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Abstract

The development of an active twist rotor (ATR)
blade is investigated analyticaly and experimentaly n
this paper. The ATR system is intended for vibration
and potentidly noise reductions in helicopters through
individuad blade control. An aerodagic modd is
developed to identify frequency response
characterisics of the ATR blade with integrd,
gengdly anisotropic, strain actuators embedded in its
composite construction. An ATR blade was aso
desgned and manufactured to experimentaly sudy
the vibration reduction capabilities of such systems
Severd bench tests and wind tunnd hover tests were
corducted & MIT and NASA Langley, respectively.
Those results are presented and discussed here. Using
the devdoped active blade modd, numericd results
ae compaed to nonrotating and  rotating
experimental data. The proposed modd captures the
physical tends and sengtivities to seected test
parameters. Correation on the bench is excdlent,
supporting the new active structural dynamics model
of ATR blades. The numericd results of the blade
torsond loads in hover are quditaively excelent, and
average eror of 20% in magnitude is observed.
Oveadl, the active rotor blade modd is in very good
agreement with the experiments and can be used to
andyze and design future active blade systems.

1 [Introduction

The technology of smart structures provides a rew
degree of desgn flexibility for individud blade control
gIBC) of advanced composite helicopter rotor blades

The key to the technology is the ability to dlow the
structure to sense and react in a desired fashion, with
potentid improvements in rotor blade performance,
egpecidly in the areas of dructural vibration, acoustic
signature, and aerod agtic sability.

The broad class of actudtion approaches for
helicopter IBC can be badcaly subdivided in two
groups. actuated control surfaces a discrete locations
dong the blade®® and direct deformation (usualy
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twist) of the blade structure,’®**

onthelatter.

Recent andyticd and experimentd investigations
have indicated that the active fiber compostes (AFC)
embedded in composite rotor blade structures should
be capable of meeting the performance requirements
necaﬂsal%_14 for a usful individl_Ja_i u§de _opntrol
system. The AFC actuator utilizes interdigitated
dectrode poling and piezodectric fiber embedded in
an epoxy narix™. This combination reslts in a high
performance  piezodectric  actuator laminate  with
drength  and  conformability  characteristics  much
gregter than that of a conventiond monalithic
piezoceramic. Among the efforts in this area of direct
deformation of the blade using AFC actuators is the
collaborative program between Boeing Co. and MIT
(sponsored by DARPA).  This program has been
addressng the diffeeent manufacturing issues of an
integraly twisted blade usng the AFC actuators. A
dngde Mahscded mode blade was congructed and
hover tets were conducted, showing encouraging
results®® Future design and manufacturing of a three
bladed rotor system is expected to happen for eventua
Mach-scded wind tunnd tests in ar (where specific
demongrations of full-scde blade sresses will be
possible).

In a complementary manner, a research program
between NASA Langley/Army Research Laboratory
and MIT has been edablished to investigae the
specific issues relaed to the modding and desgn of
Active Twist Rotor (ATR) systems, evaluate their
effectiveness for IBC in forward flight, and the impact
on vibraion and noise reduction, as wedl as potentid
cyclic control of future active systems. As part of the
ATR study, extensive wnd tunnel test will support the
proposed concept and will provide a first-of-akind
experimentd data for vaidation of the concept and the
devdoped active blademodding framework. The
tests are conducted usng a 2.74m diameter 4-bladed
fully-aticulated  aerodadticaly scded  wind  tunnel
mode  desgned for teding in the heavy gas
environment of the NASA Langley Transonic
Dynamics Tunnel (TDT). The Aerodastic Rotor
Experimental System (ARES), shown in the TDT in
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Fig. 1, is used to tet the ATR modd. The TDT
utilizes a heavy gas test medium with a speed of sound
gpproximately one hdf that of sea level dsandard air.
This, as wel as the TDT's variable densty test
capability, permits full scale rotor tip Mach numbers,
Froude numbers, and Lock numbers to be matched
smultaneoudy a modd scde In paticular, the
reduced speed of sound in the heavy gas medium
dlows full-scde tip Mach numbers to be matched a
lower rotational speeds and lower blade stresses.

Figure 1. The ARES testbed inthe TDT withthe ATR
prototype bladeinstalled.

This paper discuss the development of the ATR
prototype blade the framework developed for
andyzing such blades its desgn, manufacturing, and
tests, both on the bench and in hover.

The generd framework developed to andyze and
desgn active composte blades is presented firgt. It
models the blade as a multi-cdl composite beam with
embedded integrd anisotropic actuators. This was the
first atempt in the literature towards an asymptotica
analysis of active multicell beams® The asymptotical
andysis tekes the eectromechanicd three-dimensiond
problem and reduces it into a linear andysis over the
cross section and a nonlinear analysis of the resulting
beam reference line. The effects of the active maerid
embedded in the structure are carried out throughout
al the steps of the anayss Vdidation of the
developed modd was conducted by correating with
other theoreticd modeds and expeimentd data
obtained from small -scaled active blades ™®

Using the developed analyss and CAMRAD Il
edimates of criticd forward flight loads, the design of
the ATR blade is caried out based on an actuation
authority requirement and conddering the generd
datic and dynamic characterigtics of a generic research
blade. A prototype blade was manufectured a MIT,
and the principal steps are presented in this paper.

Bench tet and prdiminary hover test were
conducted on the ATR prototype blade. For the hover
test, the ATR prototype blade was installed at the rotor
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system hub dong with three other (dummy) passive
blades The tets vdidae the desgn and
manufacturing procedures, and verify the performance
and dynamic characteristics of the prototype aticle
Actuation authority and vibration behavior in non
roteting condition and dynamic characteridics of the
ATR blade and the overdl rotor system in rotating
conditions are discussed a the end. Corrdetion of the
expeimental data with the prediction of the developed
theory used in the design of the blade is dso presented.
This supports the validation of the numericad model
that is being built to study optima twist actuation
schemes for future individua blade control.

2 Theoretical Model

For andyzing helicopter blades with embedded
drain actuators, a framework is needed such that the
effects of the active materid embedded in the structure
are carried out throughout al the steps of the andysis.
A new andysis formulation was created for active
rotor blade modeing that is able to modd redidic
blade cross section like the one needed for the ATR
concept. As described below, an asy mptotical andysis
takes the dectromechanicd three-dimensond problem
and reduces it into a st of two andyses a linear
andysis over the cross section and a nonlinear andysis
of the resulting beam reference line.

2.1 Cross-Section Analysis

The new asymptoticd formulation to analyze
multi-cell composite beams incorporating  embedded
piezodectric plies digtributed throughout the blade was
developed and presented in detal in Ref. 18.  While
restricted to thin-wdled beams, it yidds closed form
solutions of the displacement field (which is derived
and not aswumed), and diffness and  actuation
congants. The avalability of correct closed form
expressions is essentid to determine design paradigms
on this new type of blade, mainly concerning to the
tradeoffs between torsona  dtiffness and  twist
actuation. These dtiffness and actuation constants will
then be used in a beam finite dement discretization of
the blade referenceline.

Even though the detals of this formulation can be
found in Ref. 18, the man reslts are reproduced
beow for completeness With an assumed linear
piezodectric conditute relation and dating from a
shel drain energy, the 2-D origind dectrodagic shel
formulation is condensed to a 2D beam problem. The
digolacement field isfound to be of the form:



V= Uy (X) - MUl(X)- 2(S)ugx) +
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where the superscript (@) indicates that the component
is function of the applied dectric fidd (in the case of
thinwaled cross sections the actuation only
influences the out-of-plane  component of the
displacement field). The functions G(s) and g(s) are
the warping functions associated with  torsion,
extenson, and two bending measures  Associated
with this displacement field, the beam conditutive
rldion rdating beam generdized forces (axid force
twist, and two bending moments, respectively) with
beam genedized drains (axid drain, twist curvature,

and two bending curvaures) and corresponding
generdized actudtion forces (function of the geometry,
materid  digribution, and gpplied dectric fidd) is
obtained in the following form:
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where [K] is the diffness matrix function of geometry
and materid didribution a the rotor cross section.
From this formulation, dl Ki and the generdized

actuation forces ae given by cosed form
expressions®

2.2 1-D Beam and Aerodynamics Analysis

The geometricdly exact beam eguations follow
from the asymptoticd anadyss and include the
digributed actuation. As direct extenson of Ref. 19,
the origind nonlinear formulation dlows for smdl
drain and finite rotations, and is cag in a mixed
vaiaiond intrindc form.  The embedded actuaion
effects come in the new conditutive relation that
modifies the 1-D finite element formulation. Its
implementation was peformed on the aerodadtic
hover solution described in Ref. D, and details of that
can be found in Ref. 21.  The solution of the D
beam andyss provides blade displacement and
generdized dress fidds due to externd loading and
piezodectric actuetion, which ae of interest in the
andyss of dgatic and dynamic deformations and
aeroeladtic stability.
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Based on a thin arfoil theory, the externd
aerodynamic loads acting on the rotor blade surface
are formulated in rotating conditions (either in hover
or forward flight). Since the aerodynamic mode used
in this formulation contains the induced velocity terms
explicitly, it is necessary to solve them simultaneoudy.
In this andyss, finitestate dynamic inflow equations
based on Peters and Hé® is adopted. In its derivation,
new statevaridbles ae generaed to describe the
inflow velocity a discrete spanwise locations by
dynamic  equilibrium  eguations between  inflow
quantities and pressure imposed on the rotor blades.
These eguations wusudly involve the gructurd
vaidbles and thdr time deivaives such &
displacements and rotations and, therefore, they need
to be solved concomitantly with the structura
equilibrium equations.

2.3 Solution of the Aeroelastic System

The dgructural equilibrium equetions from 1-D
beam andyss can be grouped into gructurd (F9 and
aerodynamic terms (F) asfollows:

FS(X,X,V)- FL(X,Y,X) =0 €]
where X is the vector of structurd variables, Y the
inflow variables, and V is the vector of magnitudes of
the dectricd fidd didribution shape. Similarly, the
inflow dynamics can be represented by separation into
pressure (Fp) and inflow (F) components:

- F(X,Y)+F,(Y,Y) =0 @

The solution of interest for the coupled set of
equations above can be deived based on smdl
perturbation from steady -state equilibrium:

1Xu_1 Xy 1X@Ou -
i Sigytic

TY% inva TY(t)ig

For the solution of steady-state equilibrium, one needs

to solve a st of nonlinear equations of both Egs. (3)
and (4):

F(X,0V)- F(X,Y,0=0

- (X.Y) +F,(Y.0) =0 ©

i

i
The Jecobian matrix of the above st of nonlinesr
equations can be obtained andyticdly and is found to
be vay spase. The seady-date equilibrium solution
can be found very efficiently usng Newton-Raphson
method.

In order to investigate the dynamic response
of the blade with respect to voltage applied to the
embedded anisotropic  drain  actuator, a Sate-gpace
representation  is  required  after  the  Steady -date
solution is obtained. By perturbing Egs (3) and (4)
usng Eg. (5) aout the cadculated Seady tate, one
gets
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from which the trandgent solution can be found. Since
the aerodynamics is expressed as coupled through the
blades, the system equations must be transformed to
multi-blade coordinates resulting in a form of multi-
harmonic series. In the present hover andysis, only the
collective components of those need to be considered.
Eq. (7) is a dtatespace representation, and can be
written in the following generd form:
1EX = AX +BV
i y=CX+DV
where y is the output vector of sensors embedded
dong the blade (stran gauge bridges configured for
torson or bending <tran messurements).  Frequency
response function of the blade can be caculated using
the following Laplace transform:
Note that the coefficient matrix E is usudly singular
due to the mixed formulation of the beam model.
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3 ATR BladeDesign

Aerodagic design of the active twist blade was
accomplished within the framework described above.
The basic requirements for the ATR prototype blade
come from an exiging passve blade used by NASA
Langley. The basdine (passve) system has been wel
sudied and characterized dong the years, and is
representative of a typica production helicopter. The
new ATR blade is designed based on the externd
dimensons and aerodynamic properties of the exigting
basdine blade. Table 1 summarizes the geneard
dimenson and shape chaacterigticss, and Table 2
presents the man dructura  characterigtics of the
basdine blade, as wdl as the result characterigtics of
the ATR prototype blade design. Findly, regarding
actudtion properties, the target was to provide an
actuation level of approximately +2° a the tip. This

levd of actuation authority is sufficent to
experimentaly investigate a wide range of IBC active
twist applications >

Different design dudies including different cross
sectiond  actuation  concepts  were  conducted  to
maximize actuation peformance while satisfying
diffness, grength, and manufacturability condraints.
A ddaled investigation of the implications of
digributing the torsond diffness a different cross
section members and the importance of having a multi
cdl ative crosssction andyss  capability  is
presented in Ref. 21

Tablel. General propertiesof theexisting baseline

rotor blade
Rotor type Fully articulated
Number of blades, b 4
Blade chord, ¢ 10.77 cm
Bladeradius, R 14m
Solidity, bapR 0.0982
Lock number 455
Airfoil shape NACA 0012
Blade pretwist —10° (linear from ORto tip)
Hinge offset 7.62cm
Root cutout 31.75cm
Pitch axis 25% chord
Eledticaxis 25% chord
Center of gravity 25% chord
Operationd speed 687.5 rpm
Rotor overspeed 756 rpm
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The chosen concept and converged structurd
design of the prototype Active Twist Rotor model
blade is shown in Figs 2 and 3. The find concept
employs a totd of 24 independent AFC actuators
placed on the front spar only, and digtributed in 6
detions dong the radius.  Even though it is not the
highest actuation authority concept, the chosen one
satisfies dl the requirements and provides a lower cost
option (where most of the cost comes from the AFC
packs). The AFC laminae are embedded in the blade
dructure a dternating +45° orientetion angles that
maximize the twist actuaion capabilities of the active
plies. With an even number of AFC plies, it is adso
possible to keep the passive dructure of the rotor blade

virtudly  dadticdly  uncoupled. This  dlows
independent  actuation of blade torsond motion with
practicaly no bending or axid actuation.

Structurd  integrity of the new blade design
was evauaed based on the worgt loading conditions,
which are expected to occur within the rotor system
operaing envelope. In this design, forward flight with
the maximum speed is sdected as the loading criterion
and CAMRAD |1 was used for the loads evaluation.



Table2. Main characteristicsof the ATR final design and the passive basdline blades

Final Design | Requirement (Baseline) % Difference
Mass per unit span (kg/m) 0.6960 0.6959 +0.01
Xog/C 249 % 25% -04
x7alC 30.8% 25% +23.2
K11 (axid) (N) 1.637 16 2010° -182
K22 (torsional) (N-m? 362210 48468 10" 253
Kz (flap bending) (N-m?) 402310 43306 10" 71
K (lead-lag) (N-m?) 1.094 10° 7.0264 10° -844
Lock No. 455 455 0.0
Section torsiondl inertia (kgm?m) 3307 10° 3.173910% +4.2
1% torsion frequency @ 687.5 rpm 7.38/rev 7.37Irev +0.1
Twist actuation @ 0 RPM (peak-to-peak, °/m) 452° 4° +13.0
Maximum strain at the worst loading condition
(@AFC) (ustrain)
(1) Fiber direction 2,730
(2) Transversadirection 2,730
(3) Shear direction 5,170

Then, the largest magnitudes of the aerodynamic loads
ae extracted and combined with the centrifugd loads
in order to give the worg loading vadues and a safety
factor of 1.5 is used. The developed design tool is used
to convert the 1-D globd beam loading into the
dressstrain - existing in  condituert  composite plies
within the skin lay-up. By adopting maximum strain as
the datic failure criterion, the dtructurd grength is
confirmed.

Figure 2. Schematic diagram of the find ATR blade
section design. Dimensions arein inches.

r Coincide rt flap-lag hinge locatian (3.0)

AFC aduata plies Blade pitch axis
topand bottom) \ l (0.25¢) —‘
X
A

L Blade chord ¢ (4.24
Bladeradius, R 5.0)

* NACA 0012 airfoil contour flom station12.5 to blade tip
+ -10°builtin linear wist from center of rotation to blade tip

w

Center of
rotain

Figure 3. ATR aerodadicaly scded modd blade
geometry. Dimengonsarein inches.
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4 ATR Blade Prototype Manufacturing

The prototype blade was manufactured according
to the find desgn desxribed aove. The duminum
blade mold used for the origind basdine blade
manufacturing was used again for this prototype.
Alo, besdes the details described above, there were
some additiond needs on different miscelaneous
elements.

4.1 Miscellaneous | tems

Among the different dements that needed specid
dtention during this phase, one of specid importance
is the blade root, which was totaly modified from the
origind meta block atachment of the basdine blade
The concept adopted for this blade uses an integra
graphitelepoxy  condruction  in  the exact externd
arfoil shape, with a gndl Rohacdl foam core to
provide the back pressure during cure. A tota of 80
plies of IM7 unidirectiona graphite/epoxy were cut
ad ladup to form the [0°, +45°, -45°, 90°]w
symmetric laminate about the foam core. This was
chosen in order to provide enough strength for tensle,
bending and torsond loads. Also, for continuity of
the outboard lay-up, the root is wrapped around by the
continuum skin EGlass plies of the outboard constant
coss-section.  Findly, three bolts in tandem do the
mounting of the blade root with the hub attachment.
The corresponding holes that go through the root block



are drilled using a diamond drill bit after the root stack
is cured.

Regarding the AFC packs used for this prototype
blade, dmilar design and manufacturing procedures
adopted for the integrd actuated blade” were used.
The new blade geometry, however, required new pack
dimensons and minor modifications on the gap
between the AFC packs and the location of the solder
flaps. The final geometry of the AFC packs is
preented in Fg. 4. The manufacturing of al 24
individud AFC packs were performed by Continuum
Control Corp., Burlington, Massachusetts, according
to the specifications. Before using the packs on the
composte  condruction, esch of them were
individudly tested and their actuation and capecitance
characterized a two different cycles 3,000 V/600
Ve (“representative cycle’) and 4,000 Vpp/1,200 Ve
(“extended cycl€’) for 1 and 10 Hz. The average free
grain for the extended cycle was 1278 pdrain with a
gandard deviation of 228 pdrain.

To get the high voltage into the packs a flexible
circuit is inserted in the blade assembly and runs aong
the blade web. A tota of six plies of such circuits were
designed, each of which has 8 copper leads indde a
kapton  insulation. All  Fex Inc, Northfidd,
Minnesota  manufactured  the  flexible  dircuits
according to the specifications. They were successfully
tested for high voltage isolaion prior to the blade
congruction. Once the flex circuits are in place, their
squarecolder pads ae <soldered to the flaps
(connectors) on the AFC packs, and esch individud
crcuit layer is atached together and to the web using
film adhesive cured a 250°F.

Findly, the fabrication of the Rohacell foam core
insgerts and the tantaum balast weights for the leading
edge and web. The Rohacdl foam blocks were
machined & NASA Langley's Advanced Machining
Development Laboratory to the desired airfoil section,
with an extra 10~15 mil oversize to ensure the right
back compresson of the laminate agang the mold
wadls during cure.  The foam blocks for the faring
were hand cut and sanded usng a metd guide tool.
The balast weights were aso fabricated a NASA
Langley. The leading edge weights were machined to
the desired shape, and the web ones were cut as smal
platelikepieces.

-l 1655000050 !<
f 9.906+0.0005 i
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l 017500005

=

T
2662300005
0I66£0.0005 -‘ l:—i

- 2953200005 -

- fAaRrRELOns -
025000005

I POSTE0.0005 Ld

Figure 4. Find AFC pack desgn used in the ATR
prototype blade
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4.2 Testing Articles

Two testing articles were congtructed prior to the
find active prototype blade a 1/3-span blade spar and
a hdf-span blade spar (noworking AFC packs were
used). Both were built with an duminum attachment
a the tip for gripping a the tensle testing machine.
The firda one was used primarily to debug the
manufactuing process, induding mold handing and
usge, autodave curing cyde (250°F, 90 min.—=85 psi
pressure was aso used to support find closing of the
mold), diding of AFC packs in the prepreg laminate,
the survivability of the AFC contact flaps through tre
curing cycle, the root congruction, the Rohacdl foam
szing and placement, and the attachment of drain
gages on those foam pieces. The second testing blade
was used primarily for testing the root strength and
implementing modifications needed to the process
identified from the firsd attempt. The improved
manufacturing  technique details used on the second
blade checked dl the steps to be followed on the full
active blade.

After the tendle test, the second spar assembly
was diced to see any ddamination of the plies or any
voids trgpped indde the assembly near the drain
gages, and none was found. Also the weght of the
spars was measured and compared with the target
weight per unit length. Similarly, experiments were
conducted to assess the spar torsona diffness. Finaly
the faring assembly of the same span length was
attached and cured to the second spar successfully.

4.3 Prototype Blade

After the whole manufacturing process being
well established, the fabrication of the ATR prototype
blade followed. Before sarting the wrapping of the
prepreg plies around the foam, sensors need to be
properly ingtalled and tested. A total of 10 sets of full-
bridge gdran gauge sensors were embedded into the
foam core surface and the wires ran through the small
trough dong the web. The 10 bridges were divided in
sx tordond dran gauges three flap-bending dran
gauges, dl located a different spanwise ddions, and
one chordwisebending dran gauge near the blade
root. These dran gauges are used to monitor the
deformation and load levd during spinning on  the
hover stand or in the wind tunnd. They ae adso
hepful for invedigate individua pack actuaion during
bench tests.

The manufacturing of the spar assambly s
conducted next. Two types of tantalum weight pieces
are digned and atached a the nose and rear web to
give the desrable chordwise CG location and weight
digribution. At the blade root, the stack of 80 graphite
plies is inserted and a the discrete gep between the
AFC packs and the root region is filled with SGlass



plies. The spar assembly is put insde the blade mold
and seded 0 vacuum can be built in the mold when
inddetheautoclave.

Once the spar is cured, the sx flex circuit layers
are soldered to the corresponding AFC flap connectors
usng high-temperature solder. They are then bonded
to each other and to the web using srips of film
adhesive. The find ATR prototype article can be seen
inFig. 5.

Figure 5. Find ATR prototype blade.

5 ATR Prototype Results

In what follows, different characterization tests
were performed on the ATR prototype blade in order
to vdidate the design and manufacturing procedures,
and to verify the performance of the prototype article.
Also numericd results obtained from the current
theoreticd model are presented for comparison a esch
dage of the experiments snce the moded was
developed and expanded to endble variety of andysss,
such a ddic actuation peformance,  frequency
response & bench top, and aerodadtic response in
hover condition.

5.1 Blade Torsional Stiffness Test

Snce the blade torsonad iffness is an important
parameter associsted with the actuation authority of
the blade, specid attention is given to it. Tests were
performed on the prototype blade before and after the
faring is dtached. The tets were conducted on a
specialy built rig that applied a controlled couple a
the tip of the blade, which stands verticdly and is
clamped a the root. A pair of laser sensors (Keyence
LB-12, 2 um resolution, 30~50 mm effective distance)
was used to extract the rotation of a given dation of
the blade A summary of the results in presented in
Fig. 6, where the predicted results based on the
developed thinwaled cross-sectiond andysis and the
more generic  finiteelement  based VABE®  ae
presented.  As one can see, there is a dgnificant
increase (over 17%) on the blade torsond giffness
with the addition of the fairing. The overdl
corrdation is consderably good consdering that the
experimental data has a spread of approximately +2 N
m* for the spar messurements and  +4 N-m? for the
complete blade. The thin-waled gpproximation
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consistently under-predicts the torsional diffness by
20%. Some of that is due to the modd not accounting
for the foam core, bdlast weights and the presence of
the flexible circuit. A more detailed asymptotical
modding (VABS) based on a finte dement
discretization of the warping fidd, and only including
the effects of the foam core, shows a very good
correlaion with the experimenta data

Thin-walled model

VABS
[] Experiment

1

spar only spar+fairing

Figure 6. Tordond stiffness results for the spar and full
blade—comparison  between experimentd  and  theoretica
results

5.2 Bench Actuation Test

With the prototype blade cantilevered on the
same rig as used for the diffness tests, high voltage
was applied to the packs and a par of laser
displacement sensors (LDS) was used to mesasure the
rotetion angle a the tip of the blade The amplifier
used in thesetests was a TREK 663A, 10 kV, 20 mA,
40 kHz limiting current and frequency, respectively.

5.2.1 Quasi-gatic actuation

Preliminary tests were peformed on the spar
firs, and then on the whole assembly (spar + fairing)
a very low excitation frequency (1 Hz). The tip twist
angle measurements dong with mode predictions are
presented in Table 4. Due to dectric falures of the
packs a higher voltages, tests were limited to a 2,000
VpfO Vpc levd. Based on the AFC materid
characterization conducted on this vdtage levd, the
theoreticdl actuation prediction usng the mode
developed in this study is carried out. As one can see,
the present modd overpredicts the low-frequency
actuation by 20% to 27% conddering the basdine
LDS measurements. Notice, however, that the quas-
datic cross-section actudtion modd has been validated
well agang other experimentd data, and errors of no
more than 15% were expected based on the avalable
AFC material. Therefore, another set of measurements



was performed based on  Prgection  Moiré
Interferometry (PMI). The PMI is a noninvasive mean
of remotdly measuring <shape, digplacement, or
deformation of an object. These measurements have an
average accurecy of 0.056°+0.042° for the large scde
system and 0.010°+0.012° for the smdl scae one for
the blade rotaion angle between 0° and 1° (‘large’
and “smdl scde sysem” are associated with the field
of view, with the “large’ one covering most of the
blade's active region and the “smdl scde’ being only
about 30% span). Based on 18 working AFC
actuators, the peek-to-peak tip twist a 2,000 Vip is
dso included in Table 4 (last column). By correcting
the twigt actuation to account for the difference in the
number of working AFCs the experimenta result
from the PMI test is about 15% higher than the
origind LDS messurements, and the difference to the
theoretical modd is within 12%. This difference was
somehow expected, among other things due to the
varigion of AFC materid properties (both active and

passive properties).

Table 4. Peak-to-peak tip twist actuation of the
ATR prototypeblade (2,000 Vg/OV e, 1 Hz)

Present | Experiment Bp.
Model (LDS) (PMI
Spar only 1.4° 11° -
Spar+fairing 12° 10° 11
" only 18 active AFC packs.

5.2.2 Non-rotating frequency response

The non-rotating dynamic characterigtics of the
blade can be evauated from the frequency response of
an gpplied sinusoidal excitation to the AFC actuators.
Figs. 7 and 8 show sample of the results of the strain
gauges embedded in the blade and the LDS (for tp
twig angle) readings and the theoreticd predictions of
the present model a severa blade stations as function
of the AFC actuation.

As one can see, the firg torsona mode is
clearly identified a approximately 85 Hz, and this
result matches well with model prediction. The pesks
a the tordond naturd frequency in the modd
prediction are found quite higher (tend to infinite) than
those in the bench test results since no damping is
included in the structurd modd. This aready indicates
that some structurd damping should be added to the
modd. Once the aerodynamics is included in the
problem, its damping will bring the pesk to finite
amplitude. While the strain results could be obtained at
high excitation voltages, the dynamic tip twis was
measured a low voltages due to the limitation on the
range of the laser sensors. At 400 V, the pesk-to-
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pesk tip twist response of the blade is approximately
35° Such an increased dynamic response around the
fire tordond naturd frequency is expected to affect
the twist response over the frequency range of interest
when the blade is rotating. It makes the frequency
response quite flat after 1P (11.5 Hz), compensating
for the inheret degraddion authority of the
piezodectric material with frequency. Therefore, the
theoreticd model presented herewith shows very good
corrdation with experimenta test on the frequency
response for both tip twist actuation and torsiond

deformation of the active blade.
2- . .
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3 1.44 (both at ZOOY’p)
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Figure 7. Tip twist response of the ATR prototype
blade on the bench
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Figure 8. Torsiond moment at 31% blade radius
of the ATR prototype blade on the bench

5.3 Hover Test

The ATR prototype blade was used with three
other smilar passive blades for hover testing as a four
bladed fully-articulated rotor system insde the NASA
Langley TDT (shown in Fg. 1). The tes conditions
include harmonic sne dwel actuation in ether normd
ar or heavy gas medium environment. The rotationa
speed was varied (full 688 rpm and 10% below that),
as wel as the collective pitch setting (0°, 4 and 8).



The blade tracking and bdance was successfully
accomplished by adjusting the active blade weight and
its pitch angle. In order to provide high voltage to the
roteting active blade, a specidly designed high-voltage
dip ring was indaled between the fixed system and
the rotating one. During the hover tests, a totd of 26
data channels were monitored and stored to investigate
the aerodedtic characteristics of both the overal rotor
system and the individuad blade These sgnds include
6-component rotor system baance loads, strain gauges
embedded in the active blade, pitch link loads, etc.

The acquired dgnd daa in time is then
processed to obtain the transmissibility of the system
with respect to the sinusoidal actuation of the active
blade in frequency-domain. The undesrable s€gnd
noise is filtered from the data by adopting a smple
smoothing agorithm. The transfer function can be
obtained by the output sgnd divided by input sgnd,
both of which are transformed to frequency-domain by
a fast-Fourier transform (FFT) technique. Since sne
dwell was used in the test, one st of daa
corresponding to  eech discrete  frequency  generates
one point in the transfer function plots.

From the theoreticd mode developed in this
study, the frequency response of the ATR prototype
blade can be computed for the hover condition. As
sample results, Fig. 9 shows the internd torsond
moment at 31% blade radid sation and its comparison
with the experimenta data for the case of heavy gas
environment, 688 rpm, 2000 Vp, excitation, and
varying collective pitch settings (0°, 4°, 8°). As one
can see from both magnitude and phase of the torsion
gage readings, the actuation authority is insendtive to
the blade detic loading (represented by the different
collective sdttings). Also, the firgt torson resonance
frequency appears a about 70 Hz (6.3 P), lower than
the bench result (85 Hz), which is associated with the
pitch link flexibility, the aerodynamic damping effects,
and the effective change on the totd length of the
blade (due to its mounting on the hub). Even though
the andyticd mode overpredicts magnitude of the
blade deformation in the low frequency actuaion
regime, the corrdation is fairly good. Moreover, the
andyticd prediction clearly confirms the previous
experimenta  findings that the actuation authority is
insengtive to the blade static loading.

The frequency response function of the internd
torsona moment a 31% span location for varying test
medium dengty is shown in Fig 10. As can be seen,
the medium dendty varidion does not influence the
actuation authority, except a the tordona resonance
frequency due to the change in the aerodynamic
damping with dendty. It is dso found that the
theoreticd results follow wel the experimentd trends
s tha the pesk magnitude around the torsond
resonant frequency increases as the test medium
density decreases. However, quantitetively the mode
ill overpredicts the experimental deata.
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the ATR prototype blade in hover (688 rpm, 2,000 Vq
actuation, ¢, = 8°, variable medium dengity).

Frequency response sengtivity with respect to
rotor rotationd speed is shown in Fig. 11 for 688
(100%) and 619 (90%) rpm. Again, the actuation is
quite insengtive to perturbatiion from the centrifuga
loads away from the torson resonant pesk. Around
that point, the variation of the agrodynamic damping is
reponsble for the changing in magnitude of the
internal  torsonal moment. The theoreticd mode
predicts those trends very well, and again overpredicts
the magnitude of thetorsional moment.

Overdl, the trends are excdlent. The degradation
of the actuation performance with frequency is well
cgptured and can be obsarved a low frequency range
(bdlow 10 Hz) on dl the hover results. The gructurd
reoonance, even though occurring a higher frequency,
has a broad bandwidth that influences over the low
frequency range, bringing the twist actuation up. The
phese corrdation is excdlent, both quditaively as



well as quantitatively. The magnitude of the vibratory
torsond moment has been consistently overpredicted.
The rddtive error goes from less than 1% to over 50%
(in few particular spots). The lack of sructura
damping is the primary source responshle for such
discrepancies around the pesks as dready concluded
from the bench results. However, that done does not
explan the discrepancies a low excitaion frequencies.
Another source of damping present in the experiment
and not taken into account in the present modd is a
leadtlag damper present in the experimenta setup. The
coupled pitch-flapdag motion may bring some of those
effectsto influence the results above.
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Figure 11. Torsond moment a& 31% blade radius
of the ATR prototype blade in hover (2,000 Vi
actuation, g, = 8°,.00472dug/ft*density).

To esimate the potentiad capability of vibration
reduction using the current ATR blade concept,
CAMRAD 1% is used in forward flight conditions. Its

modd employs an equivdent torque couple to
represent  the twist actuation generated by the
actuators.  The  present  crosssectiond  andyss

provides the active moment to be used in that andysis.
Once the CAMRAD Il modd is cdibrated, smilar
correlation  with  the present mode for  this
experimenta data can be verified ® Fig. 12 shows the
4P vertical hub shear force that the ATR systam is
predicted to be subjected a a given forward flight
condition as function of the phase of the agpplied
actuation. Without actuation, the projected 4P vertica
force is approximately 6 Ib. The fouractive bladed
system under 2,000 Vpp actudion (equivdlent to an
actuation ratio of 0.5 in Fig. 12) is expected to reduce
the 4P vibration of about 60% to 80% a mnr0.30,
C+/s=0.075 and Cx/s=-0.0046.

17.10

0r

o N © ©

Twist Control Amplitude
(fraction of max.)

4P Vertical Hub Shear load, Ib
o

o B N W &

N

L e L
Twist Control Phase, deg

Figure 12. Variation of thrust induced by twist
actuation a ATR system in forward flight (n=0.30,

C1/s=0.075, Cp/s=-0.0046).
6 Concluding Remarks

This paper presented the design framework,
manufacturing, and bench and hover test results for an
active rotor blade concept. The active rotor blade is
desgned to reduce rator vibratory loads by
piezodectricdly controlled twiging on the individud
blades.

Experimenta  sructurd  characterisics  of  the
prototype blade compare wel with design gods, and
modding predictions corrdlate fairly with
experimental  results. Prdiminary bench actuaion tests
show lower twist peformance than originaly
expected, and are due to dectric falure of some of the
actuators a high dectric fidds A study of the
frequency response of an active blade was conducted
for both nonrotating and hover conditions. Correlation
between the deveoped modd and the ATR
experimenta data was very good. Both andyticd and
experimental  results show that the twist aduation
authority of the ATR blade is independent of the
collective sdtting up to approximately 10P, and the
only dependence on rpm and dtitude show near the
torsonad resonance frequency due to its dependency
on the aerodynamic damping. For dl the aerodadic
results, the phase corrdation of the vibratory twist
moment was excelent. The modd, however, generdly
overpredicts the magnitude of the moment. The
overprediction around the resonance frequency was
expected due to the lack of dgructurd damping. The
discrepancies a low frequency are between 1% and
50% (in few frequency locetions) which are associated
with uncertainties on the active material properties,
hub dynamic properties, and the unmodeled ledlag
damper. Future tests and smulaions will be extended
to forward flight condition for a full validation of the
concept.  Findly, based on a cdibrated modd,
esimation of 4P verticadl hub shear force & m~0.30
shows potentiad for 60% to 80% vibratory load
reduction. The  presented modeling, design,
manufacturing, and bench and hover test results on this
prototype blade st the foundation for future



development of the ATR concept for IBC in forward
flight. Thiswill be presented in afuture paper.
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