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rotor disk areayiR?, or spar material cross sectional are, in
thin-walled spar section enclosed are, in

lift curve slope, rad

blade semichord, c/2, in

normalized blade semichort/R

blade chord, in
normalized blade chord/R

rotor thrust coefficient,C, = T/pAQ* R

section pitching moment coefficier@, = M, /1 pV>c®
linear model static pitching moment coefficient
measured static pitching moment coefficient
section lift coefficient,C, = L/} pV?c

linear model static lift coefficient

measured static lift coefficient

electrical displacement, Coulombs?m

effective Young's modulus of blade structure, Ib-in?, or electric field
intensity, V-m"

equivalent flat plate drag area of fuselagg, in

effective shear modulus of blade structure, [b-in

blade flapping inertiaLRerdr =1mR (uniform blade)

blade pitch moment of inertii,)Rmknzdx

average value of inverse of reduced velodiy,

blade flapping root spring rate, in-lb-fad

blade pitch root spring rate, in-lb-rad

number of out-of-plane bending assumed modal functions
section lift force, Ib-ift

nondimensional section lift force,, /mQ*R

blade mass distribution, Ib-Sea™/in
number of torsional assumed modal functions, or section Mach number
section pitching moment aboat4 , in-Ib/in

nondimensional section pitching momen, /mQ?* R’

numberof aerodynamicevaluationpoints alongblade; numberof rotor
blades

rotor radius, in

blade radial coordinate, in

time, sec

rotor thrust, Ib
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blade axial elastic deflection, in
normalized blade axial deflection,= W/ R

section normalized velocity//QR

blade in-plane elastic deflection, in
normalized blade in-plane elastic deflectiorg v/R

helicopter forward flight velocity, in séc

out-of-plane elastic deflection, in
normalized blade in-plane elastic deflectian= w/R

nondimensional radial coordinate/R
distance of aerodynamic center forward of pitch axis, in

distance of mass center forward of pitch axis, in
airfoil section angle of attack, rad
rotor shaft angle, rad

blade Lock numbelry = pacR“/ ly

section nondimensional circulatiohi,= L, /U
linear model (unstalled) component of section nondimensional circule

component of section nondimensional circulation due to stall

normalized section pitching moment deviation due to sftall,=C_, /U

normalized width of ith aerodynamic segment
permittivity of piezoelectric material,
section rotation rate with respect to the air mass, rad-sec

torsional deflection, rad
normalized midpoint position of ith aerodynamic segment

rotor tip-path plane inflow ratioh ; =v/QR

rotor advance ratioy, /QR

rotor uniform inflow induced velocity, in séc

air density, Ib-seein™/in’

rotor solidity,c = N¢/TR

section pitch anglh =6, +¢ , rad

blade control pitch settin@_,, =0, +6,.cosp +6 . siny , rad

blade collective pitch input angle, rad
lateral cyclic pitch input, rad
longitudinal cyclic pitch input, rad

nondimensional root pitch natural frequeng()_iq,/leQ2

rotor rotational speed, rad sec
blade azimuth angle, rad
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ABSTRACT

A simple aeroelasticanalysisof a helicopterrotor blade incorporatingembeddecdpiezoelectric
fiber compositejnterdigitatedelectrodebladetwist actuatords described Theanalysisconsists
of alineartorsion andlapwise bendingmodelcoupled with anonlinearONERA basedunsteady
aerodynamis model. A modified Galerkin procedureis performed upon theotor blade partial
differentialequations of motioto develop asystemof ordinarydifferential equationsuitablefor
dynamics simulation using numerical integration The twist actuation responses for three
conceptualfull-scale blade designswith realistic constraints onblade mass are numerically
evaluatedusing the analysis. Numericalresultsindicate that useful amplitudesof nonresonant
elastictwist, on theorder of oneto two degrees, ar@achievableunder one-ghovering flight
conditions for interdigitated electrode poling configurations. Twist actuation for the
interdigitatedelectrodebladess also compared with the twist actuation afanventionallypoled
piezoelectricfiber compositeblade. Elastic twist producedusing the interdigitatedelectrode
actuatorswas foundto be fourto five timeslarger than that obtained with tle®nventionally
poled actuators.

1. INTRODUCTION

Significantundesirabldixed systemand rotatingsystemvibratory loads continug¢o exist on all

helicopters. Thesevibratory loads areprimarily the result of responses generabgdunsteady
aerodynamic loads acting on the meaotor systemwhile the helicopteris in forwardflight. Since
high vibratory loads resulin increasedmaintenanceequirementsand poor ride quality, much
effort has been devoted to finding means to eliminate or reduce them.

Many mechanicablevicesmounted eithein the fixed system(fuselage)or rotating system(hub,
and occasionallyblades), have been developedfor this purpose” > The majority of these
mechanismsessentially attempt to alleviate the undesirablevibratory loads by introducing
counteractingnertial and dampingforces. This approach has the drawback reiquiring the
addition of mechanismswith attendantmass and complexity and sometimesperformance
degradationto the vehicle. In contrastto these methods, theechniquesof higher harmonic
control (HHC)* * andindividual bladecontrol (IBC)> ® " ®seekto eliminatevibrationsat their
aerodynamicsource;by directly altering the unsteadyaerodynamicforces acting on theotor
blades. This is accomplished by introducing cyclic variations in the root pitch of each blade, either



by clever manipulation of the existing (swashplate) control system, or througbetlegauxilliary
pitch actuators mounted within the rotating system.

HHC active control through aswashplate-typenechanismis restrictedby fundamentalrotor
dynamicsto cyclic pitch inputsat the blade passagdrequency(NQ), and the nexhigher and
lower harmonics of the blade passage frequefity+1)Q), only, whereN is the numberof rotor
blades,andQ is the rotational speed. HHC can alsolib@ted by the typically low bandwidth
characteristics of swashplate hydraulic actuation systems.

The IBC approach, on thether hand, enablesindividual control of blade pitch at essentially
arbitrary frequencies. This is accomplishedthrough auxilliary pitch control actuatorsplaced
within the rotating system. With few exceptions, hydraulics based systems have pioséineto
best means of providing the power and bandwidth in the rotsystgmnecessaryor usefulIBC.
However, the addedomplexityassociated witkleliveringhydraulicpowerfrom the fixed system
to the rotatingsystemhas made practical implementationof IBC on productionhelicopters
prohibitive.

1.1 Smart material IBC actuation schemes.

Methods ofusing smartmaterialsto deflecttrailing edge controfflaps? ** ** or actuateblade

twist'>** electromechanicallyhave been advancedas a morepractical alternative means of
implementingsomeform of IBC. Electricalpower for smarmaterialactuatordas the advantage
of being easily deliverablefrom the fixed systemto the rotatingsystemthrough conventional
slipring devices. This avoids the complications associaidtransferringfixed systemhydraulic
power forindividual blade actuatorsto the rotatingsystem. The bandwidthcharacteristicof
certain smartmaterial actuatorsare also superioto those of hydraulic and conventional
electromechanical, or servomotor, actuators.

Currently, trailing edge flap actuation has the advantage over othemsatartallBC schemed
that availablesmartmaterialpower andlisplacementapabilitiesarevery near those required for
a practicalrotor bladeflap actuatordesign. Disadvantagesf the trailing edgeflap include the
undesirableaddition of complicatedmechanismgo the rotor system,andto a lesserextent, the
degradation of flap aerodynamic force and moment performance due to hinge lines.

Blade twist actuationis attractiveby virtue of being mechanicallysimple and aerodynamically
efficient. However, agotor blade structurestendto be relatively stiff in torsion, induction of
usefullevelsof twist usingsmartmaterialscan bedifficult. In addition,the addednassof the
embeddedmartmaterialscan also bgrohibitive whendevelopingpracticalinducedtwist blade
systems. Despite these drawbacks, soereouraginglevelopmentsn twist actuation of smart
materialstructureontinueto be made.Most recently,researchn anisotropic twist actuation of
plate structuresusing piezoelectricfiber composites (PFEY *°> has demonstrated theglatively
high levels of twist actuation arepotentially achievable. The application of interdigitated
electrodetechnology(IDE)* canin principle enhancethe performanceof thesematerialseven
further.



1.2 Previous work related to analysis of on-blade active control.

To date, relatively little analyticalwork hasbeenreporteddetailing the aeroelastidoehaviorof

rotor bladesincorporating eithetrailing edge controlflaps or controllabletwist. Millott and

Friedman’ have given the mostcomprehensivareatment so far with respetit the unsteady
aerodynamicsof rotor blade trailing edge controlflaps, and theiremploymentas vibration

reductiondevices. Specific methods for actuation of contrllps were not addressedhn their

work however. Use of controflaps to generatehigher harmonic controllable twist was
investigated analytically anekperimentallyin full-scalewind tunneltests performedah the 1970's.
The analyticalportions ofthis investigationwere conductedy Lemniosand Dunn?® with wind

tunnel resultsreportedby Wei and Weisbrich'®  Significant vibration reductions wereeported
using flap actuationat 0Q, 1Q, 2Q, 3Q, and 42 frequencies. However,flap actuation was
achievedonly by use of arelatively complexsystemof mechanicalinkages,which would not be

generally suitable for flight test or production vehicles. A related investigaitithre performance
effectsof variablecamberwas also carriedut by Dadone, Cowan, and McHugh. Analytical

results suggested thatgnificant improvementsin overall rotor performancewere achievable,
especiallywhenairfoil camberchangesvere usedo inducebladetwist. Techniquedor affecting

camber changes on rotor blades were discussed only in conceptual terms.

Evenlesshasbeenreportedon theanalysisof the aeroelastidoehaviorof rotor bladestructures
specifically incorporating embedded smart material actuators. Sutgebrescd' developedhe

equations of motion for a rotatinghin-walled, cantileveredbeam structure incorporating
embeddedpiezoelectricactuators. No aerodynamicforcing was included in their study, and
actuation of torsional motion wamt considered.Nitzscheand Breitbachrecentlyreportedthe

results of a studyo evaluatethe ability of embeddedgiezoelectricmaterialsto attenuateout-of-

plane bendingand torsionaVibrationson arotor blade structure’® To accomplishthis, they

developeda rotor blade aeroelasticmodel incorporating quasi-static aerodynamicsand a
"directionally attachedpiezoelectriccrystal" bending-torsionactuation schemesimilar to that

developedby Barrett. They concludedthat thelightly dampedtorsionalblade modes coulde

significantly affected on a practical blade structure without saturation of thepiezoelectric
materials.

1.3 Scope of this effort.

For the most part, aeroelastic analysisotor bladesincorporatingon-bladeactuationis still very
much in its infancy. In particular, thereis a lack of simple analytical models suitable for
conductingpreliminaryconceptual control andesignstudies forembeddedmartmaterialblade
structures. In light of this, and inorderto gain greaterinsightinto the control anceroelastic
response issues related to induced twist smart structneblades a simpleaeroelasticitymodel
for a piezelectricfiber composite twist actuated helicoptetor bladehasbeendevelopedy the
authors. This modelis derivedspecifically for usein the investigationof phenomenaelatedto
torsional control and responsetddlicopterrotor bladesincorporatingpiezoelectridwist. Inthis



paper, adescriptionof the derivation and numerical implementationof this model is given.
Additionally, numericalresultsdemonstratinghe twist actuation potential of three conceptual
full-scale helicopterbladedesignsare shown. Thevork reportedhereis thoughtto be thefirst
specifically relatedto the aeroelasticanalysisof piezeelectric fiber composite twist actuated
helicopter rotor blades.

2. ANALYTICAL MODEL DESCRIPTION

A rotor bladeaeroelasticitymodel may be thought of as anification of severalbasicanalytical
submodels. Thesesubmodelsare, at a minimum, 1) a formulation of the blade structural
dynamics, including all forces related to blade rotation, 2) a formulation aettiedynamidorces
and momentsacting on theblade, 3) aninflow model, and 4) a controformulation. These
submodelsmay be coupledn manywaysdependingon the degree ofomplexity of the overall
formulation. In this developmentthey will be conceptuallylinked as shownin Figure 1.
Theoretical descriptions of each submodel are given below.

2.1 Structural formulation

The equations of motion used hdxe describethe elastic torsion and out-of-plan®&ending
behaviorof anisolatedhelicopterrotor bladeare adaptedrom the generalelasticbendingand
torsion deformationequationsdevelopedby Kaza andKvaternik®® Dueto the complexity of
these equations, amasticrotor bladeequations of motioin general,t is usually necessaryo
apply somesimplifying assumptiongo the complete set of equatiomsorderto obtain a more
mathematically manageable model. dneringschemeapproachs used heréo accomplishthis.

Use of such a proceduemablesoneto avoid a greatlealof the complicatedalgebraassociated
with retention of"high order" nonlinearterms in the equations, and ensures that the most
physically significant terms are retained.

The first step in employing an orderingschemeis to rewrite the equations of motioim a
nondimensionaform. An orderis thenassignedo eachnondimensionaterm in the equations
relativeto anassumedcalefactor, € , and the equations are rewritt&tainingonly terms of the
lowestorder,and terms of onerdergreater. Terms oftwo orders greater arfiigherareusually
discarded. Fothis studye will be assigned valueof 0.10,which is equalto the assumearder
of magnitude of torsional deformations, her@é))=1, O(e)=0.10, O(e?)=0.01, etc.

Evaluationof the orderof eachnondimensionatermis based on théetendedapplicationof the

final equations, e.g., stabilityjbration, etc.,andrepresentativéull-scalehelicopterstructural and
flight parameters. The ordering of parameters used in this study is basgteorespplicableto

rotorcraft vibrations, and is shown in Table 1.

Threeadditionalassumptionselatedto the bladegeometry are also made. These are, 1) that the
blade precone angle and built in twist are assumée zero, 2) théladestructural cross-section



is assumedo be doubly symmetric,and 3) the lade pitch radius ofgyrationis assumedo be
approximately equal to tHe,, cross section integral (i.dmi/kn<<1).

Applying the orderingschemewith the additionalassumptiongiven above,to the equations of
Reference23 yields the following partial differential equations of motion foblade out-of-plane
bending and torsion. (Blade coordinates are illustrated in Figure Al.)

Out-of-plane (flapwise) bendin®(e), O(c*)):

JO By 0* N OE"l, o0 L,
F— =W —W =
mQ* R % moR? S mQ *R?
(1)
Torsional deformation@(e* €°)):
k_mz +8:%+k_mz _D T ﬁ +D++§ "+\%D
R? R AorrR?H @ &
_% Gy .5 _0G6W & 0 _ M, Q" _ky
mQ?* R R* E mQ’R* mQ’R* R?
(2)
The blade section tension forde,is based on a@(1) approximation, and is given by
1
T0OQ? RZIXm‘xci.
3)

Temporal differentiations (denoted byin the above equations are performed with resfettte
rotor azimuth, ), which, for constant rotationalelocityQ , is ¢ = Qt. Spatialdifferentiations
(denotedoby *) are conducted with respetct the nondimensionabladeradial location, X = x/R.

Descriptionsof the coordinatesystemsusedto describethe blade motions may be foundin
Appendix A.

Notethat thesingleunderlinedtermsin Equation 1 aractuallyof O(*), but are retaineith order
to ensuremathematicabymmetryin the resultingmassandstiffnessmatrices. Doubleunderlined
termsin Equation 1 are also dd(e*), but are kept so that the equatisra morephysically
meaningful representation of out-of-planieending. Technically, retention ofall O(?) terms
would requireinclusion of additional terms associated with thie-plane ("lead-lag") bending
deformationof the blade;terms thathavebeenconsistentlyignoredin this treatment. Ahigher



order approximationof the tensionforce would be also beecessaryor consistency. We re-
emphasizéhat these equations wettevelopedprimarily for usein investigationgelatedto blade
torsional response and controConsequentlystudies of out-of-plangibratory responseusing
the present formulation should be done with some degree of caution.

Qre , in Equation 2, represents tpeezoelectridnducedtwisting moment,which will be derived
in the control formulation section below.

A modified Galerkinproceduré® is used her¢o obtainmodalsolutionsto Equations 1-3. lithis
case, superposition solutions feandg of the form,

w(x,W)= Zv_w Ww (),
(4)

%)= 3 0, (1100(9).
5)

are assumedwhere L and M are thenumber of out-of-planebendingand torsionalmodal

functions respectively. In the modified Galerkin procedure thesemodal functions needonly

satisfythe geometriboundaryconditionson theblade. Work dueto any nonfulfilled "natural”

boundary conditions is accounted for withadditional boundary terms in the equations.
SubstitutingEquations 4 and 5 into Equation 1, aoefrformingthe appropriatantegrations,
yields a set ok ordinary differential equations of the following form:

: g EDIHH ++ +d—
+;W'J’o—mQZR3W W™ dx

0 C

L 1T 1 El K O
+5 W — WOW A [ — W W die ———— W (0) W (O

|Z]: '%omQZRZ W e [ R YW QZRZJ’:deW O ()E

M m 1 M 1 _
+mz:l(pm J’OedJmWn dx+ mz::L(pmJ’O e, W dx

1 LW
= mor

W, dx- B [jeW, dx+ B, exwy X
(6)

where n=1,L. A similar procedure performed on Equationy®lds an additional set of M
ordinary differential equations;
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(7)

with p=1, M.

The K, andK, termsin Equations 6 and Whichdo not appeain Equations 3 and 4, are used

to representfinite stiffnessespresentat x =0. These terms can be usexaccount for the
stiffnessof a mechanicaflapping springplacedat the bladeroot, or the inherentflexibility of the
pitch control system.

It shouldbe noted thaall stiffness,damping,andinertiatermscontainedn the above equations
represent the structural properties of thenbinedpiezoelectric/passivmaterialbladestructure.
The derivation of the stiffness terms is contained in Appendix B.

2.2 Aerodynamic formulation

The sectioal lifting forces andnomentsare calculatedusinga techniquebased on the ONERA
dynamic stall model developedby Tran andPetot® The ONERAmodel uses differential
equationsin time to describethe unsteadyaerodynamidifting forces andpitching moments,
including dynamic stall effects, acting upon arairfoil sectionundergoingarbitrary pitch and
plunge motion.

2.2.1 Section lift formulation

Modificationsto the ONERAmModelfor generalusein rotorcraftaerodynamidormulationshave
beenmadeby Peters® with nondimensionatirculationsused as thetatevariablesinsteadof
aerodynamic coefficients. The simplified lift circulation equationReference26, which arewell
behaved in the reverse flow region of the ralisk, butdo not give lift reversalare used here (8,
9).



L, =L, +UX(Fl +F2)
(8a)
L, = —UY(Fl +F2)
(8b)
L, =bs, Uy
(8c)
_ 4 — —0
kI +A,l =A,aUu, +d be
(9a)
k? EFDZ + 2dZWZIZFDZ+ w2 (1+d 2)T,
=-w,2(1+ df)@) AC+ ez_kQEJx AG+ ago((:z SY%
(9b)

L, in equation (8c)s the nondimensionahpparenmasdift. L, andL, are the components of
the nondimensiondift in the airfoil section X and Ydirectionsrespectively. The nondimensional

O
section velocitied), Uy, andUz, and sectiomangleof attack,a, arederivedin AppendixC. € in
equations (9)s definedas the geometric rate aftationof theairfoil with respecto the airmass
(see Appendix C), and is given here by

0 de o o
e=—100_,to+W".

dy
(10)

AC, in Equations 9s the differencebetween thdinear model static lift coefficient,C, and the
measured stalled lift coefficier@, i.e.,

AC,=C, - C,..

Plots of the statitift coefficientdata useadh this modelare shownn Figure2. These curves are
extrapolated from curves given in References 28 and 29.

The angleof attackdependentoefficients(s, A, o, d, w, ande) are derivedfrom experimental
two-dimensionalunsteadyairfoil tests using the parameteirdentification schemedescribedin

Reference&5. Parameteraluesfor the ONERA OA212otorcraftairfoil are usedn this model,
and are shown in Table 2

2.2.2 Section Pitching Moment Formulation



Improvementsto the basic ONERA pitching momentformulation have beenmadeby Petot?’

with furthermodificationsmadeby Chouchan® (givenalsoby Peters Chouchaneand Fulto?’),
andthisis the representation usedthis model. In this approach, thenstalledcomponent ofC,,

is given explicitly through the staticnomentcoefficient, which is a function of angle-of-attack
only. This results in the eliminatiaf onestateper spanwiseaerodynami@valuationpointin the
model. Plots of the statipitchingmomentdata used here are shownrFigure3. These curves
are extrapolated from curves given in References 28 and 29, and from data provided By Tang.

The stalled contributionto the sectionpitching momentis calculatedusing a circulation based
model similar to that developed for sectidhh The secondrderdifferentialequationdescribing

this stalled pitching moment circulation, definedrag = UC_,, is shown below (11).

E_D _ 4 _ O
k?m Kr :_rmiUiACmi - Ele Uy,

m| m2|

(11)

The coefficientsy, rm, andEg, in Equationl1 were foundy Petot(Referenc&7) to havesimilar
characteristicdor many airfoils. Expressiondor thesecoefficients,omitting subscriptsmay be
written as

am = aO + aZA sz’
(12a)
= (ro +1,6€ 2,
, (12b)
= EACS.
(12c)

Valuesof ay, a,, ro, 2, andE; usedin the presenformulationare takerfrom the generic"mean
airfoil" values of Reference 27, and are provided in Table 3.

2.2.3 Airloads calculation

The aerodynamidorcing integralspresentn Equations 6 and 7 aaalculatedoy first evaluating
the sectionaherodynamidorces andnomenter unitlengthat N discrete points along th#ade
span. Sectioraerodynamidorces andmomentsare furtherassumedo be constant over the
width of each section. Consistent with the ordesdgemessumedhn the structuraformulation
above, the final expressions for these aerodynamic loading integrals are

J’:EWWm:éi[ui(ﬁ +T, )+, ]J:T‘*lwolz,
(13)
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r,, in Equations 13 and 14s the radial location of theinboard edge of the ithaerodynamic
section,
=X -4/2,

where X, is the nondimensionatadial location of the ithaerodynamievaluationpoint, andA,
the associated nondimensional section width.

2.3 Inflow model

A uniform rotor inflow model,based ormomentuntheory(e.g.,Gessow andyers’), is usedin
this formulation. A uniforminflow assumptioni.e., theassumptiorof constaninflow velocity at
everylocation across theotor disk, is not unreasonablér hoveringor vertical flight conditions,
although itis not very realisticfor forwardflight. Neverthelesst is used here focomputational
simplicity in the numericalmodel. More complexinflow representationwill be incorporated into
future versions of this analysis.

For an implicitly trimmed rotor operatirgf thrustcoefficientCy, and forwardlight advanceatio
, the uniform induced velocity ratio with respect to the tip-path-plane may be written as

Arep = HtaNa +A;,

(15)
where
A= S
| 2\/ Uz + )\TPPZ
(16)

An Newton-Raphsoiiterative approachfrom Johnsorf is usedto numericallyevaluatehrep in
the above expression, i.e. (17)

1C
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% (u2 +)\TPP2) %n

(17)

Usually only two or three iterations are required for the calculation to converge, starting with

C,

App = HiANA (4 ———.
TPP 2 H2+CT/2

(18)
2.4 Control formulation

2.4.1 Trim control

Swashplateontrol anglesare calculatedusingtrim equations adapteftom the harmonicbalance
equations olReference32. These equations, rewrittassumingzero blade twist and nofirst
harmonic flapping with respect to the rotor shaft, are given by

@H W % ?\Tpp uﬁ

0,
1-p®+ u
(19a)
8 [pC
3u§50;§+2ukwp Zuzﬁ
0, =
S 9 4
1 2 + 4
W+
(19b)
HB,
0, =3,
1+ p?
2
(19¢)

where 3, in equation 19c is the estimated blade coning angle given by

11
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(19d)

The control settings predictesgingthesetrim equations ar@easonablyeffective at eliminating
first harmonic flapping in unstalled flight. However, underheavily stalled forward flight
conditions, these equations will fail to trim the rotor effectively.

2.4.2 Piezoelectric twisting moment

The piezoelectric actuator equation developnaetdiledhere borrowdeavilyfrom the approach
used by Bent, Hagood, and Rogeré‘f_’ Their equations, howeverhave been rewritten here
explicitly for the case of in-plane polarization of the piezoeletdrnenamaterial,or interdigitated
electrode(IDE) poling!® Suchan IDE configuration in principal, allows the so-called"ds;
effect' to be usedo maximumadvantagego enhancehe inplanestrain actuatiorcapabilitiesof
the piezoelectridamina This in turn shouldresultin anincreasen torsional actuatiomrapability
of the lamina with respect to conventionally poled schemes

Developmentof the actuatorequationsbeginswith an alternateversionof the standardinear
piezoelectriconstitutive relationd® Assuming structuradrthotropyin the piezoelectriamaterial,
and applying the plane stress assumpfiga{,=Ts=0) to the constitutive relations yields

D, 0 %:11 0 0 dy dy; O .
Ebzg 00 €, 0 0 0 dg 2%
%33%_ SO 0 ¢, 0 0 O 3%
DS‘D @33 0 0 SlEl 552 OEIISED
0S, 0 %jzl 0 0 SlEz §2 0 LT, O
Hs. H 0 d, 0 0 0 SEG%TGH

(20)

TheS;, S, andS; strains, although not necessarily zero, will be neglected here.

The poling direction of the piezoelectricmaterial will be definedto be in the material 1-axis
direction(see Figure 4yather than in the more familiar out-of-plane direction (3-axis). The usual
indexingnomenclaturen the piezoelectricfree-straincoupling coefficientswill be retained here
however. Tisis solelyto allow the ds3, andd,s, piezoelectricmaterialcoefficientsto be more
readily identified in the resultingequations. (Note that theconventionallypoled casemay easily

be obtained from these equations by settiagequal tods;.)
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Rewriting Equation 20 with strain§)(as independent variables:

D, 0 Salsl 0 0 e; €, O .
Ebzg g0 &3 0 0 e, 2%
%33%_80 0 €5 0 O OEID%
oo oes 0 0 ¢ & ogPpg
DTZ O %ezl 0 0 ClEz ng 0 EIESZ O
HTGH 5O -e, O 0 O CEG%H
(21)
or more compactly,
[D%_ O e EIEEE
s He' %SE’
(22)
where
cE:(sE)_l e= dF e°=¢ - dc{ ¢".
(23)

Therelationshipsetweerfield componentgivenin the global, or beamcoordinatesystem,and
thosein a systemrotatedby anangle® about the 3lirection(actuatorsystem)aregivenby (see
Figure 5)

(24)
where
(D, O [E, 0 50 [T, O
o=tb,1 e=FE.0 s=s T=M1F
D  Hed BH b
(25)

(similarly for 5, E, §, andf).
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The appropriate transformation matrices for this coordinate rotation are

O cos’@ Sirre cof s C
RS:E sin’ @ cos - co8 sif E,
H2co® siP 2 cod st cdH - SidE
(26)
OcoH siB OC
R.=3sin8 co® o-
ET 0 C
H 0 0 IF
(27)
In terms of the actuator coordinate system, Equation 22 then becomes
.0 ioEd
oo o€ €fmsn
(28)

SubstitutingEquations 24 into Equation 3&lds constitutiverelationsexpressedh terms of the
global field variables.

R.'€°R. R."eRg OEL
T=T T=E L
mMRs e Re RgcC RS%[
(29)

For convenienceeglectric fields and displacementsvill be defined as being specifiedalong the
actuatorsysteml-directiononly. The electricfield within the piezoelectricmaterialwill alsobe
assumedo be an average of thield strength betweealternatingelectrodes. (SeReferencel6
for a completalescriptionanddiscussiorof the actuaklectricfield distributionsproducedusing
IDE schemes.) Equation 29 is then

(30)
A material orientation angle that maximizes the actuator induced sthesdis desiredhere. This

will occur for orientatioranglesof 8 =+45°. For the case 0b = +45°, the rotatedmaterial
matrix of Equation 30 becomes
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0 g eRy 0O
%_R ST eT RST EE RS %_
B glsl %(533 +—é31) %(—éﬁ, +~§1) %(~% _~ﬁ) E
TiE.+8) HE 2T+ G HE 2B+ Y- T HE-F) C
3@+ 8) HE 2T G- HE 2T )+ H(E-F) L
E’%(éas_ —@1) %(?fl _EzEz) %(ElEl - EzEz) %(Eﬁ -2G5+ @EZ)E
(31)
Extracting the torsional terms yields
Eﬁlg: S glsl %(eas - ?%1) D]:E1E
T giEs-8) H(E-2%+ E)Es e
(32)

At this point , for simplicity, wewill assumehat thestructurallyeffectiveportion of thebladeis a
closed, rectangulathin-walledsection (Figure 6) Following a mechanicof materialsapproach,
the piezoelectric induced shear floywg, , for such a structure may be written as

qPE = -I_G tPE )
(33)

wheretpe Is the piezoelectriclaminathickness. The total piezoelectrictorsionalmomentmay
then be expressed as

QPE = f rq PEdS: 2hwg PE — _ZAe% (-?%3 - él) E1 toe:
(34)
whereh andw are theheightand width of the rectangular cross-section, aldis the area
enclosed by the wall centerline.

Converting to standard piezoelectric coefficients, via Equation 33, yields

Qpe = _Ae(dsa(ElEl - ElEz) + dsl(-élEz_ E;)~E1rIE
(35)

For further conveniencewe will rewrite Equation 35in terms of theassumedmaximum
produceable piezoelectric straikyy Yielding
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whereA , =d,;E

Imax *

SubstitutingEquation 36 into theexpressionfor the generalizednondimensionapiezoelectric
control moments, from Equation 7, yields

1 Qe - 1 AT %l CpoO dy E; Gy %\ El -
cDde:_ —_— - =0+ —=1=-== maxt ~—CDde.
fs moZ2 R fs mQ°*R 0 ¢i0 d,e] c¢ih ™™ E,_

(37)

If the electroddayersaredividedinto P independentlyenergizablesections, the averaggectric
field intensity within thepth section is given by

Elp(l'l"’)_(): Elmax%(l'p)’ rp<)—(<r_r3+l
(38)
where e, is the electricfield generalizedield strength, 7, is the radial location of theinboard

edge of thepth electrode segment, aﬁgw is the maximumelectricalfield permissablavithout
depolarization of the piezoelectric material.

Substituting Equation 37 into 38 yields the generalized piezoelectric control momines final
form

(39)

Material propertiesappearingn Equation 39 for th@iezoelectridaminaeusedin the numerical
portion of this studyaregivenin Table4.

3. NUMERICAL IMPLEMENTATION

The equations of motion for the structural @sodynamiaegrees ofreedomare rewrittenn
statevariableform for numericalintegration. The structuratatederivativesthuswill be of the
following form:
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o _OBMIC -MTKO EI\/I‘l{faem+fPE+fe }D
qstruct -0 l]:l struct + O °J0,
O | 0 O 0 0

(40)

with the structural state vector defined as

qstruct = g

o

(41)

Thedefinitionsof M, C, K, etc.,maybe foundin AppendixD. For eaclaerodynamievaluation
point along theblade,three statevariablesare requiredo define the lifting force andtwo to
define thepitching moment. The aerodynamic state derivatives for each such point are

fliFli +f,
4
[ 2
E

_.,
w
o
n
+
—_

08

q aeroj 4i

0
0
0
0
2i + f5i s
0
0
0
0

(42)

with aerodynamic state vector

O
| =

N =
[

N

Eset

q aeroj

]
s

3

®

[

A

(43)

Expressiondor the f andg coefficientsappearingn the aerodynamicstatespace equations are
given in AppendibE.

The combined state vector is defined as
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0

]
q 0
0
H

(44)

For N radial aerodynamicpoints, theresulting state spacemodel will consist of asystemof
2(L + M) + 5N first order differential equations witin generaltime varying coefficients. These
statevariable equations ar@umericallyintegratedusing a fourth andfifth order Runge-Kutta-
Fehlbergalgorithm with theintegrations performed with respect to rotor azimuth anjgle

For thenumericalcase studies presentadthis report, we haveused one out-of-planieending
mode and three torsional modes. H&W(X) was defined as

W = %= ¥R,
(45)
which is the rigid body flapping deflection mode shape.

®_(X) were assumedto be the first three torsionalcomparisonfunctions developed by
Karunamoorthy and Petetsi.e.,

=1
1, _
E(Sx—x3)

®, = %(3022 - 15" - )

qDl
®, =

(46)

The oddnumberedorsionalcomparisonfunctionsin Equation 46havebeenfoundto be good
approximationf the exact torsional nonrotating mosleapedor pinnedblade-rootboundary
conditions. The evennumberedpolynomialsapproximatethe cantileveredboundarycondition
nonrotating mode shapes. Usepolynomial approximationsnsteadof the exact nonrotating
mode shapesis done solely to simplify calculation of the integral coefficients appearingin
Equations 6 and 7.

4. RESULTS AND DISCUSSION

4.1 Piezoelectric twist actuated rotor blade conceptual design
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Three conceptugbiezoelectricinducedtwist rotor blade designswere examinedin this study.
Thesedesignswere developedn orderto illustrate the twist actuatiorcapabilitiesof the three
generalcases ofpiezoelectricactuation suggesteoly inspectionof Equation 36. These three
general cases are:

Case 1: ¢, # 4, C;=C.. Thisisthe case of actuatidaminapossessingiezoelectridree-

strain anisotropy, andh-plane stiffnessisotropy. This correspondgo a configurationwhere
actuationlayersare composed afolid, or monolithic, PZT materialsand arepolarizedaccording
to the IDE scheme. This casewill be referredto as IDE/MON for theremainderof the
discussion.

Case2: ¢, # ¢, C5 #C,,. Thisisthe casehere the actuatiolaminapossess botfree-strain

and stiffnessanisotropy. This would betrue of a piezoelectricfiber composite,interdigitated
electrode actuation scheme. This case will be referred to as IDE/PFC.

Case 3: ¢, = ¢, C; #C,. Thisisthe case ofree-strainisotropy (or near isotropy) butvith

stiffnessanisotropyin the actuatingayers. This would be the case for piezoelectricfiber
compositestructureutilizing a conventionapoling schemepr a casesimilar to the Directionally
AttachedPiezoelectricschemepriginally proposedby Barret? anddevelopedexperimentallyby
Chen and Choprd. This scheme will be refered to as DAP/PFC in the following sections.

Stiffness,inertial, and actuation parameters for three concegtebitopterblade designs,each
representingpne of the three cases above, waegelopedusingfull-scale helicopterparameters
similar to those of theSikorskyH-34 mainrotor blade. The H-34mainrotor bladeis a relatively
simple,closed-sectiomsparstructure and wasasilyidealizedas a rectangular box section for the
purposes of this study. Thesasklineblade parameteesummarizedn Table5.

Structural parametensot identicalto the baselineblade parameters are shown for each of the
piezoelectridwist bladedesignan Table6. Uniform bladeproperties wer@assumedn each case
for simplicity. The piezoelectricmaterial thicknessfractions teg,, given here werecalculated
assuminghat thebladetotal massof eachdesigncould be no greater than 120% of theseline
full-scale helicopterblademass. (The choiceof 120% wasessentiallyarbitrary, but represents a
reasonableveight constraint on thdesignof the conceptuabiezoelectrictwist blades.) As a
result, the torsional naturiequencieof the bladestructuresvary somewhatrom the baseline
design. The resulting natural frequenciesof all of the blade designsare given in Table 7.
Aerodynamigparameters used for tilemericalcase studies wereot variedbetween thelesigns
and are shown in Table 8.

4.2 Numerical twist actuation authority results

Numericallygenerated twist actuation authority results for each of the pheeeelectrianduced
twist bladedesignsare showrnn Figures7-9. These results are fotygical one-ghoveringflight
condition, which correspondgo a thrustcoefficientof C; = 0.00465. One electrodgment
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extendingfrom X =0,1 is assumedor all threestructures. A sinusoidalelectricfield input with
linearly increasingfrequencyand peakamplitudeof E, . was usedo generate thdrequency

responses (amplitude and phase with respect to the electric field input signal) shown in the figures.
In these figures the elastic twist is defined as the difference betweelashetorsionaldeflection
at the blade tip and that at the blade root.

Figure7 illustratesthe structural response of the IDE/MON casesuatainedscillatory elastic
twist magnitudeof approximately+1.25°to +1.5° is generated foexcitationfrequenciesdelow
the first torsionalfrequency. At the first torsional resonancevhich is predominatelyan elastic
torsional response, the amplitude increases to approxim&$°. Asmallertorsional response
occurs at the second and third torsional resonance frequencies.

The resonant response the second and third torsionaéquenciesvas foundto vary widely
dependingon the amount omaterialandaerodynamicampingpresentn the structure. As the
torsional aerodynamicdamping, from Equation 14,is in general proportional to b?, the
correspondingerodynamiadampingfor thesetwo modesis almostnegligible. Someadditional
form of dampingis desirablethen at these higher frequenciesto avoid unrealistically large
torsionaldeflections. As such, devel of materialdampingequivalentto 0.5% ofcritical damping
was assumed for each of the cases presented here.

The actuation results for the IDE/PR&ninadesignare shown for thesameflight conditionin
Figure8. Alevel of actuationcapabilityon theorderof £1° to £1.25° ofelastictwist below the
first torsional resonance, atd.5° at the first torsional mode resonance frequénsiyown here.
This is a level of performanceslightly less than that demonstrated with the IDE/MON
configuration. Althoughthis may seemto imply that monolithic PZT laminaeare moredesirable
for inclusionin piezoelectricactuatedstructures manufacturingand poling nonplanarcomposite
structures with solid PZT layers may not be practical. Piezoelectric fibers oth#r@dandcould
be incorporated intoomplexcomposite aerospastructuresusing,for the mospart, established
fiber composite construction techniques.

Figure9 displaysthe twist actuatiorcapabilitiesof the DAP/PF(bladedesign. Structurally,the
DAP/PFCbladeis identicalto the IDE/PFCbladedesign,although the DAP/PF®lade utilizes
conventionalpoling of the piezoelectricfibers. Relatively low nonresonant twist actuatiaa
demonstrated for this actuation case, i.e., arain?® to+0.25° of elastic twist.

Comparisorof the elastictwist actuation response alfl three cases shownin Figure10. The
effectof the largdree-strainanisotropiegpresenin the IDE scheme®n themagnitudeof elastic
twist is readily apparent. Both IDEpoling casesexibit generallyfour to five times the twist
actuationmagnitude®f the conventionallypoledconfiguration. Suchmagnitudeof elastictwist
are generallyregarded abeingsufficientfor practicalusein a vibration reductionschemeusing
individually controllable blade twist.
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5. CONCLUSIONS

A simple helicopterrotor blade aeroelasticityanalysiswas developedand usedo numerically
demonstrate the twist actuation potentiaéofbeddegiezoelectricactuatordor threenominally
full-scale helicopterotor bladedesigns. It wasnumericallydemonstrated thatsefulnonresonant
levelsof oscillatorybladetwist, i.e., on theorderof £1°, canpotentiallybe produced without the
addition of anexcessiveamount ofpiezoelectricactuatormassor saturation of theiezoelectric
actuator materials, usiraninterdigitatedelectrodepoling schemawith either apiezoelectridiber
composite or monolithic PZT actuation design.

The analysisand numericalmodelin its presenform (i.e., withrigid flapping, elastictorsion and
stall aerodynamics)xhouldbe sufficientfor anexaminationof the potential opiezoelectridwist
actuation to alleviate high oscillatory control loads induced by bladdlstsér>*> Such a studis
underwayby the authors.Improvementdo this model| such as thadditionof multiple flapwise
bending modeand a simple nonuniform inflow model, are ab@ng undertaken.
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APPENDIX A. COORDINATE SYSTEMS AND TRANSFORMATIONS

Severalcoordinatesystemsare usedo describethe flap-torsionkinematicsof the rotor
blade. These coordinate systems are shown in Figure Al , and described below.

1. XY,Z is aninertial referenceramewith origin at the hub center ofotation, X, axis
orientedin the directionof forwardflight, and negativeZ, axis alignedwith the rotor
rotation vector.

2. XiY1Z; is a hub-fixedrotatingreferencdrame,with the Z axisin the directionof the
rotor rotation vector. The X, Y;Z; systemis rotatedabout the ¢ axis by the blade
azimuth anglep. The X axis is coincident with the undeformed blade elastic axis.

3. XYoZois a blade-fixed reference systémoatedat anarbitrarypoint (x) along théolade
undeformed elastic axis.

4. xyz is areferencesystemfixed in the deformedblade,and translated with respeix
the %Yozo System.

5. %Y.z, is anintermediatesystemobtainedby rotationof the xyz systemabouty by the
anglew' .

6. XyYszsz is areferencesystemfixed in the deformedbladeobtainedby rotating the .z,
system aboutxby the totalrotationangle® =0, +@. X istangento the deformed

elastic axis.
Coordinate transformations due to rotations between the various systems are given below.

Transformation from the inertial system,{X2;) to hub-fixed rotating system(X,Z,):

[(fcosp sing OC
'T,= Bsintp cosy OE
g 0 0 -IE

(A1)

Transformationfrom the blade-fixedxyz systemto the intermediatedeformed system
X2Y2Z, (rotation about y byw'):

cosw' O sinw'[
2+ _ [ C
Tl_D 0 1 0 C
HFsinw' 0 cosw'E

(A2)



Transformation from theyy,z, system to thezysz; system (rotation about Yy 6):

1 0 0C
3T+ _ nl
Tz—%) co smGE
) —-sin6 coHE

(A3)

26



APPENDIX B. GENERALIZED FORCE DISPLACEMENT RELATIONS FOR A
COMPOSITE THIN WALLED BEAM STRUCTURE

Rehfield® presents ayeneraltheory for characterizingthe structural properties dhin
walled composite beam structures. Portions of this theory necésisdeyivingthe beam
stiffnessproperties of amdealizedrectangulathin walled rotor bladestructureare given
below.

Membraneresultant stresses argfrainsfor a compositdaminate are relatedby the
membrane stiffness matri&, as follows,

N, [
N, =
N, H

6

Ay As AGIST
%Z%Z&ﬁgm
s As A

The elementsof A are formed from the individual laminate plane stress stiffnesses
according to Classical Laminated Plate Th&0iye.,

(B1)

n

A=Y ()L (=129,

(B2)
where n is the number of plies of the laminate.

With the assumptiorthat the hoop streshb, is zero,the hoop strainS,, maybe written
as

, (A8 + A 8)
2T,

(B3)

Applying equation B30 B1, and rewritting thextensionabnd shear stressesterms of
the remaining strains yields

N.g_ K Ky OH'D
%\Ie O] H<12 K22%§) D’

(B4)

where the K stiffnesses are given by
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(As)’

Ki = A= )
A,
(B5)
_ A Ase
Ko =Ag———,
A A
(B6)
(Pos)
Koy = Agg ==
P A
(B7)

The relation between thegeneralizedelasticbeamforces andgeneralizeddisplacements
used in the blade equations of motion of this paper may then be expresed as

U €, C, CyucC

%\/l 0 ,C

x = 3314 Cu Culo' C

%Vl % s Cus Cos ”E
(B8)

The elementsof matrix C correspondo the beamstiffnessesf the blade equations of
motion as follows:

Cpy = fKyds= BA,

(B9)

4 2

C, = %f K,,ds=GJ,
(B10)
Cys = f K,z ds= E,,

(B11)

2

C. = TA‘E—' fKas.

(B12)

Integrationsin equations B9-12 are performed around ¢batourof the beamsection,
with A, the area enclosed by the contour perimetercdhd contour length.

For the blade structurabnfigurationsdiscussedn this paper,couplingstiffnesse<C;s and

C4s areidentically zero. The extension-torsiorcoupling stiffness, Cy4, is zero for the
monolithic PZT actuation structure. Thieer compositestructureswill inherentlycontain
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someextensiontwist coupling, resultingin a nonzeroCy4. This coupling, however,is
relatively smallfor the particularconfigurationsstudiedin this paper and wasot included

in the blade equations of motion. Future, moextensive,developmentof the blade
equations will include these elastic couplings.
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APPENDIX C. DEFINITION OF SECTION ANGLE OF ATTACK AND
SECTION ROTATION RATE WITH RESPECT TO THE AIR MASS

C.1 Section angle of attack:

The two dimensional angle of attack of the ith airfoil sectohi§é defined by

U
a, = tan‘lﬁj—YD
xH

(C1.1)

whereUyx andUy (omitting subscriptsiare the components of timendimensionasection
airflow velocity normal and parallel to the section chord.Ux and Uy expressedn the
customary airfoil coordinate system (Figure C1) are

_Vy B V

Uuy=s——=-U,, U, =—*%-=U,;
* OR Y Y QR
(C1.2)
with the total nondimensional section airflow velocity given by
U=JU,2+U,*.
(C1.3)

Spanwise flow, i.e., flow in the; direction is neglected.

V, andV, are the components of the sectaorfoil velocity with respecto the airmassin
the %ysz3 system (see Appendix A), viz.

D/x%
V= %/ F°V, -V,

y

.

:3T2 ZTllToova_ar 22T 1V b
(C1.49)

%/, and'V, are,respectivelythe velocity of the airmassin the inertial system,and the

velocity of theairfoil section dudo blademotion with respecto the %Yoz, systemgiven
by
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-V, cosx [ 00 0O
ov,=H o f v, = rof
H v H '

(C1.5)

Making appropriate smadingleassumption$or as, w', andd (andimplicitly for 6.,, and
©), yields forV:

v, 0 O V, cosp —vw' O g xww [
y% Er V,_ sing) =V, w'6 cosp - VG% %xQ+xvve%
B/ZH H V,_0siny -V, w' cosp -v H E—XQG+XWE
0 V, copy —vw'x — Xw'w' D
=Hv, (w8 cosp +siny)-ve - X(Q+W9)D

-

V, (8siny —w' cosp)-v +x(Q6 -w') H
(C1.6)

Dividing by QR yieldsthe components of theondimensionasectionvelocity in the blade

coordinate system (3-system)
pcosp - @‘TPPW W w %

x

T
I:DDDD
D]]DDI:']EDDD

psing —pw*0 cosp —A 0 —

N

El 0
I]
Mo siny — pw* cosp = App + )‘(@ - W Q
(C1.7)
where () denotes differentiation with respect to the rotor azimuth, Jrdifferentiation
with respect to</R. SubstitutindJ, andU, into equation C1.1 and then into equation
C1.2 yields the section angles of attack.

C.2: Section rotation rate:

The rotation rate of the airfoil section with respect to the air mass will be defined as

de O O
_:€6+8w',

O
€

(C2.1)
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O ]
whereey is the rotation rate of theairfoil due to blade pitch motion, and,, is the
effective rate rotation of the airfoil due tltlee component of thetor rotationvectorlying
along the section pitch axis.

ge IS given simply by

ge Eﬁ:em :eDcon+(B.

oy
(C2.2)

O
ew Mmay be foundby examinationof the vector component of thetor rotation lying
along the ¥, i.e.,

_a_q;aaw,

& = = Qew = Ok, [,
ot oy

(C2.3)

wherek; is a unit vectorin the directionof the positiveZ; axis,andi 3 a unit vectoiin the
direction of the positives@axis. Rewriting C2.3 yields

O
ew =k, [l; =sinw' Ow",
(C2.4)
for small rotations.
The total rotation rate with respect to the air mass may then be written as
O O O +
€=0cnt@tw".
(C2.5)

32



APPENDIX D. SYSTEM MATRICES

Equations 6 and iay be rewritten as aystemof M + N ordinarydifferential equations
of the form

M x+ Cx+ KX =f 00 +Tpe g,
(DI)
wherex is a vector of structural generalized displacements, given by
e - T
)(_{Wl W2 WL (pl (pz (pM} .
(D2)
The symmetric mass matrix, M, in equation D1 is given by
D [J OO]E
% [Koo
(D3)
with
Oy 1 - IfSE
w_fd® 12 g
0: R
Qoo . .. ol
(D4)
12 = I W W, &,
(D5)
RN e
00 00 - L
Joo = bzt 22 - C
g: : O
C
e s
(D6)
J° = FBW® . &
mn — IO n
(D7)
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00 00 00
D<11 K12 KlM[

C
oo K K :
g : .o
C
k2
KO = [ o o dX.
° R
C is a symmetric structural damping matrix,
*|22 O [
c=a!”l 1 ¢
gl [k
with
P P g
|22 *|22 [
*|22:D 21 22 C
0: C’
! ol
D'Ef |L2L2[
“122 = Irm I
Imn_IOrTQR‘le an dz’
OKy K o Ky
Kll *Kll :
*K11:D 21 22
g : .
%Kl:\L/Ill Kl\l/ll:kll
1 GJ
Kl=f——® *® "X
mn IOran m n

K is a linear stiffness matrix of the form
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L
L
L
L

C

(D8)

(D9)

(D10)

(D11)

(D12)

(D13)
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o [ JlO]E

T ke

where
o niee) o (Vi )
=0 . :
%T 11+0| 11 +| 22) (TI EE"'? I_1L1_|_| Liz)E
— T + +
Uk ImQZ W, 'W, &,
0111 — K +
Q RZI madx
El
— nn ++ ++
m = fomgegs W o -
07 -+ L
J0 = Hy . . L
1 - D . . . [,
HI: - JIwE
IO = faxw'eo . &
1¥mn _IO n '
CK+TKE + KE+OKE) ooe (KK +Ki+K
Kcucp — O : ", .
=0 : . :
HIE+ T + KA+ KE) o (KT + K+ K

k2
KOOZ OR_CD () dX

Twll — 1 T kA2 + +
= ¢ "d TdX,
™ Jom? R R

(D15)

(D16)

(D17)

(D18)

(D19)

(D20)

(D21)

(D22)

(D23)

(D24)



GJ

K = O o tdx
mn .[0 mz R4 m n ’
(D25)
k2= Koo (0o (0).
QZRZI mdx
0
(D26)

faero !

nondimensionapiezoelectrianducedtwisting momentsand nondimensionasteady state
inertial propeller moments, and are shown below:

f.e and f_60 are, repectively, the nondimensional aerodynamic forces,

O C
ofo b Vi dx
O : C
[l L
faero = DI LWWL dj( E’
0 ] Mq,dbldx C
o, ° C
] Mq,CDdeE
(D27)
L, = sz :
mQ-°R
(D28)
_ M
M, =—
* mQ*R’
(D29)
O 0 C
O : C
O ) C
. B 0 E
fPE - D 16 ¢+ dj(E’
D.[O PE ¥ 1 C
O : C
1— + E
OQPECDMCRE
(D30)
= _ Q
QPE = ZERZ y
(D31)
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(D32)

[eW, &,

JO

(D33)

[2AR-

1 _
l‘Jm=

(D34)

(D35)
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APPENDIX E. AERODYNAMIC STATE SPACE COEFFICIENTS

Coefficients associated with lift formulation:

A
f :_TZ
! k

f,=(an,u, +De'3,)/k
f, =-2d,w,/k

f, =-w,2(1+d,?)/k?

o ANC. O
fo = f4§JXACZ + eszUXA Cz+aaa z UY%

Coefficients associated with pitching moment formulation:

91:‘%/‘2

gzz_m/IZZ

o /-
gazgzLJAQn_EmUY/k-
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(E1)

(E2)

(E3)
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Table 1. Ordering of nondimensional parameters appearing in equations of motion.
(e =010).

u/R=de*) EI/mQ°R = de°)
v/R= C(az) G/mQ? = C(a‘e)
w/R= Qe) EA/M2 R = Céa‘z)
¢=0(¢) k2/R = de*)
6 = O(e) K2/R = de*)
¢ R= (¢?) B/AR = e*)
e,/ R= C(a3) B)/AR = C(a3)
x/R= Q1) J/R = C(ag)
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Table 2. Lift based ONERA stall coefficients for the OA212 airfoil.

Parameter Value Physical Description
A 0.2 time delay parameter
S 5 apparent mass quantity
o oC, lift coefficient to pitch rate

da 4(1+ 1435(:2) relation
w 0.10+ 002%a|- 13u(a|- 19, [a|< 217 damping factor
0.3 al> 217 (uis a unit step function.)

d 0.105w stall natural frequency
e

2-s1tan™[124al- 19)u(al - 13

phase shift parameter
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Table 3. Coefficients for stalled pitching moment circulation equation. Values are for the
"mean airfoil" of Reference 27.

Parameter Value

lo 0.2
o 0.2
& 0.25
& 0.1
E, 0.573
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Table 4. Lamina structural properties. Piezoelectric lamina properties are derived from

values reported by Rogers and Hagood.

Property passive blade monolithic PZT  IDE/PFC DAP/PFC
structure lamina lamina lamina
Ci1 12.8e6 psi 9.6€6 psi 4.5e6 psi  4.5e6 psi
022/011 1 1 0.60 0.60
C12/C11 0.375 0.29 0.24 0.24
Ce6 4.0e6 psi 3.4€6 psi 8.3e5 8.3e5
d31/d33 - -0.5 -0.4 1
D 0.1 Ibs/irt 0.27 lbs/irt 0.21lbs/if  0.21 Ibs/irt
Nmax - 500 e 500 e 250 e
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Table 5. Baseline helicopter rotor parameters.

Parameter Baseline blade value
Q (rad/sec) 23.2
R (in) 336
Y 9.44
¢/R 0.0488
n 4
o 0.0622
Cr 0.00465
f /nR2 0.015
®, =K, /Q%l, 16.0
m (slinch/in) 0.00142
mk? (slinch-irf/in) 0.0175
Ie/l 8 0.000327
elc 0
GJ 0.00552
IBQZR
h (in) 1.84
w (in) 6.11
t (in) 0.141




Table 6. Structural parameters for numerical examples.

Parameter IDE/MON IDE/PFC DAP/PFC

GJ 0.00447  0.00365  0.00365
1,Q°R
Y 8.28 8.28 8.28

toe /t 0.1875 0.300 0.300
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Table 7. Calculated nondimensional blade natural frequencies for numerical examples.

Parameter Baseline blade value IDE/MON IDE/PFC DAP/PFC

W, 1.0 1.0 1.0 1.0
W, 6.10 5.60 5.14 5.14
W, 18.19 16.64 15.22 15.22
W, 61.02 59.67 58.58 58.58
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Table 8. Aerodynamic parameters for numerical examples.

Parameter value
€1 ~Ti+1am?)
4
Co =C
Cs 3 1
-—(-126-153an"(1pM - O
M 0.30
yac O
N 5
X {0.28 0.44 0.60 0.76 0.92}
A {0.16 0.16 0.16 0.16 0.16}
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Figure 1. Conceptual diagram for a unified rotor blade piezoelectric aeroelastic analysis.
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Lift coefficient data:

4 T T
—Cz_s
Cz_|
37 — -
2r 4

value

-150 -100 -50 0 50 100 150
alpha, deg

Figure 2. Static lift coefficient curves (linear model and stalled) for the OA212 airfoil.
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Pitching moment coefficient data:
02 T T T

0.15

0.1

0.05

value
o

-0.05

-0.1

-0.15

-150 -100 -50 0 50 100 150
alpha, deg

Figure 3. Static pitching moment curves (linear model and stalled) for the OA212 airfoil.
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piezoelectric fiber:

embedded in matr \
2

& =
1, N
P interdigitated electrode (IDE)

layers, top and bottom

Figure 4. Material axis system for piezoelectric fiber composite assuming interdigitated
electrode poling scheme.
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Figure 5. Rotation of piezoelectric fiber composite material system with respect to the
global (blade) system.
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blade cross section:

e )

structurally effective cross section:

Z3
t piezoelectric fiber

r tee composite lamina
h/2 T T

Y3

wi2 passive" substructure laminae

Figure 6. Idealized rectangular, thin-walled, closed-section piezoelectric blade structure.
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frequency, P

Figure 7. Blade frequency response: monolithic PZT (MON) twist actuation with

interdigitated electrode poling schen®;= 0.00465u = 0.0.
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Figure 8. Blade frequency response: PFC twist actuation with interdigitated electrode
poling schemeCr = 0.00465u = 0.0.
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Figure 9. Blade frequency response: PFC twist actuation with conventional electrode
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Figure 10. Comparison of elastic twist frequency response for IDE/MON, IDE/PFC, and
DAP/PFC actuation schemés; = 0.00465u = 0.0.

56



Figure A1. Rotor blade coordinate systems. Note that the blade undeformed elastic axis
lies along X. (Section pitch angl®, is not shown.)
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Figure C1. Airfoil section coordinate system.
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