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This thesis describes the first comprehensive analysis of a compogped edgewise
rotor in highspeed forward flightThe design objective was to use compositepting, namely
extensiortorsion coupling, to morptthe builtin twist of a UH60A-like rotor in slowed RPM
flight. As a part of this work, thistudyincluded the firsenalysis of a morphing rotor usirigll
3-D analysis coupled witlaeromechanicsThe use of3-D FEM along with an integrated trim
solver and aerodynamic modeling was shown to have been key in developing a fundamental
understading of how compositeoupling effects rotor performance and the aerodynarmcs
different flow conditions.

This researchshows thatextensioatorsion composite oupling in the spar of a
UH-60A-like rotor can provide a significant increase in the efficiency when the RPM is reduced.
Thiswas achievethrough a combination of delayed stall drag along the ratgesitile of the rotor
and reduced negative lift along the advancing side, providing an overall improvement in rotor
efficiency. A comprehensive analysis was performed using a Dl BEA based aeroelastic
computational structural dynamics (CSD) solwéth the inclusion of a freewake aerodynamics
model.A reduction ofRPM down to 85% of the nominal hover RPM (which is well within the

operational capacityf current turboshaft engines)owedan improvement in the |Hto-drag ratio,



0¥O, over all bladdoadings,0 ¥, . The maximum improvement in efficiency occurred at the
peak blade loading) 7, 1. A further RPM reduction to 65NR65% of nominal RPM)an

RPM that future rotorcraft could potentially achieve with improvements in variable drive trai
design, showed general efficiency improvement at blade loadings beljw 18t Ppwith no
change in the peak efficiency when compared to an uncoupled Rotoygrothermally stable
Winckler layup was shown to perform just as well as a nominal coupled layup at 85NR, and
marginally better at 65NR, in addition to contributing to practical manufacturability of the rotor
design. Close study of the strains initb#r showed that a rotor with axtensiortorsioncoupled
composite spar would be within the realm of practical manufacturability as the axial strains around
the azimuth fell we |l | within | M7Telste>ttainss al | o
directly related to the amount of twist change in the rotor and is reduced when the RPM is slowed

and the rotor untwists towards its original cold shape.
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Chapter 1:Introduction

1.1 Motivation

As new rotorcraft technology matured thereis alwaysa consisterandimportant
overarching goalncreasedgpeedHelicoptershave an operational niche; with theique
ability to perform and operate in constrained environnibetgarea vital asset to aviation.
However, when compared aherfixed-wing propeller aircraft of the same weight class
they are considedeslow and relatively inefficient in forward fligitow lift-to-drag ratio)
Higher speed is vital to the success s#arch and rescuaperations military utility
missionsMedevadlights, and disaster religfpplicationsthe faster and more efficietiite
vehicle, the | arger the impact on saving | i
Lift (FVL) initiative envisions a 5@00% increase in speed from current generation
helicopters but with the constraint of aintaining the saméevel of hover performance
(power loading and figure of merit)

Historically, helicopter rotor designs compromise efficiency in hover and forward
flight in order tostrike abalancebetween peak capabilitiés both flight regimesA rotor
optimally designed for har @with high twist) experiencesegative lift at high speeds due
to flow asymmetry and high tip transonic drag and its resulting rde@n pitching
moments on the advancing bladehis leads to increasepower requirements (low
efficiency) and large vibration&dditionally, conventional helicopters have been limited

to approximately 15860 kts by drag divergence and compressibility effects on the

1



advancing side. These problems could be alleviated, hewéthe roor is able to reduce

its RPM, ideally with minimal performance and loads penalties. Slowing RPM at high
speed reducethe problemof drag divergencebut aggravates anothérthe very high
advance ratid, w TnjY, leads to increased flowyaametry and even more negative lift.
The twist rguired for an efficient rotor dtigh* is very differenfmuchlower) from that
required in hovefl]: reducing the twist of the rotor in forward flight would improve the
rotor efficiency.

In the 1970smany highspeedcompound rotorcraft designs met limited success
for a variety of reasons, but an important reason was the need to compromise hover
performancevith forward flight performancewith the exception of the X{31A (which
encountereddynamic problems),none considered RPM variatioQurrent production
helicopters, with edgewise rotorapstlyhave a fixed RPM. However, engine technology
has matured to a point where a reduction of 15% RPM is possible from engine speed alo
with less than a 5% loss in specific fuel consumpt®iFC)[2]. Thisfactorhas been a key
enabler for modern higepeedccompounddemonstrators such as the Sikorsky ¥nd the
Eurocopter X3The study of composite coupling rotor blade has mostly beéocused
ontiltrotor applications, asltrotors already emplagda 20% reduction in RPM between
hover and cruise modes (412 RPM and 333 RPM respectiflg)y studies have shown
thatit is difficult to tailor tiltrotor blades to achieve a significant change in twittout
an additional weight penalty and careful inertial tuning. This is because these blades have
low aspect ratios and are torsionally very stiff (~8/rev).

Today, with the advent of slowed rotor technology, there is a renewed interest in

compound helicopter designs. There have also been significant advances in materials and



manufacturing processes to make a case fexaenination of composite tailoring

particularly in the context of sloweeldgewiseotors.

1.1.1 The Edgewise Rotor vs. Tiltrotor Problem

It is important to first clarify that the edgewise rotor problem cannot be approached
in the same way as the tiltrot@roblem because there are sevekaly fundanental
differences.

1) Therequiredchange in twist from hover to forward flight to improve the rotor
efficiency is the first difference to notd@his is due to the operational flow
conditions As highlighted inFigure1-1, edgewise rotors operate under vastly
different flow conditions than tiltrotor bladés forward flight In the case of
edgewise rota@there iflow asymmetryover the rotor diskandbecause of this
the rotorrequires less twist at high speenh order to improve efficiency

Tiltrotors operate in axial flownd like propellersequire more twist in forward

flight to improveaerodynamiefficiency.

Figure 1-1. A UH-60A Blackhawk (left) and a \:122 Osprey tiltrotor (right) in forward flight.



2) Due to sizing constraints, tiltrat® have relatively short artick rotor blades
and have a high torsion frequency (~8/rev). This makes them difficult$o twi
On the other hand,dgewise rotor blades assfterto accommodate greater
dynamic loads on the control system/swashplate due tlaiweasymmetry
over the rotor disk. They generally have a torsion frequency significantly lower
than tiltrotor blades~3.54.5/rev)so they are far easier to twist

3) Following from the difference in flow regime is the difference in the blade
dynamics. Edgewise rotor blades are generally longer and far more flexible (to
absorb dynamic loads) which means the changésante frequencies have a
much greater impact on the rotor dynamics.

4) The geometry of edgewise rotors is also beneficial to the slowed RPM problem:
the increasedhdius(compared to the chord) providestter centrifugal loading

authorityand thin, slenderdams allow more torsional flexibility

Therefore the behaviorof an edgewise rotas expected to be very different frothe
behavior of diltrotor under slowed RPM

Although the conditions seem to indicate that edgewise rotors would vastly benefit
from changing twist in forward flight,irhited research has been done on-seiéting
edgewise rotorsUntil the work conducted as a part of this resegvaby studiesmostly

focused on structures alone, wethout aeromechanicg].



1.1.2 Passivevs. Active Twist

Changing théwist of the rotor bladen flight can be accomplished in two difent
ways: throughan active twist approaatr througha passive twisapproachActive twist
requires thentroductionof active materials such as piezocei@si3] or piezofibers such
as Active Fibre Composites (AFC) or Macro Fibre Composites (M#CRodgers et al.
built a 1/6" Mach scale CH6 7D bl ade model in the mid 199
Helicopters (Philadelphia, PA). A collaboration within the European Integrated Project
produced a more intensive investigationwhich a number of parameter optimization
studies wereeonducted and then implented in BO105like rotor bladed5, 6]. This
conceptwas formalized into an optimization methodology as recently as 2017, by
Kovalovs et al[7]. The one majofeaturethat differentiates active from passive twist
rotors is that an active system requires a feedback control mechi@jisvhich often
requires complicated electronics and control algorthidditionally, there are weight
penalties associated with the required actuation system and power drawn that negates some
of the positive aspects of these desifasmore examples s¢8, 10)

Passive twistif possble,canbemechanically simplanddoesnot require feedback
mechanismgheavy actuation/eboard power conditioning systenfhe change in blade
shapecould then bachieved through only achangeinthet or 6 s emyrenment i on al
such as a change the rotor RPMThis method for improving rotor efficiency adtractive
as there are no moving parts. This leads to low maintenance designs and therefore a

reduction in costi-or these reasons, only passive twist is considered in this research.



1.2 Prior Work

The fundamental basis of the research presented here is composite tailoring and the
structural coupling thisan introducelt is therefore important to review past work on the
application of composite tailoring arotor blade. This work also required a review of how

composite properties can be simplified for fast but accarzdéy/sis*.

1.3 Composite Tailoring of Rotor Blades

There has been widespreade of omposite materials in rotor blade desgjnce
the early 18 0 6 s .hasbédeingart due to their high specific strength, high stiffness,
and superior fatigue life when compared to methls 12, 13] Composites also provide
better corrosion resistance, improvednadge tolerance, and allows forore advanced
rotor blade geometrie$ailoring the layup of composite materials has been shown to have
a favorable influence on the aeroelastic behavior of bladeasaedchrequiresa careful
planning of ply orientation ithe laminate; introducing structural coupling does not require
that any additional weight be added to the system.

However, although there is a wealth of analytic research that has shown composite
couplings can béeneficial tathe performance and aerodiastability of the rotor, to date
theredoes not seem to be apgoduction blades thatcorporatet in the structural design.
What is widely adopted in current production level blades is a balanced lamoraehat
negatesany structuralcoupling tems and treats the composite mateaslalightweight
homogenous material

One of the reasons for this lackstfuctural optimizatiomt the production level is

a lack ofexperimental data and limited understandingpf composite failure modes



particularly inregards tadelamination.In order to influence the future of rotor design,
careful consideration of the local stresses and strains in the rotor in such a highly dynamic
environment is required. This is even more important when considéenigc¢lusion of
composite couplingthatmayimpact fatigueife.

The concept of selfwisting rotor ades is not newTwo common coupling
methods are discussed hefextensiontorsion coupling is the most widely studied,
specifically in the context ofitrotors. As the name of the coupling impliésist is induced
by a change in axial forcen lorder to achievblade twist theremustbe axial actuation.
This is best achieved through RPM variatiovhich is an importantfeature in current
tiltrotor opeations The other coupling reviewdtereis bendingtorsioncoupling

To see a aerodynamic efficiencynprovement in edgewise rotors, we require less
twist, especially towards the blade tipowever with this couplingt is difficult to achieve
adequat bending moments to cause significant twisarticulated rotors. Additionally,
bendingtorsion coupling does not generally produce a static change tovll rotor
shape; ather, due to flafpending variations around the rotor disk this is a dynamic
coupling.Therefore lendingtorsioncouplingis not the ideal solutioto the problem that
this research aims to address., reducing the overall twist of the rotor to improve rotor
aerodynamic efficiencyHowever, it should be noted that bendtogsion coupling does

have its benefits and is addressed in Sedtidrl.2

1.3.1.1 ExtensiorTorsionCoupling
It is clear that there is not a single twist distribution thdddst for a rotor in hover

and also in cruise. All helicopter rotors end up with a twist that is a compromise between



the twa Because of this, there has been a plethora of research on methods to improve the
performance in both modes flight. Methods ofassively changing the twist started with
the characterization and understanding of composite coupling in simple beams and
evertually progressed tscaledblademodels.

A method of achieving thisouplingis by using an antisymmetric layup. Beams
with this design have a single ply orientation on the top flange and the equivalent in
magnitude but opposite in direction on the bottom flange. When an axial or extensional
force is applied to the beam, the opposing shear forces providerti@i®nt required to
twist the beam. This is illustrated kgure 1-2 for both a solid crossection beam and a

box beam.
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Fiaure 1-2. Mechanism of Extensiortorsion coublina in thin plates and its eauivalent

1.3.1.1.1 ExtensioATorsionCoupledBeams
Historically, rotor blades have been modeled as one dimensional Heaonder
to model them as suchquires that the strain energy in tiree dimensionabeam is about
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the same as in a three dimensional blade. Because tbégane warping deformation of
a cross section are significantly smaller than deformations in the bending, shear, and twist
deflections, it has been accepted thia¢ can separate the three dimensional blade problem
into two parts: the two dimensional local deformations in the cross section, and the one
dimensional global deformations of the full blade.

In 1988, Reheld, Hodgesand Atligan[14] extended the work d®ehfield[15] on
a linear conposite beam theorywhich was validated with rotor blade, box beam, and
circular tube finite element resufto, 17, 18]. In this work they identified the significance
of including nonclassical effects in thiwvalled composites, namely torsional warping and
bendingshear couplingAt this time(1988) Bauchau an#iongalsopresented a nelnear
elastic theory for a box beam with variable twWik®] in which they identified the same
non-classical effects as being importaint classicalbeam theory, the assumption of that
there is no dformation in the cross section is crucial, as it simplifies the three dimensional
problem into one that can be modeled as a one dimensional beam. However, out of plane
warping becomes a significaobncern when using anisotropic materials like carbon
compositesand thus the inclusion of torsional warping in the analysis of extetmision
coupled beams is important. The inclusion of bendingar coupling is important as it
significantly reduces the effective bending stiffness of a beam, which cam isttangly
influence the blade dynamics, especially lag mode stability (shown also in the later studies
of Smith and Choprg0] and Jung and Kirf21]). Bauchau and Honglso required a small
strainassumptionas the requirement for strain levels within the operating environment of

the material is important fahefatigue life concerns



Hong and Chopr§22] further studied the aeroelastic stability of hingeless rotor
blades.At the time of this work, there had been a few attempts to analyze composite,
hingeless bladesnost notable wathework of Mansfield and Sob€gg3], who treated the
blade as a cylindrical tubélowever, the work of Hog and Chopréocused onncluding
composite materials in the finite element formulawdrsrinaveri and Chopr§24] which
was a singldoad-path structure that included the main rotor blade, the flexbeam, and the
torque tubeAlthough the composite rotor model used in this study was relatively simple,
is showed that there were benefits of composite tailoring on the aeroelastic stability of the
full blade. Chandra Stemple, and Chopra built simple box beamsxperimentally
validate the coupling relationships due to different fiber directi@d$. This work was
built on in 1991when Smith and Choprarecognizingthat there were very fewases of
extensiortorsioncoupledexperimental/alidationwith the exception of the work done by
Nixon and Hodges et gR6, 16] provided correlation between analysis, experiment, and

finite element solutions for @more varied satf ply orientationg27].

1.3.1.1.2 ExtensionTorsionCoupled Tiltrotor Blades

There is extensive research extensiortorsioncoupled tiltrotors, most of which
has come to the same conclusion: in order to achieve an appreciable improvement in
performance gnificant weight must be added to the systéims is due, in part, to the stiff
torsional frequency of the rotor (~8/revjhe following cited works provide a brief
overview of the scope and breadth of composite couplesgarchn rotor bladesFor a
more thorough review, riterested readerare also encourageid referencethe book

fiNoni near Composi {28. Beam Theoryo
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Application ofextensiortorsioncoupling to a rotor started with the X35 as early
as 198% whenBauchau et al[29] considered two designs thamalytically provided the
required change in torsion to achieve passive twist ch&ge of the limitations of this
study, however, was the requirement to mattthe baseline XV15 stffness properties
(flap, lead/lag, and torsion) andertial properties (c.g. location and mass distribution)
With such rigid design requirements, the first design was only able to aci@ew twist
in response to a 15% reduction in RPM. Whaa bending and torsion constraints were
relaxed, the second design was able to achieyethange in twist over the same RPM
variation. However, this analysis did not include aerodynamics.

Two designs were then developed by NASA in 1987 to determine arhttl
desired twist could be achieved within the material design limits. It was found that the
analytical predictions were within 11% at the design limit lofid. Further results
showed that tip weights up to 60 Ibs. could practically improve the rotor performance and
reduce the hover and forward flight power requirements by up to 6.1 and 6.5% respectively
[30]. It should stressed th#tis improvement came at the expense of a significant weight
increase to the rotor, and theref@eot considered practicablesolution.

In 1994 Lake et al[31] recognized thathe incorporation ohdvanceccomposite
structuesnot being includedn new productionrotorcraft, namely tiltrot®; was in part
due to alack of experimentaldata In response to this they developed a four bladed
articulated model rotor hub witd2 in. (1.07 m) NACAO0012 twisted, rectangular
planfam, extensiortorsion coupled bladesClose agreemenivas foundbetween the
analyticd model and the experiment: ticlusion ofextensiortorsion couplingeven at

this scale, allowed for up to® Jof elastic twist In 1996, Kosmatka and Lak&2]
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considered a similar problem, howehis research focuseaore on the effect of ply
orientation on the blade natural frequency than orclhiagacteriation ofthevariable twist

For cantilevered beams with extenstorsion couplingit was shown that as the strength
of extensiorshear coupling is increasethere is a reduction in the bending mode natural
frequencies that was highly dependent on the ply orientatiodg3d decrease), and an
increase in the torsion naél frequency, although to a lesser exterd¥b increase).

In 2000, Soyksap and Hodgg83] conducted an analytical study on the effect of
introduchg composite coupling to a tifttor bladeThrough a formal optimization pcess,
it was determined that a box beam spar could prodnoaghextensiortorsioncoupling
to improve performancehile passing the TsaWu failure criterion and avoiding any
instability, including whirl flutter.Although these results were promising there was no
meango validatethe resultslue toa lack of experimental results.

In 2005 Ozbay, et al., considered the possibilityadfievingextensiortorsion
coupling byincorporating a passive twist contriol a tiltrotor bladereferred to as the
Sliding Mass Concept, or SM@34]. The goal of this study was tmcrease the
effectiveness of extensidnrsion coupling without modifying the structural stability
characteristicswhich in tltrotors can lead to whirl fluttetdsinga nonstructural 1.0 kg/m
sliding mass valuanalysis showed4.4% improvement in hover performandgowever
there was negligible improvement in the forward flight performance

For small scale rotor designs, this couplingy not bestrong enough to provide a
performancemprovement In 2015 Peng et al[35] developed7.87 in. 00 mn) long
rotors that incorporated both composite coupling atig mass to achieve a passive twist

change While they were able to achieve excellent twist change in hdkey, only
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achieved;@ Df their predictedd mtrdbsedowntwist due to RPM limitationsn propeller

mode

1.3.1.1.3 ExtensionTorsionCoupled Edgewise Rotors

Until recent developmentso edgewise rotor vehicledowed theirRPM at high
speedand so angpplication ofextensiortorsioncoupling to thenias been limited. When
this coupling has been considered in the structural desigas beerchosenmainly to
modify the rotor natural frequencies for vibration mitigation. Oh, Song, and Librescu
expanded on theirs, a n dtioroproblent of tatingwbeam& 0 n
[36, 37, 38, 39]while including the norclassical effects of compositeSheir work
culminated ingoodagreement between their formulation and the available theoretical and
experimental predictions of eigenfrequencies. This work also identified trends in the
natural frequency changevhen modifying ply angle, pttevist, and preset of the rotor.

In 2011Mahadev and DancilgtO] considered a novettarbeam airfoil at the tip
of the rotor. Although their design was shown to be effective in the lab, ityetfeasible
to implement on realistic rotors or wind turbines. Additionallys studywas purely a
structural study; the effects of coupling on the aerodynamics was not consitfétemnlit
an aerodynamic and trim solution no clear conclusions caralean rotor performance.
I n fact, without aerodynamics, t he word

meaning.
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1.3.1.2 BendingTorsionCoupling

Another coupling commonly considered for rotorcraft applicatiolssbending
torsioncoupling.This mechanisns usuallyused to pitch the blade in responseubof-
plane bendingflapping motion It could also be used to pitch the blade in response to
plane ¢hordwiseor lead/lagpending In order to introducéendingtorsioncoupling, one
method is to agp a symmetric layup. In this desigime orientation of plies in bothe top
and bottonof a beams the same. & .shown irFigurel-3, when a bendinlapping)force
is applied, the top of the beampatinto compression and the bottom is in tension. This

produces the kinoment required to twist the rotor.

E 4 from compression
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Figure 1-3. Mechanism of Bendingtorsion coupling in thin plates and its equivalent
representation in a box beam type structure

Although this coupling is ften used in the research of wind turbing®re have
been several studies using it to modify the vibration loads of rotors in a conventional

helicopter orentation
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1.3.1.2.1 BendingTorsionCoupled Wind Turbines

In operation, wind turbines experience large variations/atocity field and
bendingtorsioncoupling could potentially be employed to reduce bending Joadsase
fatiguelife, and improverotor aerodyamic efficiency. In arecent study, iri1999, Goeij,
et al. [41] examined whethethe mechanical properties of an anisotropic composite
material could be utilized to introduce a passive control system for a wind turbine rotor
blade. Thg considered the use bendingtorsioncouwpling to modify the rotor pitclas
wind speeds variednlorder to produce theesttorsioral response, the composite material
was applied as the rotor sKrmather than being incorporated into an internal blade structural
element) leading to points of high stressaad | i kel y failure @oint
edge, where the layup orientation changeduptly However, alternative designs in which
the coupling was applied to a box beam spar yielded an acceptable response while
eliminating the failure points.

Another study by Bottasso, et al. in 2Q42] considere@ composite coupleaind
turbine blade through introduction of coupling in the blad&in in conjunction with
coupling and thickness optimization in thgar cap This designyielded performance
improvement ovethe reslts wheneither methodvasusedalone.Work by Federov and
Berggreenj43], in which they applied unidirectional composite material in the spar flanges
showed thapurely by changing the couplir{@iasing the fibers from the radial axm)e
can reducedhe blade stiffness by 386%. However applying a single layup along the
entire blade span wagemed to be unsafe Byableinin 2016[44], as the tower clearance

of the blade tip was eestrictingdesign criterion. Therefore it wahownthat coupling
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only needs tde introducedn key regions of the blad®as to improve thefficiencyand

avoidtower strikes

1.3.1.2.2 BendingTorsionCoupled Edgewise Rotors

There is extenge literature that covefsendingtorsioncoupling in rotorcraftin a
very recent study (2008) Baesigned anthbricatedive rotorswith composite couplings
to reduce vibrationgl5]. With no additional weight, it was found that modifications to the
blade spar produced notable changes to the vibratory hub loads, namely the 4/rev vertical
hub force. These tests were conducteshly up to an advance ratio of T@.
Characterization of dw the coupling improved the aerodynamic efficiency was not
documented.However, while bendingorsion coupling has been shown to have a
stabilizing effect on the aeroelastic stability of the rotor, it has also been shown to have a
negative impact on thegund resonance stabilif$6].

There were lao attempts to achievieendingtorsioncoupling through the use of
active controlsThe implementation of piezoelectric actuatonsa rotor tign conjunction
with a composite layuyy Bernhard in 200{%7], was shown to achiewg half peakto-
peak responsand if phasedcorrectlywas shown taeduce vibrations in the nrarotor.
Other work(see the work of Bernhard and Chopt8], Koratkar and Choprf9], Straub
et al. [50], and Cesnik et a[51]) also showed promising twist response, but practical
application to a rotor was difficuéts most of these systems or methadsilted in bulky

designsand as such weudfficult to implementin real systems
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1.3.2 Composite Homogenization

Whenworking withcomposite structures, tiheodelingproblem often bcomes too
involved if each individual layers modeled separateiy the analysis It is important
thereforeto consider ways to simplify the model without lositgfundamentamaterial
properties. Compsite homogenization allows tdesigner tanodellargenumbers of plie
with a smaller FEA mesh size

Early work on homogenizatiostudied alternating layers of @otropic material.
The work by White and Angorj&2], Postmd53], Rytov [54], Behreng55], and Salamon
[56] used, for the most part, varying wguepagatiortheoriesin which the wave equation
is derived from the stress/strain relations and the equation of m@finte and Angona
and Salamon used a static approach by assuming specific stresses/strains in the medium.
White and Angonaused these assumptions to calculate the elastic constants in an
alternately layered composite, while Salamon calculated the com@iahsgatified rock
massesRytov and Behrens studied the propagation of elastic waves in a layup using
dispersion techniquegalculating phase velocity for different directions of propagation
and polarizationHowever, Chou, Carleoneand Hsu [57] determined thathese prior
method, although approached in a variety of ways with differing boundary conditions,
yielded identical formulae Their study provided a more generalized approach to
determining the stiffness matrix fon @quivalent homogenous matersadd provided a
closed form solutionThis approach also allowed for each layer in the lamina to be
orthotropic whereaghe previously mentionechethods limied their plies to be isotropic

The basic assumptions of this timed combine the hypotheses of both Voigt (all

strain components through the lamingteknessare continuou$ and Reuss (all stress
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components through the laminatacknessare continuou$ to avoid the problems of
delamination due to nemniform stresse at the ply interface and interlaminar shear,
respectivelyThe methodadopted in the curremtork wasthat of Chou et and is further
discussed in Sectidhl1.1 This method isomputationally efficient andas been validated
by other researchers (see Bogetti, etrall995[58] for example)

Sun andLi used an approaclery similar to that of Choat al.in 1988[59]. This
study, however, could not be used when there were high stress gradients, so Sun and Liao
expanded upon thiturther in 1990, using a mix of global and local approachesain
laminate[60]. In areas of high stress gradierstsch as free edges and at crack locations, a
detailed local analysis is useld. areas Were stresses araore evenly distributecthe
previous method by Sun and Li was used.

In 200Q Pagano and Yuaf61] revisited their work from 1974 in which a three
dimensional laminate model was created to predict the response of a laminate in response
to thermal and mechanical loading. Like Chou et al., PagadoYuandid not limit the
material type to isotropic layers, nor did the analysis require repetition or even symmetry.
They found that creating representative volume elements led to the potential for severe
macrostress gradients so there laretations when homogenization is used to attempt
prediction of detailed failure characteristielwever, usingtifor general predictions is a

good first attempt to characterize patterns and identify high risk areas in the laminate

1.3.3 Analysis of Composite Rotors
The approach tonodelingcomposite rot@ has primarily beemo usel-D bean

based analysishowever such analyses may not be able to provide accurate stress/strain
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distribution in the blade. They also do not consider the potential for chordwise hending
Future rotorcraft concepts are beginning to consider structuresmthatequire detailed
structural analysisSweptand anhedratips, radial nonuniformity in materials and
geometry, discontinuities in spar shapes, chordwise (along the airfoil) flexilaihty

ballistic damage cannot be modeledm first principlesusing1-D beams.

1.3.3.1 BeamAnalysisin Rotors

The EulerBernoulli beam theory has been the most frequently used method of
modeling rotor blade#\s far back as 1926, when Glauert formulated blade element theory
(BET), rotor bladesveretreated as rigid beams flapping about a hinge at the[@8ht
Houbolt and Broo& [63] appliedthe EulerBernoulli assumptioto formulate linearized
equations of motion for elastic blades experiensmgll flap bending, lag bending, and
torsiona deformations. As rotor designs developed to include hingeless rotors,
formulationswere refined to includmoderae tolarge deformations. In 1974 Hodges and
Dowell established a genemaloderatedeflectionnonlinear theory for coupled flap, lag,
and torsion dynamics of rotor bladesluding second order nonlinear terf64]. This was
followed soon after byvork to expandhe analysis to include exact kinematics, multiple
load paths, and higher order nonlinearities by researchers including Ormiston and Hodges
[65], Kvaternikand Kirshng66], Rosen and Friedmarj@7], and Johnso[68].

The beam formulation by Timoshenfa®] differs from EulesBernoulli in that the
assumptia that a cross section remains perpendicular to the beam awisrieededi.e.
transverse shear cannot be considered negligihis theory provides better results for

beams that are shoand whenthe wavelengths othigher modes approach the beam
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thickness This theory is also betteior composite materials where extensahear

coupling can ba key design elemerftor exampleChandra and Chopf&8], Smith and
Choprg27], and Jung al. [39] all verifiedthat inthe analysis of composite beaneglect

of transverse shear deformatiomsuld produce incorrect results was shown by Cortinez

and Piovan thashear deformations and torsional warping only really effect the beam
frequencies when analyzing a closed cross se¢#6h There is a vast literature on
composite beams, including many review papers and b(wlkse Hoddgneaa 6 Non
Composite Beam Theory for rotorcraft oriented treatrfi&8jtand the historical review of

aeroelasticity in rotors by Friedmann and Hodgés).

1.3.3.2 Shell Finite Elements in Rotors

Shell elemats an intermediate compromisaie usd by researchers in the wind
turbine community, such asahvork by Bazilevs et al. in 20172], but gyroscopic terms
are not very pronounced in wind turbin&hell elements have also been used in the work
of Bauchau and Bottas$63, 42] andexploredby Kang et al. in the development of the
RCAScomprehensive analydig4]; however, finding avay to obtain shell properties (like

beam properties) is a problemandof itself.

1.3.3.3 Solid/3D Finite Elements in Rotors

There has been very limited work on the dynamic analysis of rotors with three
dimensional modelsecause for most classical configimas, beam models were found to
be adequate3-D models are routinely used fetatic stress analysis based on previous

flight testmeasuredbads antbr dynamic loads fronower ordertbeam analysebut have
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so far not integrated with aerodynamics amu tlue to their unacceptable computational
run times.

The design oadvancedotors withradially changing cross sectionsquires us to
considerfull 3-D FEA modeling, similar to what is used in static analysis, but now with
dynamics For this researclX3D, anew nextgeneration & FEA baseccomputational
structural dynamics solver for rotor aeromechamgcsised. X3D includes structural
dynamics, aerodynamics, and rotor trim. These are briefly discussed in the next two

sections and more thoroughly im&pter 4.

1.4 Structural Dynamicsin X3D

Development of X3an abbreviation for Experimentaildmensional dynamic
analysis of rotorsheganin 2008at AFDD within the umbrella of thelS Department of
Defense (D®) High Performance Computing Modernization Program (HPCMP)
Computational Research and Engineering Acquisition Tools and Environiméwition
(CREATEAV) program. Since its original presentation in 2009 by Datta and Jghnson
X3D was shown to be paralladable [75], capable of being unifiedvith multibody
dynamicg76], and fully integrated with-B CFD[77] in 2014.

As a part of this work, raidealized UH60A-like blademeshwith an articulated
root flap/lag/torsiorhingeand a pitch link for contralvas developed. Wwasthencoupled
with Helios, a next generation rotorcraft CFD simulation.tdbke coupledairloads were
compared to measured experimental data for a high spedd8gsthe baseline rotor

model used in this thegsbased on this originblH-60A-like model.A rotor trim solution
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with lower order lifting line aeroghamics @-D table lookup withfreewake) is also
available.

Analysis in X3D uses -B finite elementmodels usually generated using
computer aided desigrCAD) softwareand meshed withCubit, a mesh preprocessing
softwaredeveloped by Sandia National laahatorieg79]. This is a departure from classical
rotor analysis as it does not requine calculation obeam cross sectional properties such
as El and GJDevelopment of a formaAD basedmethodfor modeling meshing, and
morphingcomplex real rotorsvas conducted by StaruWard (nee WeinergndChopra
starting in 2013 This work, the subject of a numbersafbsequenpapers cataloguing its
progresg80, 81, 82, 83, 84, 85produceca methodologythe first of its kindfor creating
CAD-based3-D modelsof generic rotor blades anvdas appliedo an advanced tiltrotor
specifically released by NASAThis model was then coupled with Helios to Siate
conversion mode flight (the transition of the tiltrotor nacelles from their hoverutee
position) to identifynumerous unique and complex loading mechanisrhe material
modeling component of that work is a part of this dissertationGkapter 3. In addition
the morphing piece of thatork focused on a UH0A-like rotor and forms the central
investigation of this thesis HE work presented in this dessation used X3D tanderstand
how modifying an original UH-60A-like rotor to a composite rotoeffected the
performance in slowetbtor, highspeed, forward flightegime and to understand if the
blade could be seamlessly morphed into a different twiiggdbution depending on RPM

[86, 87, 88, 89]
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1.5 Aerodynamic Modeling and Trim Solution in X3D

In addition to the structural dynamicsjorphing rotors require@erodynamic
modelingand trimcapabilities just like any other rotoThe aerodynamic model in X3D
includes blade element momentum theory (BEMT) for hanera freevortex wake option
in generalln forward flightthe wake can be modeledinglinear inflowor the Maryland
Freewake reevortex wake[90] (linear inflow uses the elementary models@bleman,
Feingold and Stempjiirees, and thenore recenwWhite and Blak modelfor low speed

flight [91]).

1.6 SpecificObjectives ofthis Thesis

The objective of thighesisis to investigate the variation of buitt twist in a
helicopter rotor blade during flight by changing rotor speed (or revolutions per minute,
RPM) in conjunction withextensiortorsion composite coupling. In theoatext of this
research, thi$wistdaefbdn e dUsibgcanpasiee tdoplings!l a d e .
a passive phenomenon, requiring no active actuatitime blade; the only requirement is
that the blades be designed with compokitdensiortorson couplingand the rotor be
capable of variable RPM.

The composite coupling in this research aims to reduce the twist of the rotor so as
to reduce the drag and negative lift in high speed forward flight. This leads to an
improvement in rotor efficiencyr lift-to-drag ratio {70 ).

The incorporation otailored composite materials in rotoistroducesinherent

designconcernssuch as manufacturing complexity, but it is assumedtidressing these
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concernss a natural step to changing the design methodaogyadvancing the statd-
the-art in structural composition for future rotor blades
There are three overarching objectives of this research:
1. To develop an integrated modeling methodology for-ts@ting rotors that
includes:
a. Computational Structural Mechanics (CSM)
b. Aerodynamics and trim solution
c. Integrated stress/strain analysis
2. To quantify the potential for performance improvement

3. To identify key criteria for the design and fabrication of-$&ifting rotors

The specific questions that this work aims to answer are:

1. Can extensioitorsion coupling be introducedto a rotor spar in order to tailor
twist distribution in response to RPM variation?

2. What range of RPMs provides improved aerodynaefficiency?

3. To what extent can the aerodynamic efficiency be impra®da result of
reduced twist in slowedbtor highspeed forward fligit

4. What are the mechanisms tl@@ntributeto an improvement in aerodynamic
efficiency?

5. Do practical manufacturabifitconcerndimit the strengthof extensiortorsion
coupling in a rotor?

6. Are composite materials capable of withstanding the stresses/strains

experienced by a rotor in high speed forward flight?
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1.7 Test Data

The analyses performed in this work were validatgth experimental data.
Validation was carried out using a number of different data sets, as indicatoledi-1,
the principle data set being that of the &ghle UH60A test data acquired recently in
2011 as a part of a comprehensive and intricate test program including kigived RPM
tests where the rotor was taken ug to p8tand slowed to 40% of the namal RPM

(NR). This unique data set is perfectly suitedvalidate predictions

Table 1-1. Test data requirements and their corresponding source

Validation Experimental Data Test Set
Chandra and Chopra990[25]
Smith and Chopral991[27],
Chandra and Chopra990[38]
TRAM

Composite Box Beams

Material Homogenization

Rotor Validation, incl.:
Shank dragalidation UH-60A test data2013[78]
Performance measurement

Winckler, 1985[92]

Hygrothermally Stable Layup Haynesand Armanios, 200f3]

1.8 Contributions

Thereare many contributions from this work that enhance the-efatee-art in
rotor modeling and desigthey fall into two major categorie$he first, is the contribution

of analyticalpredictionsfor future validation of selfwisting rotos. These include
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1 The first comprehensive3-D structural aeromechanical analysis of an
extensiortorsioncouded, slowed RPM, edgewise rotdihefundamental rotor
geometry can behanged based on the operating stabere where the twist
morphsin response to a change in RPM

1 This integratedanalysis provides detailgeerformanceesults {¥O , power,
trim angles), airloadsd(0 , 0 0 , 6 0 ), andstress/strain distributionf
morphingrotor blades. Ithe context of this researdniegratedneans there is
no isolated piecegise integration ofcrosssectional analysis, aeroelastic
analysis, and stress/strain recovery with artificialso@mnts on each piece or
iteration in the workflow. The use of X3D allowed foa single integrated
analysis.It should be noted thatorformal optimiation was carried ougeyen

though analysis is naturally suited for sjch

Through this research, several key contributions were made in regardgundamental
understanding of how rotor performancesftected by modifying theompositeinduced
twist in variable RPMhigh-speed cruise conditions. This work presentediteedetailed
aeromechanical explanatiaf the performance immpvementdue tothe reducedwist of

an edgewise rotor in high spefedward flight. The following observations were also made:

1) A maximum efficiency (0O ) improvementof 20% over the baselinevas
observedvith a 15% reduction in RPM.
2) At 85NR it wasobserved that the ro®with extensiortorsioncoupling(both the

nominally coupled layup and with a hygrothermally stable layupas more
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efficientthan an uncoupled rotor at all blade loadingsf( ). This has important
implications with respect to the current status of engine/drive train techresagy
15% reductionn engine speed is currently available with minif8&Closses

3) This study showed ther$t application ofa hygrothermally stablspardesign on
the aeromedmical analysis of rotor blade&t 85NRthe rotor with the Winckler
layupwas equally as efficre as thegurely academic antisymmetric layup with the
added improvement of practical manufacturability.

4) This work $iowedthat a full aeromechanical solution is required to characterize
the rotor performanceTwist change due to RPM variation alone (withohe
inclusion of aerodynamicgjid not reveal insight intperformancérends observed
in the full rotor solution.

5) When the RPM was further reduced to 658ensiortorsioncoupling provided
no significant improvements imaximum efficiency over the baseline case,
however at low blade loadings the coupled rotors still outperformed the uncoupled

baseline. The maximum improvement seen at 65NR was 15%.

1.9 Organization of the Dissertation

The work presented here focuses on thgegration of composite coupling
capabilities with an edgewise rotior high-speed forward flightChapter 1 presentetie
basis for this research and a discussion of prior work in a variety of research areas: beam
analysis, composite colipg, composite madeling, and thantegration of theskey areas
Chapter Zorovides the methodology used to determine preliminary cross sectional

properties This process wassedto form afundamental understanding of how composite
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coupling effectsstatic deflection®f a beamThe properties calculated as a part of this
methodology were not extended to the full composite rotor, but rather allowed for basic
genealizations and characterization @dmposites in mukcell beams/rotorsChapter 3
presents the methodologyrfoalculating homogenized material propetrti€sis chapter
includes verification and validation of the chosen methddch was key for the
simplification of rotor meshes

Chapter 4 presesithemethodology for modeling the UBOA-like rotor used as
the bae rotor model in this thesiBhis includedhe establishment of an appropriate shank
drag correction term required for validation of the baseline structural model against
slowedrotor experimental test dat&his work included the development of several
different rotor meshes, and established the basdisegncriterion for the analysis of
rotors with modified material properties.

Chapter 5 presents the key results of analysis eftwist-morphingrotor. Here
forward flight airloads and structurbdlade loads are examined for a variety of rotor
models. Careful comparisons are made between uncoupled and coupled rotors to determine
how a change in buiih rotor twist(as a result of reduced RPMifects the aerodynamic
efficiency andwvhatthe mecharsms that contribute to this resale The dynamic strains
experienced by the morphing rot@ealso taken into consideratioGhapter grovides

concluding remarks as well as recommendation for future work.
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Chapter 2: Thin-Walled 2-D CrossSectional Analysis

Thin-walled composite beams are often used infélheicationof helicopter rotor
blades. Therefore, as a part of this work, calculatingtbgsssectionalproperties of such
beams was necessdiyr a fundamental understanding of how composite maseaial
layupselectioncould impact thelynamicsof the rotor. This chaptatescribes simplified
crosssectional analysis that was employémt this purpose antb understandhe effects

of composite couplingsn the dynamics dfeams.

2.1 Methodology

This methalology is based on the Rehfield metH{@8]. This methodology also
assumes St. Venant torsion: the cross section rotates as a rigid body and there is no
distortion in the plane of the cressction. Warping is not constrained and is uniform along

the span of the beaj84].

2.1.1 Coordinate systems and crossectioral displacements
Figure2-1 shows across section of thin-walled beam. In the description of the
beamdeformationsand for deiving the strainsn the beam, several sets of framei be

used. The orthogonal Cartesiaame hasixes afuit are fixed in space witth & in the
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plane of the undeformed section atite x-axis defining the beam reference axis

perpendiculato it.

Figure 2-1. Cross sectional geometry and coordinate system

A second framés the orthogonal curvilinedrame with axescfi iE  alongthe
wall of the crosssection. The-soordinate isalongthe local tangent to thaidline of the
walls and the rcoordinatealong thetangentnormal. For the purpose of crosectional

analysisthe beam section will be treated as a curved shell structure.

Figure 2-2. Orthogonal curvilinear coordinates. The pole, P, and the coordinates irsha for
point A and B are also shown.
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The origin of the Cartesian coordinate system can be chosen arbitrarily, but for
convenience is assumed todighe center of rotation of the cross section. This poiris,
settoy & T Ther-coordinate is the normal distance to the tangent at any given point
onthe midline of thewall from pointd. The gcoordinate is the distance to the normal at
the @ame point from PTher- andg-coordinates for two point#y and B, on the midine
of the wallare also illustrated iRigure2-2.

Also shown inFigure 2-1 are the translationsU, V, and W of the origin of the
Cartesian frame alontpex-, y-, andz-axes respectivelyhe global torsional deformation
about thex-axis isa rotationby angle%. These deformation@he three translations and
rotation)result in the wall deformation®h) h) along the x, s, and Raxis respectively.
Themidline deformations of thevall are denoted byo )

The assumptions of Eul@&ernoulli theory for bendingtate that mwsssections of
the beam that were plane and normal to the undeformed ddargy-axis) remain plane
and nomal to the deformed beam axis and tihat Poisson effects are negligible and the
crosssection retains itdwmpe after bending.he assumptianof both the St. Venant theory
and VI as ov &tatethathhe orosgectianl deses not deform and that it rotates as
a rigid body. Therefa, the only strains in th&all of the beam cross section are the axial

strain- and the shear strdin .

2.1.2 Relation between «h» , »ha,and W coordinates
Figure2-2 shows the crossection of a thirwalled beam and also thefa , i ,

and i F¢ coordinatesThemidline of the shell is chosen dse referenceurve
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The differential relations ddween the coordinates can be derived considering a
pointd ¢hx on the referenceurveas shown irFigure2-3. The tangent to the reference
curvemakes an angle-with the yaxis and also defines the direction of theosrdinate
at A; this means that-is a function ofi . Consider an adjacent poiitan Q& Qd.

The coordinates dfaean also be writtendsd Qi) Qrordad QfE QE.As

shown inFigure2-3, the following relations can be deriveat the differential quantities:

Qi 1 Q-0 Qi AQ—
2-1
Qo QIAT-O Qa QIOEF

]
-

AA" = ds = rd0 + dg
dr = gdd dy = dscosd dz = dssint

Figure 2-3. Cross section showing= « h» after a small rotation about the pole, P
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In Equation2-1, —is the angle between the positiy@xis and the positive-axis. The

following notation will be used:

The following differential relations between thdt coordinates and thscoordinatecan
be derived fronEquaton 2-1:

w AlT-©0& OE+ 2-2
Settingody & T, the relationship between thg, z and r,q coordinates are:

® & 10EF RAT-O i& no

2-3
a & 1AT-O0 nOE+ iy Ak
From Equatior2-3,1 andr can be related to and » through:
2-4
n a0t

Additionally, Equatior2-3 can be rearranged to shtive relationship between thehuft

and afi M coordinatesis:

40
—:|-|-|":I
— A

b™
b
> =g

2-5

Q- &, &
> O
o >
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The quantitie$;, andr); can be calculated using Equatidi2 and2-4:

I hOF G ORGy  OGy Gy OGy

A Goy @ GG %k P oy Qg

2.1.3 Strain i Displacement relations for thecrosssectionalwall

Figure 2-4 shows the beam displacemgnil along the xaxis andwand® along

the > andg-axes respectively. The center of rotation is the Pole, P, and the angle of twist,

% is about theo-axis.

> NI
|
1
]
1

>y

vy =5 =Vcos(0) + wsin(0) + r¢
v, =n =Vsin(0) — Wcos(6) — q¢

Figure 2-4. Kinematics of bending and rotation for global bending displacementg and 3¢

The axial deformation of the point A is composed of the following:

34



- Extension due to axial force:
0 dnm"'vj Y @

- Deformation due to bending abouaxis:
6 ahud oy @

- Deformation due to bending aboutyis:
6 duht dg o

- Deformation due toorsion related warping
6 ahuhy [ hd % @

where,[ i) is the warping function

Due to axial force, bending moments about thand zaxes and torsion, the total
axial defornation at a point on theaidline of theshellis:

~.

o Yo oow Gy [ % 2-7

The axial deformation patteor warping functiom ot is due to the apjlation
of a torsional momenwVhen the ends of the beam are not constrained, the sgosens
are not restrained from warpiagd therefore the beam is allowed to deform out of plane.
This is called warping due to Free Torsion or St. Venant TorEjdrowever,one or both

ends of the beam are restrainégy is not constanto . 1, which meansaxial

stresses/strains arisghich result in modifying the tsion response. This is called
Restrained Torsion or Vlasov Torsiovilasov torsion isessentiafor thin cross sections

that are open. s notparticularlysignificant for closed crossections.
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As shown inFigure 2-4, the tangential and normal displacements of the wall at

point A are given by:

O iy & 1 %o

2-8
0 W woa N %o
Using a small strain assumptiohemidline strain - ,is given by
- 0 % am Gop T % 2-9

As an exampledr a beam of rectangular cressction Figure2-5 shows the shear
strainsf and[ . For a beam with a curved cressction, Figure 2-6 shows the
membrane shear strdin ,always along the midline of the wallhe relatioships between
.1 ,and are

[ rAT-6r1 OB+ 1 & T &

SRR ¥ YR 210
[ r OB+ o &

The shear strain in thaidline of the wall iswritten using the small strain assumption

[ Op UL 2-11
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where 0y Ww  OhWr [ %

Op W@ G 1%

r g 1 %

Vxy

Vxz

Figure 2-5. Shear strainsin the wall of a rectangular beam

z, W

x, U

Figure 2-6. Axial strain and shear strains in the wall of a thin walled beam
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This is themembranehear strainf-or thinwalled beams, the thicknesstransversehear
strain,] , can be neglectedhe straindisplacement relatiorfer small strains and small

deflectionsare summarizetdelow:

- ¥ooom  Qwp T %
2-12

2.1.4 Torsion Related Warping
2.1.4.1 Shear Flow

The result of applying a twisting momeat, , to the cross section is a shear stress,
t , in the shell wall. The shear flow,, is then defined as

Bt o 213

whereois the wall thickness. For thiwalled beams, the shear flow can be assuimde
constant through the thickness. The shear sfrainis related to the shear stress through:

t 0 2-14

n oo

where Ois the shear modulus.

Substituting in the expression for shear strain from Equatiihand using Equatiors13
and2-14the relationship between shear flow and shear strain can be written as

n @ o 0ol 1 %
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n . 2-15

The twisting moment can also be expressednms of the shear flow as

b6 Al Qi 2-16
2.1.4.2 Torsion Related Warping Deformation
Recall from Equatio2-11 the cefinition for shear strain in a thin wall:
[ Op Uj
St. Venantés theory of torsion assumes t hat

pole. For a point a distancdrom the pole, the expression for the tangential displacement
of the shell wall due to torsion (from Equati&8) plugged into the shear strain definition

yieldsthe expression

i Op 1%g 2-17

Assuming continuous axial displacement around the profile, Equ&tibn can be

rearrangedo yield

Bl Qi BoyQi Br Qi
Bi Qi Bi Qi

2-18
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An expression for the torsion related warping functioncan now be constructed using

Equation®2-15and2-18.

e Ny
"Obby
no...
[ —"O%RQI I Qi
qoBlL QI 2-19
—. = . Q Q
ooBr Qi !

It should be notedhat the calculation ofrosssectionalwarping is impaotant for open
crosssectionsamde gl ecting it underest i rlaweesfort he be
thin walled cross sections, the warping is considered local, and is small enough that it can

be neglected. An example of calculating the warping term for a single celled cross sectio

is shown in Sectio2.4.3.1

2.2 A Review of Classical Laminated Plate Theory

A compositeply or lamina consists dfvo parts: fibers and a matrix. The most
common composite materials are unidirectional, where all fibers are aligned in one
direction. Another common form is a fabric ply, which is made up of fibers woven together.
For simplicity, this research only consrd unidirectional plies. A laminateas assembly

of plies defined by how the fibers in each layer are oriented in relation to a reference axis.

40



The orientation of a single layer is denoted-byTherefore, a laminate made uggdblies

is designateds

—— 8 —
The stresses and strains are related
| .
~ 1l 0 €1 aai Wi 0 éETl adbami Bin o Il
y M7 v 7 v o« ST /et 3y Aoy T ok v vy T~ L
i 068 & WEEET A 008 ¢ ©d WEROYO 1 (i
o T :L""IT'"IT"f"","ffi""’:].r: }I
o YD QYO 1 Wi ! YR OWYO 1 Wi I
ut U UQo ¢ wa@& "WELET G Hani ('Ib"Qé & 0 BREROVYO 1 Q‘U
0 o] o] 0 0 o .

LT, v v o« o o W 1L »

R o o 0o 0o o pr- "

e e " " " P 1 N 8

” 11 0 0 0 O ' -

. . 11 o o v .

N3 4 . 0 0 (0] .’.' IF 1

VTR "Y® O 0 o} r."'F !

ut o u & o

Table 2-1. Definition of material properties required for characterization of an orthotropic composite

material
Parameter
0O Youngds Modulus in princ
O Youngbés modulus in trans
O Shear modulus in thea plane
’ Poi ssonds Rati o:
Load in principle direction, strain in transverse directic
, O’ Poi ssonds Rati o:
[0) Load in transverse direction, strain in principle directic

A single ply or lamina is orthotropic (or transversely isotropithe plies
considered here a@ssumedas such This means that the material has two orthogonal

planes of symmtry and requires only five independeonstants Table2-1) to populate
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the C matrix Assuminga state oplane stress an individual ply (which is typically the

case) the stresstrain relationshigor a ply becomes

” 6 0 Tt =
” 0 U TT -
T m m O r
(0] 0 .
Y il n’ b b b 1 -’T l l
v v n 1 p ¥
where 0 v T iy’ O 0 y
T[ T[ 0 l p ) L] p L] 1 I—;l
u T T oV

Rotation of the ply propertiedong the fiber axit the global frames accomplishedsing

the following transformation.

” O i i v U L S Oi -
jr’ i W Wi v v L W wi
i Oi & i m m 0 chi chdi & i T
0 0 0 -
0 O 0O - 2-20
0 0 0 [
whered AT JO andi OE+
and
0 @0 coi 0 Q) i 0
0 ®i 0 0 10 ® {0
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0 wi 0 0 Q) @ 0 0 Q)
0 @ 0 0 Q) ®i 0 0 c0
0 i 0 0 Q) c0 © {0
Using these relationsheg e ner al 1 z e dor tHeoeotkedabnmatel canvbe written
as
(A N Lo TP
” o o0 -
rel oy 0 O rF v
vt e (18 2
ot o ur o
where 6 0 a a
» p - .
0 — 0 a aq
C

2.3 Derivation of Cross-section Stiffness Matrix

The global beam deformation¥,(®, & , and%j result in the local deformations of

the shellwall ¢ b fb ). These, in turn, lead to strains and stresses in the shell wall that
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resist the applied load$he resultants of these wall stresses should be equal to the applied

loads and moments aug on the crossection

2.3.1 Material Law

Figure2-7 shows an element of the shell wall and the stress resultants acting on
that element. The assumption of thin walhplies that the shell wall acts as a membrane
and that the contributions tife bending stiffness (as in Kirchoff theory) and the transverse
shear stiffness (as in Mindlin theory) to the cresstion stiffness of the thiwalled beam
are negligible. Therefore, only the axial stress resultan) @nd the shear stress resuitan

(T ) need tdbe considered in the analysis.

Figure 2-7. Laminate stress resultants acting on an element of the wall

Recal l from before the simplififed Hooke

Equation2-20. Integrating through the wall thickness yields:
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b of ol of -
Q& 0 ol ol ol -
T 0 of of of f

Expanded out we get the following thresuations:
0 ol - ol - olr
0 ol - ol - ol r

6 of- 8F- 8y

The zero hoop stress assumption tells ustthat Tsuch that

moof-  of-  8fy

ol ol
T BTt

This equation can now be inserted back theexpressions far ando

e ol o ofal
0 I ot ol ot ol .:. -
0 A 11§ o oF AT
uor Bl A

where we can use the notation:

.oef oolel .
o) o) I ot ol ot ol :
6 0o L ofel o of
uor ol U s o
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The crosssection stress resultants are:

0 , QEQI Axial force
0 , WQEQI Bending moment (lag) about theaxis
2-22
0 , QQEQI Bending moment (flap) about theayis
0 T Ih 1 Q€ Q Torsion about the-axis

These are the resultant forces and moments arisingf d¢ stresses in the shell
wall and are in equilibrium with the applied stdtads on the crossection.
The crosssection stress resultants shown in Equaki@2 are expanded usinge material

law from Equatior2-20 and the strandisplacenent relations from Equatioz+12.

v » QEQi 2-23

0% W @ G w O [y i % 0 %

In Equation2-23 and2-24 the global strains have been rearrangedxial strain,

bending about the-axis, bending abouhe y-axis, the rate of twist, andhe restrained

warping " foop sy . The other crossection stress resultants can be

evaluated in a way similar t6quation2-23.
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5 ., aQi

W % wé @ a0 oy G [y 1 %
aro %

0 ., WAQBi

WY 00 @ wd o W Ty 1 %

Wro %y

v t e 1 Qi
g 10 ™% wrg 10 @¢ arp 10 oy
Tn 1 0 % I I'p 10 % Qi

Equation®2-23 and2-24 canbe arranged in matrix form as:

0 T
o v . 1y
U Wp

o o . .
)] rr® Iy
U v %y O

where U is a 4x4symmetriccrosssection stiffness matrix.
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Thebeamstrain measures are:

¥
W
*

%8

%8

The elements of the (symmetric) stiffness matrix are identified as:

Axial strain

Bending curvature aboutgxis (beamwise bending)

Bendingcurvature about the-axis (edgewise bending)

Rate of twist (St. Venant torsion measure)

Change of rate of twist wittd(VIasov torsion measure’

00 Qi
W Qi
0O T[p

48

Axial stiffness

Extensionbending coupling

Extensionbending coupling

Extensiontorsioncoupling

Bending stiffness

Bendingbending coupling

Bendingtorsioncoupling
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0 ofo Wwo Qi Bending stiffness

Lot U Tl Ww [f 1 Qi Bendingtorsionstiffness

0 th 'n 1 0 Qi Torsion stiffness

2.4 Example: Chandra-Chopra Box Beam

In order to validate this methodology, it was applied first to a-whahed,
composite box beam, modeled after the experiments of Chandra and Chopra[881992
This example has been widely studied including analysis performed by Popescu and

Hodges[95], Bauchau and Hodg¢g6], and SmitH27].

Table 2-2. Material properties of composite material used in ChandraChopra box beam experiments

IM7/8552
dpTa@® @
. X wp8 &
| 0P T T Qp

8 ¢
™ Yadtmu

2.4.1 Definition of Chandra-Chopra Box Beam
The Chandr&Chopra box beamillustrated inFigure 2-8 has an exterior width of
0.953 irthesand an exterior height of 0.537cimes.The walls are made up of 6 layers of

anisotropic carbon fiber composite, the material progeedf which are listed imable2-2.
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The example considered in this work is an uncoupled box beam, in which the layers of

composite mateai are all arranged at).

h  H=0537in

A
o
v

A

B =0953in.

v

Figure 2-8. Dimensions of ChandraChopra box beam cross section

2.4.2 Cross Sectiondealization
For this analysisgalculation of thecrosssectionalstiffnesscoefficientswas done
throughintegration along the midline of the four walls. Thigllisstratedin Figure2-9 as

a rectangle withhe updated dimensions @023 in.in width and 0.507 in. in height.
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| B
s3=0 S3=b
b = 0.923 in. h = 0.507 in.

Figure 2-9. Idealization of box beam crossecton, where integrated area is within the beam
wall centerlines. The four walls are designated as T, R, B, and L for top flange, right web,
bottom flange, and left web.

Table 2-3. Calculated values ot=for a layups defined by J

Value
ol ¢ G U B
ol PUPH Y
of Tt
ol TOPRHO
of Tt
ol COXT:
. 5T or
0 o) 5T OpXXT
) ol ol
0 of _ Tt
of
. 5T ol |
o) o) 3T CQXT:
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2.4.3 Uncoupledi Allwalls J

As previously stated, in this example all six layers of composite material are

oriented att Jrom the beam axid/alues ofol B0 for 1t J are shown imable2-3.

These are the same for all four sides of the box.

2.4.3.1 Crosssection Stiffness coefficients

Thecrosssectionaktiffness values are calculateasied on the values Trable2-3.
O php O Qi 6 Qi o6 Qi o6 Qi 0o Qi
WO o} Q0 o}

TG Qg QPX XTI TTK QP X XTIT

PXPPOPCC
L')pli; L')ch) 0 a Qi
— 0 Qi 0O — 1 Qi — 0 Qi 0 — 1 Qi
C C C C
wWw— O 0 T
C

Note: Becausé is the same for all sides of the bed@d, Qi 1

~ ~
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These results are summarized able2-4, as well as compared to other analy9&$. For
this uncoupled composite cross section, it can be seen that there is exgbement

betweerall analyss.

Table 2-4. Results of current methodology compared to results from other analysésr an uncoupled
Chandra-Chopra box beam

NABSA VABS PRESENT
K(1,1) ® XQTX T XX 8 A
K(2,2) Ty @@ v &) @@x v 8 :A
K(3.3) ™ pQre T pQTe 8 A
K(4,4) 8 A 8 A 8 A

2.4.4 Example: SingleCell Warping

Recall from Equatior2-19

o n Bi Qi .
"Q i ", Q
] A2 5 B Qi @
i Bi 'Qi'Qi Qi
5 Bl Qi

For a closeccross sectiorBi Qi ¢O , whered is thecrosssectionalarea. Br

a singlecell sectionthe shear flowr) , is constant. Therefore the expression for warping

can be rewritten as:

T Qi ¢d

Whenintegratingwarping around closedoop, we must have
[ Qi m

Based on this we can calculate tnesssectionalwarping termdgor the box beam:
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For thecalculation ofd vlv it is easier to etermine the warping ia piecewise manner
based on thepecificcrosssectionalgeometrybeing analyzed.

Recall fom Equatior2-19:

For a rectangular cross section this can be rewritten using the dimensions of the cross

section.

Here 0 @&Q
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and
o} o}
SO @Q
S Q
I = i i

[ [ f T
WQ
[ [ f .
where —
w Q

2.4.5 ExtensionTorsion Coupled Beam
An antisymmetric layuntroducestensiontorsion coupling to a box beardere

the top andbottomflangesof the box beam have the saptg angle butapplied in opposite

directiors. The left and right webs are maintairngahstisotropicby alternating between

p vahd p vldyups.
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Table 2-5. Calculated values of=for an antisymmetric Chandra-Chopra box beam

J |

J |

Js3

129649.8

15895.8 |

553470.4
50950.3

-129649.8|

49285.5

-15895.8 |

59537.9

The results of tis crosssectionalanalysis are summarized and compared against

other analyses imable2-6. Here is can be seen that there are fairly significant errors in the

bending and lag stiffness valués (andv ).

Table 2-6. Results of curent methodology compared to results from other analyses for an

antisymmetric Chandra-Chopra box beam

NABSA VABS PRESENT
K(1,1) 0.137E07 0.137E07 0.143E07
K(2,2) 0.608E05 0.608E05 0.703E05
K(3,3) 0.143E06 0.143E06 0.102E06
K(4,4) 0.173E05 0.174E05 0.172E05
K(2,4) 0.180E05 0.180E05 0.179E05

This is due to the initial assumptions made in the formulation of these expressions.
From the kinematic formulatiome assumed a form for the shear flow, Eguation3-14).
From the material lawHquation2-21) this holds onlyif 0 . Therefore for the
uncolpled example, the solution fag and benitg stiffness isiear exact but in the case
of a coupled beam, thie terms begins to play a part and we get larger errors in the leg
and bending stiffnessThe axial stiffnessp , however is within a 5% error, and the
torsional stiffness) , andextensiortorsioncoupling termp  are within a 1% error or

less.
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Using the Mixed Method for calculating tleeosssectionalstiffness values will

help to reduce these errors and can be seappendix L

2.5 Example: Multi -Cell Cross Section

In most aerospace applications the cross sections being considered have multiple
cells. Accounting for the shear flow is an important part of correctly calculating the cross
sectional stiffness values. In this section we consider two examples: a simyielleb
box beam to show how shear flow is accounted for and thetiit aer@coustic model

(TRAM rotor) for methodology validation of an aerodynamic structure with multiple cells.

2.5.1 Two-Cell Box Beam

Calculation of thecrosssectionalstiffness values follows the same formulation as
before. However calculation of the shear flowlioth cells mustnow be considered. This
example shows how the shear flow and twist rate are calcu@edder a box beam as

shown below:

Cell1 Cell 2

A

Web 1 Web 2 Web 3

Figure 2-10. Two-cell box beam with shear flow
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Note that the shear floisr} inWeb 1,4 inWeb3and 3y 1 inWeb 2.For this

problem we have three unknowrish Mg

For each cell, the following is true:

0 % ,
C of n R
For this particulaproblem:
5 % , Qi Qi R
ARG 0o N oo ! 1N
- , Qi Qi DR
GO 7op n 00 n 06 n n

This can then be represented as:

TR T R
TR R L By

Shear flowcan then be easily solved for

1 of 1 of o1 ob 1 el
n 5 G %s n Y G %¢

where ¥ 1 )

Unfortunatelythere is stillone unknown%yg . For an isotropic beam, the axial
strain,™ , will not play a part, and in order to simplify this analysis we will consider that
the moment] ;, is only affected by the St. Venant torsié, such that

0 O Th %
From Equatior2-16
0 Bcoln ¢6n ¢onN
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Plugging this expression in we get the shear flow as

1 oF 9 of
1 ob ¢ elel 1 ol

5
C

1 of 1 of
1 of g ofel 1 ol

, i
4 S

2.5.2 Example: TRAM Blade

The tiltrotor aeroacoustic model (or TRAM) rot@ an experimental 1/dcale
model of the V22 tiltrotor developed by NASA. Based old engineeng drawings cross
sections weranodeledat eight radial stations to calculate the bending (flapwise and
lagwise) and torsionadtiffnesses These values were then compared with documented
experimental results.

Figure 2-11 shows that there is generally good agreement for the flapwisg (
and torsional { ) rigidity. However this methodverpredictedthe chordwise bending
stiffness 0 ). While it was showibefore that thisrosssectioral methodology a strong
coupling value fob can introduce errors into tlreosssectionaktiffness values for lag
and bending. However, the extent of these errors are far sfoallee box bearthan what
was calculatedor the TRAM rotor. It issuspectedhat incomplete material property

information contributes to the discrepancythie lag stiffnessThe materialdisted in the
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original drawingsare either no longer in producticor no material properties were
available Bestestimatesvere used based on the materiaformation contained in the

Composite Materials Handbook (CMEY) [97].

Flapwise Stiffness
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Figure 2-11. Flapwise (L ), Chordwise (L and Torsional (L ) stiffness of the TRAM rotor at
eight radial locations
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Chapter 3: 3-D Material Modeling

3.1 Importance

In most applicationgesolving each layer of a laminat@efined as a stack of
laminae or pliesyesults in a significant increase in theesof analysis.The use of
composites in B FEA required the consideration of how to effectively model all plies
while keeping the problem size within an acceptable I&\edreforein order to simplify
the problem material homogenization becomes assacg step imeshing

The material homogenization method used in this reséatised on the wordf
Chou and Carleongp7] and combines the assumptions of Voaytd Reuss Employing
this method allows for the design of simpheeshesvith minimal effect on performance
results as will be showihater. The resolution of some interlaminar stresses, however, must

be compromised.

3.1.1 Homogenization Method

Material homogenization smethodto combinea number of composite layers and
effectively smear the propertiggo a singlehomogenous anisotropic solayer. In order
to do this, it is important to take into account the elastic moduli of the composite material,

the volume fragon of each layer, and the orientatioheach plyin thelaminate
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For any material, thenearst r esses and strains are rel

. 2 “ i . i
e r 0w CeoCp e e
” [14 - ” [14 -
- o NI N 6 - 31
'y v e 'y, I°p e I
vy 0w - e vy, v e v
v, W w- v, W uw- v

where Qrefers to theQ ply of the laminate. Homogenization aims to find a similar
constituent matrix,0 , that representbe entire laminatevithin which the ply orientation
can vary.

Prior tothe workof Chou and Carleon®7], material homogenization waarried
outusing one of three assumptiodgthe rule of mixtures2)Voi gt 6 s hy3®ot hesi
Reussd hypot hes iCtassicAVarinhteddPlaté TheoeZdPT) literattirdy e
the rule of mixtures is a simple method th
different composite plies. Unfortunately, this method is not applicable to any other elastic
constants, and is only true if tctemposite sucture is flat and loaded wxially. In order
to model 3D composite structures and account for out of plane effects, CLPT is not
acceptable.

Voigtds hypothesis made t he carpeentapt i on
throughout the laminatare uniform. However, this assumption means that the stresses at
the ply interfaces are not in equilibriumiich would lead to delamination of the laminate
as illustrated byFigure 3-1. Reussd hypothesis acted as ¢t}

assumed that all of the stressnponents throughout the laminate uniform. If one were
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to use this hypothesis, then the strains at the ply interfaces nabé in equilibrium and
would be too large for the material to remain bonded. This would cause a shearing of the

lamina.This is illustrated byFigure3-2.

Figure 3-1. Voigt's hypothesisleads to an imbalance in normal stresses and potential delamination of plies

Figure 3-2. Reuss' hypothesif¢eads to an imbalance in irplane strains and potential shearing of plies

The present worlemploys a method that mixes the two material homogenization
hypotheses discussed above. Nmwmal strainsn theindividual ply fiber plane (the 4
and 2 direction), and the shear strain in the plane ofgihesare assumed to leguivalent

to the corresponding strains in the homogenous element:
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where the subscripfQcorresponds to the vector elements indicated in EquatibnTo
ensure there is stress continuity at the ply interfaces, it is also assumed fiati¢nel

normd stresses perpendicular to the plgoet-of-plane stressesgre equivalent to the

corresponding stresses in the homogenous element:

Q pB I 33

Equations3-2 and3-3 represent a total af¢ linear equation$3 of the 6 stresses

and 3 of the 6 strainsThe threeremaining stresses atigree remainingtrains, are then

assumed to be volume averaged, i.e.

wherew is the volume of the material or plyré&lative tothe total volume of the laminate
(the volume fraction)

Using Equations3-2 through 3-4 and the assumption that each plyaisleast
monoclinic in naturgwhich is always truedr the current studyas we consider only

orthotropic or transversely isotropic materalse,
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one can solve for th@6 constituent constant§, Q p ¢hQ p ¢, for theentire
laminge. Note that Hook 6 s Law pr ovi dobesgmntetye assumpti on

0 0 hQ Q

as well as an additiongl € linear equations:

This yields the solution

v 8B o2
« Lt 00 o n o S
o] w10 — —n  @Q plgloly
1l 0 O B "2|°|
u ° U
@
B —0 "
. 3 - 0 o} s .
o] R h 3 . . aQ th
v e v 0 0
B B ——
33 0 O 0 0

There is one significardownside to using tk methodi the order in whichthe
pliesare layerechas no impact on theomogenized constant§herefore whemleciding
on groups of plies to be homogenizedre needs to kakenso that any desired coupling

is not lost.
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For example, considertgygrothermally stable laminate, defined\tWnckler[92],

where—is an arbitrarily chosen ply orientation.

h— wnhh h — wnh

It can be show using CLPT that this layup has a reeroextensiortorsioncouping term

for all — If this layup were to be homogenizado a single elemenising the present
methodology however, the effect dhe antisymmetric layuprould be cancelled out. The
properties of opposing ply orientations-ys z—and — wmnvs ( — ) would
eliminate any coupling. This is because a finite element with smeared material properties
takes on the material characteristics of a homogenous material, which by definition cannot
be coupledTherefore to preserve the coupling of a laylp this, the laminate would have

to be divided into two elements: one for the top four plies and one for the bottom four plies.

3.1.2 De-Homogenizing Process

While homogenization simplifies the problem and dramaticalgduces
computational timedletailedstress and straimformationis lostat a ply level. One of the
main problems otomposite laminates e danger oflelamination It is important,
thereforeto accurately predict interlaminar stresses and strairat least achieve a close
approximaion. In the following section we consider a2 finite element with
homogenized material properti@sd how stresses and strains would be calculated at points

through the | aminateds thickness.
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(a) Homogenized/Coarse mesh (b) Ply resolved mesh

Figure 3-3. A solid homogenized element representing an original 3 ply layup

The solid elements usetbr meshing the present analysis atédtder, 27noded,
hexahedraklementsThe analys outputs all Gtresses an@ strainsat each node in the

component meslEigure 3-3 (a) shows arepresentative face of a homogenized element

with 9 nodesndicated by red dotsepresenting a notional composite laminate composed

of three plies athree different orientatia)—, —, and—.

Sun and Lia¢60] proposed a solution for calculating the stresses and strains at the

ply level. Considenodes) and0 in Figure3-3. From the analysis we know all 6 stresses
and 6 strains at these poinighe homogenized mesGaywe would like to determine the
stresses and strains at a poitRecall from EquatioB-2 and3-3 that the inplane stresses

( ,. ,and, )andoutof-plane strains-( ,- , and- ) calculated by the analysis

are the same at the nodes whether we are considering the homogenized mesh, or the ply

resolved mesh. That leaves us with 6 unknown ply resolved stresses/straips:,,

and- ,- ,- .Recal |l from Hookeds Law the rel ati

for the entire laminates related by
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Ho o k e 6 applitsaoneach individual ply as well, with the constitueatrix

0 defining theindividual ply properties which vary based on the fiber orientatien

Expanding three of the six equations froroHoe 6 s Law yi el ds t he
” 0 - 0 - 0 - 0 - 0 - 0 -
” 0 - o - o - o - 0 - 0 -
o - o - 0 - o - 0 - o -

., 0 0 o] - 0 0 0 -
» 0 0 o) - 0 0 0 - 35
" 0 0 o} ) 0 0 0 )

During homogenizatign it was assumed that theutof-plane stresses
(, h h, ) and thein-plane straing- h h ) arethe samebetweenplies (at the
interlaminar surfaceyo that plieswill not delaminateor debond from one awther
Therefore these are known for Equati@b5. To maintain esmoothdistribution through
the thickness of the ply (to avoid stress or strain discontinyitre=)alculatedstresses and

strainsat points not located at a ply interface, suchraare linearly interpolated using the

known values ab and0 .
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Equation3-5 canthenbe rearranged to calculate the otiplane strais - ,-

- ).
- 0 o 0o y 0o o0 o0 -
- 6 6 6 . 6 6 o6 - 3-6
) 0 o0 © " o o o -~
From thesethe laminar irplane stresses ,, ,, )J)can be calcul ated u
Law.

This method of determining the interlaminar stresses and strains is straightforward
when consideringregular 2D quadrilateral elements (all corners are right angles).
However the models used in this research are not made of regular quadrilateral elements
but rather irregular tetrahedral elements. Tetrahedral interpolation of stresses and strains,
as required to move from Equati8+b to 36, poses a notrivial problem that is outside

the scope of the present work.

3.2 Validation

Validationof the composite homogenizatiorodelwas required before application
of composite coupling to a rotor. \f@htion was carried out on two vasttjfferent
structuresa box beam, andsolid flexbeamValidation of the beam model was performed
using the gperimental results produced by Chandra, ef28]. Three antisymmetric
layups were considered. Two of the beams tested were defineddy-a layup and the
third by a — layup. These experiments providdiable stat deflection data to validate

the material homogenization employed to simplify the structural model.

73



Table 3-1. Material properties of composite materials used in Chandra and Haynesxtensiontorsion coupled
beam experiments

IM7/8552 T300/976
Fhff=y ptgBwpn pcpopm
Fhy [Ffmm¥! o 0p8 ¢ pmT U8B UPR O p T

71 My ff=my i@ pn & TG P
h 8 C 0.328

~

LMo 8 muyadinu T U g8 TT @

3.2.1 Chandra-Chopra Box Beam
For the Chandr&hopra layups, the thin walled box beams were composed of 6
layers of IM7/8552 graphitepoxy, the material propertieéwhichare listed infable3-1.
Two meshes were created for this case. The kigyre3-4 (a) is a fine or ply resolved
mesh.If hi s case each el ement represented only
is the coarse, or homogenized, mé@sigure 44 (b)). A cross section of the ply resolved
mesh contained 960 elements. The homogenized coeshined0 elements. All elments
are 27noded, isoparametric, second order, Lagrangian hexahedral eleEextianodel

was designed to match the dimensions of the box beams built by Chand{25t al.
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(a) Ply resolved or fine box beanmesh  (b) Homogenized or coarse box beam mesh

Figure 3-4. Cross section of two box beam meshes created to validate homogenization methoc

Figure3-5 shows the twisinducedalong the beam span due to an axial tip force of
1 Ib for three different layups with both the ply resolved and homogenized meshes. For the
exception of thep v Jcase, homogenization has minimal impact on the results. In general,

predictions match the experimental data for théo 1 Jand 1T Jt v Jcases extremely

well.
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Figure 3-5. Twist due to a tip axial force of 1 Ib for three nominal antisymmetric box beam

3.2.2 TRAM Rotor/Flexbeam

The TRAM rotor flexbeam experimental data was provided to the University of
Maryland by NASA. The flexbeam acts as the primary flapping hinge and is rigidly

attached to thgimbaled hub, aslustrated inFigure3-6.

76



SEINNER GIMBAL HUB

\ y e 2SN PITCHCASE
A

i\ | I
[ == )
i AT
xil 5
oy > "=
I'l

FLEXBEAM

o M | ’
H _& = k IH ' 4l BLADE ATTACHMENT
s 2

Figure 3-6. TRAM hub cross section top view and side view

Two different structural meshes were createthtwel the flexbeam: a fine, ply
resolved mesh consisting 82,225 nodes and 3,660 elements, and a coarse, homogenized
mesh made up of, 815 nodes and 30 elemer$tuctural analysis wasarried outon the
fine flexbeam, and the beamwise deflections matched experimentalalata was found
to be significantly stiffer in the chordwise directif®8] which was assumed to be due to
uncertainty in material pperties, as indicated in Sectigrb.2

Although the structural properties were not exact to the arpatal data, this
model can still be used to determine the effects of homogenization on the stress/strain
calculationsFigure 3-7 throughFigure 3-18 show a side by side comparison of the fine
and carse flexbeams for all §iresses andll 6 strains

From these figures it can be seen that thergdplved mesh naturally has more
local stress bands and concentrations, most notably on the top surface. Part of this is due
to the fact thain the ply resolved meskhere were more regions in which the number of
plies changed (there was more variationthe thicknessof the flexbeamthat was

eliminated in the simplified coarse mesh). The homogenized mesh, however, was able to
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capture the peak positive and negative magnitude stresses andT$tes.figures also
show that the stress/strain distributisnvery 3dimensional in nature, with independent
variation along the span, chord, and thickness of the structure.

The largest differeces between the two meshascus in the shearstresses and
strains most noticeably in- , even though the general patterns are simildre
homogenizatiomvas carried out ovex substantial thicknesentaining many plies of many
materials (details cannot be provided due to proprietary restrigtem#)is expected that
the shear stressesdstrains differ more substantially than theplane stresses and strains.
Additionally, althoughthere were no attempts to recover the individual ply stresses and
strairs, this example was chosen to understand the stress/strain patterns for a stiticture
known static deflection data. The pattern dD 3tresses and strains in the homogenized
mesh as well as the maximum amplitudes appear to be well aghpture

For the rotor used ithis research, the thickness of the structure is significa

lower and the number of plies over which homogenization is carried out is greatly reduced
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Figure 3-7. Principle stress (in Pa) in the radial or xdirection for a ply resolved and homogenized TRAMlexbeam due to a static bending load
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Figure 3-8. Principle stress (in Pa) in the lagwise or-girection for a ply resolved and homogenized TRAM flexbeandue to a static bending load
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Figure 3-9. Principle stress (in Pa) in the flapwise or-lirection for a ply resolved and homogenized TRAM flexbeandue to a static bending load
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Figure 3-10. Shea stress (in Pa) in the xy plane for a ply resolved and homogenized TRAM flexbearue to a static bending load
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Figure 3-11. Shear stress (in Pa) in the-g plane for a ply resolved and homogenize@iRAM flexbeam due to a static bending load
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Figure 3-12. Shear stress (in Pa) in the-z plane for a ply resolved and homogenized TRAM flexbeamue to a static bending load
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Figure 3-13. Principle strain (in Pa) in the radial or x-direction for a ply resolved and homogenized TRAM flexbeandue to a static bending load

85




Figure 3-14. Principle strain (in Pa) in the lagwise or ydirection for a ply resolved and homogenized TRAM flexbeandue to a static bending load
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Figure 3-15. Principle strain (in Pa) in the flapwise or zdirection for a ply resolved and homogenized TRAM flexbeardue to a static bending load
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Figure 3-16. Shear strain (in Pa) in the xy plane for a ply resolved and homogenized TRAM flexbeardue to a static bending load
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Figure 3-17. Shear strain (in Pa) in the yz plane for a ply resolved and homogenized TRAM flexbeamue to a static bending load
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Figure 3-18. Shear stain (in Pa) in the x-z plane for a ply resolved and homogenized TRAM flexbeamue to a static bending load
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3.3 Stress/Strain Analysis

Calculation of stresses and strains was alaluated beforéaunchinginto the
analysis of morphing rotor§o demonstrate this, two examples were considarsuinple,
rectangulaisection cantilevered beam subject to a tip shear force, and the Chahdpaia
box beam.

3.3.1 80 Ply Cantilevered Beam

For this problem, ahort, thickreadangular cantilevered beam made up of 80 plies

was consideredHere he orthotropic plies are arranged in thd layer pattern
T UFJ T ufi Jw 1T Jepeating 10 timesnirrored about theenterline. The dimensions
of this beam are listed ifiable3-2. This beam wasantilevered andubjected to a 1 Ib tip

verticalforce (unit shear forcen the zdirection.

Table 3-2. 80ply beam dimensions

MINIMUM  MAXIMUM
DIMENSION DIMENSION
(IN.) (IN.)
X-AXIS 0 5 ® L8t
Y-AXIS -0.125 0.125 O ™
Z-AXIS -0.5 0.5 "0 pd
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Figure 3-19. Schematic of 80 ply rectangular beam crossection

The mesh created for this problem modeled every single ply in this beam and contained
Figure3-20andFigure3-21show the stress components and, respectivelythrough

the beam thickness at the midspan of the beam & in) compared to ANSYS results.

It can be seen here that the transeeshear stregs is nearly indistinguishable from the
ANSYS results. The transverse shear styesss shown to be slightly overpredicted, but

by a margin of less tht?6. These results are on par with the results obtained from VABS
(se€28]) and shows that X3BAgreewith otherdetailed analysiwols.Additionally, Figure
3-21shows that the simplification of the beam into 10 elements (each elemeserrtrg

8 plies with an associated homogenized material definition) provides very similar results,

slightly overpredicting the magnitude ,of but capturing th@roperdistribution trend.
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Figure 3-20. Transverse shear stres@ of an 80 ply beam through the thicknessat midspan
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Figure 3-21. Transverse shear stres@l of an 80 ply beam through the thicknessat midspan
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3.3.2 Chandra-Chopra Box Beam

One of thecurrent limitationgo using X3D is that the calculated stresses and strains
are in the globabeamaxis. However, when considering composite materials, it is more
important to consider the stresses and strains along the fiber dirgle&ditoer or material
axis), to beindicatedhereby the prime superscripin this section we consider the same
ChandraChopra box beam that was definedi.1 Forthe box beam considered in this
example, we consider the sameIsixer webs and sides as before.

The transformation relationshsfor thestrains and stresséem the global axiso

the fiberaxisare given in Equatior®-7 and3-8, respectively

W wi 3-7

where® AT Sandi OE+

l
@ cli 3-8
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Six different meshes were creaté indicated inTable 3-3, three used homogenized

material definitions (1, 2, and 3 plies through the wall thickness), and vireezfully

resolved(6, 12, and 18 plies through the wall thickne3s)is was done toatermine if
homogenization significantlgffectedthe ply resolved stresses and strains and to see if a
finer mesh (more than one el ement through &
to a final solutionFigure3-23andFigure3-24 show all 6stresses and strains, respectively,

foralsi x box beam meshes at 50%R t hrough the

in Figure3-22.

Table 3-3. Total nodes and elements for Chandr&Chopra beams designed fostress/strain validation

Plies through Nodes | Elements
spar thickness
1 2952 240
2 7872 800
3 11808 1280
6 23616 2720
12 47232 5600
18 70480 8480
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Figure 3-22. Location of plotted stresses and strains
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Figure 3-23. Global stresses for ChandraChopra box beam with alternating layers of Jand

center, top flange due to a unit axial tip load
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center, top flange due to a unit axial tip load
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As with the flexbeam examplé, can beseen that regardless of the materesdolution
(homogenized or ply resolved) the stresses and strains follow thegsasratrends.The
differences between the homogenized and ply resolved results are small enough that we
have confidence in theynamicstresesand strais calculatel as a part of the final rotor
calculation Additionally, resolving the mesimore tharthe thickness of an individual ply
does not change the solution to any significant dedi@s.is an advantage of second order
elements wth internal nodes.

The stresses and stracan beransformed tahe fiber axisFigure3-25andFigure
3-26 show the strain in thprinciple fiber directios (- and- ) based on Equatio87.
Because the factors contributitigthe fiber oriented stragg- i+ ) are nearly identical
for all six meses, the fiber oriented straifs ik i ) fall within the same range of
strains. In fact, the maximum and minimum strains showigares3-23 and 324 are
practicallyidentical, regardless ofiesh sizeThis is important as the allowable tensile and
compressive stramof a composite material dvased orfiber orientation This shows that

homogenization does niatad to a loss in strain information
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Chapter 4: Rotor Modeling

Special care was taken to model a rotor #D &lementsFor the structurethree
different rotor meshes wemnstructedwith one, three, and four plies through the spar)
to represent several composite layup schemase different material models were
considered for the rotor spar:

1. Titanium

2. Uncoupled(quastisotropic) compositébalanced structure)
3. Nominaly (extensiortorsior) coupled compoge

4. Hygrothermally stable Winckler layup composite

5. Hygrothermally stablélaynedayup composite

4.2 BaselineStructural Model

An idealized UHG60A-like blade with aitaniumbox-beamlike spar was used for the
baselinaotor mode] identical to that validated in Referer{®]. The model matches the
first three modes of the UBOA blade exactly and theext threemodes approximately at
the opeating RPM(hover) of 258 @7 rad/3. The model has thgH-60A aerodynamic
geometrypased on the data provided in the NASA Ames Master Dat§i@@e Therotor

modelis treated as fully articulatl with acoincident flap and lag hinge locatet#.66%R
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anonlinear built in twist of p @ andatip sweepin the outer 6.9% of the blade span
reaching a maximum of rtat 94.5%R The rotor hagour identical blades with a total
rotor solidity of, 1@t Y ¢ For the trim solutiononly one blade needs to be modeled.
The torque offseis included

Only the inernal construction is idealized: a rectangular spar is used (based on public
domain drawings). Thgeometricprofile is kept SC1095 througho(the aerodynamic
modeling accounts fo8C1094 R&rom 49-82%R). The inner profile is also consistent
throughout, so it has the same mass per length and stiffness properties only twisted about
its beam axis. Thicus of the beam axis (along the % choneé)iis described precisely in
the model

The spar is thebox-beamlike section inFigure4-1 and is the only part of the blade
where composite material properties were appheden the blade is modifiedror the
modified blades, the baseline titanium spar was replaced with IM7/8552 grapbitg
oriented ineither an uncoupled or a coupled lpyélthough composite material weighs
significantly less than titanium, the blade mass and CG were kept constant through the
addition of weight in the front and rear webs. The elements defining the webs were not
altered; their material density was increthgeaccount for weight balance. This maintained
uniformmass and c.gproperties between modelsut changed the moments of inerfiae
tot al bl ade mass is always kept constant,
and c.g. remaining consti with the c.g. ahead of the quartdrord line, and torsion

frequency not altered drastically, the aeroelastic stability is not expected to change.
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Front Web
Rear Web

Figure 4-1. Idealized UH-60A blade cross section with highlighted spar

The baseline (titanium spar) rotor model was validated with experimental results from
a full-scale, slowed RPM, UH80A rotor tested in the Amdsgh-* , 40 ft x 8ft fullscale

wind tunnelin 2010[78].

Figure 4-2. UH-60A instrumented blade shank

4.3 Aerodynamic Model

The aerodynamic model has no assumptantsis the same for all cases presented in
this dissertationThe exact geometry and airfoil decks are included. The blade is made up

of two airfoils: SC1095 from 2d9%R and 82L00%R, and SC1094 R8 from-42%R.
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Between &0%R there are no airfoilghis area is considered the blade shank. Special
considerations needed to model this shank particularly in high advance ratio regimes
where this shank provides a significant amount of drag. Validation at' hrglquired

careful consideration of the highly instrumented blade root end, or the shank, shown in

Figure4-2.

‘ SC1095 SC1094 R8  SC1095

< > < 20-49%R =P €¢—— 49-82%R —P <4 82.100%R >
8-20%R

Figure 4-3. Distribution of airfoils along rotor span

The blade shank is an unfaired drag produsingcture extending from-83%R, with
a transition to blade airfoils from 13%R. The nominal blade airfoils were shown in
Figure4-3. The shank has been accountedin the analysis by a c@ction to the drag
tableof thenominalSC1095 airfoil.

Contemporary analyses report significant deficiencies in predicted performance
without the use of a shank drag correction. However, the magnitude of the corrections are
ad hoc and depend strongly on tbemprehensive codé’eo [101] used a shank drag
coefficient of 0.4 for 8.3%R and 0.02 for 220%R to match measured performance at
high-* . Ormiston[102] assigned arag coefficienof 1.5 across both segments. Potsdam
modeled the blade shank using a first principles approach (CFD) vdsiched ina drag

coefficient between 0.18.18, however drag on the naerodynamic blade could not be

104



calculated103]. The current analysis found that a shank drag coefficient ofd&itiss
both segmentprovided good correlation of rotor efficienay the highest advance ratio:
*  p8t Figure4-4 shows the predicted and measured rotor efficiebif®, hcompared at
different thrust levelsRotor efficiency 07O , is defined by Equation dnd assumes zero
shaft angle@ 0 ando 0 ). The 0O match well at high advance ratios and
acceptably at low advance ratidsowever, the angbis consistently ovepredictsthe

maximum0FO and therange ofd 7, before stalkexperienced by the rotor at all advance

ratios.
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Figure 4-4. Analytical vs. experimental results for rotor efficiency vs. blade loading for a UH60A rotor with
a titanium spar at an RPM of 10.8 rad/s and various advancetios
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Figure 4-5, Figure 4-6, and Figure 4-7 respectivelyshow the prediction of thrust
(6 ¥,),drag 6 7¥,), and powe(0 7, )7 the contributing components o¥O 1 varying
with collective.The predictionshowthe correct trendat least up t6 1@ and provide
adequate confidence in therodynamianodel Note that an exact match is not expected
as the rotor is representative only, not an exact model of th&(dAd The validabn
ensures the fundamental aeromechanical behavior of a slowed RPM,, lagiculated

rotor is included in the model.
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Figure 4-5. Analytical vs. experimental results for g 7Qas a function of collective for a UHG0A rotor with a
titanium spar at an RPM of 10.8 rad/s and various advance ratios

106



0.035

-
—>—u=1.0
0.03F “hn=08
uw=06
0.025 | "B u=05
—@—p,=04
0.02 " ¥ p=03
S R R T A R TS e |
x bl
L I R
OI 0.015 x‘_ ____________ +
+
0.01F 4 + *
0005_ ......................... o. ..... Y ' (T =
R
oFf T * BN
-0.005 ' ' ' ' ' | |
, 0 ) 4 6 8 10 12

Collective, [deg]

Figure 4-6. Analytical vs experimental results for g, 7d as a function of collectivefor a UH-60A rotor with a
titanium spar at an RPM of 10.8 rad/s and various advance ratios
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Figure 4-7. Analytical vs. experimental results for 170 as a function of collective for a UH60A rotor with a
titanium spar at an RPM of 10.8 rad/s and various advance ratios
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Figure 4-8 shows the top view of the rotor wake over two turns at four different
adwvance ratios0.96, 0.8, 0.6, and Q.#ere it can be seen thatthigh' the wale washes
backwards by over 10 rotor radii and there is no significant distortion. As the advance ratio
is decreased, the distance travddgdhe wake significantly decreases to the paihére
we see at a normal helicopter operating0.4 the wake is only washed back by
approximately 5 rotor radii

Viewing the rotor wake fronbehind as inFigure4-9, and fromthe side Figure
4-10, shows more clearly how the rotor wake is distorted based on the operatitnal
clear from these figes that as the advance raticciases, the wake beconmmasre

distorted.
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Figure 4-8. Top view of rotor wake trajectory for advance ratiosofd, 8 toH 8
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Figure 4-9. Rear view of rotor wake trajectory for advance ratios oH
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Figure 4-10. Side view of rotor wake trajectory for advance ratiosot 8 toH 8

For each case considered in this research, the same computational constants were
used.The time step that was chosen for structural and aerodynamic computation was
3f Xx® JAs can be seen iRigure4-11 (a) and (b), there are slight differences in the
results at time steps larger tharv, but the results quickly converged the time steps
were reducedThe choice oBf  x® Jvas chosen foaccuracy as well as speddther

important inputs were that theduced tip loss factawas seto 1.15 the reewake model
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was initialized usindinearinflow for the first two turnsand asingle free tip vortex was

used, rolling up from 50% radius datard, with a core size of 0.2 times the tip chord.
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Figure 4-11. Elastic twist variation due to computational time step for low and high advance ratios

4.4 Composite Layup Designs

In order todown-selectto the most effectivéayup for the rotor model, a simple
crosssectionalanalysis was used to understand the effect of ply angle on the stiffness
properties ofhie rotor spar. Equatioft1l showsthelinear relationship between axial force
and torsion moment andxial strain and rate of elastic twist. Foro moments,
0 1, Equation4-2 givesthe relationship between axial forc®, and twist rate%ae
While U ; represents thextensiortorsioncoupling, the actual twigiroduced bya given
extension forcé the twistsensitivityi is determined also by the torsional stiffnass;, ,

that allowsthe blade tdwist, and the extensional stiffnessy, , that induces twist.
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The compositéayups wereonly applied to the top and bottditangesof the rotor spar.

An uncoupled 1t Jw 1T Jayup was applied to the rear and front webs for all blades

consideredThe first reason for this design choice was to eliminate variations between
composite rotors with different layups. Secondly, it was found that introducing an
antisymmetric layup tdie left and right webs of the spar did not strongly effect the strength

of the coupling.

4.4.1 Coarse Mesh

A coarserotor mesh was used for multiple cases: uncoupled layup, ndyninal
coupled layup, and the homogenized hygrothermally stable layups. leaichb)ade cross
section contained7 elements antl77 nodes. The rotor mesh is made up of 16 rathal

sectionswith a total 05841 nodes and 592 elements.

4.4.1.1 Uncoupled Composite
In the uncoupled spar all four sides of the swpare built witha homogenized
1t dw 11 Jayup. Because carbon fibés significantly lighter thartitanium, in orderto
maintainblade mass and c.g. locatihre material density of the spar webs was artificially

increasedTable4-1 shows what material densities were use@ach side of the box beam
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spar The samevalues used for the spar web density were also used in all other rotor

designs, as only th@y anglesnotthematerial, was changedihne top and bottom flanges.

Table 4-1. Material density definitions for the modified composite spar in the UHG0A-like rotor
meshes.

COMPOSITE SPAF
DENSITY (KG/M)

TRAILING EDGE WEE 23000
LEADING EDGEWEB 23000
TOP FLANGE 1580
BOTTOM FLANGE 1580

Figure4-12shows approximately hohig the weights would have to détungsten
is usedsee inFigure4-12(d), there is little difference between the currentkhess of the
spar webs and thmcreasedthicknessincluding the balancing weight$n this work,
inclusion of the weight is modeled bymply increasing the density dfd¢ spar webs. Note
that the increase in weight is redditional weight but simplywhat was requiretb keep
the blade mass the same as the titanium blade and not change the top level inertial
properties of the rotor (edtting autorotation index, ground resonance, rotor-staegind
shutdown, etc.). This is not a weight penalty, but merely a compensation to bring it back

to the baseline.
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(a) Approximate inner dimension of spar with aluminum balancing weights (b) Approximate inner dimensions of spar with titanium balancing weights

= === 7D

|

(c) Approximate inner dimension of spar with stainless steel balancing weights (d) Approximate inner dimensions of spar with tungsten balancing weights

Figure 4-12. Web balancing weights for composite coupled rotor to maintain original blade mass and mass properties
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Figure 4-13. Coarsest rotor mesh cross section. Nethat there is only one element through the spar thickness.
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4.4.1.2 Nominal Coupled Composite
The mesh for the nominal coupled composite rotor is the same as the uncoupled
mesh, but with updated material definitioRather than ar Jw 1T Jayup, two different
layups were considered based on the experimental work conducted by Chandra and
Chopra: — and 1 #— . To determine which layup should be chosen, a simple study of

the effect of ply angle and layup scheme was conducted.
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Figure 4-14. Twist sensitivity due to unit axial force as a function of ply angl® for nominal
coupled box beams

Figure4-14 shows the twist sensitivifEquationd-2) for theChandraChopra box
beams validated ifigure3-3 for — Tmtto w 1t &t is clear thathe twistsensitivity of all

— layups is higher than the mixedt 73— layupsi which is whythe p v Jcase
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achieved more twist than the Fo 1t Jor 1t Bt v JcasesHigh twist sensitivity islesired
for the purpose of this work so a~ layup with— 1 v was choseffior the rotor spar.

This layup is designated as the nominal coupled spar.
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Figure 4-15. Fine rotor mesh cross section for the Haynes layup. Note that there are three elements through the spérkiness.
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1A

Figure 4-16. Fine rotor mesh cross section for Winckler layup. Note that there are four elements through the spar thickness.
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4.4.2 Hygrothermally Stable Layups

A nominal layup can swell, warp, and lose its material properties and structural
integrity under humidity and temperature fluctuations (that might be encountered by rotor
blades over the span lifetimdj also has manufacturing limitations under conventional
high emperature curing. Hygrothermally stable layafiemptto avoid these limitations.

Here, the top and bottom flang&tdl a mirror image ofeach othelike the nominal layup
but consist of multiple ply orientations that are meant to provide stability thermal or
moisture fluctuations.

Two hygrothermally stable families of layup&re proposetty Winckler [8] and
Haynes [9]. Both combined two layups with extensstyear coupling that were
individually hygrothermally stable, in opposite directions. The opposing shears, caused by
axi al |l oading acting at equi val ent di st anc
purely torsional moment, as illustrated in Figure 1. In this papainihekler and Haynes
|l ayups are denoted by O6W6 and OHO respecti

Winckler and Haynes applied their layups to thin, solid, plates built of 6 and 8 plies,
respectively. In this research, the same principle is applied to a box beam, i.e., the layup
choserfor the top and bottom of the box were both individually hygrothermally stable and
provide extensiorshear coupling.

The layups are summarized Tiable4-2. In orderto maintain the same mass and
minimize any inertial differences between each blade examined in this study, the rotor spar
wall thickness was kept constant and then divided into elements representative of each ply

orientation for a given layufg.able4-2 shows that a Winckler layup requires a minimum
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of 4 plies on either the top or bottom to achieve hygrothermal stability, compared the
Haynes layupequirement of 3.

As was done with the Char@Chopra beam models in Secti®:3.2 multiple rotor
meshes were created in order to verify the homogenization of the spar matemeiserw
meshes were created: one for the Haynes layup (with three ply orientations), and one for
the Winckler layup (with four ply orientationdyf.the spar was to be designed with the
correct ply thicknesgs was done witthe Haynes and Winckler expexents)here would
be differences between the spar dimensions for each blade design. Instead, the spar wall
thicknessp , was held constant and the thickness of the individuabply, wasvaried
to fit within therotor spar dmension. As an examplEigure4-17 shows how the Winckler
layup was applied to the rotor spatere the element with spar thickness has been
divided into bur elements with equal thickness ( 0  7t). If fewer plies were

needed for the layup, the ply thickness would be larger.

Table 4-2. Layup definition for composite spar designs used in this study

Top Layup Bottom Layup

Aot d nIonmJ

CRIo@d 1 &J CR Joa@dr §J
—F — on J— F — onJd —

S I =z C
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tspar/4 6, =46

Lspar/t 6, =6 +90

tspar

tepar/t 63 =60 +90

t.\'par!"q' I5'-'-1- =6

Fiaure 4-17. Application of a Winckler lavup to the UH-60A box beam like spar

4.4.2.1 Winckler

Winckler [92] determined that there was a family of layups that would maintain
extensiortorsioncoupling while remaining hygrothermally stable. The full laminate had
to satisfy two conditions: (1) thextensiortorsion coupling termhad to be nonzero and
(2) the curvature due to thermal or hygral fluctuations remained lzero ( ).

The laminatecan also be considered as two symmetric halves, which on their own
have noextensiortorsioncoupling. These halves allow us to consider a partial solution
where each laminate must satisfy three conditions: (1) the laminate is symmetric
(6 m), (2) the hermal shear strain is zere (1), and (3) there is a nexero
extensiorshear couplingd 1). These requirements allowed for the laminate to shear
in response to an applied load, but not to changing thermal conditions. The two halves are
designedto shear in opposite directions so that whemdedtogether provid the
bi-moment required to twist the beam. These requirements led to the following
hygrothermally stablextensiortorsioncoupled laminate:

F— onJ+¥ ¥ — onit —

where—is any arbitrary ply angle.
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There are many variations ohis layup thatwill still maintain hygrothermal
stability. The one most pertinent to this reseaahshown in the bottom Bfgurel-2, is:
F— onIFFOOYD F — onJf —
In this layup, core refers to any isotropic material that does not interfere with the symmetry
of the layup or could represent empty spdsewas done with the nominal couplegup,
it was important to determine what angldo use in order to maximize thextension
torsion coupling. Again using Equatiof-2 the twist sensitivity was caltated for this
layup and is shown iRigure4-18. Any value between 1and 29 would provide a high

sensitivity.Based on these results, a value-of ¢ vwas chosen.
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Figure 4-18. Twist sensitivity due to unit axial force as a function of ply angle for a Winckler,
hygrothermally stable layup

For the rotor, bcause the Winckler layup contains 4 layers of equal thickness on
the top andsimilarly on thebottom of the beam, the Winckler apblade mesh was

designed with four elements through the spar thickness, as shévwguia4-16. The final
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blade mesh containel®,375 nodes and 1,360 elemeiitse cross sectiommas375 nodes

and 85 elements

4.4.2.2 Haynesand Armanios

In 2009, Haynes and Armanios sought to expand on the families of hygrothermally
stable,extensiontorsioncoupled laminates. Numerical optimization showed thaiply 6
layup (3 plies on theop and bottom respectively) improved theéensiortorsioncoupling
capabilities of the Winckler layups. This claim was verified by Hayares Armanios
experimentally, and validated using X3D, as showRigure4-19. For these experiments,
two laminates were constructed from T300/976 graphite/epoxy sheets based on the layup
of Winckler (where— ¢ v) and the Haynes layup discussed here. The material properties
of thismaterial are listed ifable2-1.

Each | aminate was cut into slender beam
an increasing tip load was applied, and tbsulting twist at the tip of the beam was
recorded. Here it can be seen that the 6 ply laminate designed by Haynes achieves more
twist than the Winckler laminate at all blade loads. The large range of force required a
nonlinear (geometric) solution, whettee strains are no longer small nor a linear function

of displacement.
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Figure 4-19. Experimental vs. analytical results for twist as a function of applied axial loading for
a Winckler and Haynes beam

It should be noted that because a different number of plies was required for both
| aminates, the thickness of the beam vari ec
to 1.216 mm (0. 0480) Hdwever, at mentionsihnies to keepr | a mi
the rotorgeometry andneshes as similar as possible, thiekness of thespar for the
composite blade was not altergédstead it was divided into three elements through the
spar thickness, as indicatedFigure 4-15. This mesh contains 10,197 nodes and 1,104

elementsThecross sectiorontains309 nodes and 69 elements

4.4.2.3 Hygrothermally Stabl€oarse Mesh

The use of the Winckler and Haynes rotor mesias time consuming and
inefficient. To improve run timand demonstrate feasibiljitthe coarse mesh, usedrlier
for the uncoupled and nominedseswas also used for the hygrothermally stable layups.
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Accordingly the spamaterial definition in the uppeand lower flanges of thgpar were
calculated based on the homogenization procedure given eaffiection653.1.1

The material dfinition for the homogenizethatrices are includeid Appendix I.
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Chapter 5: Results and Discussion

The mainobjectiveof this research was improvea hel i copter rotor
in high speed forward flighiThe effect ofextensiortorsioncomposite coupling on rotor

performance was studied by examining the following:

1. Effect of compositecoupling on radial twist distributioas a function of roto
rotational speed (rotor RPM in hover is considered 100% nominal rotation speed or
100NR)

2. Comparison of uncoupled to nominal couplaglprotor at 100NR

3. Comparison of uncoupled to nominal couplegliprotor at reducedotation speed
(85NR, 65NR)

4. Effectof hygrothermally stable layups on rotor performance

Each layup considered was first studied in vacuum to obtain the desired twist
distribution (described above) and blade frequencies. Thasideration othe overall
rotor performance was followed by analysis of sectional -eewaronment. Finally
consideration of the blade strains vadétemptedThe lift to drag ratio)¥O , is considered
the metric for overall rotor performandghanges in¥O are studied for the various layups
for identical trim conditions. The underlying aeromechanics behind the changes are
explained by changes in rotor frequencies and the aerodynamic environment. The resulting
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changes in blade strain are also investigatedofAhese phenomena are part of a single
integrated analysis. When layups charthere is noextrarequirement to constrain the
frequencies to reproduce the same dynamics and loads. When the loadstbkeasgeno
uncertainty in the trim solution or strains. A unified analysis allows changes in material

properties to flow into the blade dynamics, aerodynamics, trim, and strains.

e

(o))

Rotor Efficiency, L/D
AN

2t —— 100NR| -
= = 85NR
65NR
0 1 |
0 2 4 6
Rotor Thrust, F_, [Ib] «10%

Figure 5-1. Rotor efficiency as a function of thrust for an uncoupled composite rotor at three
different RPMs. Note that the overall rotor thrust range decreases as the rotor slows.

Variation in rotor twist was calculated in vacuumh i s t wi st # 910t hen
twist atany rotor speedAnalysis of the rotor in forward flight was carried out at a speed
of p v Ro4dnd a constant rotor shaft tilf]| 1t JThis is a stringent flight condition both
due to the asymmetry of the flow field and due to the fact that the irsflemtirel, induced.
As such, a freavake is requiredGains, if any, are expected to be higher than those seen
in more normal conditions. Problems, too, if any, are more likely to appear under these

conditions and allows for us to study and address thexdvance.
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It is well understood that as the rotor RPM is decreased, thenatimally will
produce lesgdimensional)lift, as shown inFigure 5-1. It wastherefae reasonable to
assumefor this researchthat if greater than 709RPM reductionwill eventually be
accomplished witla supplementary lifting body such asvingand a thruster such as a
propellerto ensurdull vehicle equilibrium Therefore the focusfahis research is entirely

on the rotor.

5.2 Effect of Coupling on Radial Twist Distribution

To ensure that theompositecoupled rotors matched theilt-in twist of the baseline
titanium-spar rotors at 100NRind that they untwisted as the rotor RPM wasvel, the

following method was employed:

1. Apply the composite coupling to the baseline spiin layup oppositeto what is
actually intended in the final rot¢so thetop is now — and bottom is—)

2. Spin this blade in vacuum at 100NR and recordwhgt distribution

3. Now re-define theblade geometry composite meghwith the 100NR twist
distribution (from Step 2) and correct the direction of composite coupling (top
returns to—and bottomto —)

4. Verify thatthe correct twist is achieved by spinnifg hew blade at 100NR and

comparehe twist distribution to that ohe baseline titanium spar blade

The twist distribution along the blade span at varying RPM is shofgume5-2. In black

is the original builin twist of the UH60A rotor. When the above methodology was used,
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a new twist builin twist distribution was determined fan extensiortorsion coupled
rotor, shown in purpleln the context of this research, a nominal coupled rotor (denoted by
N) is defined by a classical antisymmetric layup (Seetion1.3.1.1for details) with the

ply angle defined by-

In Figure5-2 it can be seen that as the rotor RPM is increased (65NR in yellow,
85NR in red) the rotor twists towards the titanium rotor distribution. At 100NR, the coupled
rotor distribution, shown in blue, matches well with the titanium rotor twist distribution. It
can also be seen from this figure thattlas rotor is slowed, the natural reduction in

centrifugalforcing allows the rotor to return to its cold shape twist.

12 T T T T T
4, ----- ~.\~\
ol a |
\~\~
'8 6 L ~\.‘,"\‘\ 'I' i
<
-— 3r A 7
® —— UH-60A N
= | A=°
E ol N 0-450, 100NR |
— = "N §=45" 85NR
3r N 9=45" 65NR 1
—-=='N 9=45", ONR
_6 1 1 1 I i
0 0.25 0.5 0.75 1

Radial Location, %R

Figure 5-2. Twist as a function of radiallocation for baseline titanium spar UH60A blade
compared to twist of rotor with a nominal layup composite spar at 100NR, 85NR, and 65NR.
Calculated in vacuum.
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5.3 Rotor Dynamics

Becausdhe present analysis is unifietthere is nextrarequirement for theew
composite blade to match tleeiginal titanium blade frequencies. Howeverwas still
important to understand whetheodifications to the blade structuaee likely tocause
resonancerossingsat thereducedoperational speeds, and if they do, knehere so that
they can be avoide#&igure5-3 shows how theewuncoupled composite rotor frequencies
compare to theitanium sparrotor frequencies (shown by theabk dashed linesor
referencg For both the uncoupled and coupled rotors, the first three structural modes
match closely with the titanium model. The biggest difference in these modes can be seen
in the 29flap mode, in yellow, which is slightly high@r the uncoupled rotor and slightly
lower for the nominally coupled rotor.

Significant differences can be seen in the next three modes. These modes, although
designated by their dominant motions, are highly couptedthe coupled rotor, all three
highermode frequencies are significantly reduced when cordpateoth the titanium and
uncoupled rotors. This is to be expected as introduektgnsiortorsion coupling is

designed to soften the torsional stiffness of the rotor.
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Figure 5-3. Fanplot for a UH-60A-like rotor with an uncoupled composite spar
compared to the titanium spar

Table 5-1. Frequencies of the first 6 mode of the uncoupled composite spdslade

nondimensionalized with operating RPM
100NR | 85NR | 65NR
Mode Type

Fm xm xm
1 Lag ™ Y M@ g @ wT
2 Flap P8t o Y pdrto gy pdrT ¢
3 Flap CE MUl G Wq CBT ¢
4 Lag (coupled) 08 T @ oL ¥ v8tmy
5 Torsion (coupled) | 18toc @ 18 Wy L8 WX
6 Flap (coupled) VE YT UHT Y EB TIT

*coupled: these are coupled fligm-torsion modes designate
by their principle (dominant) motions
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Figure 5-4. Fanplot for a UH-60A-like rotor with a nominally coupled composite spar
compared to original titanium spar

Table 5-2. Frequencies of the first 6 modes of the nominal coupled composite spar blade
nondimensionalized with operating RPM

100NR | 85NR | 65NR
Mode Type

m fm m
1 Lag ™ X W ™ Yq e wT
2 Flap P8t o Y pdto g parT ¢
3 Flap B QX CHTT CHO(
4 Lag (coupled*) o8 Yol c&pq 1®p Y\
5 Torsion (coupled) | oBmm T& T U T&XT
6 Flap (coupled) T® ww T wq vdX L

*coupled: these are coupled flégmy-torsion modes designate
by their principle (dominant) motions
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As indicated by the vertical dotted lines in Figus@ &nd 64, two slowed operating RPMs

were considered: 85NR and 65NRs established bysnyder et b, currenthelicopter
engines are capable of slowing by 15% with minimal specific fuel consum{@ea)
degradation2]. This research considered 85NR as one of the slowed operational speeds in
order to take advantage of thisnprovement at this RPM would only require design
modification to the rotor system without the needs for complex variable drive sy$tems.
other slowed operational speed of 65NR was chosen in order to consider the potential for

future advancements imgine technology beyond current capabilities.

5.4 Performance

As indicatedin Section4.2, the measure of rotor efficiency is th#O ratio. To
determine themaximumrotor performancea collective sweep was carried out. For each
point, the rotor was set to a fixed collective;, and trimmed to zero cyclic flapping
and’ ) measured at the flap hingéach point irfFigure5-5 showsthe performance for a
different collective, ragingfromt Jop 1.J

Each point had a forward flightspeedof & p v QRO 1@ Xfor 100NR)

Additionally, the shatft tilt was kept constant at 1t .J
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Figure 5-5. Rotor efficiency as a function of blade loadig for a UH-60A-like rotor with titanium
spar. Each point along the curve represents a different collective settingth 4

H 8

5.5 Effect of Nominal Layup on Performance at 100NR85NR, and

65NR

In order to make a consistent comparison, the results for the coupled composite
rotor spar are compared to a blade with an uncoupled composite spar, instead of the
baseline titanium spar. This ensures that any performance differences found subsequently

aredueentirelyto couplingand na the substitution of composite matesigler se
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At the hover RPM, 100NR (27 rad/s), the efficiency of all blades must remain the
same. This was ensured by reproducing the80KA twist distribution at 100NR, as well
asmantainingt he baseline titanium spar o0#&ascanot or
be seen ifFigure5-6 (a), theb¥O for both the uncoupled and nominal caegblotorshas
been maintainedt 100NR for all blade loadings, 7,, .

When the rotor RPM is slowed to 85NR, $egure5-6 (b), while both rotors see
an increase in efficiency it is clear that the coupled rotor outperforms the uncoupled rotor
at all blade loadings, reaching a maximo© of 8. 2 compared to t
maximum of 6.9at6 %, Ti®), an improverant of 20%.

When the RPM is slowed further to 65NIRdure5-6 (c)), the coupled rotor again
outperforms the uncoupled rotor but only at lower blade loading$o0 ¥, 18t X)L
The coupled and uncoupled rotors at 65NR only reach a(fakratio of 6.9; there is no
improvement in maximum efficiency at this RPMhe greatest improvement in efficiency
occurs atd ¥, T8t ¢ where we see a 15%mprovementover the uncoupled rotor

efficiency.
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Figure 5-6. =|7"—_ ratio for uncoupled and nominal coupled rotors for (a) 100NR, (b) 85NR, and (c) 65NR
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5.6 Aeromechanics of composite rotor

To understand the cause of the performance change between the uncoupled and
coupled rotorskigure5-7 considers lift versus drag at two different radial locations (75%R
and 89%R) and three different RPMs. Although there are differences between the three
RPM at 75%R (a and c), the effects arere clearlyobservedutboard at 89%R (b and d).

Two conclusions can be drawn from this figure: 1) the drag has more distitationas
the rotor RPM is varied and 2) there is variation in negative lift between the uncoupled and
coupled rotors.

First,we consider the drag in more deta&lgure5-8 shows the azimuthal variation
of drag. For both the uncoupleahd coupled rotor, a reduction in RPM from 100NR to
85NR yields a very large reduction in drag along the advancing side of the rotor. Further
RPM reduction to 65NR yields a relatively smaller reduction. For the uncoupled rotor, a
significant drag spikappears o the retreating side of the rotor at 85NR. Far toupled
rotor, this spike is eliminated. At 65NR the uncoupled rotor shows a rapid increase in drag
along the advancing side. For the coupled rotor this increase is eliminated, but a spike on

the retreating side appeanstead
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Figure 5-7. Lift vs drag for the uncoupled and nominal coupled rotor at two radial locations (75%R and 89%R) and three nominal RPM (100NR
85NR, and 65NR). Calculated in vacuum.
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Figure 5-8. Drag as a function of azimuth atpy 70 8 for uncoupled and nominal coupled
rotors at 89%R for 100NR, 85NR, and 65NR
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Figure 5-9. Mach number as a function of angle of attack atm 70 8 for uncoupled and
nominal coupled spar rotors at 100NR, 85NR, and 65NR
As the rotor RPM is reduced from 100NR to 85NR the advancing tip Mach number
decreases fromd T&) o O @) 1tso the blade tip leaves the transonic region

when therotor is slowed. This change in operating environment alone, with or without
composite coupling in the blade spar, would result in a substantial reduction,iwhicly

is what was observed on the advancing side of the fataddition to this change in
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the coupled rotor is also untwisted (as showRigure5-2). This reduces the drag on the
advancing side ofhe rotor. As the rotor RPM is further reduceéd 65NR, the overall
change in drag around the azimuth is nosigsificantly affected as the aerodynamic
environment does not chanfismdamentally from ao &) 1t0 O @ @both
are in the high subsonic region, but below transonic)

To understanddrag behavioiFigure 5-9 shows how Mch number and angle of
attack (denoted as AoAjary along the azimuth. At any given RPM, between uncoupled
and coupled,the Mach number range does not change. This is an indication that
compressibility is not a factor in the rotor efficiency chafigen composite coupling. The
main factor is the change iangle of attackdistribution. This figure shows that the
uncoupled otor at 85NR and the coupled rotor at 65NR enter @adl 6 p v) dlong the
retreating side of the rotor. This accounts for the spikes in the drag coeffi@&htRitand

65NR, seemnpreviouslyin Figure5-8.
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0.2+ =
A ! =
o~ \\a !I i
= 0 \ 1
o \ “ ]
! 7 — 100NR
0.2+ \\ /I - 85NR 1
: 65NR 65NR
-0.4 : : : -0.4 : : :
0 90 180 270 360 0 90 180 270 360
Azimuth, [deg] Azimuth, [deg]
(a) Uncoupled, 89%R (b) Coupled N P J), 89%R

Figure 5-10. Lift as a function of azimuthat g/ G &0. 1 f or un c ocoyplederatorsa
at 89%R for 100NR, 85NR, and 65NR
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The second observation made freigure5-7 was thd there wee variations in the
negative lift between the uncoupled and coupled rotors. These have a significant impact on
rotor performanceFigure 5-10 shows the azimuthal vation of lift. Again, both the
uncoupled and coupled rotor have very similar distributions at 100NR. When the rotor
RPM is reduced to 85NR, however, the uncoupled rotor generates significantly more
negative lift on the advancing side of the rotor, whetikagoupled rotor does not. Tlss
animportanteffect that occursutboard of 90%RWith an increase in negative lift comes
a need to make up the lift somewhere else around the azimuth in order to maintain the same
blade loadingThis leads to an increa in angle of attack (to the point of stall in this case)
and therefore an increase in the drag.

It should be noted that the choice of the nominal layup witht v fdr this study
was made to achieve maximum untwisting of the rotor blade, but was moizegt to
maximize the aerodynamic performance at multiple slowed RPMs. It is possible that a
different layup angle could have provided an increase over the uncoupledfiotoatio
at 85NRand65NR if the change in twist was less extreme.

Figure5-11 shows the pitching moment at the 89% radial location,ipbstard of
the swept portion of the rotddere itcan be seen that there are no differences between the
uncoupled and coupled rotother than theetreating sidestall that wasalso seen in the
drag plots for the uncoupled rotor at 85NR and the nominal coupled rotor at B5NR.
lack of difference in the pitching moment tells us that there is minimal difference in the
dynamic twist.This indicates that the change in negative lift is, in fact, from the static
unt wisting of the -irmd otrwi(xthaduwye ntigo thempiduiii

from any resulting change in the torsion (dynamic twist)n the changing pitching
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momerts. Near the blade tip there are greater differences, but a lifting line analysis is

inadequate for concrete conclusions.

%107

15} \ - --85NR
65NR i 65NR
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(a) Uncoupled, 89%R (b) Coupled N @ J), 89%R

Figure 5-11. Pitching momentas a function of azimuth at y/ 640.1 for wuncou
coupled rotors at 89%R for 100NR, 85NR, and 65NR

Moving outwards closer to the tip of the bladfégure 5-12 shows the pitching
momens at 95%R, in the swept portion of the blade where the Mach number is higher.
Again both bhades perform similarly at 100NR, ignoring the uncoupled rotor Isteal
(due tonegative AoA)on the advancing side (9@zimuth) When the rotor is sloweid
85NRthe coupling reduces the nose down pitching moment along the advancing and the
retreating side. At 65NR the Mach numberaiseadylow enough that there is not a

dramatic nfluence by the coupling on the pitching moment.
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Figure 5-12. Pitching momentas a function of azimuth at ry/ G6ad0. 1 f oandoomma u
coupled rotors at 95%R for 100NR, 85NR, and 65NR

A more accurate calculation of the magnitudeit¢hing momentsequires CFD
to capture3-D transonic effec In future work it would be advantageous to use CFD to
accuratelycharacterize this phenomendmut the calculations here allous to understand
the basic trendsWith larger negative pitching moments from CFD, the benefits of
untwisting the rotor at these highconditionsare expected to be greater.

As previously mentioned e pitching moment has a strong influence on the elastic
or dynamictwist of the rotor. As shown iRigure5-13 the uncoupled rotoexperiences
elastictwist excursionamuch larger than that pgrienced by the coupled rotor when the
RPM is reduced, however this is not due to pitching momastshown inTable5-1, the
uncoupled rotor has a mode near 4/rev (3.96/rev). The introduction of coupling shifts this
frequency away from resonance at 85NR. Similarly, at 65NR the uncoupled rotor has a
mode near Bev (2.95/rev) and again the coupling shifts this mode away from resonance.
Thus, as previously statedthere are significant dynamic and aerodynamic coupled

phenomenathat are tied to the changing blade frequendiest call for an integrated
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analysis,such as the one conducted heta isolated structural analysis would not be
sufficient as it would not capture these coupled aeromechanical phenomena and artificially
constraining the blade frequencies and cs®Esgional properties would not reveal the

benefits of this coupling
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Figure 5-13. Elastic twistas a function of azimuth at g/ Gao. 1 f oandoomna coppled
rotors at 95%R for 100NR, 85NR, and 65NR

5.6.1 Aeromechanicsof Hygrothermally Stable Composite Rotors

The hygrothermally stable layups, when applied to the same box beam spar, once
again affected théuilt-in twist of the rotor strongly, as shown Kigure 5-14. The
Winckler layup achieved twist very similar to the nominal lagiufine slowed rotor speeds
the Haynes layup twisted relatively leds.should be apparent by now, these mean nothing

by themselves; an aeromechahemnalysis is required to compare their relative merit.
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Figure 5-15. Fanplot for a UH-60A-like rotor with a hygrothermally stable Haynes layup
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Figure 5-16. Fanplot for a UH-60A-like rotor with a hygrothermally stable, Winckler layup,
composite spar compared to titanium spar foP J

Table 5-3. Nondimensionalized frequencieg/rev) of the first 6 modes as a function of the percentage
change in the nominal RPM for a rotor with a hygrothermally stable composite coupling

100NR (¥ ) 85NR () 65NR (I )
Mode Type
Haynes Winckler | Haynes Winckler | Haynes Winckler
1 Lag T X0 T8 X W T8 YO TR PG| T8 wT T WT
2 Flap P8ty p8to Y pdrtocv pP8iow PLT £ PLT p
3 Flap CHMY CAWT CHTL CHOM G X CEMT
4 Lag (coupled) | o i OB X W 0RO L OBT T TP TXPO
Torsion
5 (coupled) odome oP1 17| 18 0¢ T ULT| L WT ULBTO W
6 Flap (coupled)] 1& @7 t@® wu| V8TOT T&T X| T C LB TT

*coupled: these are coupled flégr-torsion modes designated by their principle
(dominant) motions
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Figure5-15andFigure5-16 show the frequencies of the hygrothermally stablmposite
rotors compareto the titaniunspar rotor There is little differencedtween the first four
modes with maximundifferences inthe twohigher modeg¢5 and 6) as shown inrable

5-3. In general, thehygrothermally stablecomposite spablades aresofter than the

titanium, again shown in the dashed black lines.

10 ‘ - 10
() ()
Q 5 Q 5
— —
Winckler Coarse Mesh Winckler Coarse Mesh
= = Winckler Fine Mesh = = Winckler Fine Mesh
0 ‘ - 0 ' -
0 0.05 0.1 0.15 0 0.05 0.1 0.15
CT/O' CT/(T

(a) W =25, 100NR, = 0.37  (b) W 6=25, 85NR, 11 = 0.43

10 i T 10
(0} o
Q 5 Q 5
-l -l
Haynes Coarse Mesh Haynes Coarse Mesh
= = 'Haynes Fine Mesh = = 'Haynes Fine Mesh
0 ‘ - 0 '
0 0.05 0.1 0.15 0 0.05 0.1 0.15
CT/O' CT/O'
(c) H, 100NR, 1 = 0.37 (d) H, 85NR, ;= 0.43

Figure 5-17. Comparing performance of coarse, homogenized material mesh to fine, ply resolved
mesh for Winckler layup P J) and Haynes layup at 100NR
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As indicated in Sectiod.4.2.3 homogenized materigroperties werapplied to
the coarse medtrick inthe Winckler and Haynes layupswasimportant tdfirst validate
thatthis simplification did not impact th@tor performancerigure5-17 (a) and (b) show
the performance results for both the coarse and fine mesh Winckler rotor at two different
rotor RPMsFigure5-17(c) and (d) show the sammyt for the Haynes layupt is apparent
that the mesh size does not have an impact on the rotor performance, regardless of layup
applied or rotor RPMThese results reinforced confidence in the haandagation method
and accuracy for this spar design and allowed us to continue our investigation using only
the coarse mesh.

It only remains to be seen whether the Winckler and Haynes layups provide similar
improvements as the nominal coupling or whettygrdthermal stability imparts a penalty
in performanceAt 100NR, shown irFigure5-18 (a), there are no discernable differences
between the rotgrerformancesf the three coupled rotors. When the rotor RPM is reduced
to85NR( 18 @ sedrigure5-18(b), the Winckler layup with— ¢ vahd the nominal
layup with— 1 v altperform the Haynes layup, with a maximO#O difference of 0.3
até 7, 1. When the RPM is slowefdirtherto 65NR(* 1@ ) the Winckler layup
outperforms both the nominal and Haynes blades by 0.3 and 0.5 respectively, at their peak
(6 ¥, 8t o Based on these results it was determined that the Winckler blade was the

most desirabléelesign
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\ A
\
6 /'\ 6 /
) iy
o 4 o o
— — —
4 4 4 4! i
7
2 —Nominal, 0=45 | | 2 —Nominal, 0=45" | ' |—Nominal, 0=45 | |
= ~Winckler, §=25 - ~Winckler, §=25 - ~Winckler, §=25
Haynes Haynes Haynes
0 ‘ ‘ 0 ' | | |
0 0.05 0.1 0 0.05 0.1 0 0.05 0.1
CTIO' CTIO' CTIO
(a) 100NR, €=0.37 85NR, €=0.46 (c) 65NR, €=0.

Figure 5-18. L/Deratio vs. blade loading for ChandraChopra composite spar design compared to the hygrothermally stable designs of Winckler
and Haynes at (a) 100NR, (b) 85NR, and (c) 65NR
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Figure5-19 andFigure5-20 show thadragandlift variations of the Winckler blade
compared to the nominal blade. The differences between the two are hardly discernible,
which indicates that including hygrothermal sliodoes not significantly alter the rotor
behavior.Investigation of lift, pitching moment, and elastic twist (as shown earlier for the
nominal coupled blade) revealed the same and consistent patterns and are not repeated here.
Of the thredayupsstuded the Winckler layup provides the best performance, improving

0FO at both slowed RPMs, relative to the uncoupled blade.

0.04 , \ 0.04 \ \ ;
—100NR — 100NR
0.03} - -'85NR 1 0.03 -~ '85NR
65NR 65NR

0 90 180 270 360 0 90 180 270 360

Azimuth, [deg] Azimuth, [deg]
(a) Nominal (P J), 89%R (b) Winckler (P J), 95%R

Figure 5-19. Drag as a function of azimuth comparing the nominal coupled spar design to the
Winckler layup (where P J) for 100NR, 85NR, and 65NR

152



Ve — 100NR —100NR
0.2/ - -~ '85NR || 0.2y Y -~ 85NR ||
65NR 65NR

-0.4 : -0.4 :
0 90 180 270 360 0 90 180 270 360
Azimuth, [deg] Azimuth, [deg]
(a) Nominal (P J), 89%R (b) Winckler (P J), 95%R

Figure 5-20. Lift as a function of azimuth comparing the nominal coupled spar design to the
Winckler |l ayup (where d=25A) for 1«

5.7 Rotor Hub Loads

Reduction of rotor RPM could pob$y lead to substantial changes to the loads
experienced at the rotor hukigure5-21 shows that for the Winckler rotdinis is not the
case. hereis in factan overall reduction in thé/revvertical shear forcéQ, as the rotor
RPM is reducedAt 85NR amore distinci8/rev responseés introduced Slowing the rotor
further to 65NRthemagnitude othis 8/rev content isliminishedandthe hub loadeturrs
to a similar loading to thaif 100NR.Removing the mean of the hub veal shear(Figure
5-22), showsclearly that there is alsophaseshift in the loadingpetween 100NR anithe

85NR and 65NR cases.
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Figure 5-21. Vertical hub shearfor a four bladed Winckler rotor at peak blade loading, |=4|TCI

Figure 5-22. Mean removed verticalhub shearfor a four bladed Winckler rotor at peak blade
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Figures5-23 and 5-24 showhow the change in rotor RPM effects the maliing
(0 ) and pitchingd ) momentsrespectivelyFigure5-23 shows that theris an increase
of about27%in the peakto-peak rolling moment when the RPM is reduced fA®ONR
to 85NR.However, here is areduction in moment when the RPM is furtherueed to
65NR, back down to the 100NR levdlhis is perhaps an indication that the increase fro
100NR to 85NR is due to the change in blade natural frequgpbi@sge irresponseand
not anincrease in flow asymmetry due to increasing advance fatichange in/greater
airloads) Similarly,for 0 , thee is a 20%ncrease ipeakto-peakpitching moment when
the RPM is reduced to 85NRurther reduction ifRPM to 65NR howevey decreasethe
momentsignificantly to benign levelga 66.6%decrease from the 100NR petakpeak
momenyj. Asfor rolling momentsomehigher frequency conte®/rev)is alsointroduced

in the pitching momerdownat 65NR

So overall, there is no dramatic detrimental effect on the hub loalds 4/rev
vertical stear generally drops below the 100NR level with about a 27% increase in hub

rolling moment.
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Figure 5-23. Hub roll moment (positive roll left, advancing side up) ,, for a four bladed Winckler
rotor at peak blade loading, g 7@ 8
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Figure 5-24. Hub pitching moment (positive pitch up),{ ., for a four bladed Winckler rotor at peak
blade loading, g7 8
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5.8 Composite Spar Strains

Practical design requires that strength constraints of the materials be met. The
material considered here, IM7/8552, hssain allowables of approximately 6000
microstrain (¢8)in dompressienn and 8080500 ‘4 Hir@lé cyclic
loading[1] in the fiber directionFigure5-25throughFigure5-27 showaxial strains in the
radial directionthat the uncoupled and Winckler blade experiences at 1¢BiRin the
legend refers te  or - ). Transformation of strain from the blade frame to the fiber
direction can bearried outusing Equatiorb-1.

£ A o~

- - Al & - OE+ - OELAT S 5-1

1%R

50%R

100%R

— 2

Figure 5-25. Axial strain in uncoupled rotor at 100NR, + J
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Figure 5-26. Axial strain in a Winckler coupled rotor at 100NR, + J
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0.0035
| 0.003
| 0.0025
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0.0005

Point B

— 1
25%R

S0%R | __—

100%R

Figure 5-27. Axial strain in a Winckler coupled rotor at 100NR, 8 Jwherelarge axial strain in the
spar is found

For the homogenized spar meshes there is no applied ply angle between the global
and fiber frame, as the calculated material propealiesadyinclude theappropriateply
orientations. The Winckler blade utilizes four different ply orientations to ensure

hygrothermal stability. When both the fine and coarse global strain results were
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transformed into the coor Hguex28(e)ansl(boverer es pond
obtained. Thesshowthat the difference in the fiber strain between both is minimiah

the fine mesh naturally providing greater resolution

| ,/§
-,
b
-
3r z

- —O—Fine Mesh
=% ' Coarse Mesh
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\ -}
~
~
~
0,
-1

L 1 L ) | -1 L 1 1 L )
-4500 -2400 -300 1800 3900 6000 -4500 -2400 -300 1800 3900 6000
Fiber Tensile Strain, e Fiber Tensile Strain, ¢

—O— Fine Mesh
=% :Coarse Mesh

Spar Layer
N
Spar Layer
N

1t

0r

1" 11

(a) Strain at at 50%R, Point A, and azimuth  (b) Strain at 25%R, Point B, and azimuth
rmJd [ oJ

Figure 5-28. Fiber tensile strain,£ , for ply resolved (fine mesh) and homogenized (coarse mest
blades with a Winckler layup of [25°/115°/115°/25°]

Note the fiber strain is well within thallowable strairfor IM7/8552.A margin of

safetyof about 1.2ension an@.6 in compressiois found.Figure5-28 (b) shows the fiber

(a) 85NR (b) 65NR

Figure 5-29. Reduced axial strain for the Winckler rotor at 85NR and 65NR, at J
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