure side of the airfoil. Control
effectiveness is distinctly different for low and high actuation frequencies and is influenced by the disparity of the

characteristic timescale of the actuation.

I. Introduction

PTIMUM aerodynamic performance that avoids flow separa-

tion on wing surfaces has been traditionally achieved by ap-
propriate aerodynamicdesign of the airfoil section. However, when
the wing design is driven by nonaerodynamicconstrains, stealth, for
example, the lift and drag performance of the resulting unconven-
tional airfoil shape may be severely diminished, and either active or
passive flow control is necessary to maintain aerodynamic perfor-
mance throughoutthe normal flight envelope.

The present work is part of a series of related studies'? that have
explored the utilization of synthetic (zero net mass flux) jet flow
control for the modification of the lift and drag characteristics of
bluff bodies. The current contribution focuses on improving the
aerodynamic performance of unconventional airfoil shapes whose
designs emphasize optimization of mission objectives at the cost of
vehicle aerodynamics.

Althoughpassive controldevices,for example, vortex generators,
have proven to be quite effective in delaying flow separation,under
some conditions, they afford no proportional control and introduce
a drag penalty when the flow does not separate. In contrast, active
control approaches enable coupling of the control input to flow in-
stabilities that are associated with flow separation and, thus, may
enable substantial control authority at low actuationlevels. Further-

Received 8 January 2000; revision received 20 September 2000; accepted
for publication 22 September 2000. Copyright © 2000 by the American
Institute of Aeronautics and Astronautics, Inc. All rights reserved.

*Research Engineer, Aerospace, Transportation and Advanced Systems
Laboratory. Member AIAA.

T Assistant Professor, Mechanical Engineering Department. Member
ATAA.

# Associate Technical Fellow, Phantom Works. Associate Fellow AIAA.

$Director, Aerospace, Transportation and Advanced Systems Laboratory.
Associate Fellow ATAA.

I Professor, School of Mechanical Engineering. Member AIAA.

361

more, active actuation is largely innocuous except when activated
and has the potential for delivering variable power.

In previousstudies, active control effortshave employeda variety
of techniques including external and internal acoustic excitation>*
vibratingribbonsor flaps,’ and steady and unsteady blowing/bleed ®
Various degrees of separation control were achieved by manipulat-
ing the unstable separated free shear layer leading to a complete or
a partial reattachmentof the separated flow. External acoustic exci-
tation for separationcontrol on an airfoil was investigated by Ahuja
and Burrin® and Zaman et al.,* who exploited the acousticresonance
in the wind-tunnel test section to induce cross-stream velocity per-
turbations. Zaman et al.* noted that the introduction of oscillatory
cross-stream velocity perturbations by other means might be more
viable for excitation of separated airfoil flows.

Internal acoustic excitation for separation control was first inves-
tigated by Huang et al.’ and Hsiao et al.,° who used an acoustically
driven cavity within a NACA 63;-018 airfoil to excite the bound-
ary layer through a small rectangularorifice placed near the leading
edge of the airfoil. Both studies used the sound pressure level (SPL)
above the orifice to characterizethe control input. Whereas the work
of Huang et al.> was limited to the shedding frequency of the airfoil,
that is, dimensionless frequency F* ~ 1, Hsiao et al.® investigated
a broader range of actuation frequenciesup to F™ ~ 20. These au-
thors achieved a 40% increment in the lift coefficient at poststall
angles of attack. In a later study on the effects of internal excitation
on flow separation from a circular cylinder, Williams et al.” noted
that the correct measure of the actuation amplitude is the unsteady
velocity at the orifice rather than the SPL. In the subsequent work
of Chang et al.® on a two-dimensional airfoil (NACA 633-018), the
orifice velocity was calibrated with respect to frequency, and the
authors were able to demonstrate the effect of frequency on sepa-
ration control at low poststall angles of attack (15 < & < 20 deg) at
Re, =3 x 10°. For small levels of momentum coefficientC,, < 10~*
(computed based on the amplitude of the velocity oscillations), sep-
aration control correlated strongly with the frequency of the shear
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layerinstability (F* =2) and resultedin up to a 50% increase in lift.
However, largerlevels of C,,(>10~*) led to effective control of sep-
aration over a much broaderrange of frequencies(2 < F* < 20). At
higher poststall angles of attack (20 < & <25 deg) Hsiao et al.’ re-
ported that the actuationfrequency thatresultedin improvedaerody-
namic performance correlated with the vortex-shedding frequency
in the airfoil wake.

Forcingof a separated flow by means of oscillatorynet mass injec-
tion tangential to the flow surface has been found to be an effective
means for control of separation with substantiallyless mass flux than
required from steady blowing. In an investigation of steady and un-
steady blowingat the hinge of a25% chord flap ona NACA 0015 air-
foil, Seifert et al.!” showed that an oscillatory blowing (C,, < 0.016)
combined with a low level of steady blowing (C,, < 0.008) proved
to be the most efficient actuation method. Adding an oscillatory

Fig.1 Airfoil model.
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component at 20-deg flap deflection and small angle of attack led
to lift coefficient increments of 0.5 over steady blowing. (These au-
thors used a reduced dimensionless frequency F*, which is based
on the actuation frequency and the length scale of the separated flow
region.) The results of Seifert et al.!® showed that excitation at re-
duced frequencies F* between 1 and 3 provided the most effective
flow reattachment over the flap. In a similar investigation, Seifert
et al.!! used unsteady blowing with net mass flux at a leading edge
of NACAO0O15 airfoil. Here, the frequency scaling for correlating
C,, was found to depend on the length over which reattached flow
was to be maintained. Interestingly,surface pressure measurements
phase locked to the actuation frequency suggested that the flow was
not reattached in a steady sense. A related numerical simulation of
the flow aboutan NACA0012 airfoil forced by a synthetic (zero net
mass flux) oscillatingjetoperatingat F+ = 1 (Ref. 12) demonstrated
a20% increasein lift at a poststall angle of attack of « = 22 deg that
appeared to corroborated the measurements of Seifert et al.!! at a
similar F*. However, large intermittent separated flow regions (at
the actuation frequency) resulted in substantial oscillations in lift
(up to 20% peak-to-peak).

Several investigations have demonstrated control of flow sepa-
ration over bluff bodies using synthetic (zero net mass flux) jet.!2
The formation and evolution of synthetic jets is described in detail
in the work of Smith and Glezer.">'* To review briefly, these jets

b)

d)

Fig.2 Forced (®) and unforced (O) cases; pressure coefficient distributions around the airfoil at different angles of attack: a) a =0 deg, b) o =5 deg,

¢) a=10deg,d) o =15 deg, ) a =20 deg, and f) o =25 deg.
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are turbulent jets that are formed at an orifice to a small cavity by
the time-periodicmotion of a diaphragm on one of the cavity walls.
Although synthetic jets are zero net mass flux in nature, they do
impart a net linear momentum to the ambient fluid. The interaction
of synthetic jets with a crossflow can lead to an apparent modifica-
tion of the aerodynamic shape of bluff bodies and, thus, provides
a means for control of separated shear flows. This approach was
demonstrated by Amitay et al.!'? on a circular cylinder. Depending
on the azimuthal position of the jets, a new aerodynamic profile
of the cylinder was apparent as the base pressure increased and
an asymmetric pressure distribution developed around the cylinder.
This improved profile had up to 30% lower pressure drag coeffi-
cientand a peak steady lift coefficient of 0.9 and was achieved with
a relatively low momentum coefficient C,, = O(107*) at a nondi-
mensional frequency (patterned after the Strouhal number) of 2.6.
This dimensionless frequency is an order of magnitude larger than
the Strouhal number associated with the natural shedding frequency
of the cylinder (Sr=0.2).

The current work is concerned with improvements of the aero-
dynamic performance of a thick, blunt airfoil at moderate Reynolds
numbers (3.1 x 10° < Re, < 7.25 x 10°) using synthetic jet fluidic
control near the airfoil leading edge. Preliminary results of this in-
vestigation were previously reported by Smith et al.'”> and Amitay
et al.'® Of particularinterest are the effects of the jet placement, the
momentum coefficient, and the control effectiveness at frequencies
that are well above the natural shedding frequency of the airfoil.

II. Experimental Setup

The airfoil model comprises an aerodynamicfairing, based on the
aft portion of a NACA four-digit series symmetric airfoil, attached
to a circular cylinder. The fairing section was fabricated out of a
rigid foam material with an epoxy-fiberglass overlay. The surfaces
of the cylinder and of the fairing are well polished. The cylinder
is machined from an aluminum tube, and the fairing is fabricated
using a special lamination and molding. The transition between the
surface of the cylinder and the edge of the fairing is designed to
have a close fit, and the surface discontinuity at the edge of the
overlap domain is less than 0.1 mm. This surface discontinuity is
notsufficient to trigger flow separation. In fact, based on the present
pressure measurements (to be presented) the separation point at
low angles of attack is downstream of the junction and at the large
angles of attack moves upstream of the junction. The gap between
the cylinder and fairing is specifically designed to prevent leakage
between the pressure and suction sides of the airfoil, and at a given
angle of attack and actuator jet angle, the junction between the
cylinderand the fairing is sealed with thin (less than 0.05 mm) tape.
The thickness of the assembled airfoilis 6.22 cm, and the combined
cylinder-fairing chord is 25.4 c¢m, that is, ¢ /c =0.24 (Fig. 1). The
cylinder is instrumented with 47 pressure taps that are located in
the spanwise midplane and are equally spaced circumferentially
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 pressure data.
The resolution of the pressure transduceris 0.001% of full scale of
10 torr.

The airfoil is mounted in an open-return, low-speed wind tun-
nel 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. For the
airfoil, wall interference effects are estimated to resultina 1.5-2%
overprediction of the drag coefficient.

The control jet is synthesized from two, side-by-side, 0.5-mm-
wide, rectangular synthetic jet actuators that are parallel along their
long spanwise dimension and are 2.5 mm apart in the freestream
direction. The jet actuators span the center 140 mm of the cylinder,
and they can be positioned at an azimuthal angle y between —90
to +90 (at @ =0 deg) relative to the incoming flow direction by
rotating the cylinder independently of the fairing. Two fences are
placed at the edges of the actuator orifice to maintain a nominally

two-dimensional flow in the controlled section of the airfoil. The
fences are two cylinder diameters in height.

The actuator performance is measured using the momentum co-
efficient C,,,

Cu:ij/%pOUOzc (M

where /; is the time-averaged jet momentum per unit length during
the outstroke, p is the freestream fluid density, ¢ is the chord, and
U, is the freestream velocity. The averaged momentum during the
blowing cycle of the jet is

1 T
I :;pjb/ w () dt )
0

where T =T/2, T is the period of the diaphragm motion,”? p; is
the jet density, b is the jet orifice width, and u; () is the phase-
averaged velocity at the jet exit plane. In the present work, C, is
varied between 107% and 1073,

Each of the two side-by-side synthetic jet actuators is driven
with four piezoceramic disks. As noted earlier, in the present work
the actuation frequency is deliberately selected to be well above
F* > O(10) and, thus, is uncoupled from the natural unstable fre-
quency of the separating shear layer. The natural shedding fre-
quency of the stalled airfoil in the present work is F™ ~ 0.7, that
is, f~ 50 Hz, and so F* of O(10) is nominally 700 Hz. Whereas
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Fig.3 Forced (®) and unforced (O) cases: a) lift coefficient, b) pressure
drag coefficient, and c) lift-to-pressure drag ratio vs angle of attack o
for v =60 deg.
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the present actuator design has a relatively flat frequency response
within the frequency band of interest, the jet momentum has a lo-
cal maximum at 740 Hz, which was selected to be the operating
frequency to maximize the range of C,,.

A secondsyntheticjet actuatoris usedto investigatethe control ef-
fectatlow actuationfrequenciesthat are within the receptivity range
of the separated shear layer. Similar to the setup of Williams et al.,’
the jets are created by acoustically exciting the hollow cylinder
section of the airfoil with two high pressure speakers (frequency re-
sponse 60-5000 Hz) mounted on opposite ends of the cylinder. The
low-frequency actuation utilizes the entire volume of the cylinder
cavity, and the frequency response of the ensuing synthetic jets was
measured (for a given inputamplitude) using hot-wire anemometry.
The resonance frequency of the jet cavity is approximately 110 Hz
(correspondingto F™ =1.5), and the jet is calibrated (outside of the
wind tunnel) ata given C,, (upto 3.5 x 10~*) overa broad frequency
range [up to F* ~O10)].

III. Results and Discussion

Distributionsof the pressure coefficient around the circumference
of the airfoil for the forced (closed symbols) and unforced (open
symbols) cases are shown in Figs. 2a-2f for six angles of attack: 0,
5,10, 15,20, and 25 deg, respectively. The error in the angle is 0.5
deg. The chord Reynolds numberis Re, = 3.1 x 10°, and the angle
of the jets (relative to the oncoming freestream) is y =60 deg. The
momentum coefficient is C, = 3.5 x 1073,

At a =0 deg (Fig. 2a), the unforced flow is attached over the en-
tire airfoil surface. These data show that although the suction peak
is almost the same on both sides of the airfoil there are slight differ-
ences in the region where the fairing meets the cylinder. It appears
that despite the asymmetry of the actuation, the pressure distribu-
tions on the top and bottom become more similar with control. At
higher angles of attack, @ > 5 deg, the airfoil stalls without control.
For @ < 15 deg (Figs. 2b-2d), the flow becomes fully reattached
when controlis applied, and the resulting pressure distributions ex-
hibit a large suction peak near x /c =0.1, which is in the vicinity of
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the point of maximum thickness. A rapid pressure recovery occurs
for 0.1 < x/c < 0.2, and thereafter the pressure recovery toward the
trailing edge is gradual. Note thatat =5 and 10 deg in the absence
of actuation (Figs. 2b and 2c, respectively), the pressure on the up-
per surface of the airfoil is actually higher than on the lower surface
(0.075 <x/c <0.30 fora = 5degand 0.06 < x/c < 0.22 fora =10
deg) and consequently, the overall lift force is reduced. However,
when the jets are activated, the flow becomes fully attached, and
the pressure on the upper surface is continuously lower through
x/c=0.62 and 0.72 (¢ =5 and 10 deg, respectively) where the
pressure difference between the two surfaces is reversed through
the trailing edge. This indicates that the streamwise rate of pres-
sure recovery resulting from reattached flow on the upper surface
exceeds the rate of recovery associated with the curvature of the bot-
tom surface (relative to the oncoming flow). This effect decreases
with increasing angle of attack where the pressure distribution on
the lower surface becomes almost invariant with x /c (Figs. 2d and
2e) and finally decreases with x/c (Fig. 2f).

At a =20 deg (Fig. 2e), the control produces only partial reat-
tachment. The flow remains attached through x /¢ = 0.22, but sub-
sequently separates and, therefore, the pressure distribution is al-
most identical to the distribution in the absence of control. When
a =25 deg (Fig. 2f), the unforced flow separates farther upstream,
x/c=0.02, resulting in a higher pressure within the separated flow
region and less overall lift. Although the suction peak of the forced
flow is lower for o =25 deg than it is for 20 deg, separation still
occurs at the same streamwise location, x/c =0.2. As a result, the
pressure in the separated region of the forced flow is actually lower
than for the unforced flow. Whereas the increase in the pressure dif-
ference (compared to the unforced flow) results in increased lift, at
these angles of attack there is also a significant increase in pressure
drag. Nevertheless,as shown in Fig. 3, the lift-to-pressuredrag ratio
increases compared to the unforced case.

The pressure distribution on the airfoil is integrated to yield the
lift coefficient, the pressure drag coefficient, and the lift-to-pressure
dragratio overarangeof anglesof attack (Figs. 3a-3c, respectively).
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Fig. 4 Forced (®) and unforced (O) cases; lift-to-pressure drag ratio vs the jets’ location v: a) a =5 deg, b) =10 deg, ¢) a =15 deg, and d) a =

25 deg.
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The correspondingdistributionsof the unforced flow are also shown
for comparison (open symbols). Clearly, without control, the aero-
dynamic performance of this airfoil is poor (e.g., the lift-to-pressure
drag ratio at « =5 deg is 0.115), and the airfoil is stalled even
at small angles of attack. However, with actuation (y =60 deg,
C, =3.5x107?), the lift coefficient increases almost linearly with
angle of attack as might be expected for a conventional thin airfoil.
Furthermore, in the controlled cases, reattachmentof the flow on the
airfoil results in a reduced pressure drag coefficient. For example at
o =5 deg, the pressure drag decreases by 45% with respect to the
unforced case. Even at relatively high angles of attack, o =25 deg,
where the flow is only partially reattached, the lift curve has yet to
exhibit the downturn characteristic of stall. However, the monoton-
ically increasing pressure drag (which exceeds the drag coefficient
on the unforced airfoil at &« =25 deg) and the pressure distribution
(Fig. 2f) suggestthat stall is imminent. Figure 3¢ shows that control
significantly improves the lift-to-pressuredrag ratio through the en-
tire range of angles of attack. At o« =5 deg, this ratio is increased
by almost two orders of magnitude. However, as the angle of attack
increases, the improvementin the L /D, diminishes.

In the results reported so far, the control jets are located upstream
of the separationpoint. However, the work of Amitay et al.'> showed
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that the control jets can be effective when placed both upstream and
downstream of the nominal separation point of a circular cylinder.
In what follows, the effect of jet location and C,, on flow control
is investigated over the same range of angles of attack as shown in
Figs.2 and 3.

Figures 4a-4d show the variation of the lift-to-pressuredrag ratio
with the jet angle y (relative to the incoming flow) fora =5, 10, 153,
and 25 deg, respectively for the forced (closed symbols) and un-
forced (open symbols) flows at C, =3.5 x 107>, As shown in
Fig. 3c, the low lift-to-pressuredrag ratio, L /D, =0.115, in the ab-
sence of control at « = 5 degis substantiallyimproved when the jets
are located at y =60 deg. However, Fig. 4a shows that at « =5 deg
the optimal location of the jets is at y =0 deg, where L/D, in-
creases from 0.115 to 12.2. Note that, at this angle of attack, L /D,
increases substantially when the azimuthal location of the jets ex-
tends to —60 deg, which is on the pressure side of the airfoil. This
behavior is not observed at larger angles of attack. Note also that
at y = —30 deg, the control effectiveness decreases sharply before
recovering at y = —45 deg (this apparent anomaly will be further
discussed subsequently). Finally, it is remarkable that the reattach-
ment of the separated flow can occur when the control is placed on
the pressure side of the airfoil.

d)

Fig.5 Forced (®) and unforced (O) cases; pressure coefficient distributions around the airfoil at different angles of the actuation jets: a) v =— 60 deg,
b) v =—45 deg, ¢) v =—30 deg,d) v =— 22 deg, e) v = 0 deg, and f) v = 60 deg.
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As o increases, L /D, remains unchanged for negative y, but
then increases with y at threshold values that increase with angle
of attack (Figs. 4b-4d). That is, as « increases and the separation
point on the uncontrolledairfoil moves upstream, the most effective
location of actuation (for fixed C,,) moves aft toward the separation
point. Note also that a modest degree of proportional control in the
L/D, can be obtained by varying y .

The changes in the pressure distributions at « =5 deg for dif-
ferent y are shown in Figs. 5a-5e. The variationin L/D, with y
that is apparent in Fig. 4a is revealed in the pressure distributions
(on the suction side) as a separation bubble (manifested by a region
of constant C),) that varies in size with y. When y is varied along
the pressure side of the leading edge, a degree of proportional con-
trol over the size of this separation bubble can be achieved. With
control applied on the pressure surface, y = —60 deg (Fig. 5a), a
closed separation bubble lying between 0.2 < x /¢ < 0.3 on the lift-
ing surface is apparent, and the stagnation point moves down along
the lower surface. Rotating the control jets around the leading edge
and more in alignment with the incoming flow near the stagnation
point, y = —45 deg (Fig. 5b) reduces the control effectiveness and
increases the size of the separation bubble. For this value of y, the
separationbubbleextendsto x /c =0.9. There is a narrow range of y
near —30 deg where the control has only a minor effect (Fig. 5¢). Yet
interestingly, control applied at a location closer to the stagnation
point, y = —22 deg, does cause reattachment (Fig. 5d). Note that at
this latter location, y = —22 deg, the jets are approximately collo-
cated with the mean stagnation point location (detailed discussion
follows). Finally, for this angle of attack, « =5 deg, and level of
controlinput, C, = 3.5 x 1073, actuationat y > 0 deg (Figs. 5¢ and
5f) works equally well irrespective of the jet locationand, within the
resolution of the pressure measurements, eliminates the separation
bubble altogether.

To show more clearly the location of the jets relative to the in-
coming flow direction, detailed plots of the pressure distributions at
o =5 deg near the front stagnation point are shown in Figs. 6a-6d.
Here, C,, is plotted as a function of the cylinder azimuthal coordi-
nate 6, and the arrows indicate the location of the control jets. At the

1- .

o 60 -40 -20 0 20 40 60
)

stagnation point, C, = 1, and the pressure and suction sides are on
its left and right, respectively. Observe that for the unforced case, the
front stagnation point is at 6y, ~ —5 deg (x/c|,, &~ 0.002); whereas,
for the forced cases, the stagnation point moves to the lower surface
with x /c|y, values between 0 and 0.007 (6, &~ —20 deg). Despite the
detailed pressure measurements, a viable physical mechanism that
explains this localized reduction in control effectiveness remains
elusive. Some insight may be gained from velocity field measure-
ments, for example, using particle image velocimetry, taken phase
locked to the actuation waveform. The observations at these values
of y suggest that the controlis effecting a global change in the flow
field. As suggested by earlier syntheticjet work!? and demonstrated
in the recent work of Honohan et al.,'” the interaction between the
control jets and the oncoming flow leads to localized mean displace-
ment of the oncoming flow and, as a result, to modification of the
streamwise pressure gradients. It may be argued that control effects
may be understood in terms of the effect of nose drop in mitigating
separation on the lifting surface of an airfoil. Finally, for angles of
attack greater than 5 deg, the pressure distribution of the unforced
flow is suchthat when the presentactuationis applied on the pressure
surface of the airfoil it has no observed effect on separation.

The sensitivity of the actuation effectiveness to jet location on
the lifting surface suggests that the momentum coefficient C,, may
be in excess of the minimum required to effect control. Therefore,
additional pressure measurements were made at fixed y and « while
varying C,. Figures 7a-7c show the lift coefficient, the pressuredrag
coefficient, and the lift-to-pressuredragratio, respectively,as a func-
tion of C,, for three different y, 15, 45, and 60 deg, at o =10 deg.
Despite some scatter in the data, Fig. 7 clearly shows the actuator
performance level required to reattach the separated flow as a func-
tion of control location. Not unexpectedly, the closer the control is
located to the observed separation point on the unforced airfoil, the
less poweris requiredto reattach the flow. A noteworthy observation
is that actuation at y =60 deg (x/c =0.061) requires two orders of
magnitude less actuator performance than actuation at y =15 deg
(x/c=0.004). For « = 10 deg, the optimum actuation location is at
y =45 deg. However, when the jets are located at y = 15 deg, they

b) 4

d 60 -40 20 0 20 40 60

Fig. 6 Pressure coefficient distributions near the front stagnation point as a function of the cylinder azimuthal coordinate 6 at different angles of the
actuation jets; forced (®) and unforced (0): a) v =— 60 deg, b) v =—45 deg, ¢) v =— 30 deg, and d) v =— 22 deg.
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Fig. 7 a) Lift coefficient, b) pressure drag coefficient, and c) lift-to-
pressure drag ratio vs momentum coefficient C, for o = 10 deg; ¥, v =15
deg; A, v =45 deg; and ®, v =60 deg. Dashed lines represent the un-
forced values.

enable proportional control of the separated flow with momentum
coefficient. Moreover, although at y =60 and even 45 deg L/D,
appears to begin to decrease at higher levels of C,,, it continues to
increase at y =15 deg. This suggests that even though relatively
high levels of C,, are necessary to affect the flow far enough up-
stream of separation, the interaction of the jets with the crossflow
is more robust and can yield higher level of L/D,, that may not be
realizable when the jets are closer to the point of separation.
Figures 8a-8c and 8d-8f show detailed changes in the distribu-
tions of the pressure coefficient as C,, increases for o = 10 deg and
y =15 and 45 deg, respectively. Similar to the proportional control
with y at @ =5 deg (Fig. 6), the proportional control of the sepa-
rated flow with C,, at y =15 deg is distinguished by the formation
of a separation bubble on the lifting surface that decreases in size
with increasing C,,. At C, = 1.1 x 107° (Fig. 8a), a separation bub-
ble of significant extent appears on the upper surface of the airfoil.
(When C,, is decreased to values less than 2.5 x 107, the effect of
the jets is insignificant.) As C, increases to 1.56 x 1073 (Fig. 8b),
the flow becomes attachedto the upper surface, although the suction
peak near the leading edge s virtually unchanged. At the highestC,,
attained in the present experiments, C, = 3.5 x 10~* (Fig. 8c), the

flow becomes completely attached to the upper surface and develops
a significant suction peak.

For y =45 deg (Figs. 8d-8f), the range of C,, for proportional
control is too narrow to be resolvedin the present experiments,and
the controleitherattachesthe flow completely to the upper surface or
has no effectatall. For C, =1.28 x 1073 (Fig. 8d), there are minute
differencesbetween the unforced and forced flows. However, as C,,
is roughly doubled, C,, =2.85 x 10~° (Fig. 8e), a strong suction
peak appears on the upper surface, and the pressure distribution
remains nearly unchanged when C, is increased to 4.13 x 10~
(Fig. 8f). Note that when y =15 deg, an increase in C,, results in
a subtle increase in the pressure distribution on the pressure side of
the airfoil downstream of the front stagnation point (Fig. 8c). This
increase, which is not effected when y =45 deg even for higher
levels of C,, contributes to both an increase in lift and a reduction
in drag. It is conjectured that these effects are connected with the
apparent change in the shape of the airfoil when the jets are placed
aty =15 deg.

Figure 9 shows the dependenceof the lift-to-pressuredrag ratioon
C,, at three chord Reynolds numbers, Re, =3.1 x 10°,5.25 x 10°,
and 7.25 x 10°, for « = 15 deg and y =60 deg. The actuation fre-
quency is increased with Uy to maintain F* =10. In the absence
of control, L/D, is approximately constant (L /D, =0.8240.02
is marked with a dashed line) for all three Reynolds numbers. With
control, L/ D, increasesto a nominal value of 3.6 and, atleast within
the present range of measurements, is independentof the Reynolds
number and C,, (except for C,, > 107 at Re, =3.1 x 10°). The in-
variance of L /D, with Reynolds number and C, is not unexpected,
and in fact similar trends were reported by Seifert et al.'® for chord
Reynolds numbers ranging from 10° to 107. However, note that in
the present experiments F+ ~ (O(10), whereas in the experiments
of Seifert et al.'® F* was less than 2.

Although in the present work the aerodynamic forces are all time
averaged, unsteady effects may be surmised by considering power
spectra of the streamwise velocity in the wake of the airfoil. A hot-
wire probe is placed in the wake of the airfoil, one chord length
downstream of the trailing edge and on the lower side of the wake
at a cross-streamelevation where the streamwise velocity deficit is
one-half the maximum deficit (Fig. 10). The (dimensionless) fre-
quency content of the hot-wire signal vt = (f - ¢)/ Uy is examined
in the presence and absence of actuation. The velocity spectrum of
the unforced flow (dashed line) includes a strong spectral peak at
the (natural) shedding frequency, v =0.7, and begins to decay at
higher frequencies, vt > 1.4. With control (solid line), the turbu-
lent kinetic energy throughout the entire spectrum is significantly
reduced, and there is no discernible peak that corresponds to the
passage frequency of organized vortical structures. It is remarkable
that high-frequency actuation leads not only to the appearance of
a featureless spectrum (and consequently, a steady reattachment)
but also to the emergence of a spectral band having a —% slope
indicating enhanced dissipation.

As noted in Sec. I, much of the work on the active delay of flow
separation has focused on extending the flight envelope of conven-
tional airfoils using time-periodic actuation having a characteristic
periodthatis comparableto the characteristictimescale, thatis, time
of flight, of the flow over the controlled surface. When the ratio be-
tween the characteristic time of flight and the actuation period, that
is, the dimensionless frequency F*, is of order one, the actuation
frequencyis also comparable to the shedding frequency of the body.
In the present and earlier'? work, the actuationfrequencyis deliber-
ately selected to be at least an order of magnitude above the natural
(or shedding) frequency of the airfoil, to broaden the bandwidth
of the actuation and to enable coupling to flow features within the
boundary layer upstream of separation. Thus, the effect of actuation
frequency on the controllability of the separated flow is a paramount
issue in the application of synthetic jets to flow control. Some de-
tails of the interaction between a synthetic jet and a crossflow are
discussed in detail in the recent work of Honohan et al."”

To demonstrate the effect of the actuation frequency on the con-
trol effectiveness, the actuators are activated at six frequencies cor-
respondingto F* =0.95,2.05, 3.4, 10, 14.7, and 20 (71, 148, 246,
740, 1088,and 1480 Hz, respectively). At F* =0.95, 2.05, and 3 .4,
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Fig.8 Forced (®)and unforced (O) cases, pressure coefficient distributions around the airfoil at different jets’ locations,~, and momentum coefficients
Cu: a) v=15 deg, C, =4.75X10™4, b) v =15 deg, C,, =7.42X107 4, ¢) v =15 deg, C,, =1.5X1073, d) v =45 deg, C,, =6.2X107%, &) v =45 deg,

C,=1.3X10"%,and ) v =45 deg, C,, = 1.9X10™ 4.

Fig. 9 Lift-to-pressure drag ratio as a function of the momen-
tum coefficient C,, for ®, Re. =3.1 X10°; ¢, Re, =5.25X10°; and A,
Re, =7.25X10°.
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Fig. 10 Unforced (- - -2 and forced (—) at F* =10 power spectra
measured at x/c =2, at a = 17.5 deg and v = 60 deg.
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Fi_% 11 Pressure coefficient distributions around the airfoil at different dimensionless frequencies F*: a) F+=0.95 (®), 2.05 (x), and 3.4 (A) and b)
F

=10 (@), 14.7 (¥), and 20 (»).

the jets are driven by audio speakers, whereas at high frequencies
the jets are formed by compact actuators using piezoceramic disk
drivers (cf. Sec. II). As noted in Sec. II, the actuators are calibrated
at each operating frequency outside of the wind tunnel and then
once again in the presence of a crossflow in the wind tunnel. It is
found that when the operating frequencies are below F* <4 the
jets driven by the speaker actuators are spanwise uniform (along
the long dimension of the orifice). However, at higher frequencies,
the speaker-driven jets develop spanwise nonuniformities due to
three-dimensional acoustic effects within the actuator cavity. Ve-
locity measurements (not shown here) within the actuator orifice
using a miniature hot-wire sensor reveal that for F* > 4 the per-
formance of the speaker-driven actuator jets is markedly different
in the presence and absence of a crossflow. In fact, in the presence
of a crossflow, the velocity of the speaker-drivenjets diminishes by
more than 80%, and thus, their ability to reattach the flow is reduced.
In contrast, the piezoelectric actuator, with a small cavity tuned to
a high frequency, has a uniform output at the orifice that leads to a
complete reattachment of the separated flow.

Distributions of the pressure coefficient around the airfoil for
F*=0.95,2.05, and 3.4 and F* =10, 14.7, and 20 are shown in
Figs. 11a and 11b, respectively (the shedding frequency of the un-
forced flow is F™ =0.7). The pressure distributionfor the unforced
stalled flow (solid line) is also shown for reference. Actuation at
low frequencies (Fig. 11a) results in a very sharp suction peak
near x /c =0.075, which corresponds to the location of the sepa-
ration in the unforced flow. Concomitantly, the degree of pressure
recovery toward the trailing edge is reduced with increasing con-
trol frequency, leading to an increase in pressure drag. The pres-
sure distributions for F* =10 (Fig. 11b), which is over an order
of magnitude higher than the shedding frequency (F* =0.7), are
significantly different and exhibit larger and wider suction peaks
with a corresponding larger increase in the lift coefficient. Fol-
lowing the suction peak, the pressure difference between the suc-
tion and pressure sides is smaller than at corresponding stations at
the low actuation frequencies resulting in a lower pressure drag.
Moreover, whereas at low actuation frequencies (Fig. 11a) the
pressure distribution varies with F*, at high actuation frequencies
(Fig. 11b) the pressure distribution appears to be independent of
F™, suggesting that, when the actuation frequency is high enough,
the details of the flow reattachment become independent of the
frequency.

Detailed pressuredistributionsnear the leading edge of the airfoil,
x/c < 0.1, are shownin Fig. 12. These dataemphasize that the effect
of the actuation at both frequencies is measurable about the entire
airfoil and that the increasein circulationin the forced flow resultsin
a slight displacement of the front stagnation point toward the pres-
sure side of the airfoil. Although the spatial resolution of the data is
limited, these (and other data) suggest that low-frequency actuation
introduces mean blockage upstream of the jets that is manifested
by a reduction in the magnitude of the (negative) streamwise pres-
sure gradient. Downstream of the jets, the static pressure decreases
further before pressure recovery begins at x /¢ > 0.12. For the high
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Fig. 12 Detailed pressure coefficient distributions near the leading
edge of the airfoil, x/c <0.1; unforced (—), F* =1.1 (®),and F* =10
(%)
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Fig.13 Variation of the lift-to-pressure drag ratio with dimensionless

actuation frequency F* for v = 60 deg with the unforced value shown
as dashed line.

actuation frequency jet, F* = 10, the details of the changes in the
pressure distribution upstream and downstream of the control jets
are apparently not resolved by the present pressure measurements
but were derived from the measurements of Honohan et al.'”

The variation of the lift-to-pressure drag ratio with actuation fre-
quency is shown in Fig. 13. Two distinct domains are immediately
apparent. In the first domain (I), where the actuation frequencies
are of the same order as the shedding frequency, F* <4,the L/D,
decreases with increasing F* (from 2.65 for F™ =0.95 to 2.35 for
F*=3.3, which might be expected from stability considerations
of the separated shear layer). In the second domain (IT in Fig. 13),
the actuation frequency is more than an order of magnitude higher



370 AMITAY ET AL.

tetetetetutelsivin’etsd tit |

x/c

Fig.14 Pressure coefficient distributions around the airfoil at F* =10
using @, audio speakers; O, piezoelectric drivers; and ——, unforced
flow.

than the shedding frequency, F*>10, and the lift-to-pressure drag
is higher, L/ D, =3.2, and appears to be independent of the ac-
tuation frequency, suggesting that the mechanism that leads to the
suppression of separationis not associated with the stability of the
separated shear layer. Note that bandwidth limitations of the low-
and high-frequency actuators prevented overlap within the domain
4<F* <10.

Finally, Fig. 14 compares the pressure distribution for the airfoil
with an audio-speakeractuator operating at F* = 10 to the pressure
distribution for the airfoil with the piezoelectric actuator operating
at F* = 10. For additional comparison, the unforced (solid line) and
forced distributions are coplotted. Here, the airfoil is at ¢ =15 deg,
control is applied at y =60 deg, nominal C,, =3.5 x 1073, and the
chord Reynolds numberis Re, =3.1 x 10°. From Fig. 14, itis clear
that at high actuation frequencies, the effectivenessof the synthetic
jetactuatorsis greatly influenced by the design of the cavity and the
driver.

IV. Conclusions

The reattachment of separated flow on an unconventional sym-
metric airfoil using syntheticjet actuatorsis investigated. The cylin-
der model of Amitay et al."? is modified to give a 24% thick airfoil
section with cylindrical leading edge. Mean surface static pressure
measurements are used to elucidate the time-averagedeffects of the
actuation on the separated flow. In the absence of control, the air-
foil stalls for @ > 5 deg; however, with control, fully attached flow
can be achieved for o <17.5 deg, and partial reattachment with
some recovery of lift is achieved up to the maximum angle tested,
o =25 deg. The present work has shown that both the location and
the strength of the control input affect the extent of the reattached
flow. Dramatic increases in lift (up to 100%) and decreases in pres-
sure drag (up to 45%) are observed as a result of flow reattachment,
although for & > 17.5 deg, the increase in lift is accompanied by an
increasein drag. Controlis effective up to a chord Reynolds number
of 7.25 x 10°, and the data suggest that for a given C,, and jet an-
gle y the lift-to-pressure drag ratio is independent of the Reynolds
number.

From a design point of view, these measurements reveal that if
either the separation location is unknown or practical limitations
preclude control near separation the location of the control y or the
momentum coefficient C,, may be manipulated to obtain the best
performance of the airfoil for the entire range of angles of attack.

The effect of the actuation frequency is also considered. The
synthetic jets are operated over a range of frequencies up to a di-
mensionless frequency F+ =20, which is about 30 times higher
than the natural shedding frequency of the separated flow over the
airfoil. Two distinct performance regimes are observed. When the
actuation frequency is of the same order as the shedding frequency

of the stalled airfoil, F* < 4, an increase in the actuation frequency
leads to areductionin therecoveredlift-to-pressuredrag ratio. When
the actuation frequency is more than an order of magnitude larger
than the shedding frequency, F* > 10, the lift-to pressure drag ratio
is much larger and appears to be invariant with the actuation fre-
quency. The present work has also shown that the performance of
actuators with large cavities is degraded when these actuators are
driven at high frequencies. This performance degradationis due, in
part, to three-dimensional acoustic effects inside of the cavity and
velocity nonuniformities along the actuator orifice.

Future work will focus on the dynamics of controlled flow reat-
tachment and separation effected by synthetic jet actuators and the
role of the actuation frequency in these processes.
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