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Abstract

A project wasrecently completedthat invedigatedthe ability to predict the onsetof flutter using tools like
the flutterometer This project usedan experiment called the Aerostuctures TestWing that wasflown while
mounted to the Flight TestFixture on anF-15. Severalflight testswereconductedto expard the ervelopeand
deteminetheaercelastc dynamic of the experiment. Thefinal flight endedwith destuction of the experiment
dueto the onsd of flutter. Theflutterometerattemptedto predct this onsd by andyzing theflight data. There-
sultsindicatetheflutteromeeris ableto gengatea consenative estimae of theflight condtions asso@tedwith
flutter. This paper detdls theflight testsof the experimentandtheresuling predictionsfrom theflutterometer

1 Introduction

Theaereelastc pheromenorknown asflutter hasbeen around sincethe adwentof flight . Indeed,theconcepts
ass@iatedwith aeraelasttity areextersively developedanddiscussedn theliterature?> 3. Instablitie s have
beenderivedthatextendwell beyond the simplebendng-torsionflutterinto complicatedmechamsmsinvolving
aerogrwelasticdynamics. Furthermoe, mary apprachesandtools have beendevelopedto predid the flight
condtions assocatedwith thes instabilitie s.

The invedigation of flutter through flight tesing is an es®ntial part of aircrat certfication. Several meth-
odsof predicting the speed asseiatedwith flutter have beendevelopedand usedfor flight testirg including
extrapolating dampng trends, an envelopefunction 4, the Zimmerman-Wissnturger flutter magin °®, and
anidertification appraach 6. Flight testing, even using thesepredction method, remainsa costly andtime-
conaimingprocess. Theconcen for flight testingis thattradtional model-tasedanddata-lasedapproache for
predcting the onsetof flutter do not provide sufficient levels of confiderce andsafety Sereralincidentshave
shawn thatthis conarnis justified 7+ 8.

A new tool hasbeen developed to predct the onseé of flutter ?. This tool, called the flutterometer usesa
new apprachcalled u-methodandysis to predct a robust flutter speed!. The flutterometeris significantly
differentfrom traditiond predction appoachebecaisethistool usesbothmodekandflight data Theresuting
predction is thus basel on both theordical dynamics of aerodasticity and measued properties of the real
aircraft.

Theflutterometerneed to be extersively tesed beforeit canberelied uponfor predcting the onsé of flutter
during aflight test Thetool hasbeeninvestigatel using simulaionsof severalsysems;however, the simulated
testsarealwaysof limited value becaiseof artificialities. The validity of the flutterometercannever be truly
deteminedunles the simulatal testsareaccompmniedby realtests

Specificaly, the flutterometer must be evaluatd by flight testng. Sometestirg hasbeenperfomed using
wind tunnel expeliments; however, those experiments coud not consicer issuesunique to flight testirg. The
flutterometermustbeinvegigatedto deteminethe effectsof issuessuchasmodalexcitation andobsewability,
ambien noise turbulenceeffects, telemery, efficiency and compuational requrements andtestirg method
thatareobseredin actua flight environments.

NASA Dryden Flight Reseach Centerrecenly completd a projed that investigate the flutterometer This
project usedan expeliment called the Aerostiuctures TestWing (ATW). The ATW was a small-scalewing
strudurethatwasflown usingan F-15andasseiated Flight TestFixture.

Theflight tess of the ATW wereableto gereratedatathat was usedto evaluae the flutterometer This data



included accderometr respnses to rancom turbulene and commaned sine swee. The ATW presentsa
particularly valuabletestfor the flutteromeer becawse the exact flutter speed is known. The sysem actually
encauntera flutter during theflight testsothe validity of a prediction could definitdy be determired.

This paper documentsthe flight tess of the Aerostructures TestWing. Various aspets of the testirg aredis-
cus®d. Oneaspectof discussionis the physical charaderistcs of the ATW. Anothe aspet of discussionis the
modeling andgroundtesing thatwereperfamedfor the ATW. Finally, theflight testsandthe predictions from
the flutteromeer aredetaled.

2 Background

2.1 Flutterometer

The flutteromeer is a tool that predicts flutter mamgins during a flight test ®. This tool is inherently different
from traditional apprachesthat attempt to predct the onsé of flutter. Thesedifferencesinclude the type of
informationusedin the computdion, the type of analysis performedby thetool, andthetype of predidion that
resuts.

Fundametally, the flutterometeris a modetbasedtool. This de<ription is intendedto note that the flutter
maigin is compuedby analyzingthestallity propetiesof ananaltical model.In thisrespet, theflutterometer
is similar to stardard computtiond appoactes; however, the flutterometerdiffers with respet to how the
modelis formulated. The modelto be andyzed actudly hascharateridics from both theaeticd dynamics
andflight datameasuremats. Thus,the type of informationusedby the flutterometeris different from othe
appoaches.

The bask for the flutteromete is u-methal analysis °. The u-methodanalysis compuesa stalility measue
that is robust with respet to an uncerainty desciption '. This uncetainty desciption is computel to be
representadive of modeling errorsasnotedby analyzng flight data In this respet, the flutterometerpredcts
a realistic flutter speedthat is more benefical thantheoretical predctions becase the robust speed directly
accauntsfor flight data.Thus,thetype of analsisperfamedby theflutterameteris signficantly different from
standrd aerodasticanalsis.

The flutter magin thatis computa by the flutteromeer is actudly the robug flutter maigin for the analyical
modelwith respet to the uncetainty. This maigin is mathematally valid basedon the aerodastic dynamics
asindicatedby the model. In this respet, the tool is andytically predictive asoppcsedto the ad hoc predic
tionsthatresut from extrapolating damping trends or assumptionsof geneal binary flutter. Thus,the type of
predction is consderably differentfrom traditional approactes.

2.2 Flight Test Fixturefor the F-15

A facility hasbeendevelopedby NASA DrydenFlight ResearclCenterthatallowsflight tesing of varioustypes
of experiments '2. This fadlity is composd of an F-15with anassoéted Flight TestFixture. In this case,
the F-15is a standrd 2-seatvariant of the fighter aircrat andthe Flight TestFixtureis the secomnl-gereratian
versim of abasicconapt.

The Flight Test Fixture is essentlly an aircrét storethatis usedto hog experimens. This storeis a thin
rectangula body with an elliptical noseandblunt tail. The dimensonsare107in long by 32in high by 8 in
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wide.

The main body of the Flight TestFixture is of primary importarce for flutter experiments. This body is the
rectagular piecethatis the largestelementof the store. Themainbody is actualy several compatmentaized
sectbnsanda setof side parels. The compatmentalzed sectios are usedfor storageof eledronics suchas
power supples and signal processingunits. The side pands canbe removed and replacedto allow externd
mountig of experiments.

The Flight TestFixture mouns to the centeline pylon undeneaththe fusdageof the F-15asshawvn in Fig. 1.
The entire structure mouns behird the engne inlets in the areanearthe rearlandng gear This structureis
similar in natute to a fuel tark thatis routinely flown on the F-15in this position; however, the Flight Test
Fixture haslessweightanddragandis smalle than thatfuel tank. Thus,the developmentof the Fixture was
aidedby knowledgeof the flight charateristics of the F-15with afuel tank.

Figurel: Flight TestFixture mountedo F-15

An airdda sygemis integrated into the Flight TestFixture. This sydem measuesangk of attackandangke
of sideslip along with airspeedfor the store The angle of attack in particular, differs betwee the Flight
Test Fixture and the F-15 so this measuementis of concen for detemining aerog/namicsassaiatedwith
expeliments.

Extensi flight tess were perfomedto studythe airflow arourd the Flight TestFixture. Flow visualizaion
studes have indicatedthat the airflow is fairly smootharourd the store body for sub®nic flight conditions.
Shocksappea only asthe F-15 appoactestransonicflight andtheir effect seemdo be conentraed towards
theleading-edye portion of the strucure.

Also, vibration testing was performed on this facility. Flight teststhat covered a wide range of operding
condtions wereperformedto measue accekratins. The sensos indicated noticeablerespmses;however, the
modalfrequencies of the Flight TestFixturewereabose 200Hz. Lateralmotion of thestrudurewasparticularly
evident but atlow frequencisthis motion hadvery low accderation levels.



3 Experiment Issues

3.1 Objectives

A project wasinitially proposedin 1997to validatethe accuacgy of flutter predidions. The flutteromeer was
of particularinterestbut anevaluaion of tradtional databasedandmodel-tasedappoache wasalsodesire.
Eachof these methodshad beenextersively evaluded using simulaed dataso the next logical stepwasto
consder flight data.

Thepredctions of flutter speed wereto be computdfor a specially desgnedexperiment. The mainobjective
of this experimentwasthus to provide datafor analysis by the prediction appraches Suchdataneededto be
anextensiwe setof paramegrsthatreflecedthe dynamical properties of the expeliment.

The datausedto predict flutter neead to be applicablefor several types of prediction algarithms. Someal-
gorithmsuseresmnses from randam excitation whereasotheralgorithms userespnsesfrom a deteministic
excitation. Furthemore,thatdeterminisic excitation shoull includesinusoidalsweepsanddwells of different
frequencies andmagntudes An objecive for the experimentcould thereforebe descibed asthe gereratian of
datain respaseto thesepatticular typesof excitation.

Also, the acaracgy of aprediction coud only betruly evaluatedwhenthe actud speedassotatedwith flutter
wasknown. Thus,the experiment mustinvolve a system thatincurs flutter. Datamustbe recodedfrom flight
condtions ranging from stalde operationto the onsetof aflutter instability. Theexperimentdid not necessarily
needto actually encainter flutter; however, the tesing neede to comeextremely closeto the instahlity to
ensue thetrueflutter speedvasknown to a high accuray.

Anothe objedive of the expelimentwasto formulate theaeticd modelsof the systen. Computaitonal model
basel appracheswereto be evaluatedfrom severd in-houseand commercal software packajesso a model
wasohviously critical. Furthemore,a modelneeddto bereaized asalinear stae-spae sygemfor usewith
theflutteromeer.

An addtional objecive was as®ciated with the basicprocessof flight tesing. Namely this projed wasto
investigatethe ability of engneersto monitor an experimentand safdy expand the envelope nearunstable
flight conditions. In other words, the projed shauld detemineif the currentprocedures for testing provide an
adequatelevel of safety.

3.2 Constraints

Theobjectivesof theprogamcouldonly have beensatisfiedby desgninganexpelimentto undego flight tests.
Furthemore, that expeliment musthave beenableto incur the onse of flutter. Clearly suchobjectivesraised
severd concensthattranslatedinto seriaus congraints andlimitationsfor the design of the experiment.

Theobvious concen for the experimentwasthe type of sysemthatcould be flown. Theuseof arealairplane
to fly up to the onsd of flutter wasobviously too dargerois for a piloted systen andtoo costy for anunpiloted
systan. Thus, the decikion was madeto usea scak wing to representa realstic strudure. This decison
congrainad the experiment to berealizedasawing with atraditional type of flutter mechaism.

The useof the F-15 with asseiatedFlight TestFixture presated a unique opportunity for this project. The
expelimentcould bedesigredasawing thatmountel to the Flight TestFixture. The system would be desighed



suchthatthe wing would flutter at a speed muchlower than theflutter speedof the F-15. The F-15would then
beableto safdy carrythewing to thelimit of its ervelope.

Suchan apprach preentedseveral immediateconstaints The wing hadto be desgned suchthat it would
incur flutter for a flight condtion at which the F-15 coud safely and easily opeate. Also, the wing had be
designedsuchthatit could easilymountto the Flight TestFixture. Furthemore,the wing hadto be desigied
suchthatits destuction from flutter would not cau® ary as®ciated damageo the F-15or Flight TestFixture.

Severallimitationsin the physial realizationof the wing resuted from thes congraints The mainlimitation
wasin thetype of materiak allowedin the construcion. Thewing wasnot allowedto have large metalcompo
nensthatmight depart from the expelimentandstrike the F-15. The actualcomporentsneeddto befrangble
enowghsothatthey couldnotdamageheaircraftin theeventof flutter. Also, thesizeof thewing waslimited to
a spanof no morethan24 in becaiseof spacecongraints betweerthe Flight TestFixture andthe F-15landng
gear

Theflight condtions at which the wing would flutter were chasento be Mach 0.80 andaltitude of 10,000ft.
Thesecondtions were chosen asa compiomise betweenseveral issues. The speedwas high enaugh so that
mary sub-<critical testpoints couldbeflown but low enoudn sothattransanic effects shoud not bestrong. Also,
the F-15coud easily andsafelyoperde atthes condtions.

Anothe congraintimposedon the systan resuted from the objective of recading datafor flutter predidion.
Specificaly, the wing needkd to be excited by a determinstic command Initial desigis corsideral a cortrol
surface or torque tube but theseweredeemedoo complcatedandcostly. The excitation sysemneeddto be
inexpensve but alsosatisfy theinherentfrangbility constaint.

An addtional andrelated congraint was placad on the modal frequencies of the sygem. The prediction of
flutter dependedon datafrom which thedynamicsof thesysemcouldbeanalzed. Thus,themodalfrequencies
neeadto be low enowgh sothatthey could easly be excited andobsened. The chace wasmadeto limit the
design of thewing suchthatthe modalfrequencies werelessthan50 Hz andpreferably lessthan30 Hz

4 Aeostructures Test Wing

4.1 Characteristics

The Aerostuctures Test Wing was developed at NASA Dryden Flight Researlh Center This systan was
designed explicitly for the purposeof demorstrating flutter during a flight test Thus, the developmentwas
direded by the objectivesandconstaintsassaeiated with the project.

The ATW wasinitially conceved asa wing so the flutter mecharmsmwould be realized asa berding-torsion
instability. Thedesigh wasaniterative processhatconsteredstructuralcharactersticsandstablity propeties.
This despn detemined the shape of the airfoil, the location of ribs and spas, and thicknessand layup of
the fiberglass skin. Additionally, a boom was includedwith the wing to provide massbalancing and alter
modeshges. The resuting strucure, as shownin Figure 2, satidied the congraints as®ciated with modal
frequencies, weight, load limits, andflutter speel.

The wing wasformulatedbas& on a NACA-65A004 airfoil shapewith a 3.28 aspectratio. Thewing hada
spanof 18.0in with root chard length of 13.2in andtip chard length of 8.7 in. Thetotal areaof this wing was
197in?. Theboam wasa 1 in diamete hollow tubeof length21.5in.



Figure2: Aerostuuctures TestWing

The ATW wasmeantto bearealisic tesbedthatrepresentscompleity of anaircrat compaent;however, the
congruction of thetestledwaslimited by safdy concerns Thesepotentially conflicting issues wereaddresed
by despningthe ATW with arib andsparconstuction that usedlightweight materias with no metal. Specif

ically, the skin and spa were condructead from fiberglasscloth, the boomwasconstuctedfrom carton fiber
compodte, thewing corewascongructed from rigid foam,andcomporentswereattachedby epoxy

Thewing hasanintemal sparatthe 30%chordline thatis contuctedof carba plieswith thicknessof 0.005in.
This spa is compaedof 10 plies of carlon attherootbut decreaesto only 1 ply atthetip. Thus,thethickness
of the sparchangesfrom 0.05in attherootto 0.005in atthetip.

Thetotd weightof the ATW was2.661b. Thisweight includesthe bast strudural elemerts of both the wing
andthe boom. Also, this weightincludespowdered tungstenthat wasincludedin the endcaps of the boomfor
masshalandng.

The wing was constuctedwith 3° of wash-intwist at the tip of the wing. The original desig called for ¥
of wash-ou twist; however, construcion errorsresuledin erroreousande of twist. This error causel some
coneernregardirg aeralynamicanddivergenceisswes. The conernswerealleviatedby mountirg thewing ata
negative angk of incidenceto minimize the steay-stae loadsfor berding andtorson measuwedattherootand
sparcengrline.

4.2 Excitation and Sensing

A measuremat and excitation systemwasincorporated into the wing 3. This system provided datausedto

predct flutter andsowasobviously critical to the suc@ssof the projed. Thedesig of this sysemwassulject
to the basicconstaintsasso@tedwith the ATW solarge metalcomporentswerenot accetable. Additionally,
the measurenentandexcitation sysemwererequredto interactwith themodesof the ATW.

The measwementsysten wasdesigiedto provide databoth for flutter predidion andloads monitaring. The
ATW wasconstrucedwith 3 accéerometes placed at fore, aft andmid locationsin theboom. Thesesersors
wereorientedto measurevertical respnseshatwereperpgendiailar to the surfaceof thewing. Also, 18 stran
gageswereplacedthroughoutthe airfoil strudure.

Theexcitation sysemwas6 patches of piezodectric materal. Thewing wasconstuctedwith 3 patchesonthe
uppe surface and3 patcteson the lower surface. The samesignalwascommanedto thesepatctes;however,
the sighd wasout of phase betweea the uppe andlower patdes. In this way, the patdhesactedasa single



distributed actudor.

Thepatceswereconstructdasapiezoceranic encgsulatdusing a polymerfilm. Eachpatchhaddimensons
of 3in by 1.75in by 0.008in. This device undewent a dimersiond charge when an eledric voltagewas
appied. The patchwasbondedsuchthatthis dimersiond chang applieda strain to the wing surface.

The orientation of the measureentandexcitation systen canbe seenin Figure2. The patcheson this uppe
surface of thewing areclealy sea to be distributedwith onepatchnearthetip andtwo patchesneartheroot.
Theorientation of the patclesandstran gagesea theroot aremoreclearly seenin Figure3.

Figure3: Instrumentatio

Themeasuremat andexcitation elemens werepostioned to maximizetheir effect with respectto the bendng
andtorsion modes.Thedistributed locationsof the patcleswassuchthatthey could actasa single actuator but
still excite both bendng andtorsion. This ability canbe seea in Figure 2 by noting the patctheswerealigned
along the sweepangleof the wing to excite berding but they wereplaced at different chordwise positionsto
excite torgon. The acceleometes weresimply postionedalongthe boomto maximizeresmpnselevels from
bothbending andtorsion basel on experimental testirg.

4.3 Electronics

Several eledronic comporentsneede to be built to run the measuementand excitation on the ATW. These
comporentswererespasible for providing a stalde power soure for the different patcresandsersors. Also,

thesecomponatswererespmnsilde for providing aninterfacebetweerthe pilots andthe ATW thatdetemined
the opeiation of the system.The compmentswereanamplifierbox, acontrol computer, andaninterfacepané

shawvnin Fig. 4.

Thecontrol compute is shownon theleft of Figure4. This box wasdevelopedto provide anexcitation signd
to the piezcelectic patdhesonthewing. The smallcompute hadthe capability to outpu ananalay signal with
magniudesbetweernt+/ — 10V. Thecompuer dimensonswere5.5in by 5.5in by 6.0in.

Theamplifieris shavn in the middle of Figure4. This box wasa switching amplifier thatcoud switch power
supgy into load at high rateand could recover the reflective enegy from the capadtive loads It hada single
chamel with a gain of 20 V/V for inputsup to +/ — 10 V. The maximumoutput voltagewas+/ — 200 V.
The maximumcapaciive load capability was100Hz at 15 4 F and20kHzat 1 uF. Theamplifierwas8 in by
10.75in by 3.75in andweighedabaut 4 Ibs.



Figure4: Electraics

The interfacepanelis shownon the right of Figure4. This small parel had 5 togge switchesthat activated
sweepdo the piezoeledric patthes.Eachswitchcorresponatdto a sweepof differentmagntude. Also, amain
power switchwasincludedthatenabeda sweepto beinstantly stoppedsono excitation wascommandd to the
patctes.

Thesecompmentswere mountel at various locaions to meetspaceconstaints. Theinterfacebox obviously
hadto be mountdin the cockgt. Specificdly, this box wasinstalledin therearportion of the cockgt to allow
theback®atpilot to control the operationof the ATW. Theamplifier andcontrol compute weremountel inside
the Flight TestFixture.

4.4 Mounting

The ATW mouned horizontaly on the Flight Test Fixture as shavn in Fig. 5. Specificaly, the wing was
mountel nearthe bottom andthe nosesectia of the Flight TestFixture. The systen attacedto the F-15sud
thatthe ATW lay on the port sideof the aircraft.

Figure5: AerostricturesTestWing mourtedto Flight TestFixture

The locaton of the wing on the Flight TestFixture was chasenfor several reasms. Mounting the wing near



the noseattempéedto usethe smoottestpart of the airflow asindicated by previousflow visualizaion studies.
Mounting the sysem nearthe bottom increasedthe distance betwee the wing and the fuselage which was
important to minimize ary interferenceeffects from thefusdageon the ATW.

Safetywasan additonal concen with respet to the mouning of the ATW. Maximizing the distancebetwea
the wing andthe fuselgeattemptel to minimize the possbility that portions of the ATW could contact the
F-15if flutter wasenmunteed. Of course, the actwal location of the Flight TestFixture wasimportart to this
consderaion. The entire sysem, Fixture and ATW, was mourted behind the engire inlets to minimize the
possgbility thatdestriction of the ATW coud cau® significantdamagp to the engines.

Theactud connetion betweenthe ATW andthe Flight TestFixture wasaccomgishedby congructing a nev
pané for the store This pané hada slot through which a flangeon the root of the ATW wasinsered. Bolts
fixedthe flange,andconsquetly the ATW, to a mounting braclet on the backof the parel. This conrection
wasquitestrong sothatgrourd testirg indicatedno appreciabk freeply of the ATW attheroot. Theconrection
wasalsoshownto bequite rigid sotheroot of the ATW could beassumd to befixed.

An addtional feature of the panelwas an ability to rotate the mouning braclet befare flight. This rotation
allowedtheande of incidenceof the ATW to bealtered. In effect, theande of attak asso@tedwith the ATW
would be changd by rotating the angleof incidence Suchrotation wasusel to ensure the ATW expetienced
smallandes of attackduring testirg to minimize loads. The actuwal rotation anglewasalterad betweenflights
during thetestirg to reflectthe chargesin trim angleof attackasa function of dynamicpressire.

5 Ground Vibration Test

Groundyvibration testswere condwcted to determire the strudural dynamics of the wing. Thesetestswere
perfoomed on the ATW mounteal to a rigid standand mourted to the Flight Test Fixture on the F-15. The
differencein resuts wasnegligible sothe strucural propeaties of the ATW wereassumedto be similar on the
ground andin flight.

A grourd vibration testwasperfaomedusing a calibratedimpacthammerfor excitation 4. This hammerused
ametaltip with anadded).00& Ib mass.The procedire wasto impactthewing at 35 points attheleadirg and
trailing edges,forward andatft of the spar thewing root, thewing to boomconrection andthealongtheboom.
Therespnsedrom theseimpacs wererecadedby theaccderometrsin theboom.

A growund vibrationtestwasalsoperformedusing the piezoeledric excitationsysten 13. This testcommandd
chirp signds from 5 to 35 Hz to geneatea broadspectrum of energy The magntudeof the chirpswerevaried
to identify nonlinearties; however, the systemapperedto befairly linear.

The main modesof the systan andtheir natuml frequencies are presatedin Tablel. Thesemodalproperties
correspondto datafrom boththe impacttestng andpatd testirg.

Mode Frequeacy (H2)

15t Bendirg 14.05
1%t Torsion 22.38
2n¢ Bending 78.54

Tablel: Measued strucural modesof the ATW
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6 Modeling

Theflutteromeeris a stak-spae model-tasedanalyss tool and,conequetly, theformulation of amodelwas
of paramout importance. A standird methodis to first geneate a finite elemen model that representsthe
strudure,comptue unsteady aeralynamics usingappoache suc asdoubket lattice theay, andthenformulate
a statespa® modelusingrational functiond appro<imations. This standird methodwasinitially adgotedfor
the ATW, however, there were se/eral unexplained sengtivity and condtioning issues. For instance, minor
alterationsin massof the strudure resuted in extremelylarge variaions in predcted flutter speed. Also, the
modelwasunable to simultaneoudy matchboththe naturad frequencesandmodeshgesasmeasued by the
ground vibrationtest Conseuenty, thefinite element modelwasnot usedfor flutterometerdevelopment.

An appoachwasuseal to generde amodelof the ATW thatcombhnedelemens from afinite elemenmodelwith

datafrom thegrourd vibration testing. A finite elemen modelwasinitially used to gererateasetof massvalues
atlocationsthroughou the strudure. Correspndingly, the testdataindicatedthe frequenciesandrespmsesat
theselocations for modesof the strudure. An equivalentmodelwasthenformulated with natual frequencies
andmodesshapsthatweredeteminedby the data,massvaluesthatwerepurely analyical, andstiffnessvalues
thatresuledfrom relaing the analytical massandexperimenal natual frequencies. This equvalentmodelwas
thusrepresenttive of both analytical andexpelimentalresuts. This modelwasformulated using the ZAERO

package '°.

Thefirst useof the equvalentmodelwasto gereratea statespacerepresentdion of the structural dynamicsof
the ATW. Thisrepresentaion resuted from gererating a redued-orcer modelof massandstiffnessvalues that
wereasseiatedwith themodesof Tablel. Theequivalentmodeldid notuseary strucural dampingsoamodal
dampirg matrix wasdetemineddiredly by thetestdata This detemination wasa straichtforward procedire
basel on sydemidentificationrestuts.

Also, the strucural modelwas augmetted to include the excitation and sensng elemens. An input matrix
wasgeneantedthat notedthe effects of the excitation systan on the strudural dynamics. Similarly, an outpu
matrix was gereratedthat notedthe respasesof the accebrometes throughaut the structure. Eachof these
matrices wasidertified direcly from the dataof the ground vibration test. Thesematricesweregeneatedwith
arelatively high amountof confiderce becaisethe excitation sygemis actudly a strucural excitation sygem
that affects strairs and stresgsratherthan an aerogynamic excitation systen suchascontrol surfaces. Thus,
theinputandoutput matricescoud be completdy deteminedentirely from ground vibrationtesting.

Thequality of the strucural modelwasevidencedby compaing trander functionsfrom the modelandthetest
data.Thesedransferfunctionsrelatedtheinputcommando theexcitationsydemandthe outputrespamsesrom
theacceleometesin theboom.Figure6 compaestransferfunctionsfrom modelanddatafor theaccderomete
atthetrailing-edgeof theboom. This comparsondemorstrateal that the strucural modelwasableto acarately
repraducethe dynamicsasobsewvedin thedata.

The secom useof the equvalentmodelwasto genente a statespa® represenation of the unsteady aeraly-
namicforces Theequivalentmodelwasuseddiredly by stardardcomputdiond toolsto compue the aeraly-
namicforcesandflutter speed. Theseforceswerecompued asa setof complex matricesfor a setof distinct
redwcedfrequencies. A statespa@ represenationof the forceswasthengereratedby apgroximating the setof
matrices asa rational function 6.

Theandysis of theequivalentmodelresuledin astatespacemodelof thestrucural dynamicsanda statespae
model of the aeralynamics. Thesemodek needel to be altered to fit into the y-methal framevork and also
combired to gereratean aercelastc model. This procadure was quite straghtforward as documetted in the
literature 7. The modelwasput into the u-methodframenork by parametezing the elemers around flight
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Figure6: Transferfunctionsfrom excitation systen to accderometer atboomtrailing-edge for data(- - -) and
model(—)

condtion and adding uncetainties. Then, the geneation of a single aerodastic modelwasaccanplished by
relaing the structuralandaeradynamic modelsby feedtack.

Theparaneterizadion around flight condtion wasaccompishedby noting the depemenceof theaeralynamics
on airspeed. The conceptwasto replacethe airspeedparameegr with a summatio of a nominal airspeedanda
pertubation. Theexplicit depemenceof the dynamicson this pertubation wasthenreplaedby anequivalent
depandene through feedbackfor the nominalvalue andthe pertutbation.

The introduction of uncetainties actudly madeuseof both the structural and aerodynamic representaions.
Onetype of uncetainty that wasintroducel was parametric uncertairty. Uncertinty operdors weredirectly
assaiatedwith the stiffnessanddamping matricesof the strudural dynamics. Anothertype of uncertairty that
wasintroducedwasdynamic uncetainty. Thistypeof uncetainty wasasseiatedwith themagniudeandpha®
of theaeralynamicforces. Also, dynamicuncetainty wasasso@tedwith the excitation andsensing sigralsto
accauntfor the effects of unmocdeleddynamicsandmodeshapeerrors

The aercelastc modelin the y-methodframewnork is shavn in Figure 7. The elemens of this model are
easily seen In particular, the structural dynamics arenoted as S andthe aeralynamics arenoted as A. The
pertubation to airgpeed,dy, apparsin asso@tion with the aerog/namics becaisethat block contans all the
velodty dependeng. Also, the paraméric anddynamic uncerainties areshavn in relationto theelemens with
which they areassaiated Theelemens Ax andA¢ arethe paranetricuncetaintiesasseiatedwith stiffness
anddampirg, A4 is the dynamic uncetainty as®ciatad with the aeraynamicforces and A, and A, arethe

dynamic uncetainties asso@tedwith input andoutpu signak. Notethateachof theseoperatorsis weightedto
reflecta desiedlevel of unceatainty. For example, the operdor Ak is resticted to be normbourdedby unity

sothe weighting Wi scales the loop andallows corsiderdion of errors thatarenot of unity size The actud
values of theweightingsweredeteminedby andysis of flight data
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7 Flight Test

7.1 Envelope Expansion

The ATW wasfirst flown during March 2001 at NASA DrydenFlight Researb Centerasshavn in Fig. 8. The
massbalancingin the boomfor this flight waschose suchthat the flutter speedwasexcessvely high for the
ATW. Thus,theiniti al flight wasusedto testthe systan andprocedireswith thewing in arelatively safeflight
configuation After this flight, the masswaschangedsothe systemwasantcipatedto flutter nearMach 0.80
andaltitude of 10,000ft.

Figure8: Flight testof the ATW

The ATW, in its final configumation, wasflown on 4 flight testsduring April 200L. Theseflights included21
test points with Mach numbers betwea 0.50 to 0.83 and altitudesbetwee 10,0 and 20,0 ft. The test
pointswerechognin anorderof varying Machandaltitude suchthatthe ervelopeexpanson alwaysincreased
dynamic pressire.

An interestingaspecbf theflight testwastakeoff andlandng. Thesemanewersare,of course,chaacteized
by deplbymentof the landing gea. Theflow condtions arourd the Flight TestFixture, andconsquetily the
ATW, were strorgly affected by the landing gear The ATW experiencedstrorg buffeting during theseflight
condtions suchthataccekerometerespmsesreatedthe 25 g saturdion limits of thetelemery recordng. The
pilots minimized thetime spent in this dangerousbuffet by retrading thelandng gearimmediatey aftertakedf

13



andextending the gearat the last safemomentbefore touching down.

The flight test for envelope expansion followed stardard procediresfor test point operdion. Specificaly,
the aircraft arrived on condtion andthenflew straight and level for 30 seconls to gathe information abou
turbulence levels. After the stahlized run, the excitation systan on the ATW was activated and respamse
datawas measurd. This resppnsedaia was telemeteredto the control room and analyzed by dampingand
flutterameteralgoiithms. Also, wind-up turns and pushover/pull-up maneuers were performed to gathe
informationabou loadson the ATW.

Thedecison to repeatatestpointwasmadeby inspedion of theflight data.Essentlly, the datawasanalyzed
bothin thetime doman andfrequeng/ domainto determire if sufficient informationabaut the dynamicscould
be obsewved. The time doman ched simply inspected the magniude of the acceleometerdatato ensue
adequatelevels of respnsewereobsned. The moremethodcal chedk wasanalsis of the frequeng/-domain
trander functions. The testpoint wasrepeaed if the datashowedunaceptdly small resporsesor contaned
excessively high levels of noisethat distortedthe transferfunction andresuting damping estimaion.

Also, thetestpointsathighspeed needel to beconsderedpariculary carefdly befare expardingtheenvelope.
The flight corridor within which the ATW wasrequred to opelate wasnot long enoud to ensue afull 60s

chirp excitationcouldbe compleedatMach0.80 Theflutter prediction really only requirrdmodalinformation

sothetestpoint wasconsderedsufiicient if the excitation wasableto excite the bending andtorsion modes.
Sincethe torsion modewasalways lessthan25 Hz, the first 45 s of the chirp weresufiicient to complketethe

testpoint.

Theflight testproceededasthe cortrol roomdecidel to continueexpandng the ervelopebetweertestpoints.
This decsion was predbminartly basel on the desre to closdy appoach, but hopelilly not encainter, the
onsd of flutter. The flutterometeranddampirg trends wereboth usedto predct how close the sysemwasto
instability.

The ervelopeexpansion was actudly only partally limited by the prediction of flutter onsd. Traditiorally,
of course, the exparsion would stopwhenthe sysem wasdeemedto be nearunstbleflight condtions. The
purposeof the flight testfor the ATW wasto take the systemvery closeto flutter; therefore, the expanson
contnueduntil theflight conditions asso@tedwith flutter wereconfidenly determired.

7.2 Flutter

The ATW experiencedthe onset of flutter during an ervelope exparsion. Specificaly, the sysem was being
accekratedafter the final test point at Mach 0.825 and altitude of 10,000ft. The pilot was doing a very
slow acceleation of appraximately .01 Mach per secor at congant altitude. The onset of flutter occured at
appoximately Mach0.83andaltitudeof 10,0 ft.

Photosweretaken from the video sysemthat shavedthe onsd of flutter. Several photcs, taken 0.033s apart,
areshown in Fig. 9. Thewing undewentseveral violent osdllationsuntil it broke nea thetip. Theboomand
roughly 20% of thewing werelost.

The actualflutter mechanis is seenfrom the photsin Fig. 9. The unstdble modeis clealy dominged by
bendng motion. Sometorsion is evident aswould be expeced by the antidpated modal couding betwea
the modes.The actual modeshge asso@tedwith the flutter mechansmwassomevhat difficult to determine
becaisethe large osdllations quickly causel damageto the systen so the photaggrapred resporse may not
exactly corrdateto theoriginal linear structure.
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Figure9: Onsetof flutter

The rapidity at which the ATW wasdestoyed is particularly interesting Essemially, the wing wasdedroyed
abou 2 s after the onsé of flutter was obseved. The project had hoped to sare the wing after the flight
condtions asseiated with flutter were confiderly detemined; however, the destuction occured so fastthat
thewing couldnotbesared. Thecontol roomquickly madetheabortcall to thepilot whenflutterwasobseved
but simply saying the wordstook roughy the sameamountof time asthe destuction.

Even more disturbing, the control room was cleaty aware that flutter wasimminent but was still unabie to
stopthe destriction. The dataanalsis shaved levels of modaldamping for the bendng modewerechandng
to indicate flutter was probable nearthis flight condtion. The exact condtion was difficult to confidently
detemine sotheernvelopewasbeing expandedvery slowly. Theflutter experiencedby the ATW wassosevere
thatevenalertandforewamedmonitoring wasunabk to prevert lossof the sysem.

Thestausof thehod F-15aircrét wasof obviousconcernafterthe ATW experienced flutter. Thepilot repated
no adwerseeffectswereobserved. The chas pilot flew arourd the F-15for visud inspection andalsorepated
no adwerse effects could be obsrved. The video shovs the dedroyed parts of the ATW fell away harmlessly
without cortacting the F-15afterflutter. Thus,thesysembelavedaspredctedby themethodcal andextengve
analysis perfomedby the desgn teamandflight engireersassoaatedwith the ATW.

8 Predictions of Flutter Speed

8.1 Implementation

The flutteromeer wasimplemened for ATW testirg asa MATLAB process. In actuality, therewere severd
processeghatopeiatedin conjunction. The flutteromeer, asreferedto in this paper impliesthe processthat
compuedon-line robus flutter maigins. Theotherprocessesledt with datatranger. Essentally, the processes
opeifatedindependently; however, theprope operdion of theflutteromeer dependedon animplemenationthat
allowedthese processeso communcateefficiently.
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Theoverdl flowchartfor the flutteromeer implementation traces the datafrom aircrét telemetryto the gener-
ationof arobugt flutter mamgin. This flowcharthasmary steps however, theimplemenation caneffectively be
viewedas3 steps.

Thefirst stepin the flutteromeer implemenation wasto gatherdata from the aircrdt telemety strean. This
stepwasdone usinga frameawvork for datanetworking called the ring buffered network bus (RBNB) 2. The

coneptusedfor ATW testng hadan RBNB processtranderring datafrom the telemery streamto a memory
cacle. Thedatain the cacte wascorvertedfrom geneic telemetryunits, suchascourts, into engireerirg units,
suchasacceleationin g, for usewith andysis processesAlso, the cachecontanedall signalsfrom the entire
flight. In thisway, the cacheactedlike anon-line datasener from which ary datathatwasgatheedduring the
flight couldbeimmediatdy accessed.

The seconl stepin the implementation wasto provide aninterfacethatlinked the datasener with MATLAB.
This software waswritten asa MATLAB processthat ran continuousgy and monitoredthe datacache The
conept behind this processwasto poll the data until a condtion was satisfiedthat indicateddatashoud be
tranderred Thistrigger condition for the ATW tesing wasa signal that wasnonzeo only while the excitation
systan was active. The interface proces tranderred a block of data,correpondng to a continuous stream
of datawith a nonzeo excitation sigral, betweenthe datacacheandthe local anal/sis compugr. Also, the
interfacesystan cornvertedthe datafrom anRBNB formatinto a MATLAB structure. The datawasthensaved
asafile with auniqueidentifier thatcorrespomledto thetime at which the datawasgeneated.

The third stepwasto analze the dataand compue a robust flutter maigin. This stepwasthe flutterometer
processandwasentirdy a MATLAB function. The processbeganby loading a userspecifieddatafile. The
flight conditions asso@atedwith the datafile werenoted anda correspondng modelwasloaded. The process
then continued by geneating uncetainty levels and performing a p analysis to compue an on-line flutter
magin.

The interaction betweenthe userand the implemenation was only in the third step. The first and seconl
stepswereinitialized with informationabou the telemety strean andthe trigger condtion andthenrun au-
tonomously The third stepwas not as deteministic and thus was requred to be monitored. Someof the
paraméeersthat were allowed to be changd during a flight were the frequencesfor modelvalidation and 4
analysis, the updating scheme for the uncertairty levels, the flight condition units of the flutter mamgin, the
sen®rsto beconsideral for analysis,andvarious dispay options. Theflutterometeremployedaninterfacethat
allowedthes optionsto be chargedby simplegraphcal entries.

8.2 Flight Data

Theresmnsesfrom the acceleometerswere usedto predid the onse of flutter. The time-damain resporses
were usedfor evaluaion of the aerodastic dynamics; however, thes respnseswere further processed In
particular, the datawasrepresenéd asfrequency-domainrespnsedor severd typesof analysis.

The basicfrequeng/-domainrepresenttion of the datawastransfer functions Thesetranskr functions were
compued betweenthe commandedexcitation andthe acceleometerrespnses Obviously trander functions
could not becompuedfor therespmsesto turbulenceexcitation sofrequeng/-domainrepregntatonsof thes
respaseswerecompute aspower specta.

Estimatesof modal paraneterswere compued from the transer functions At eachtestpoint, a polynomial-
basiscurve-fit methodof systemidertification was usedto formulat a model whosemagnitude and pha®
charateridics weresimilar to the transfer function. The modalparametes of that modelwerethenextracted
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andusedasrepresentaive of the ATW paramegrs.

The modaldamphngsthatwereextraded at eachtestpoint aregivenin Fig. 10. Theflutter instability affecting
thebendng modeis cleaty evidentin the datatrends. Furthemore,the dampng dataindicatesthat the ATW
expeliencesa classcal type of flutter suchthat one modeis becaming less stabk while the other modeis

becaming morestabk 1°.
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Figure10: Measurel modaldampirgsfor bendng mode(+) andtorsion mode(0)

The modal frequenciesfor the ATW aregivenin Fig. 11. This dataseemso contradict the notion that the
ATW is experiencing a classcal bendng-torsion flutter. Notably, the natuil frequencies do not apper to be
coalescing asis sometimesxpectedfor classcal flutter, until apossble coalescene attheairgpeedvery close
to the onsetof flutter. Instead,the flutter mechaimsm for the ATW is a binary flutter with limited frequeng
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Figurell: Measued modalfrequencies for bendng mode(+) andtorson mode(o)

An isste to notein Fig. 10 andFig. 11is thatonly 15 estimates areshavn eventhough the flights operatedat
21 testpoints. Someestimats aremissirg becawsetherespnses from several of thetestpointswereunable to
presat sufficient informaton abou the bendng mode. Theresmpnselevels werequite low at thesetestpoints
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so accuate modal estimats could not be obtaned. The reasm for the poor dataqudity at somepoints was
unclearbut possibilitiesincludedhigh levels of turbulerce andnoise or unexplained high dampirg.

Finally, several typesof datawere available for andysis to predct the onsetof flutter. This first type of data
was simply the time-domain respnses of the accekrometes. Anothe type of datawasthe correspondng
frequeng/-domainrespnsescompuedby standgrd Fouriertechiques. Additionally, a4-stae modelwasavail-
ablefrom systemidentfication techiquesappledto the frequency-domaindata betweenl2 Hzand30 Hz

8.3 Modd Updating

The analytical model,which includesthe theoreticd dynamics andasso@teduncetainty desription, needel
to be updatedat eachtestpoint. This updatingactudly altered differentpartsof the model. Theinitial change
to the modelinvolved altering coeficientsin the equatons of motion for the theaeticd dynamics. The othe
chargewasto alterthe uncetainty asso@tedwith thosedynanics.

The chargeto thetheaeticd dynamics wasaccompishedusing a modalapprach. Essentidly, the dynamics
assaiatedwith eachaereelastc modeweresepaatedandindepenently updded. Theseupdateschangdthe
dampirg andnatuil frequeng of the modealongwith the obsewability of the staes.

Thelargestupdatto themodelwasalteraionsto themodalobsewability. Themagnituwdleandphaseof respase
from eadr modewasconsderalty different betweenthe modelandthe data Therewerealsoupddesto the
dampirg andnatuml frequeng but the obsewability wascleaty the dominan errar. The trander functions of
theflight data,the original model,andthe updatedmodelareshavn in Fig. 12 for the flight condition of Mach
0.60and20,000ft.

0.25

o
= o
¢ B

Acceleration (g)
=}

0.05

5 10 15 20 25 30 35
Frequency (Hz)

Figure12: Transfe functionsfrom excitation to acceleometerfor data(...), modelwith original observabiliy
(- - ), andmodelwith updatdobseavability (—)

This updat to the observabiliy wasmadeuniformly to the theoretical modelsat every testpoint. This type of
updéde is not the optimal way to develop modelsbut it wasa straghtforward methal to formulaterea®nabke
models The undetying causeof the errorin the theometical modelswas never determired but wasassumd
to be anincorrect modeshage resuting from inaccurades in compuational calaulations of the aeralynamic
forces.

The uncetainty desciption was also updded at eachtest point. This desciption accounts for differences
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betweenthe theoretical and measurd trander functions The initial updaesto the modal dynamicsclearly
redwcedthesedifferencesasshavn in Fig. 12. Thus,the unceatainty assocatedwith the updaed modelwas
consderably lessthanthe uncetainty assotatedwith the original model. The actual magnitwlesof the uncer-
tainty werecompuedautomaticaly using the processof modelvalidationfor uncertainsysems.

8.4 Flutter Speeds

Flutter speedswerepredcted at eachtestpoint during the envelope expanson. The basicconceptwasto make
useof flight dataavailable from ary of the previoustestpoints to make thesepredictions. The approache used
during the flight testswere extrapdating dampingtrends andthe flutteromeer. Thesepredidions were only
compued during the 4 flights of the ATW in its final configuration becase, asstatal earier, theinitial flight
wasmostly for sysemvalidationratherthandatageneationandflutter predction.

Theappioachto predid theonsetof flutter by extrapdating dampingtrends wasatraditiond methodcommonyy
usedfor ervelopeexparsion !. In this case,the trends corresponakd to dampirg valuesobtaired from the
analysis of the frequency-domain dataas shavn in Fig. 10. The damphng trends were analyzed by visud
inspectionandcurvefitting to detaminethe spea at which dampng indicatedinstability.

The other approachto predict the onset of flutter wasthe flutterameter This tool alsoutilized the frequency-
domaindata; however, the modal dampirgs and frequencie were not of dired interest. The flutterometer
compaed the transfer functions betwee the theoetical model andthe flight datato detamine errors in that
model. Theresuting uncertainmodelwasevaluatedusingu-methal analysisto computearobustflutter sped.

The predidions of flutter spea were compued asknots of equivalentairspeed(KEAS. The useof thes units
allowedthe predction to avoid issuesof Machandaltitude depemence The ATW wasassunedto flutter near
Mach 0.80andaltitude of 10,000 ft sotheflutter speedeflecedvariationsaround thatcondition.

Thefirst flight of the ATW for envelopeexpansiononly opeiatedat 5 testpoints with speelsup to 274 KEAS
The initial predidions of flutter speedsduring this flight were quite different basedon damphg trendsand
flutterameter Specificaly, thedampirg trendswereunabe to predct areasmablevalueof flutter speedvherea
theflutteromderimmediatly predicteda speedf 405 KEAS

Therea®on for the differencein predcted speed wasquite easyto detemine. The dampingtrendwasbasel
onthevalues shownin Fig. 10 for low-speedtestpoints. Obviously the damping valuesshowvedlittl e variation
acros thes points so a trend coud not be obsened that indicatedflutter. Corversely the flutterometerhad
an inherent prediction of flutter speedfrom the theordical model so the flight datawas usedto update that
predction. Theresut of this predictionfrom acombindion of modelanddatawasaspeedtha wasconsenative
but still rea®nably closeto the anticipatedvalue.

Thesecadflight for envelopeexparsionbeganby coveringtestpointswith speed arourd 300KEAS. Initially,
the flutter speels predcted during this flight were similar in natureto the predctions from the first flight.
The extrapolation of dampingtrends geneatedwidely scatteed predctions for thesepoints muchlike those
geneatedduring thefirst flight. Also, theflutteromeer predidedthe samespeeddf 405 KEASduringthisflight
to matchits predctions during thefirst flight.

Thesecaod flight concludedby gererating datafrom testpoints with speedsup to 356 KEAS The predctions
from theflutteromeerremairedat405KEAS however, the predctionsfrom thedampirg extrapolation charged
dramatcally. The dampirg valuesfor the bendng modewere seenin Fig. 10 to noticeably change for flight
condtions with airgpeedgreaer than350KEAS This chargeindicatedthe onsetof flutter. Thus,the dampirg
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trendcould be extrapolatedanda reasomble predction of flutter speedresuled.

The third flight for ervelopeexpansionrepeded testpoints at 2 conditions from the previous flight andthen
expardedthe ervelopeusing testpointsat 6 new flight condtions up to 438 KEAS. The speed predicted by
the flutteromeer remainel unchangedat 405 KEAS wherea the speedspredicted by dampirg extrapdation
corverged to roughly 460KEAS

Thefinal flight for ervelopeexpansionusedonly 1 testpoint at 445 KEAS. The datafrom this testpoint was
analyzedby thepredidion algarithm. Theflutterometerstill predcted405KEAS andthe dampingextrapdation
predcted470KEAS

The actud predidions of flutter speed are shavn in Fig. 13. The predctions from the dampng trends are
cleaty shownto vary widely asthe flights beganbut corvergedto the correct soluion. The predctions from
theflutteromder arealsocleaty shavn to remainconstantthroughaut theflight testirg.
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Figure13: Predictal flutter speed during envelopeexpangon from dampirg trends (+) andflutterometer(o)

Thepredctions shovn in Fig. 13 shoull be notedwith someconsiderdion asto theircompuation. Specificaly,
the speed predicted by extrapdating dampingtrendswere actudly somevhat arbitrary. Several procedures
were usedto extrapolate the trends andresuted in predctions that varied by up to 30 KEAS Furthermae,
severd tecmiques wereusedto estimatedampirg 2°. The predidionsshown in Fig. 13 restt from a stancard
secad-orckr curve fit to the dampingvaluesof Fig. 10. During the flight, the envelopeexpanson needé to
accep thesepredctions alongwith somelevel of variaion that madea definitive predction neaty impossble
from dampig trends.

9 Evaluating the Flutterometer

The ability of the flutteromeer to predict the onset of flutter wasdemongratedby this experiment. An evalu-
ation of the tool could certainly be madeby compamg the predcted speed for flutter to the actual speedat
which flutter occured. This evaluaion wasstrergthered by compaing the abilities of the flutterameterto the
abilities of extrapolating dampirg trends.

An interestirg compaison betweenthe flutteromeer anddampirg trends wasseenin Fig. 13. The predctions
from dampirg extrapolation wereinitially quite poor but eventudly corverged to the correctspeal. The pre-
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dictionsfrom the flutteromeer wereinitially consevative but did not corvergeto the correct speel despte the
addtional dataprovidedasthe ervelopewasexparded. Thehigh variation in the predctions from extrapdating
dampirg trendswaseasily explained by consdering the damping valuesin Fig. 10 but thelow variation in the
predctions from the flutterometerresuted from other causs 2'.

The predction of flutter basedon the flutterometerwas depexdenton uncetainties in the model The data
from theinitial testpoint wasactudly sufficient to indicatethes errars. The datafrom addtional testpoints
did not indicate ary further errors Thus,the amoun of modeling error did not chang asthe envelopewas
exparded. Correspadingly, the predcted flutter speed did not chang becaise nothing aboutthe uncetain
modelwascharging. This behaviorwasshowvn by the speedpredictedby theflutteromeerin Fig. 13 remairing
unchangedasthe ervelopewasexparded.

The values of the predictions were espe@lly interesting whenviewed in the context of the flight tests The
dampirg extrapdation provided no useiil informationfor the entirefirst flight andmostof the secand flight.
In fact, this methodwasreally only usefd during the third andfourth flights. The flutteromeer, corversey,
wasquite informative immediatly during the first flight but wasactually of deaeasimg valueasthe envelope
exparded. In fact, the third andfourth flights expanded the ervelopebeyond the flutter speedoredcted by the
flutterameter

The inability of the flutterometerto cornverge to the correct solution wasactudly aresut of modelupdding.
Theflutterometerwasprogammedio only updat the uncetainty desciption suchthat thetheaeticaldynam-
ics werenever changed. The basc change of updating the obsewability was straichtforward but ary further
updding of thetheaeticd modelwasdifficult andunrdiable beauseof inconsisentobsenability in the data.

Furthemore, the uncertinty levels were never allowed to decreae. This appoachwas also relaed to the
inconsistant obsevability in thedata Thebasicpremis wasthatanerrormight have beenpresemin themodel
but only certan testpoints wereableto obsere thaterrar. This apprachwasmeantto maximizesafetyand
congernvatiam by ensuing anerror, onceobseved,would always be asseiatedwith the model.

Also, theflutter predctions apprachesareactually formulatedto betheaeticaly valid for envelopeexpanson
atcongantMachbut increasirg airspeed.The actualflight testhadto consterexparsionusingtestpoints with
varying Mach. This type of exparsion causel someconcernwith respet to relying on the flutter predctions
but it wasnecessitatdby practical condraints. As thedatashaws, the effect of varying Machwasnot dramatc
andtheflutter predictionswereindeeal reasmable

10 Post-Flight Analysis

Theflutteromeer wasdemonstatedto be conservative; however, thatconsevatismcoud be consderedexces
sive for someapplicatiors. The datafrom the ATW wasusedto continue reseach into the predction of flutter.
In particular, the datawasusedto formulat an augmentedflutteromeer that predcted the flutter speed with
lessconservatism thanthe original implemeriation

Theflutteromeer wasaugmetred by including processedor signal processingandparameer estimaton. The
signal processinginvolved eliminating high-order comporentsof the data. This processingwas essatially
an optimal filter that resuted by extracting the linear comporentsof the datavia a Volterra kernd ?2. The
paraméer estimaton involved compuing optimal updatesto the modaldynamics. The actud implemeration
usedarunning average of the updatesatall flight condtionsto ensue only consstenterrars wereeliminated.

The flutterometerpredctions resuling from the augmered implementdion are shownin Fig. 14. The new
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implemenation predids flutter speelsthat arevery closeto the true speed In fact, the flutterometeris ableto
predct the onse of flutter to within 10 KEASusing datafrom ary point in theflight test.
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Figure14: Predictedlutter speelsduring ervelopeexpansionfrom dampingtrends (+) andoriginal flutterom-
eter(o) andaugmeired flutterometer(*)

The flutterometerhascleaty beendemonsratedto be a valuable tool for flight tesing. The original imple-
mentaton useda worst-cae apprach that maximized safay but also maximized consernatism. The new
implemenation relies more heavily on measued datapropertiesso it slightly redues the safdy factor but
correspondngly reduce the consevatism.

Thedatafrom the ATW is beingusedto incorporat several methodsof modelupdatng for the flutteromeer.
Onesuchappoachthet is beingadoptdis aformal routinefor systen idertification that simultareousy com-
putes obsenability paranetersandtheir uncertairties 23. Also, the invedigation into nonlineardynamicsis
being pursted by analyzing the secoml-order Volterra kernel extraded from theflight data.

11 Conclusions

The Aerostuctures Test Wing was a suaessfll experiment. Flight testsof the ATW were indeal able to
demongrateflutter. The systemwasdesgnedsuchthatthe onset of flutter caugddegruction of theexperiment
but causel nodamageo thehostaircrdt. Thisexperimenthasshavn thatsud tess canbesafdy perfomedby
carellly desgningasygemandflight programthataccaintsfor the potenial hazadsthatmaybeencainterel.

Datarecoded during theseflights have beenusal to predid the onsetof flutter and demorstrate strendhs
andweakresse®f the correspording predction method. In particular, the method of extrapolating dampirg
trends andflutterometerwereinvestigaed. The predctions from the dampihng methodwereinitially poor but
improved dramatcally asthe ervelopewasexpanded. Corversly, the predictionsfrom the flutterometerwere
initially slightly consenative but remairedsothroughou theflight testirg eventhough moredatawasgatherel.

Theseresuls indicate a methal to perfam ervelope expansion The flight testshoud be initiated using the
flutterometerat the low-speed test points to getaninitial consevative estimateof the flutter speed The test
would proceedusing theflutterometerestimatas until thetestpoints appioachthe predidedspeed. Theervelope
exparsionat high-speel condtions shauld rely moreheaily onthedatadrivenmethodto finalize anaccuate
predction of the exad speedat which flutter will be encaunteied. Of course,the ervelopeexpansionmuststill
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proceedwith extremecattion but possbly the combiationof theseappioache will allow for a moreefficient
flight testprogram.
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