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Flow Separation Control with Microflexural
Wall Vibrations

Sumon K. Sinha*
University of Mississippi, University, Mississippi 38677

A capacitively actuated active flexible wall (AFW) transducer has been developed for controllingboundary-layer
flow separation. The transducer elements are first used as sensors to determine the most effective frequencies for
wall actuation in the vicinity of a separating or marginally separated boundary layer. These frequencies typically
result from an interaction of the flow with small-scale geometrical features of the wall. Microflexural vibratory
actuation of selected regions of the transducer’s flexible membrane at the aforementioned frequencies can then be
used to defer separation as demonstrated in wind-tunnel experiments. The AFW transducer uses the preseparation
velocity gradient at the point of actuation to amplify the microvibratory stimuli and cause it to modulate the
pressure gradient. This subsequently promotes reattachment by enhancing mixing in the inflectional velocity
profiles downstream. The high actuation efficiency and the ability to sense and actuate with the same hardware
make the AFW transducer attractive for a wide range of practical aerodynamic problems for significantly extending
the performance envelopes of fixed and rotary-wing aircraft and aircraft engines.

Nomenclature

Cp = coefficient of drag, 2F,, /(o DU2) for cylinder and
2Fp/(pcU2) for airfoil

C, = nondimensional pressure, 2(p — peo)/(pU2)

c = airfoil chord

D = cylinder diameter

Fp = drag force per unit span, N/m

f = transducer actuation frequency, Hz

h = wall normal distance from airfoil surface

p = local static pressure

Poo = upstream static pressure

Re. = Reynolds number for airfoil, Uy - ¢/v

Re, = Reynolds number for cylinder, U, - D /v

St = Strouhal number based on airfoil chord (f - ¢/U) or
cylinder diameter (f - D/U,,)

St = Strouhal numberbasedon s and U (f -s/U)

s = characteristiclength scale of near-wall geometrical
features

T = membrane pretension per unit span, N/m

t = time

U = boundary-layerfreestream velocity

U = upstream velocity

u, v, w = local velocity components along x, y, and z directions

X,y z = streamwise, wall-normal, and spanwise coordinates

o = airfoil angle of attack

8 = boundary layer thickness

0 = angular position from forward stagnation point on
cylinder

I = viscosity

v = kinematic viscosity

0 = density

I. Introduction

HE ability to coerce aerodynamic flows to follow the contourof
a given lifting surface under adverse flow conditions plays an
importantrole in extending the performance envelopes of fixed and
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rotary-wing aircraft and aeroengines. Boundary-layer flow separa-
tion can degrade the performance of an aerodynamic lifting surface
in all flow regimes. For example, flow separation can degrade lift
generation at low speeds and increase pressure drag at high speeds.
Controlling flow separation in a simple and mechanically uncom-
plicated manner can open up new vistas for optimizing the design
of wings. Weight savings from a simplified flap deployment mech-
anism, for example, can result in smaller wings and lower overall
drag.

Simple passive devices, such as small surface-mounted vortex
generators,can be used to extend the stall margin of a wing for low-
speed, high-angle-of-attack operation. However, the same device
will increase drag during high-speed, low-angle-of-attack opera-
tions. If both high-speed cruise as well as low-speed landing and
takeoff performance have to be improved over a range of wing or
blade loading conditions, active devices are required, which can be
deployed or activated only when needed. Automatic activation and
deactivation of such devices also necessitates some form of flow
sensing. The role of an integrated sensor-actuator system is even
more crucial if the flow separation is unsteady, such as the onset of
dynamic stall' on rotorcraft blades or rotating stall” on axial com-
pressor blades. The need for small lightweight devices makes mi-
crofabricated electromechanical systems or MEMS-based sensors
and actuators especially suitable for such applications.

Minimizing device power consumption remains a prime consi-
deration® for any active flow-separation control system. Hence, mi-
croactuators for flow control have usually been based on devices
suchas oscillating flaps** or periodicallyblownjets,® which are ef-
ficient in generatinglocalized control vortices at selected regions in
the boundary layer. However, the minimum actuation power needed
is ultimately limited by the ability of the actuator to generate vor-
tices strong enough for modifying the flow. For example, in peri-
odic blowing the ratio of the jet momentum to the momentum of
the freestream has to be above a certain threshold for maintaining
control. Although the actuation power needed may be small in com-
parison to traditional techniques like steady streamwise blowing, it
is often high enough to justify using less-than-optimumpassive de-
vices.Furtherreductionsin actuatorpower consumptionare possible
only if the energy in the freestreamcan be used to efficiently amplify
the actuation-inducedcontrol perturbations. This has been the mo-
tivation for developing the active flexible wall (AFW) transducer®®
described here. An additional motivation has been to make the de-
vice easy to integrate with existing designs without compromising
structuralintegrity and without degrading the surface exposed to the
flow.
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The ability of passive compliant walls to modify boundary-layer
flows has been known for some time,' although all possible modes
of flow-wall interaction are not yet fully understood. Driven or
AFWs offer the advantage of selectively energizing wall oscillation
modes. Experimentshave shown that flexural actuationof the wall at
the correctfrequencyand phase can attenuate or reinforce Tollmien—
Schlichting instability waves'!' on flat plates. However, similar ex-
perimentsaimed atreducing flat-plate turbulentboundary-layerskin
frictionhave not been as successful even after using fairly large wall
displacement amplitudes.!””> An extension of the aforementioned
techniques is the method postulated by Lurz.'® It relies on intro-
ducing a combination of normal and tangential wall vibrations with
the correctphaserelationshipsto control transition,skin friction,and
separation. The primary deterrent against practical implementation
of these schemes is the difficulty in detecting phase relationships
accurately in noisy “real life” flows. Hence, the flow-separation
control scheme devised by Wygnanski,” which recommends the use
of small oscillating flaps or flexible surface segments for actuation
but does not require phase information, is clearly more practical.

The AFW transducer developed by Sinha® significantly reduces
the actuation power needed for phase-independentoscillatory sepa-
ration control by exploiting a unique combination of static and dy-
namic modes of flow-transducerinteraction.'* This paper is aimed
at introducing this flow-separation control concept and discussing
its significance to some current areas of interestin aerodynamics.

II. AFW Transducer
A. Construction of the AFW Transducer

Figure 1 shows a schematic of the AFW transducerarray as used
in proof-of-conceptwind-tunnel experiments.” The transducersub-
strate consists of an array of strip-shapedelectrical conductors. The
substrate is typically etched out from a flexible copper-clad printed
circuitboard, the back side of which is glued on to the surface of the
wing or blade as depictedin Fig. 2. A flexible dielectric membrane
is stretched across the substrate. The outer surface of the membrane
is metallized to make it electrically conductive and is exposed to
the boundary-layerflow. Electrically, the membrane-substratecom-
posite behaves as an array of capacitors. The conductive outer layer
of the membrane constitutes one plate, which is shared by the ca-
pacitors. The conductive strips on the substrate form the other non-

Flexible Wall

AC output or

Air Gap (approx. 0.001mm) ~ Actuating Signal

Aerodynamic Body

Fig. 1 Schematic of the AFW transducer.

Fig. 2 AFW transducer mounted on an NACA 0012 airfoil model.
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shared plates. The small air gap between the membrane and a strip
establishesthe capacitanceand also contributes towards the flexural
stiffness and damping of the membrane. A dc bias voltage helps
maintain the air gaps by counteracting the lifting force induced by
the external flow over the membrane.

Each of the aforementioned capacitive transducers can behave as
a sensor or actuator at any given instant. In the sensor mode flow-
induced vibrations of the membrane above a conductive strip are
sensed as voltage fluctuations resulting from changes in the thick-
ness of the air-gap dielectricof the capacitor.In the actuatormode an
external ac signal is used to electrostatically vibrate the segment of
the flexible membrane above each strip. The amplitudes of displace-
ment of the actuated membrane are typically in the order of 0.1 um
for strip widths between 0.4-1.6 mm. For the flow control experi-
ments conducted with AFW transducers, membrane displacement
amplitudes were at least three orders of magnitude smaller than the
thickness of the boundary layer at the point of excitation’

The control strategy involvesusing the transducerelements as on-
line wall-pressurefluctuation sensors. The amplitudes of the signals
from successive transducer strips can be compared to detect regions
of incipientseparation as described in Sec. III. The frequency spec-
trum of the signal from a strip in this region is then analyzed to
identify the most effective frequency for flow-transducer interac-
tion. Selected elements upstream of the separation point are then
actuated at this frequency to reattach a separated flow or prevent an
incipient separating flow from progressing to full breakaway sepa-
ration. The details of the flow-transducer interaction are described
in the subsequent sections.

B. Explanation of How the AFW Transducer Controls
Separating Flows

The AFW transducer array falls into a category of techniques
thatinteractwith boundary-layerflows via oscillatory forcing. How-
ever, the mechanics of interaction is not the same, although some
apparent similarities can exist."* To understand how an extremely
small-amplitude motion of the membrane can control the flow, the
streamwise momentum equation at the “wall” (i.e., the surface of
the membrane at y =0) is considered under excited conditions:

(&) - OE OE) o

The streamwise velocity component #,—( of the vibrating mem-
brane has been assumed to be negligible. For a rigid nonporous
wall the left-hand side of Eq. (1) is identically zero. For the
driven flexible wall this represents the actuation or control term.
The small wall-normal perturbation velocity of the membrane
[vy—o = cos(2m f1)] over an actuated strip can make this con-
trol term predominant provided (du/dy), - is extremely large at
the point of excitation. Such a condition can be satisfied at the lead-
ing edge of an excited strip as depicted in Fig. 3. If the control
term is balanced primarily by the viscous term, large fluctuations
in the streamwise velocity component u should be seen close to the
wall. Figure 4 shows measured boundary-layer velocity fluctuation
spectra in the vicinity of the point of actuation for AFW-actuated
flow control experiments over a circular cylinder.” These indicate
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Flexibie memborane Corductive strip

Fig. 3 Schematic showing near-wall flow-transducer interaction: U,
point just upstream of conductive strip, and L, most effective point to
introduce excitation.
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Fig. 4 Measured velocity fluctuation spectra at 6 =90 deg in AFW ex-
cited (between 88-90 deg) boundary layer over a cylinder from Wang.!5

that velocity fluctuations at the 2.25-kHz actuation frequency are
low near the wall and maximize near the outer edge of the bound-
ary layer, thereby invalidating the large viscous term assumption.
Therefore, the pressure gradient term needs to balance the control
term in Eq. (1), and the viscousterm in Eq. (1) should be very small
compared to the other terms. The pressure gradient (dp/dx) also
has to satisfy the inviscid momentum equation at the outer edge of

T -0

For an unexcited steady flow the convective term on the left-hand
side of Eq. (2) will exactly balance the pressure gradient term. Wall
actuation-inducedfluctuationsin (dp /dx) will thereforeinduce fluc-
tuations in U, at the actuation frequency f, primarily through the
unsteady term (dU /dt) in Eq. (2). This explains how balancing the
control and pressure gradient terms in Eq. (1) can result in large
velocity fluctuations at the outer edge of the boundary layer.

For the viscous term in Eq. (1) to be small, the near-wall velocity
profile u(y) should be approximately linear at the point of excita-
tion. Such a condition can exist, for example, close to the maximum
thicknessregion of a streamlined body, where the pressure gradient
dp/0x passes through zero as it changes from favorable (i.e., nega-
tive dp/dx upstream) to adverse (i.e., positive dp /dx downstream).
Because boundary-layer separation can occur only in the positive
dp/9dx region, the optimum point of excitation would always be
upstream of the unexcited flow-separation point.

The aforementioned actuation sequence results in the generation
of coherent oscillatory flow structures, which are convected down-
stream by the flow. These can enhance mixing in shear-layer-like
(SLL) structures within the boundary layer as verified by Sinha and
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Pal.'® The SLL structures arise as a result of inflectional velocity
profiles resulting from the adverse pressure gradient typical of sep-
arating boundary layers. Enhancing mixing in these shear layers
therefore reenergizes the wall layer and delays or defers boundary-
layer separation.

Typically, only one or two strips of the AFW transducer array
need to be actuated for flow-separation control’ This, along with
the extremely small membrane vibration amplitudes, helps in keep-
ing the actuation power extremely low (typically less than 1 uW
per meter span for freestream velocities between 15-50 m/s). The
residual roughness and membrane compliance have imperceptible
effects on the boundary layer for a “properly designed” AFW trans-
ducer. A proper design can be ensured by limiting the passive com-
pliance and magnitudes of sharp changes in membrane slope as
shown in Fig. 3. This is achieved by 1) limiting strip spacing and
width, and by 2) pretensioning the membrane.'* The sharp cor-
ners of the stretched membrane shown in Fig. 3 can also induce
inflectional velocity profiles close to the wall similar to Falkner-
Scan flows over expanding corners.!” Such Falkner-Scan flows are
known to have multiple solutions. Hence, it seems plausible that
these also play a role in transferring kinetic energy between the
vibrating membrane and the flow. However, the generation of vor-
ticity as a result of actuation-induced changes in membrane slope
is several orders of magnitude lower compared to wall vorticity
generation by microflaps or oscillatory blowing.*~¢ The most ef-
fective control frequencies for the AFW transducerare also at least
an order of magnitude higher’ than other forms of separation con-
trol via oscillatory forcing. As described in Sec. 111, these coincide
approximately with vortex shedding frequencies corresponding to
the near-wall geometrical features,'* such as the spacing of sharp
cornersshownin Fig. 3. Control efficacy drops if these also coincide
with the fundamental flexural natural frequency of the membrane'®
as described in Sec. III.B. The efficacy drops because the resulting
resonance enhances additional vibrational modes of the membrane.
These eventually diffuse the localized effect of actuation, thereby
destroying the required balance between terms in Eq. (1).

III. Experimental Verification of
Flow-Separation Control
A. Flows over Cylinders

The AFW flow-separation control concept has been validated
through proof-of-concept experiments on circular cylinders and
airfoils. The experiments have involved sensing and actuation in
steady and unsteady flows. Figure 5 shows a typical spectrum of the
sensed signal from a transducer strip for crossflow over a circular
cylinder?'> The broadband peak at 2.25 kHz was the most effective
excitation frequency in this case. Excitation of two transducerstrips
upstream of the separation point moved the separation point down-
stream as seen from the measurement of time-averaged pressures
around the cylinder in Fig. 6. A smoke visualization of the flow in
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Fig. 5 Spectrum of signal from AFW transducer at 78 deg (unexcited
flow over cylinder at Re; =1.5 X 10°).



-180 -135 90 -45 0 45 90 135 180

Degree

Fig. 6 Pressure distribution over cylinder (AFW excited at 0 = 88-
90 deg at 2.25 kHz): - - - -, unexcited, and ——, excited.
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Unexcited flow

Separation Point
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Fig. 7 Flow visualization results for flow over cylinder at Re; =
1.5 x 105,

Fig. 7 clearly shows a bending of the freestreamflow toward the wall
resulting from excitation. The asymmetry in the pressure distribu-
tion over the cylinder for the unexcited flow (Fig. 6) shows the pres-
ence of some passive interaction with the flow since. Even though
the effect of such interaction is small, communication through the
rounded trailing edge of the cylinder and the relatively high (i.e.,
25%) blockage caused by the presence of the cylinder accentuated
the flow asymmetry. Actuating the AFW transducer resulted in re-
ducing the drag by 12.4% and the drag-induced power loss by about
300 W/m span while the electrical actuation power remained less
than 0.5 uW per meter span of the cylinder. The Strouhal number
(St = fD/U,,) or nondimensional excitation frequency was about
23 for this case. This is high compared to values of the order unity
for separation control by other forms of oscillatory forcing (e.g.,
oscillatory blowing) for similar flows. An additional effect of AFW
excitation was the suppression of low-frequency (St ~0.2) vortex
shedding from the cylinder’ Vortex shedding, or the underlying
frequency, has no bearing on the flow control process because the
optimum excitation frequency and control efficacy remained virtu-
allyunchangedeven after a splitter plate was used to attenuate vortex
shedding.® Also, the separationpoint could be made to switch back
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Fig. 8 Close up of pressure distribution on cylinder (AFW excited
at 2.25 kHz, Re; =1.5 X 10°, hump at 6 =88 deg): (], without hump,
unexcited; ¢, without hump, excited; |, with hump, unexcited; and X,
with hump, excited.

and forth by periodically commencing and turning off the actuating
signal to the AFW transducer.

The aforementioned experiments, which were conducted at
1.2 x 10° <Rep < 1.5 x 10°, indicated that the AFW transducer
worked most effectively for laminar flows close to transition. Was
the transducer simply tripping the boundary layer? Exciting a
turbulator-strip tripped flow showed improved pressure recovery
and a 20% reduction in drag and Cp, compared to tripped but un-
excited conditions” Although turbulatorsand AFW excitationhave
similar effects on separation delay, the effect on flow turbulence
levels is markedly different. Unlike turbulators, AFW excitation
has been found to reduce turbulence levels in the boundary layer
and wake in all cases. Both methods, however, increase the mean
velocities near the wall. The synergism improved when the pre-
separation velocity profile was preshaped, without tripping, with a
shallow wall-mounted hump.'>'° Figure 8 shows the enhancement
in pressure recovery afforded by the hump and AFW excitation in-
dividually and in unison. In all cases the maximum boundary layer
and wake turbulence levels increased if the shape or size of the
bump or distributed roughness elements extended beyond a certain
threshold. A properly applied (see Sec. II.B) unexcited AFW trans-
ducer, however, did not increase the turbulence levels measurably
compared to the base flow on the rigid cylinder.

B. Flows over Airfoils

Exploratory wind-tunnelstudies?® showed the transducercapable
of reattaching marginally separated flows around the leading edge
of an NACA 0012 airfoil for 4 x 10° < Rec < 1 x 10°. Independent
(unpublished) airfoil experiments by Professor Lorne Whitehead at
the University of British Columbia, Canada, showed lift enhance-
ment, stall delay, and reductionin flow unsteadinessusing a similar
transducer. Many of these results, however, have been difficult to
replicate until a method to precisely control the pretension of the
flexible membrane of the transducer was devised. The tension is
a key factor in establishing the predominant flexural modes of the
membrane.'*'8 Figure 9 shows sensed signals from a 0.4-mm wide
leading-edge AFW transducer strip on an NACA 0012 airfoil. For
these experiments the membrane pretension was held at 92 N/m,
and the airfoil was set at an angle of attack « = 14 deg. The 92 N/m
tension level ensured that the natural frequencies for the fundamen-
tal and second higher flexural modes of the membrane segment
between two strips straddled the most effective actuation frequen-
cies for control. In Fig. 9 the natural frequencies of the membrane
segments are seen as sharp peaks that do not change with flow veloc-
ity, whereas the flow-induced excitation frequency increases with
the flow velocity. The latter, which correspond to St~ 200, have
been found to be the optimum frequencies for flow separation con-
trol. Also, several closely spaced peaks are observed when the two
frequencies coincide, indicating the onset of additional vibrational
modes of the membrane.

The effect of AFW actuation on flow separation was ascertained
by monitoring the velocities at a fixed point just above the suction
surface of the airfoil as shownin Fig. 10. At low Re, valuescomplete
breakawayseparationoccursfromthe airfoilleadingedge,and AFW
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Fig. 9 Sensed signalson NACA 0012 airfoil set at 14 deg angle of attack
(E-the most effective frequency for control).

actuation is ineffective. Hence, the actuation-induced increases in
velocity also diminish there. The effect of excitation maximizes
around 3 x 10° < Re. <5 x 10° because of an excitation-induced
reduction in size of the separation bubble. At higher Re, values the
effects of AFW actuation diminishes because the unexcited bound-
ary layer was still attached at @ = 14 deg. The effect of AFW actu-
ation maximized for the marginally separated cases corresponding
to o = 14 deg. Figure 11 shows the optimum excitation frequency f
based Strouhal number (St = fc/U,,) as a function of Re, for two
different membrane pretension levels. In both cases St convergesto
about230 as Re. increasesbeyond 5 x 10°. To understand the origin
of such a high optimum excitation frequency, the Strouhal number
isredefined as St; = f.s /U, where s is an appropriatescale of near-
wall geometrical features and U is the boundary-layer freestream
velocity in the vicinity of the point of actuation. For the experi-
ments describedin Fig. 11, U ~ 2U, and s =2 mm corresponding
to the center-to-centerdistance of the transducer strips. These yield
a St, value around 1.5, which is of order one. This confirms the role
of near-wall small-scale geometrical features in AFW flow con-
trol. The significance of Sz, ~ O(1) is that it represents a situation
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Fig. 10 Effect of AFW excitation at optimum frequencies on NACA
0012 airfoil between 0 <x/c <0.05 for 14 deg, velocity measured at
x/c =0.5, h/c =0.01 (h is the distance from surface).
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where the actuation-induced pressure fluctuations above a strip are
in phase with the pressure fluctuations induced by the motion of
the membrane above the strip immediately downstream as long as
the convection velocity corresponds to U (i.e., approximately the
velocity of the layer where velocity fluctuations at the excitation
frequency maximize as shown in Fig. 4). In all of the flow control
experiments, exciting two adjacent strips in phase at the aforemen-
tioned optimum frequencies either improved the control effect or
left it unchanged. The wall scale s can be modified if a separation
bubble exists near the point of actuation, or if the pretension 7 is
insufficient for holding the membrane in close proximity with the
transducer substrate. This shows up as the anomalous behavior of
the curvesin Fig. 11 around 3 x 10> < Re. <5 x 10°.

IV. Practical Applications

Based on an understanding of how the transducer controls the
flow, several practical uses can be envisionedas outlinedin Table 1.
To exploitthe unique microvibratoryactuationmechanism, applica-
tions need to be restricted to situations where 1) marginal separating
conditionscanbe ensuredatleastlocally and 2) suitablelocationsfor
actuation exist immediately upstream of the separation point where
the near-wall velocity gradientis approximatelylinear. Existing data
on cylinders and airfoils clearly demonstrate the capability of the
AFW transducerfor controllingboth steady and unsteady separating
flows. However, the system architecture for on-line control of un-
steady separationcan be expectedto be significantly more complex.
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Table 1 Possible applications of the AFW transducer
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Application

Estimated performance enhancement

Basis for estimate

Drag reduction through enhanced
pressure recovery on NLF wing

Stall detection and control on fixed wing aircraft

1) on main wings
2) on flap leading edges
3) on leading edges of vertical
and horizontal stabilizers
Detection of incipient unsteady separation on
rotorcraft blades followed by control
Delaying the onset of unsteady separation on
dynamically stalled blades and wings
Separation control on turbine-engine
axial compressor blades (stators
and rotors) and engine inlets
Control aeroelastic instabilities by
adaptively controlling structural
vibration-induced incipient separation
Reduce parasitic drag and
vortex shedding
Fluidic amplification device for
large-amplitude low-frequency
perturbations by modulating the
actuation signal

2-5% drop in drag

Increase stall angle by 5 deg and C-max by 10%
at low Reynolds numbers. Also reduce flow
unsteadiness by 50% or more

Safety enhancement by detecting edge suction precursors
to leading-edge suction-peaks and delaying their occurence

Increase stall angle and Cy-max at low to moderate
Reynolds numbers and rapid pitch rates

1) Control the onset of rotating stall.

2) Increase stage pressure ratios by 10%
without increasing bleed flow rates

Structures can be made lighter.
Can also be used to reduce noise and improve
efficiencies of propellers and fan blades

Reduce drag by 20% and eliminate
large-scale unsteadiness

1) Nozzle thrust vectoring

2) Enhanced fuel-air mixing in combustors

3) Jet noise reduction

4) Aerodynamic directional control

Preliminary flight tests

‘Wind-tunnel experiments on
statically stalled wings

‘Wind-tunnel experiments on
pitching wings

‘Wind-tunnel experiments on
pitching wings

Unsteady separation control experiments
for flows over a cylinder

Unsteady separation control
experiments for flows over
cylinders and airfoils

Unsteady separation control experiments
for flows over cylinders

Unsteady separation control
experiments for flows over cylinders

A. Preliminary Flight Tests

In view of the aforementioned considerations, one of the first
practical cases being investigated is using the transducer to re-
duce cruise drag on an advancednatural laminar flow (NLF)-0414F
airfoil > Typically, the extremely low-drag characteristics of NLF
airfoils suffer as a result of deviations in wing loading and speed
from ideal design conditions. The thicker-than-ideal wake results
from an existence of marginally separated flow near the trailing-
edge pressure recovery region. To investigate the effectiveness of
the AFW transducer in enhancing pressure recovery in such situa-
tions, exploratory flight tests were conducted. An AFW transducer
havinga 300-mm spanwise and 50-mm chordwise activeregion was
mounted on the lower surface of a 1.3-m chord NLF-0414F wing
of an experimental Global GT-3 trainer. The transducer array was
centered 71% from the leading edge. Sublimation tests on the wing
indicated a laminar-turbulent transition location between 50-60%
of the chord on the lower surface. Figure 12 shows typical measured
lower surface wing boundary-layervelocity profiles 74% from the
leading edge corresponding to a 55-m/s constant speed level flight
of the aircraft. The velocity profiles were measured with a wing-
mounted boundary-layertotal-head tube rake connected to an array
of individually calibrated pressure transducers. The individual tube
measurements had a £0.1% uncertainty. Exciting a 0.4-mm-wide
transducer strip located 68.2% of the chord behind the leading edge
at 20-kHz increased the velocitiesin the boundary layer as shown in
Fig. 12. The corresponding momentum increase, estimated by nu-
mericallyintegratingthe velocity profiles, indicateda dragreduction
of 2.7%. Turbulent fluctuations in the atmosphere can significantly
affect flight-test results by altering the base flow conditions during
the time interval between acquiring data for excited and unexcited
conditions. Earlier tests with a traversing wing-wake velocity probe
displayed about 1% drag reduction’? but showed large fluctuations.
Therefore, the present boundary-layerrake measurements were re-
peated such that the unexcited and AFW-excited boundary-layer
velocity profiles were recordedin quick successionduring the same
constant-speed pass. An analysis of these test data revealed an av-
erage increase in the momentum flux (i.e., pu?) of at least 2% with
a 97% level of significance. The optimum excitation frequency of
20kHz correspondedto St =478 and St, = 6. Halving the excitation
frequency to 10 kHz also indicated some drag reduction. However,
the effect disappearedat the intermediate frequency of 15 kHz. This
supports the explanation offered in Sec. III.B about the relevance of
St ~O(1).

The preceding results show that by applying the transducer to
both upper and lower surfaces of an NLF wing a potential for 2-5%

drag reduction exists. The advantage of using the AFW transducer
array for this applicationis that the location and frequency of actu-
ation can be changed according to wing loading, flight altitude, and
speed. This information can be stored in a look-up table, thereby
simplifying the control system architecture.

B. Additional Considerations for the AFW Transducer
1. Transducer Configuration

The construction of the flexible-wall transducer, as shown in
Fig. 1, suffers from certain intrinsic drawbacks. The discussionsin
this section pertain to design modifications aimed at removing these.
The first problem is that the thin air gap between the flexible mem-
brane and conducting-stripsubstrate needs to be controlled closely.
Because the gap is influenced by a balance between the electrostatic
attraction and local flow-induced suction, the maximum allowable
velocity for a particular application can be expected to be a func-
tion of the breakdown voltage of the dielectric membrane/air-gap
combination. This problem can be alleviated by pretensioning the
membrane mechanically, such that the tension maintains the gap
when the transduceris applied to a convex surface. However, if the
gap becomes too small actuation amplitudes are constrained. This
can be circumvented by using varying height strips. The membrane
typically rests on the tall strips. The difference in heights between
the tall and short strips sets the air gap.

A simplified dynamic model of the transducer’® indicated that
actuation efficacy increases with a reduction in strip width. Thus,
reducing strip widths from 1 mm down to perhaps 30 um through
microfabrication will definitely be beneficial. An additional benefit
of reducing strip width is the improvement in efficacy afforded by
an ability to introduce the actuation more accurately with respect
to the flowfield. This can be expected to be crucial for leading-edge
separation control on thin airfoils, which have large streamwise
variations in the pressure gradient.

2. Transducer Materials

The material of the flexible membrane needs to be chosen care-
fully because it not only has to be sufficiently flexible and light, but
also has to have the requisite dielectric properties and resistance to
degradation from exposure to the environment. A study by Laird**
recommended a composite consisting of a base layer of dielectric
rubber coated with a thin layer of aluminum and topped off with a
thinlayerof polyethyleneterepthalate(PET or Mylar) as the material
for the membrane for external aerodynamic applications. PET films
are not subject to degradation by ethylene glycol, a commonly used
deicing fluid and are not degraded by UV light. The PET constrains
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Wing Boundary Layer Velocity Profile
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Fig. 12 Velocity profile downstream of AFW transducer mounted
on lower surface of NLF-0414F wing of global GT-3 test aircraft
(Re, =4.8 x 10%). Strip at x/c =0.68 excited at f =20 kHz, or St =478,
or St; =6.

the useful operating temperaturesbetween —40-115°C. The rubber,
although susceptible to UV degradation,is shielded by the metallic
layer in this configuration. Additionally, the rubber can have a sys-
tem of microstructured grooves in order to customize the effective
damping and compliance of the transducer?’

3. Control System Architecture

If the AFW transducer is used to control steady or quasi-steady
separation processes, the sensing feature of the transducer elements
will only be needed to establish the criteria for excitation. A simple
open-loop control can be used as outlined in Sec. IV.A. For on-line
separation control, however, the control architecture for this device
needs to be somewhat unique because the same transducerelements
serve as sensors as well as actuators. The controller has to keep
track of the mode of each transducer element, deduce the possi-
bility of an upcoming flow separation, and actuate the appropriate
strips to defer it. Although this may present itself as a formidable
problem, it is expected to be significantly less complex compared to
using sensor-actuator systems for turbulent skin-friction reduction
through the mitigation of ejections and sweeps. First, only one or
two strip-shaped transducer elements need to be used as actuators
at any given instant. Second, it may be possible to simplify the sep-
aration detection process into a few simple steps, each requiring
data from a limited number of sensors. For example, it has been
observed from experiments on pitching airfoils that wall-pressure
fluctuation amplitudes increase substantially as the separation point
is approached both in space and time.? This can be used to focus
attention on perhaps 4-10 sensor strips in the neighborhood of the
separation point. Finally, a neural net can be trained to predict the
appropriate actuation frequencies, amplitudes, and locations from
the data.

SINHA

V. Concluding Remarks

A capacitively actuated AFW transducer has been developed
for controlling aerodynamic boundary-layer flow separation. The
transducer consists of a flexible membrane stretched over an array
of strip-shaped electrodes. The interaction between the separating
boundary-layer flow and the flexible membrane is different from
other oscillatory flow control devices because it utilizes a flowfield-
induced amplification of the microscale actuation of the membrane.
The velocity profiles and pressure distributions have to meet fairly
stringentrequirements for the AFW transducer to be effective. The
most effective frequencies for control are also considerably higher
compared to oscillatory blowing or oscillating microflaps. For the
AFW transducer these coincide approximately with vortex shed-
ding frequencies corresponding to the near-wall geometrical fea-
tures corresponding to St, ~ O(1). Control efficacy drops if these
also coincide with the natural frequencies of the membrane corre-
sponding to the most energetic flexural modes. Hence, designing the
transducer for a particular applicationinvolves selecting the proper
combinationof membranetensionand strip spacingon the substrate.

Proof-of-conceptwind-tunneland flight experiments have shown
that the AFW transducer can control steady and unsteady separat-
ing flows over cylinders and airfoils. The power consumption for
actuating the transduceris very small. The transducer can work for
transitionalto turbulent flows as long as the conditionsfor actuation
are met. For turbulent flows AFW actuation is most effective when
introduced during the transition process. Exciting the transducerin
this manner modifies the boundary-layerflow structure by increas-
ing the mean velocities while reducing overall turbulence levels.
Althoughitis possibleto use this transducer for real-time control of
unsteady separating flows by combining the sensing and actuating
functions, the control system architecture can be greatly simplified
for situations when real-time control is not needed. Additionally,
the compatibility of the transducer materials with the operating en-
vironment has to be ensured.
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