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ABSTRACT

The present paper discusses results of experiments on flow
control using an adaptivecircular arc airfoil. A modified THUN-
DER actuator (piezoceramic bonded with a metallic substrate)
serves as an adaptive airfoil that alows leading edge displace-
ments of approximately 1 cm. The airfoil’sradius of curvature
R: isvaried by atering the voltage applied across the upper and
lower surfaces. The maximum input voltage varies R; +2% re-
sultinginavariationinthelift coefficient C; of approximately 7%
at afrequency upto 25 Hz. Resultsof wake mitigationand flutter
control tests are briefly discussed.

INTRODUCTION

Flow control, particularly active flow control, represents the
sine quanon of applied fluid dynamics. Asagenera designtool,
flow control isnot yet amaturetechnol ogy but thelureof itsmany
practical uses makes it amuch researched area of flow engineer-
ing (e.g., see Wygnanski (1)). Much of theresearch in active flow
control has focused on using blowing and/or suction or MEMS
devices attempt to essentialy ater the boundary layer on the sur-
face to control the flow. In essence, the devices actively ater the
flow so that it adaptsto the geometry. One may takethe opposite
approach, however, where the surface geometry actively adapts
to changing flow conditions. Thisisthe case we are interested in
here.

Adaptive wings, i.e., wings whose shape can be dtered in
flight, have the promise of revolutionizing aeronautics (e.g., (2)).
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Recent research has been conducted into adaptive airfoils from
both theoretical and engineering standpoints. While the bene-
fits of an airfoil whose geometry is variable in flight is readily
seen, the current state-of-the-art 1acks the stringent requirements
for practical application. Thisis exacerbated since the complex-
ity of the problem often calls for examinations of potentia adap-
tive systems from a single perspective rather than considering the
physics of the whole system; viz., aerodynamics, structura dy-
namics, and control. Thisincludeswork such asthe devel opment
of flexible airfoils whose thinness precludes structura develop-
ment with current materials or wings with bulky and heavy ac-
tuation systems which negate the benefit of the adaptive design.
However, recent devel opments have shown that aviable adaptive
wingisin the foreseeable future.

The primary motivefor atering wing geometry istoimprove
airfoil efficiency in off-design flight regimes. This concept is
a standard implementation in most modern aircraft designs and
takes the form of flaps which change the wing area and/or effec-
tive camber. A polymorphwing (variable planform) and variable
pitch or incidence are also proven methods of wing adaptation.
Adaptive concepts have taken many forms and names, including
deformable, flexible, and active, in addition to those previoudy
mentioned. In this paper, however, we will use the term adap-
tiveto indicate an airfoil whose actual (as compared to effective)
profile can be atered during flight.

Theideal use of an adaptive strategy allowsthewing to vary
its geometric parameters in flight during encounters in situ of
changing flow conditions such as wind speed or direction. As
much of the governing principles of the unsteady fluid/structure
interactions are unknown, extensive research into the physicsis
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necessary, including thedynamicsof seriesadaptivepaneling, the
actuation and control of an adaptive wing in flight, and real-time
unsteady aerodynamic measurement and analysis. It isthe dy-
namics of the fluid/structure interface that interest us here, pri-
marily the aeroelastic transient coupling of thevaryingairfoil pa
rameters and the unsteady flow. Asthe wing changes geometry,
the flow will rapidly follow these changes. However, since the
flow isacontinually evolving structure, the altered flow field can
interact with the wing in a nonlinear fashion. To determine the
desired singular or periodic variations in wing geometry a pri-
ori, itwill be necessary tofirst understand the underlyingphysics.
The number of variablesresultsin an inordinately large parame-
ter space which suggests the use of simulationsshould beused in
tandem with any experimental investigation.

Range of Interest

The qualitative aerodynamic characteristics of low Re flows
are typicaly vastly different than those normally seen in typica
aerodynamic and aerospace applications(3; 4). Slight changesin
theflow speed can have large effects on theflow over agiven air-
foil, most notably severe changesin L/D ratio. The wing shape
can be specificaly tailored for a certain Re, but designing for a
larger range of Re will degrade performance for a specific wing
velocity. Two classes of aircraft fly in the low to moderate Re
range: Micro Aeria Vehicles (MAVS) and Unmanned Aeria Ve-
hicles (UAVs or RPVS). Inthe former case, Re may range from
10*— 10° and lower if hovering/loiteringvehicles are considered.
Inthelatter case, Re typically increases from 10° upwards to 108
and higher for thelarger faster aircraft. Dueto the nature of these
vehicles, the technology described herein iswell suited for AV
and UAV application inasmuch as the Re range of these vehicles
allowsthe flow to be easily adjusted using wing shaping (16).

Sub-scale air vehicles such as pAVs and UAV's often have
the disadvantage of lower lift capabilities dueto reduced size but
increased wei ght penalties due to aminimum size of control sur-
faces. The primary advantage of a AV isitssmall size alow-
ing it to go unnoticed on the battlefield. It isidealy suited for
covert operations where surprise and advanced intelligence are
key components of a successful mission. The size limit of HAVSs
aretypically given aslessthan 15 cm in maximum length (5; 16).
For a standard wing planform, this gives a span of b = 15 cm.
If a moderate aspect ratio of 4 is assumed and the vehicleisto
move at arelatively sow speed, say 10 m/s, an estimate for even
highlift coefficientsresultsinlift forces ontheorder of 0.5N (0.1
Ibs) or less. Thisweight leaves little room for egquipment, let
alone the vehicle structure and powerplant itself. And if the ve-
hicle were to encounter a gust in the same direction as flight, the
vehicle would probably crash. Since pAVs are still in the early
development stages, issues such as operation, safety, reliability,
robustness, affordability, packaging and other operational factors
cannot be adequately discussed.
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Figure 1. Range of interest on the Re-M diagram.

As on option to PAV utilization, an adaptive wing can be
installed on a UAV/RPV. This has many of the same character-
istics of a HAV, only on a larger scale. UAVs are typicaly de-
signed for a single mission in mind, usualy long-range cruise.
For UAV swhich have varied mission goals, however, such asloi-
ter, encounter, and then rapid return, the vehicle may experience
avariety of flight regimes. An adaptive wing would be an ided
lifting system for such a vehicle. While it would be possible to
retrofit an existing UAV with an adaptive wing, it would proba-
bly be more cost efficient to design a new UAV around an adap-
tivewing system.

Adaptive Wing Developments

One of the early departures from the philosophy which
treated aircraft wingsasrigid structures discussed the advantages
of structural tailoring in aircraft (6). This approach takes advan-
tage of characteristics such as structural anisotropy and elastic
coupling to enhance a particular structura response. This ap-
proach to airfoil design has been demonstrated to yield signifi-
cant benefits. It provided the framework for subsegquent investi-
gations that added active el ements to improve upon the already
significant benefits of structural tailoring. Further studies exam-
ined in detail the interaction between aerodynamic forces, struc-
tural forces, conventional control forces, and an additional con-
trol force arising from inclusion of active materias in the wing
structure (7). A mathematical foundation was presented that ar-
gued that the inclusion of active materials in the wing structure
could be used to advantageto increase wing speed divergence, re-
duce gust loading, and change lift effectiveness. Itisclear that an
ability to control these wing characteristicsin a practical fashion
would lead to awing design whichisbeneficial to aircraft perfor-
mance.

Actived ementswere added | ater to enhance structural tailor-
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ing effects (8). Thiswork wasalargely experimenta study where
the static shape of a prototype F-14 wing cross-section was con-
trolled with an array of linear actuators that acted as both wing
spars and actuatorsto control wing shape. The stated goal of this
study wasthe reduction of shock-induced drag in transonic cruise
and multi-DOF shape control was demonstrated that could poten-
tially address this problem.

Modeling of aerodlastic structural tailoring and adaptive
wings (those that incorporate active materials) were more fully
examined using athick walled composite beam representative of
the structure of a modern aircraft wing (9). The wing modd in-
cluded anisotropy and coupling to alow structura tailoring and
active layers to provide shape control. The results of this exten-
sive modeling effort indicated that the combination of structural
tailoring and adaptive wing shape control can improvethevibra-
tional and static aeroel astic response of aircraft wings.

The papers mentioned above represent an overview of the
early work in adaptive wing modeling. This area has matured to
the point where significant experimental verification work isnow
taking place. Recent tests of a piezoel ectric actuator driven adap-
tive wing were used to demonstrate active flutter control (10).
Alsodiscussed were testsinvestigating alleviation of vertical tail
buffeting and wing shape control using piezoel ectric actuatorsap-
plied to load-bearing structura members. Development of wind
tunnel models and results of wind tunnel tests of adaptive wing
models have also been demonstrated (11; 12; 13). Both investi-
gations lend credence to the basic concept of the adaptive wing
asapractical design option for an aircraft wing. An adaptive air-
foil design designated the Dynamically Deforming Leading Edge
(DDLE) airfoil variestheleading edge radiusin flight by stretch-
ing its thin composite skin (14). The primary objective for this
development isto achieve effective flow control over the airfoil
through the reduction of strong adverse pressure gradient that
leadstowing stall. Recent investigationsinto flexiblewingarchi-
tectures have shown the possibility of their use in adaptive wing
technology as well (15; 16).

Smart Materials

Conventional means of wing shaping require in-wing actua
tors and additional lifting surfaces. These are typicaly rigid at-
tachmentsto the main wing and theprofileisatered to an equiva-
lent profileby grossadjustments. Thesearetypically only goodin
asmall range of Re and M. To ater thewing profilein situ, inter-
nal actuators can be used to adjust such parameters as camber and
thickness, but the adjustments are typically small and the actua-
tors heavy. Thus, the benefits of wing shaping were outweighed
by its added weight penalties.

Smart materials offer a more cost-feasible solution to this
problem. The most common of smart material actuatorsare made
of piezoelectric materials such as zinc oxide or lead zirconate ti-
tanate. These are based upon the piezoelectric effect where a

piezoceramic

E bonding
substrate %

movement movement l +

Figure 2. Piezoelectric THUNDER actuator.

A portion of an adaptive actuator using piezoel ectric
material. This specific design offers a good baance be-
tween force and deflection.

force is generated by a piezoe ectric material when a differential
voltageisapplied. These have to be made relatively thick to pre-
vent dielectric breakdown. Piezoelectric actuators can take many
forms such as stacks or bimorphs. Both have been used with
success in the construction of flaps for airfoils (17). These can
be used aone or in conjunction with traditiona systems, such as
hydraulic or mechanica actuators. Piezoelectric actuators have
been used by Clement et a. (18) for usein helicopter blade flaps.
Other smart materials used in airfoil applications include shape
memory alloys (SMA) such as Nitinol. These are metals that
change shapewhen thetemperature of the material changes. This
can beaccomplished by electrical current heating or Joule heating
and then alowing the system to cool. Upon cooling, the materia
returnsto itspreviousunheated shape. Thissystemisparticularly
suited for use in hydrofoils where cooling is rapid (19). While
the same precise control istypicaly not comparabletoaMEMS
device, the cost-savings benefits are worth the small reductionin
performance.

In essence, control of the adaptive airfoil is profile planning.
The control system is responsiblefor adapting thewing shapefor
any given flight condition, such as maximizing the lift/drag ra-
tio. A simple control system can be utilized in much the same
manner as controlling conventional ailerons: dlight alterationsin
theairfoil profile (camber) givefeedback through changesin mo-
tion. A truly adaptive system requires a more complex control
system, however. Ideally, theairfoil profilecan bearbitrarily cho-
sen based upon current flight conditions. The profile can be de-
termined from a pre-chosen map based solely upon known flight
conditionsor a more complex system can measure and/or calcu-
late the pressure distribution on the current airfoil and optimize
the shape rea -time (figure 3).

TEST BED
Piezoelectric Arc Airfoil

The guiding philosophy of adaptivewing designistofind the
most cost-efficient system using current or nearly available tech-
nology. Severa guidelines must be considered when designing
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Figure 3. Control functional block diagram.

Control FBD at itssimplest level. The purpose of the
wing control systemisto determineif and what changes
should be made from readings of normal aircraft sensor
input. This requires extensive training of the wing sys-
tem with an associated profile database.

this subsystem. These include cost, weight, frequency response,
force/deflection, and ease of control. Piezoelectric actuators of-
fer a good ba ance between these systems. They aso lend them-
selveswell to novel applications. Such adesignisshowninfigure
2 Such adevice is currently under development for use in heli-
copter blades (18). A piezoelectric material is bonded to a sub-
dtrate. When avoltage is applied to the smart material, the ac-
tuator deflects. This deflection is easily controlled by the input
voltage. In addition, this system can also be used as a sensor by
measuring the output voltage for a given force/deflection input.
Thus, thistechnology can be typically serve dua functions.
Theliftfor acircular arcairfoil at zero angle of attack can be
determined from potential flow theory and is given by

L = 4rR.pU2sin?(q/4) (1)

where R istheradius of curvature and @isthe subtended arc an-
gle. This can bewritten in terms of chord-length c as

L~ ZRpU%(c/Ro)’ ®)

or using the definition for section lift coefficient,

L
C=1— ©)
$pU2c
this can be written as
TIC
C= R, (4)
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Figure 4. Leading edge displacement.

Displacement of theleading edge versus voltage poten-
tial.

Thus, as R; — o, C; — 0, or theflat plate solution.

A piezoceramic actuator serves asthe adaptiveairfoil. Itisa
modified THUNDER (thin-layer composite-unimorph ferroel ec-
tricdriver and sensor) actuator withc=9.7cmand b/2=7.1cm.
It hasathicknessof .064 cm (0.025in.). Thetypical displacement
isapproximately 1 cm at maximum allowableinput voltage. The
baseline (zero potential) radius of curvature R of theairfoil is16
cm. R isvaried by changing the voltage applied across the arc
airfoil. Themaximum input voltagevaries R; + 2% resultingin a
changeinlift coefficient C; of approximately 7%. R; can be var-
ied a afrequency f upto 20 kHz. Maximum AR; occursin the
range f < 25 Hz. Figure 4 shows the variation in leading edge
displacement over arange of + 100 V. A dlight hysteresisisevi-
dent.

The displacement and force from a piezoel ectric cantilever
beam of length ¢ with adielectric permittivity matrix &; and ap-
plied electric field E can be estimated asfollows(20). The differ-
ential force, dF, along the beam is given by

dF = bes; Edy (5)

where b isthe width of the beam. The differentia moment, dM,
thenissimply

dM = bez; Eydy (6)
This becomes
bh?
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wherehisthebeam thickness. For acantilever beam, themoment
isalso given by

62
M:Yﬁé (8)

whereY isthe Young'smodulus of the material, | isthe area mo-
ment of inertia, and { isthe beam displacement. Thisthen gives

027 3eyE
a2~ Yh ©)

Using boundary conditions

0¢(0)
0X

2(0)=0 =0

the maximum displacement, at x = ¢, isfound to be

Zn‘ax:

(c/h)*(ex1/Y)V (10)

NI W

where V is the applied voltage. The equivalent force is then
shownto be

3!

F=—0=

(11)

This result can be used to compare the piezoel ectric forces with
the aerodynamic forces.

Experimental Facility

The experiments are conducted in a subsonic wind tunnel
using two piezoelectric adaptive airfoils as shown in figure 5.
Two identical piezoelectric arc airfoilswith achord c = 9.7 cm
and semi-span b/2 = 7.1 cm are available and can be used to-
gether or done. The basdine (zero potential) radius of curvature
isR. = 16 cm. The airfoilsare mounted on two separate splitter
plates and are separated by adistance of d = 5.1 cm. Theairfoils
are mounted on the splitter plates at the trailing edge. Thus, an
applied voltage changes both the radius of curvature R; and an-
gleof attack a. Theairfoilsare powered by abi-polar operational
power supply with a maximum output voltage of 100 V. A func-
tion generator isaso used to provide sinusoidal input to provide
in-phaseand out-of -phase oscillationsof the piezoelectric arc air-
foils. The maximum input frequency for the current experiments
isf =10 Hz. A Keyence LK-503 laser displacement sensor is
used to measure the displacement of the leading edge.

Side Top

View View
iu
U
— PN
TT—arc wings—J ||
<—C
o)
X
C

splitter plates

measurement
plane

Figure 5.  Wind tunnel setup.

Two test wings placed in thewind tunnel for vortex con-
trol tests.

Thewind tunnel has atest section 152 cm long, 41 cm wide,
and 20 cm high. A seven-hole probe Aeroprobe data acquisi-
tion system is used to obtain the steady state (time-averaged) ex-
perimental data. The system consists of a seven-hole pressure
probe, which is connected to an 8 port multi-channel pressure
scanner. The probe is mounted on a two-axis traverse, which
is connected to two stepping motors and controlled by a multi-
axis stepping motor controller. The multi-channel pressure scan-
ner and the multi-axismotor controller are interfaced with a per-
sonal computer by a CIO-DAS08 Analog/Digital Board and the
ESPIO signal conditioner. All data acquisition parameters and
setup are controlled via software. Ensemble averaging is em-
ployed. Measurements are made in the cross-stream plane of the
windtunnel (y-z plane) at variousdownstream | ocations between
3.1 < x/c < 11.2 (x-direction) of the trailing edge of the piezo-
electric adaptive airfoils. Windows of 0.1x 0.04 mand 0.1x 0.06
m depending on the downstream location are used for the mea-
surements with a grid spacing of 0.4 cm.

Estimates of the piezoel ectric force F and aerodynamic force
L show that

F>>L

or the deflection of the airfoil due to electric excitation is much
larger than the deflection of the airfoil dueto aerodynamic forces.
Thisis verified by using the piezoe ectric actuator in the sensor
mode and measuring the measured output voltageto theinput dis-
placement. The displacement is negligible, though the effects of
unsteady aerodynamic have not been determined.
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Figure 6. Wing wake instabilities.

Formation of long and short wave instabilities on the
vorticeswithin a vortex wake.

PRELIMINARY RESULTS
Wake Vortex Control

This section discusses a possible means of altering the be-
havior of the vortex wake from airfoils by modifying the vor-
tices with alterations in the airfoil lift. The motivation comes
from concerns of controllability of a trailing aircraft in a vor-
tex wake and the persistence of the signature of a lifting body.
Loss of controllability, for example, poses a safety hazard on
trailing aircraft. Our interest here is driven by air travel safety
and, to some degree, by passenger comfort. An unexpected en-
counter with the wake vortices of alarge aircraft is a rather un-
pleasant event even if the aircrafts are separated by farther that
the required distance. We are exploring a possible way of mit-
igating the potential danger by manipulating the vortices in the
wake. Various methods of vortex control and aleviation have
been proposed and tested. These include control surface oscilla-
tions, wingtip devices, multi-wake interactions, thermal forcing,
and mass/momentum injection (e.g., see (21; 22; 23)). It appears
that at thetimeof thiswriting, no effective method of trailing vor-
tex mitigation has been successfully implemented.

A total of 12 runsof velocity data at several downstream lo-
cationswere recorded. Velocity of the wind tunnel was kept con-
stant at 10 m/s and a Re based on chord length of 6.6 - 10°. The
peizoel ectric airfoil was subjected to four different voltage poten-
tial conditions; baseline (zero voltage), maximum (+100 V), min-
imum (-100 V), and 10 Hz oscillating (+100 V sinusoidal). Data
wererecorded at threedifferent downstreamlocations, x— axis, at
x/c=3.2,x/c=6.4,and x/c = 11.2 for each condition A square
data acquisition window size of 40 mm x 40 mm was used and
atotal of 121 data pointswere created to collect datawith agrid
spacing of 4 mm.

The vortex core growth rate for four different cases are
showninfigure7 for asolitary vortex. Thegrowthrateof thevis-
cous vortex core agrees very well with the prediction by Moore
and Saffman, given by the solidlineand in general behaves much
as described by Batchelor. According to Zeman, the vortex core

Radius versus Downstream Locations (Single Wing)
BT

>OX

Radius (mm)

x/c
Figure 7. Growth of vortex core radius versus Rec.

The symbols denote the voltage potential conditionson
thewing: « = Baseline, A = Max, 0 = Min, x = 10Hz
Solid lineis the theoretical derivation given by Moore
and Saffman (1973), 2.92(T,/v)~1/2.

growth rate parameter is defined as

Ar Ar*

1
SR 12
ATot)2 ™ pzt ° 12

where r* is the dimensionless radius based on chord length, zis
the downstream location, and I' o isthereference circulaion. Fig-
ure 8 shows the growth for the vortices from two wings. One
wing is specified as the control wing while the other isfixed in
thebaselinemodefor al runs. Infigure 8, theformer isthelower
group of pointswhilethe latter isthe upper group. For the base-
linevortex, thegrowth rates are unchanged from the case of asin-
glewing. Whilethe growth rate of the fixed vortex is unaffected
by the control vortex when the control wing is fixed, the vortex
shows a marked decline in growth rateif the control wing has an
oscillatory mation. Interestingly, the vortex from the oscillating
wing has a growth rate very similar to that if the wing were not
oscillating. However, the vortex from the oscillating wing does
have an effect onthe neighboringvortex and effectively sowsthe
growth rate of that vortex. Thisindicatesthat by atering the na-
ture of a control vortex, one can modify the behavior of an unre-
lated vortex.
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Figure 8. Vortex wake growth rates.

Symbols defined as in figure 8. Growth rate of the vor-
tex cores. Solid lineis the theoretical derivation given
by Moore and Saffman (1973), 2.92(To/v)~Y2. The
growth rate for four different cases agree very much
with Moore and Saffman. The non-oscillating vortex
growth rate is slowed is slowed by the oscillating vor-
tex whose growth rate is unaffected.

Flutter Control

Control of flutter is of great importance in many aerody-
namic applications, from control surfaces on aircraft to airfoil
cascades in turbine engines. Active flow control has played a
large part in flutter research in recent years, but has focused on
flutter control by using blowingand/or suction or MEM Sdevices.
Both of these concepts attempt to essentially ater the boundary
layer on the surface which may in turn ater the flow conditions
causing flutter. In other words, the devices alter the flow to adapt
tothesurface. With ashape adaptivewing, the oppositeapproach
is used; the surface adaptsto changing flow conditions.

Figure 9 showsresults of flutter testson asinglewing placed
in the wind tunnel. The leading edge displacement is shown as a
functionof Reynoldsnumber for 3 different cases: baseline, max-
imum, and minimum voltage conditions; frequency was not mea-
sured. The flutter amplitude islargest in the baseline case where
no voltage potential isapplied and thewing isfreetovibrate. The
displacement amplitude increases dramatically as Re. > 6- 10%.
For both cases where voltage was applied, the maximum dis-
placement was | ess than that of the baseline mode except in cases
where the flow vel ocity and displacements were small. Note that
the lowest maximum amplitude at high Re; occurs for +100 V,
where R; of theairfoil has increased also increasing the angle of
attack and thetotal lift on thewing. Thisindicatesthat thelift on
the wing is acting to dampen the vibration. In the -100 V case,
however, theflutter amplitudeisal so lowered, but now dueto the
piezoel ectric force on the wing.

0.10T

0.08
0.06

0.04

Displacement Amplitude [mm]

0.02

0.00 k===

Re.

Figure 9. Leading edge displacement versus Re.

o basdline (0 V), ¢ maximum (+100 V), A (-100 V).
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