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A preliminary  investigation
uses an adaptiv e actuator
whic h results

static mo de, e®ects of prole perturbations

of a wing with a conformal
moun ted in ternally
in a change in the e®ectiv e camber by increasing
and moving the location of maxim um thic kness aft.
altered contin uously , this allows the wing shap e to be either
are tested

camber is discussed. The wing
the shap e of the suction surface
the maxim um thic kness
Since the actuator motion can be
static or dynamic. For the
in a wind tunnel and tow tank to

to alter

determine the change in wing exciency due to variations in the camber at low Reynolds
number. Various actuator locations and frequencies are tested from Re = 2:5¢10% to
Re= 2¢10° at varying angles of attac k. Preliminary — comparisons are made with numerical

predictions to demonstrate
the dixcult y of predicting
with 5 mo dular span-wise
was constructed.  The dynamic

separated

Nomenclature

o Chord length

Re. Reynolds number basedon length c
f Actuation frequency Hz

St Strouhal number

U Freestreamvelocity

® Angle of attack, deg

° Viscosity

Intro duction
Range of Interest

In this paper we are concernedwith wings which
must operate in a rangeof Reynoldsnumbersfar belov
those encourtered in the usual practice of aeronautical
design! Designof wings for useat low Reynolds num-
bers is motivated largely by the increasedinterest in
small-scaleair vehiclessudch as Micro Aerial Vehicles,
and Unmanned Aerial Vehicles (* AVs and UAVs)?
as well as advanced methods of °ow cortrol.® Low
Reynoldsnumber °ight alsois of interest in the design
of vehiclesof ordinary scalefor usein the earth's up-
per atmosphere,and potentially for °ight within other
atmosphereswherethe kinematic viscosity is drivento
high valuesby low ambient density.

Sea-lewel °ight of * AVs will require wings to oper-
ate at Reynoldsnumbersin the rangefrom 10* to 10°.
Sud devicesmust be small in order to avoid detection
and destruction on the battle eld. Their size should
be on the order of 10 cm. Their speedis alsolimited to
one at which their on-board sensorscan gather useful
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the e®ect of adaptiv e wing shaping on °igh t performance and
‘ow at low Re.
sections each with a separately
e®ects are curren tly being examined.

For the dynamic mode, a wing
controlled internal actuator

intelligence. On the other hand they may be expected
to have a limited life, and may therefore exploit power
technologieswhich provide high output for short peri-
ods.

For operation at relatively low altitudes, the require-
ments for UAVs are less stringent. They are larger
than * AVs, may °y somewhatfarther from their tar-
gets, and may thus °y faster and still gather clear
imagery. They operate in a Re rangeof 10° to 10°. As
they °y at higher altitudes, howewer they encourter
the low Re e®ectsfrom low density, and may indeed
have to deal with high Mach numbers as well.

The dixcult y with the operation of a wing at low
Reynolds number is that the inevitable adverse pres-
sure gradiert is encourtered at a point at which the
boundary layer is quite likely to still be laminar. Since
a laminar boundary layer is incapable of negotiating
any but the slightest adverse pressure gradiert, the
°ow will separate. The separated °ow then transi-
tions to turbulence, ertrains °uid and re-attachesto
form a turbulent boundary layer. The resulting struc-
ture is the laminar separationbubble ("gure 1) and has
beendescribed nicely and brie®y by Lissamarf and at
greater length by Charmichael®

If onemeasuresairfoil performanceasthe ratio of lift
to drag (L/D) then theselaminar bubbles make static
airfoil performance fall o® by more than an order of
magnitude as Reynoldsnumber drops from 10° to 10°.
The problem, then, for the wing designerwho must
work in this range of Re is to control and limit the
formation of thesebubbles. Such may be accomplished
through °ow control. The parameter spaceis shavn
in "gure 2 adapted from Lissaman?
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Flow Control

The majority of °ows of scierti ¢ interest or prac-
tical use are by nature turbulent and thus have both
time dependencyand non-linearity. This makesthem
generally unpredictable (though steady-state approx-
imations can be made which may closely model the
°ow). The cortrol of the °ow “eld is then a non-trivial
problem in all but the simplest of cases.Though °ow
cortrol may be generally de ned to be any method by
which the behavior of the °ow is modi ed, in this con-
text we refer to the detailed manipulation of a °ow
“eld to achieve a desiredchangein some°ow parame-
ter, such asthe control of separationor an increasein
turbulent mixing. This can be either passiwe or active.
It is the latter which is of more interest, sinceit has
the ability to respond to changesin the ow eld dy-
namically. Howevwer, it alsorequiresthe expenditure of
energy and usually requiresthe °ow to be monitored.

As a designtool, active °ow cortrol is not yet a ma-
ture technology, but the lure of its many practical uses
makesit a much researded area of °uids engineering.
By °ow control we mean any method by which the
behavior of the °ow is modi ed. We are particularly

interested in the detailed manipulation of the °ow to
control some °ow parameter. In our application the
parameter of greatestinterest is separation. We desire
to modify the °ow in order to minimize separation,
and thus maximize lifting exciency of a wing.6 Our
range of interest is just that range where separation
causesthe most dixcult y. That is, the low-Reynolds-
number regime where separation beginsin a laminar
boundary layer and spreadsover a signi cant portion
of the wing.

Flow cortrol canbe either passiwe or active. It is ac-
tive °ow cortrol that interestsushere. Active methods
require an expenditure of energy but they canrespond
rapidly to changesin the °ow "eld. Sud changes,of
course, require monitoring of the °ow “eld in order
to respond to it, but bene'ts of aerodynamic tailoring
can be exploited if the responseof the active systemis
fast enough?

Activ e °ow cortrol is not a mature technology, but
there are numerous signs, which show promise. Con-
tinuous blowing and sudking have long beenshown to
have pronounced e®ects. More recertly intermittent
blowing and suding in the form of synthetic jets have
shown their e®ectiveness’-® Theselatter methods also
suggestisweet-spots" in the rangeof frequencyinputs,
which may translate to other oscillatory inputs.

Dramatic e®ectscan be produced through medan-
ical momertum transfer as has beenshown in various
experiments.® 1% Flow has beenenergizedacoustically
and medanically. Finally one can cortrol the °ow
over an airfoil by changing the shape of the foil itself.
Sud an approach employs an adaptive wing.!*
Adaptiv e Wings

By an adaptive wing we meanonewhich can change
its shape to adapt to °ow conditions. Simple exam-
ples of wing adaptation include simple °aps, droops,
and slats which allow a wing to adapt to the di®ering
demandsof di®ering °ight regimes. Such simple adap-
tations can be thought of as a seriesof static airfoil
shapesa given wing may take on.

The kind of adaptation which interests us in the
presert paper is that in which the rate of actua-
tion is rapid, and may be able to respond quickly
enough to arrest or limit the formation of laminar
separation bubbles. Sud speedseither require large
forces, or light-weight actuators or both. Di®erert
approades span the range of mecanical actuation
techniques!? 26 Sincewe areinterestedin * AVs which
are small and light, a natural choice for our wings is
the use of piezcelectric actuation. There have been
seweral other attempts to in°uence °ow over surfaces
using piezcelectric devices*

Exp erimen tal Approac h

The guiding philosophy of adaptive wing design
is to 'nd the most cost-etcient system using cur-
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Fig. 3 A portion of an adaptiv e actuator using
piezo electric material. This specic design o®ers a
good balance between force and de’ection.

rent or nearly available technology. Sewral consid-
erations must be taken into accourt when designing
this subsystem. Theseinclude cost, weight, frequency
response, force/de°ection, and easeof cortrol. Piezo-
electric actuators o®era good balance between these
concerns. They also lend themseheswell to novel ap-
plications. Such a designis shavn in "gure 3. A device
such asthis is currently under developmen for usein

helicopter blades?* A piezcelectric material is bonded
to a substrate. When a voltage is applied to the smart
material, the actuator de’ects. This deection is eas-
ily cortrolled by the input voltage. In addition, this
system can also be used as a sensor by measuring
the output voltage for a given force/de°ection input.

Thus, this technology can be typically sene dual func-
tions.

Experiments with a circular-arc airfoil suggestthat
an airfoil with oscillating camber will produce a higher
lift coexcient than the sameairfoil at any xed cam-
ber setting.?” The preseri experiment will attempt
to extend this "nding to airfoils of more ordinary and
more excient cross-section.

Adaptiv e Wing

The adaptive wing designis basedupon a test arti-
cle constructed by Pinkerton and Mosesasa feasibility
test for drag reduction.?® A molded airfoil section is
constructed with a recesscut in the upper surfaceto
receive a THUNDER ! actuator as shown in “gures 4
and 5. The Thunder actuator is mounted in such a
way that it is even with the un-recessedairfoil section
when it is at its smallest e®ective radius (when it is
most curved). A thin plastic sheetis then placed over
the actuator to smooth the proTe, and then the entire
assenbly is wrapped in a latex membrane to hold it
together and provide a seamlessouter surface. When
the THUNDER is at its smallest e®ectie radius, the
assenbly has the same cross-sectionas the base air-
foil; and we expect the °ows and the coezcients of lift
and drag to be the sameasthe baseairfoil. When the
THUNDER is shifted to its greatest e®ecti\e radius
(closestto being °at) it protrudes through the upper
cross-section. The plastic sheetand latex membrane
smoothes the upper surface and the e®ective canmber

IManufactured by Face Corp, Norfolk, VA.
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THUNDER

a) Velocity.

RAISED MEMBRANE

THUNDER

b) Vorticit y.

Fig. 4 Adaptiv e wing with actuator in stowed and

extended con guration.

Fig. 5 Adaptiv e wing module. Covering is re-

moved to show the actuator beneath.

of the upper surfaceis increasedand the point of max-
imum thicknessis moved aft.

Five identical modular wing sections were con-
structed as shown in "gure 5. These can be placed
end-to-endalongwith wing-tip capsto construct a sin-
gle wing with up to 5 separately controlled actuators.
Each modular wing sectionhasa chord of 8 inchesand
a width of 3.25inches, giving the completed wing an
approximate maximum span of 17 inches with wing-
tips. Shorter wings canbe built from fewer modulesto
test the e®ectsof aspect ratio. This is shown in "gures
6and?7.

The modules eadh contain a single THUNDER 7R
piezcelectric actuator. Thesehave an operating range
of -300V to +600V and produce de’ections at the tip
of nearly a certimeter. The THUNDER actuators are
driven by either an HP E3631A DC power supply or
an HP 33120Awaveform generator passedthrough an
array of Physik Instrumente Pl model E-107 high volt-
age ampli ers. These have a xed gain of 100. The
ampli"ers have beenmodi ed to producea range from
-270V to +730V. They have a built-in DC bias set-
ting so an o®setcan be applied to nearly match the
asymmetric range of the actuators.
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Fig. 8 Wing perturbation proles.

In addition to the actuated model, a seriesof ve
solid models matching the predicted proles for the
range of actuator settings were made for additional
testing. These models were made of solid plastic and
could beimmersedin water. The modelsare identi ed
by the e®ectiwe radius of the actuator, which ranges
from 4 to 8 inches. The proles of foils 4, 6, and 8
are showvn in gure 8. The baseprole is a NACA
4415. The 4415 was chosen since it provided suz-
cient thicknessto make room for the actuator and its
attachment “ttings, and becauseit is a relatively °at-
bottomed foil. The prole wasthem modi ed slightly
to make the bottom truly °at to easesurface nish-
ing the models. The foils are eight inchesin chord,
and the modeled actuator has the leading edge of its
active surface 1.1 inchesbehind, and .66 inches above
the leading edgeof the chord line. It is placed sothat
its tangent at the leading edgeis 20 degreesabove the
chord angle. Solid models were then constructed for
actuator radii of 4, 5, 6, 7, and 8 inches.

The in-wing actuator has a maximum range of dis-

\_// placemen at a frequencyf up to approximately 25Hz

depending on the applied force. After this frequency

piezo actuator each module

3.25
ach module

:

is exceededthe displacemern drops signi cantly. The
% w reduced frequency of the camber oscillations is given
by the Strouhal number

Fig. 6 Wing plan-form with modular sections -
each section has a separately controlled actuator. fc

Sincetests are conducted at di®erert velocities corre-
sponding to identical Re in two di®eren mediums, it
is necessaryto relate this to the chord-basedRe given
by

U, c

(o]

Re=

Combining the two relations, we seethat

1 fc?
t= —(——
St= mg(%)
This allows a range of St up to 0.11for the testsin air
at Re= 5¢10° and up to order 1 if Re is reduced by
an order of magnitude. Corresponding tests in water
at a similar Re would give St up to 1.6 for Re = 5¢10°

and 16 for Re = 5¢10%.
Fig. 7 Wing plan-form with modular sections -

each section has a separately controlled actuator. Wind Tunnel
The Low-Speed Wind Tunnel (LSWT) is a low-
turbulence open-circuit blow-down wind tunnel. A 7.5
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Fig. 9 Tow Tank setup. The wing is moun ted

between two end plates whic h are attac hed to the
carriage.

hp motor powers a radial fan. Upstream of the nozzle
a vibration damper, °ow straightener and turbulence
damping screenscondition the °ow. The nozzle has
a contraction ratio of 6.7, neking into a 0.2 m£ 0.4
m test section. The test section is constructed from
1/4" thick clear polycarbonate and hasa 3 componert
balancefor lift, drag, and pitching momert measure-
ments. The maximum velocity in the test section is
35 m/s. Corrections were made for blockagein accor-
dancewith Barlow, Rae and Pope 8

Flow visualization is usedin the tunnel to obtain in-
formation regarding the separationregion. The smoke
wire technique as described in Batill and Mueller is
used?® A 0.005inch steel wire is stretched across
the tunnel section and coated with a dyed oil. The
wire is heated using a 50 VDC supply. Fine streaks
of smoke are momertarily produced. The °ow speed
is limited by the wire Reg which must be kept low
to prevent vortex shedding; typically Rey < 50. The
°ow is illuminated from the side using a halogenlamp
and the streak-lines are recorded with a Sory XC-55
CCD cameraand a Meteor PCI frame grabbing soft-
ware with a PC in real-time. Resulting movies made
from the image captures can be usedto deduce the
separation location and separation bubble size. Since
the upstream °ow is laminar, the point at which the
streak-lines nearest the surface begin to break down
can be usedto determine the transition location.

Tow Tank

A miniature towing tank is used for the current
experiments as shavn in ‘gure 9. The tank is ap-
proximately 4.0 m long and 0.38 m wide and deep.
A traverseis pulled along the top of the carriage via
two shafts extending the length of the tank. A syn-
crhomeshpulley system and timing belts are usedto
prevent slippageand allow maximum repeatability. A
1.6 kW (2 hp) motor drives the carriage system al-
lowing the traverseto move up to 5 m/s. Models are
suspended in the tank from the traversewith 3 mm
thick streamlined struts. The wing is mounted be-
tweentwo plexi-glass end plates which are connected
to the struts.

AIAA-2001-0293

A 5W Argon-lon laseris usedto create a lasersheet
acrossthe length of the tank. The laser sheetis "xed
relative to the laboratory referenceframe, asshawvn in
“gure 9. Silver-coated hollow glassspheres101m in
diameter are used as tracer particles. A Pulnix TM-
6701with a square-pixel CCD array (684£ 484 pixels)
and a frame rate of 60/120 Hz is usedto imagethe °ow.
Imagesare captured real-time to a PC using a Matrox
Pulsar PCI frame grabber. LPT is usedto extract the
two-dimensional velocity and vorticity “elds from the
imagesas described below.

The Lagrangian parcel tracking (LPT) algorithm
developed by Sholl and Savas® is usedto determinein-
stantaneous°ow "elds from the tow tank experiments.
The LPT algorithm regards seedingpatrticles as °uid
parcel markers and tracks both their translations and
deformations. During this tracking, °uid parcelsreg-
istered by individual CCD pixels are advected with
individually estimated velocities and total accelera-
tions. The velocity "eld neededto initialize the LPT
processis obtained from a standard DPIV algorithm
which uses multiple passes,integer window shifting,
and adjustable windows. Both the LPT and DPIV al-
gorithms employ a rigorous peak-detection schemeto
determine velocity vectors and use the local velocity
gradient tensor to identify spurious velocity vectors.
We have found that the LPT algorithm works well in
the °ow eld of a vortex which is characterized by high
deformation rates where DPIV algorithms are plagued
by biasing and limited dynamic range. No smooth-
ing algorithms or other post-processingtechniquesare
employed on the data. In the tow tank data, vorticit y,
being a componert of the velocity gradient tensor, is
calculated spectrally at ead grid point asan intrinsic
part of the LPT algorithm.

Preliminary Results

Both °ow visualization and force measuremets
were taken in the wind tunnel. The actuated posi-
tions stall earlier than the un-actuated position, but
for both actuated positions there is an increasein the
lift coexcient after the initial stall angle as ® is in-
creased.Wind tunnel measuremets show a dramatic
increasein both lift and drag. For modest displace-
mernts, pro le perturbations have a negative impact on
airfoil exciency. This trend is reversedas the maxi-
mum actuator displacemet is reached, however. Force
measuremets are not preseried in the presen paper.

PIV measuremets in the tow tank reveal that sep-
aration over the airfoil is highly dependert upon both
Re and geometry Results are showvn for ® = 0* and
®= 12* for Re= 2:5¢10° in gures 10and 11, respec-
tively. In "gure 11, separation rst increasesas the
actuator is displaced and then decreasesonce maxi-
mum displacemernt is achieved. Separation is clearly
seenat the lowest Re for all 3 wings.

The plots illustrate two points. (1) Slight varia-
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a) Min displacemen t.

a) Min displacemen t.

b) Mid displacemen t.

b) Mid displacemen t.

C) Max displacemen t.

Fig. 10 Results of tow tank tests for three static
wing con gurations at Re= 2:5¢10° and ®= 0*.

tions in geometry (here, an approximate increase of
3% in maximum thickness) can have a large impact
in the aerodynamic performance. (2) More impor-
tantly, prediction of aerodynamic parameters at low
Re is problematic at best, requiring experimerts that
examinethe performanceof airfoils in this Re range.

Flow visualization using smoke at Re = 2:5¢10* are
shown in “gures 12 and 13. They clearly show laminar €) Max  displacemen  t.
separationevenat ®= 0*. At this low Reynoldsnum-  Fig. 11 Results of tow tank tests for three static
ber the °ow transitions beyond the trailing edge,and  wing congurations at Re= 2:5¢10° and ®= 12,
no re-attachment occurs. Static de°ection of the actu-
ator had a negligible e®ecton the sizeof the separated
°ow, but an oscillating actuator had a pronouncedef-
fect. At ® = 0* the optimum frequency was 15 Hz.
(SeeFigure 12.) For the caseof ® = 9* the separated
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region was dramatically reducedover a range from 20
Hz to 60 Hz with the maximum reduction at 45 Hz.
(See gure 13))

Summary
As this is an exploratory study, there are plenty of
avenuesto explorein the nearfuture. In particular, we
plan on measuringthe °ow "eld above the wing with
oscillating actuation using PIV.
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a) No actuation.

b) Actuation at f = 15 Hz.

Fig. 12 Re= 25¢10*, ®= 0*.
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a) No actuation.

b) Actuation at f = 45 Hz.

Fig. 13 Re= 2:5¢10*, ®= 9*.
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