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Abstract A numericalmethodhasbeendevelopedto studythe effectsof structuralmis-
tuning on the aeroelastidehaior of turbomachinerycascadesThe approach
usedis the combinationof a modal reductiontechnique wherethe structural
propertiesof eachbladearerepresentedby only a few eigenmodeswith alin-
earizedEulermethodfor theaerodynamicalculations Themethodis validated
andappliedto two testcasescomprisingof a high pressureurbinerotor anda
transoniccompressorotor. Both arerepresentatie of modernturbomachinery
designs.Theresultsof the validationconfirmthe ability of the presenimethod
to accuratelycapturethe dominanteffectsthatinfluencethe aeroelastibehaior
of the cascadesFurthercasestudiesare performedto assesshe influenceof
alternatingandrandommistuningon the resonantesponsemplitudesandon
theaeroelastictability.

1. Introduction

Analysis of the aeroelastidbehaior of turbomachinerycascadesn mary
casesstill rely ontheassumptiorof a perfectlysymmetricstructure whereall
bladesare structurallyand aerodynamicallyidentical. In practicesmall dif-
ferencesbetweenthe individual airfoils of a cascadeare unavoidable. The
resultingsmall variationsin the structuralcharacteristicef the individual air-
foils cancausedramaticeffects. For example,straingaugetestsof complete
rotorsoftenshav a spreadn the measureadesponsemplitudesof the differ-
entbladesof afactorof morethantwo. Giventhe factthatmostly only a few
bladesareinstrumentedthis leadsto the questionwhatthetrue maximumam-
plitude of all bladesmight be, sincethis is whatthe designof the bladehasto
take into account.Furthermorethe questiorariseswhatthe effect of thesmall
structuralvariationson the aeroelastistability maybe,which canoftennotbe
measuredsreadilyasthe forcedresponsemplitudes.



A wide rangeof publicationsexists thatasseseffectsof structuralof mis-
tuning. However, mary of thesenegglect the aerodynamidampingand cou-
pling altogether(e.g.[1], [2], [9], [14] [11]) or usesimplified methodsallow-
ing only for two-dimensionaligid motionsof the bladesectiong7]. In other
instancesthe aerodynamidnteractionbetweendifferent structuralmodesis
neglected[13]. The presentwork puts more emphasison the aerodynamic
dampingandcouplingeffects,while usinga simplestructuralmodel. The ap-
proachpresenteds intendedto allow the consideratiorof multiple modesfor
eachbladeandis capableof dealingwith sub-andtransonicflow situations.
Its maingoalis the applicability for designuse,meaningthatit hasto supply
resultsquickly for alarge numberof configurations.

2. Aerodlastic M odel

The startingpoint of this analysisarethe fundamentakquationsf motion
in physicalspaceandin the time domainfor a discretizedsystemof coupled
blades for exampleconformingto a FEM approach.For a linear elasticsys-
tem,thesecanbeformally written as:

MZ + DZ+ K&+ F.=F (1)
Here M, Q andK arethe mass,dampingand stiffnessmatrices,respec-

tively, while F, introducesthe aerodynamicouplingbetweerthe bladesand
is dependenon the deflectionandvelocity of the blades.The dampingis as-
sumedto be of viscoustype, i.e. the dampingforcesare proportionalto the

velocity. The right handside, F containsthe external forces actingon the
structurewhile thevector holdsthedisplacementlegreesof freedomfor the
finite elementsof the completemodel. For an accuraterepresentatiomf the
vibratory behaior, the numberof degreesof freedom(DOF) for atypical cas-
cadewill have to be on the orderof morethan 10,000timesthe numberof
blades.In the presenimethod,a numberof assumptionsreintroducedto ar
rive at a formulationthatis at the sametime accurateenoughto give a good
representatioof thetrue aeroelastibehaior of the structurewhile still being
simpleenoughto allow rapidanalysisof alarge numberof configurationavith
variationsin the dominantparameters.

Thefirst assumptioris thatwe aredealingwith harmonicoscillationsof the
structure sothatthe motion of eachbladecanbe expressedisinga complex
exponentialapproach.Furthermorejn orderto reducethe numberof DOF, a
modalapproachs emplg/ed. It usesasmallnumbem,;, 4 Of in-vacuomode-
shape% of theindividual bladesasgeneralizedo-ordinatesThus,eachblade
of the cascadeetainsonly afew degreesof freedom which arecharacterized
by the amplitudesa, ,,, of the respectie modeshapesWhile the amplitudes
candiffer betweenthe individual blades,the underlyingmodeshapeare as-
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sumedto be identicalfor all bladesof the cascadainderconsideration.The
motion Z, of anarbitrarybladeb is thenapproximatedy

Mmodes

To(r, ®,2,t) = B(r, 8, 2)e™M = Y apmBpme™ @)
m=1

with
A=w+ iy 3)

Here,the complex exponent) consistsof areal partw thatrepresentshe
angularfrequenyg of oscillationandanimaginaryparty thatcharacterizethe
evolution of the amplitudewith time, representate of the effective damping
presentin the systemunderconsideration. In this respect,a positve value
of « implies an exponentiallydecayingoscillationamplitude,hencepositve
dampingwhile anegative valueof v consequentlyields exponentiallygrow-
ing amplitudescorrespondingo negative damping,asin the caseof a flutter
instability  Accordingly Eq. 1 canbe approximatedising a reducedset of
eigenmodess .

[-\>M +idD+ (K+Cld=F (4)

In this equationpnly generalizedjuantitiesareused.Thevectora contains
the complex amplitudedfor all modesretainedfor the completesetof blades,
hencefor an annularcascadeonsistingof ng.qes individual blades,eachof
which retainsn,,,q.s Modeshapedhe numberof degreesof freedomin this
reducedsetof equationss nyjades - Mmodes- 1he matrix D holdsthe modal
dampingvaluesthat, just like the generalizednassesnd stiffnessescanbe
assignedo eachbladeand modeindividually. While the matricesM andD
are diagonal,the stiffnessmatrix K can contain off-diagonal elementsthat
areusedto modelmechanicatouplingbetweertheindividual blades asit is
presenthroughthediskonwhichthebladesaremounted.Thevectorﬁ in EqQ.
4 containsthe generalizedxternalforceson the individual bladesandmodes

thatresultfrom the projectionof the physicalforcesF on the eigenmodesd
by - =

F=&F (5)
Here,the ®* denoteghehermitian(conjugate-transpokef theeigemwector
matrix ®. Similarly, the aerodynamicouplingforceshave beentransformed
into the modal domain,additionally assumingthat a linear aerodynamiap-

proachis valid. Thenthe modalforcesdueto the aerodynami¢r1teractionsl’5c
canbewrittenastheproductof thecomplex aerodynamiénfluencecoeficient
matrix C andthe modalamplitudesz:

F.=Cd=®*F, (6)

The matrix C, in contrastto the othermatrices,is usuallyfully populated.
It containgheaerodynamiénfluencecoeficientsthatcoupleall bladesandall
modesof the cascade.ln the presentmethod,theseinfluenceare calculated
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usinga 3D linearizedEulersolver thatis anextensionof the methoddescribed
in [5], for furtherdetailsreferto [6]. Usingthisreducedmodel,blade-to-blade
variationscanbe readily introducedinto the systemby changingthe general-
ized propertiesmass,stiffnessor dampingassignedo ary of the individual
blademodes. Additionally, it is possibleto addindividually varying or con-
stantmechanicatouplingstiffnessbetweerdifferentblades.

Eigenvalue Analysis

In theabsencef externalforces theprimeinterestis ontheeigenmodeand
eigewvaluesof the cascadegescribingheflutter stability andthefreevibration
behaior of the cascadeFor this purposeEq. 4 canbereformulatedas

M YK +C)+:iM 'D\-EX]g=0 7)

Being a non-lineareigewalue problem,this is fairly incorvenientto solve
numerically To overcomethis, it is assumedhatthe aeroelastieigervalues
A do not differ muchfrom thein-vacuoeigemwalues)y. Thenwe canapproxi-

mateEq. 7 as .
M~ YK+ C) +iM D) — EX]d =0 (8)

In this approachno assumptiorconcerningthe distribution of dampingin
the cascadés made,sothatalsothe effect of dampingmistuningcanbe stud-
ied. Ontheotherhand theapproacttanonly beexpectedo yield valid results
aslong asthe computedeigervaluesare similar to the in-vacuoeigervalues
of theindividual blades.For practicalpurposesthis conditionis usuallywell
met, asdiscussedn moredetail in [6]. To evaluatethe aeroelasticstability
of a cascaden the presenceof aerodynamicand structuralcoupling aswell
asstructuralmistuning,we thushave to solwe a linear eigemwalue problemof
Nplades - Mmodes DOF, which canbedonevery quickly andefficiently with stan-
dardnumericalsolversevenfor alarge numberof mistunedconfigurations.

Forced Response Analysis

If externalforcesarepresentthentheforcedresponsef theoscillationsys-
temis of interestnamelythe amplitudesandphase®f all the bladesafterthe
transienthave decayedFor thisreasonijt is sufiicientto setA = w in Eq. 4,
because is nov known in adwvanceto bethefrequeny of the excitationforce
F andhenceis alsothe oscillationfrequeng in which the coupledaeroelastic
systenmrespondsTheresultinglinearsystemof equations

[~w™ +iwD + (K + C)la = F 9)

canthenbedirectly solved. In doingso,theappropriatadynamicproperties
of the individual bladesandmodesareinsertedin the correspondingnatrices
for ary prescribedralueof the excitationfrequeng w.
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3. Validation: High Pressure Turbine Rotor

Thepresentmethodwasvalidatedusinga singlestageturbinerig, represen-
tative of amodernhigh-pressurgéurbinestage It wasdesignedn the courseof
theIMT Area3 turbineproject[12] andwasusedasa cornerstonén various
Europearresearctprogramg8]. In the ADTurB andin the currentlyrunning
ADTurBIl program[4], the main emphasids on aeroelastieffects. In the
ADTurB program the excitation of therotor dueto the statorwakeswasstud-
ied, with a speciaffocuson theinfluenceof mechanicamistuningof therotor
blades. The resonantrossingof the 43rd engineorder correspondindo the
excitation by the statorwakes, with the 1st torsionaleigenmodewvas studied
experimentallyin this program.Thedatagatheredn this effort will be usedin
the following to validatethe currentmethodfor forcedresponsesalculations
undermistunedconditions.

The operatingpoint of the testvehicleis slightly transonicwith exit Mach
numbergust exceedingunity in the statoraswell asin therotor. Theeigenfre-
guencief all rotor bladeswere determinediy experimentalmodalanalysis
with the bladesclampedto a massie supportingroot block device. It was
found that most blades1T eigenfrequencieslusteredarounda meanvalue
to within +/- 1.5%, while seven bladesexhibited significantlylower eigenfre-
guenciesdeviating in excessof 5%. This large deviation wasdueto the fact
thatthe bladesweremanufcturedin differentbatcheswhich resultedin vari-
ationsof the geometrictolerancesand possiblyin the propertiesof the raw
materialused.As a consequencef thisfinding, thesesevenroguebladeswvere
notincludedto calculatethe meanfrequeny f,,cqn thatis usedin the follow-
ing analysis.Theresultingmistuningparametet = f/ fieqn — 1 IS Shavnin
fig 1 for every blade,highlighting the severemistuningof bladess, 11,17,42
and55to 57. In therig experiment,the bladesare mountedon a disc, which
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Figure 1.  ADTurB rotor 1T mistuning Figure2. Comparisorof computedand
pattern. measuredmaximum ADTurB rotor 1T /

43rd EO bladeamplitudes.

addssignificantly more flexibility to the bladeroot thanthe clampingdevice



6

of the modalanalysis. Furthermorethe disc introducesmechanicatoupling
betweenthe individual blades. To accountfor theseeffects, the generalized
stiffnessusedin the analysisis assumedo be 11% lower thanthe valuere-
sulting from the singlebladeFE calculationanda couplingstiffnessof 0.9%
betweereachtwo neighboringbladess introducednto thesystem.Theseval-
ueswere deducedrom the resonanfrequenciesneasuredn therig test,i.e.
aftercompletionof thetests.

Sweepinghe excitation frequeng throughthe whole rangeof interest,the
maximumrespons@amplitudesof all bladeswerecomputed. A similar proce-
durewasusedin the experiment,wherethe variation of excitation frequeny
wasachiared by speedingup the rotor. This wasdonesuficiently slowly, so
thattheinfluenceof transientprocessesanbe neglected.Experimentallyde-
terminedbladeamplitudesare available for 23 of the 64 rotor blades. Fig 2
shaws the comparisorof the resultingmeasurec&nd computedmaximumre-
sponseamplitudedor all the bladeghathave experimentadataavailable. The
responseamplitudeshave beennormalizedusingthe meanvalue of the mea-
suredpeakamplitudesof all blades.

The measurediatafor the variousbladeswastaken from a numberof dif-
ferenttestruns,sothatdatafrom morethanonerunis availablefor afew of the
blades All theavailabledatais includedin thisfigure,sothatthespreadf the
valuesfor oneblade,e.g.blade32, givesanindicationof therepeatabilityand
measuremeniincertaintyof the experimentaldata. The figure indicatesthat
the agreemenbetweemmeasuredndcomputeddatais quite acceptableNot
only is the meanresponsemplitudeover the whole cascadenatchedwell by
the computationput alsothe spreadbetweernthe minimumandthe maximum
responsef ary bladeis reproducedvith goodaccurag. Furthermorein mary
instanceghe distribution of the amplitudesto the individual bladesis shavn
by the computationn muchthe samemannerasby the experiments.

To further evaluatethe ability of the currentmethodto modelthe dominant
effects of mistuningin this cascadethe amplitudedistribution for the com-
pletefrequeng sweepis comparedo experimentalaluesin Fig. 3. Here,the
blades32 through34 and36 arechoserfor comparisonsincethe correspond-
ing measuredaluesonthesebladesveremeasuregimultaneouslyn asingle
run, makingthemparticularlywell suitedfor sucha comparison.The dashed
linesin Fig. 3 indicatethe measuredialues,while the solid lines denotethe
computedresults. Therotor speedsn this figure arenon-dimensionalizeds-
ing themeanmeasuredrequeny thatwasusedto determinghevaluesof ¢ in
Fig. 1.

Comparingthe differentgraphsconfirmsthe goodagreemenbetweenthe
computedandthemeasurednaximumamplitudes Furthermorethefrequeny
atwhich this maximumoccursis alsowell metby thecomputation Neverthe-
less,somesignificantdifferencesare alsovisible betweenthe measuredand



Mistuningand CouplingEffectsin TurbomadineryBladings 7

calculated

calculated

=
3l
=
3l
d

------- measured along 43rd EO t ==-=-=---- measured along 43rd EO
3 s |
2 2 |
S 1t P n S 1t
& ¥ &
o n e [ N
05 + i TO5 W
E [ badesz m; £ blade 33 o
o o \ [
Sl A o ol 8 A - e
0 h - : |
0.9 0.95 1 0.9 0.95
normalised frequency normalised frequency
- calculated 15 - calculated
15 .
e measured along 43rd EO o [ T measured along 43rd EO
g | ER
210 51t
§ | § I
3 2 1
T0.5 T0.5
£ E [
2 2
: 0
00.9 0.9

0.95 1 0.95 1
normalised frequency normalised frequency

Figure 3.  Comparisorof computedand measuredADTurB rotor blade 32 to 36 response
amplitudes.

the computedresults. First, the computeddistributions shav muchsmoother
curvesthanthe measurementdt is not clearat this pointif this behaior can
beattributedto stochastieffectsin the experimentor if therearedeterministic
phenomenat work that are not modeledby the currentmethod. Secondly
especiallybladenumber32 shavs two distinct maximaof almostequalmag-
nitude,afactthatis not capturedoy the computation.In total, it canbe con-
cludedthatthe presenimethodis capableof capturingthe essentiafeaturesof
themistunedcascadeandis ableto adequatelyeproducdghedynamicbehaior
in termsof resonanamplitudes.

4, Case Study: High Pressure Turbine Rotor

In theexperimentaket-uponly asinglearrangemenf thebladeswith their
givenindividual mistuningon therotor circumferencecould be studied.From
theseexperimentsalone,it is thusnot possibleto differentiatebetweerthein-
fluenceof individual blademistuningandthe influenceof bladearrangement
ontherotor. It remainsunclear whetherthe specificexperimentalconfigura-
tion representatypical caseor - by merechance is arareonewith extraordi-
naryhigh or low amplitudes Furthermorefrom the singleconfigurationstud-
ied experimentally it cannotbe shavn conclusvely whethersomecorrelation
betweenresonaniamplitudeand mistuningstrengthexists. To acquiremore
informationon thesetopics, a further analyticalstudy was performed. Here,
1500 caseswere studied,wherefor eachof thesethe bladeswere randomly
rearrangedan therotor. Eachconfigurationrwasthenanalyzedusingthe same
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procedureasdescribedbove for theexperimentakonfiguration.In Fig. 4, the
resultingamplitudevaluesaredisplayed.Here,theindividual maximumblade
amplitudesare shawn asan intenal, wherethe maximumand minimum for
eachbladehave beermarledwith thesolid gradientanddeltasymbolsrespec-
tively. Notethatthe bladenumbersgiven herereferto the bladesthemseles,
not to the bladepositionon the rotor. Eachbladenumberhencecorresponds
to a single mistuningstrengthe. Furthersymbolsshavn in the figure arethe
solid squaresgdenotingthe medianof bladeamplitudesfor eachbladeandthe
opendiamonds shaving the computationalesultsfor the experimentalcon-
figuration,asin Fig. 2. Thefigure shaws that the bladerelative positioning
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Figure 4. ADTurB rotor 1T / 43rdEO Figure 5.  As Fig. 4, but plotted over
bladeamplitudesof eachbladeover blade mistuningparametee
numberfor 1500configurationsf random
rearrangement.

aroundthe rotor circumferencehasa large influenceon the responseampli-
tudes.For somebladesthe maximumandminimumamplitudesaremorethan
afactorof 5 apart. The medianvalues,representinghe highestprobability of

the amplitudeshowever, arerestrictedto a muchsmallerband,rangingfrom

normalizedamplitudevaluesof approx.0.6to 1.1. Thevaluestakenfrom the
experimentalconfigurationblend into the rangegiven, covering mostof the
amplituderegion. Furthermorethe distribution of the medianvaluescloseto

normalizedamplitudesof 1 indicatesthat the averageof the experimentally
obsened amplitudes,which wastaken asthe referencevalue, is very repre-
sentatve of a typical configuration. Arrangingthe samedatapointsover the
individual blademistuningparametek resultsin the graphshovn in Fig. 5.

Herea certaindependencef the minimum, maximumandmedianamplitude
valueson the blademistuningis apparentObviously, the spreadcf minimum
and maximumamplitudesis highestfor small positive valuesof ¢, while it

is lower for large negative or positive e. The medianamplitudesare highest
for the bladeswith large negative mistuning,thendrop to significantly lower
amplitudesfor small negative valuesof ¢ andrise againsharplywith small
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positive e. However, the relative positioningof the bladeshasa muchlarger
influenceon the amplitudeghantheindividual mistuningstrength.

5. Case Study: Transonic Compressor Rotor

The secondtest casestudiedhereis the rotor of a single stagetransonic
compressorig [3], representate of a modernHP compressofront stage. |t
consistof 16 carbon-fibereinforcedrotor bladesmountedon atitaniumdisk
andof 29 statorvanes.Thetip diametelis 0.38m,maximumrelative rotorin-
let MachnumbergeachMa; = 1.4 atthetip. At the designspeedof 20,000
rpm,the FEM analysisyieldsthefrequencie®f 762Hz for the 1F andof 1505
Hz for the 1T eigenmode.The aerodynamidnfluencecoeficientsfor thero-
tor werecalculatedfor thesetwo modesandthe aeroelasti®igevalueswere
deducedrom Eg. 6, assuminga constantmechanicadamping(logarithmic
decrementfor eachmodeof §,,.., = 0.01. Theresultsfor a perfectlytuned
caseareshavn in Fig. 6, with the 1F-relatedeigervalueson the left andthe
1T relatedoneson theright handside. The eigewvaluesareshavn asdamping
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Figure6. 1T andl1Faeroelasti@igevaluesof thetunedtransoniccompressorotor

(log. dec.) over frequeng ration = f/fo with fo beingthein-vacueigen-
frequeng of the respectre modes. For the tuned cascadethe eigevectors
arethe well knowvn traveling wave modeswith constantnterbladephasean-
gle, whichis indicatedby theinsetlabelsin Fig. 6. Theresultsshav thatthe
cascadés aeroelasticallystable all dampingvaluesaregreatetthanzero. The
dampingis in all casessignificantly larger than the mechanicaldampingof
dmech = 0.01, indicatingthatthe vibrationalbehaior of the cascadés dom-
inatedby the aerodynamicampingandcoupling. Finally, Fig. 6 shavs that
the eigenfrequenciesf the cascaddliffer up to approximatelyl% from the
in-vacuoeigenfrequencdueto theunsteadyaerodynamidorces.

In the following, the effectsof frequeng mistuningarestudiedon the 1T
eigenmode First, alternatingfrequeng mistuningis introduced,.e. the gen-
eralizedstiffnessisdecreasedor the odd numberedbladesandincreasedor
the even numberednes. Fig. 7 shawvs the aeroelastieigevaluesfor the 1T
mode. The circlescorrespondo the tunedconfiguration,while the triangles
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denotethe mistunedconfigurationwith a mistuningparameteof e = +0.02.
Furthermorethe trajectoriesof the eigevaluesfor the valuesbetweenre = 0
ande = +0.02 areindicatedby thelines. The resultsshav that the damp-
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Figure 7. 1T aeroelastieigevaluesof Figure8. 1T resonanamplitudesunder
thetransoniccompressorotor underalter alternatingmistuningwith 4 and18 EO ex-
natingmistuning citations

ing valuescorvemge towardsthe meanof the tunedconfigurationvalues,so
that the dampingof the leaststableeigewvalueis increasedi.e. the cascade
is aeroelasticallynore stable. The alternatingmistuningseparateghe eigen-
valuesinto two distinctclusters gachforming a small ovoid similarto theone
of the tunedconfiguration. This indicatesthat the bladesof equalin-vacuo
resonanfrequenciesrecoupledthroughthe unsteadyaerodynamiénfluence
coeficients spanningwo bladepassagesyhile theimmediateneighborsare
increasinglydecoupledrom one anotherdueto their differing structuralpa-
rameters Whenusingthe samemistuningpatternandapplyingexternalexci-
tation forces,the resonanamplitudesariseasshavn in Fig. 8. In thisfigure,
the trianglesshaw the situationfor a 4 engineorder (EO) excitation, the cir-
clesdenotethe responseamplitudesfor an 18 EO excitation, while openand
solid symbolsdenotethe responseof the odd and even numberedbladesre-
spectvely. A first obserationfrom this plot is thattheresponsefor thetuned
configuratiorstronglydepend®nthe EO of theexcitation- whichis dueto the
differencein aerodynamiclamping,asfoundin Fig. 6. Furthermoretheres-
onantresponse$or the 18 EO excitation decreasavith increasingalternating
mistuning,while thosefor the 4 EO excitation increaseat leastfor the even
numberedladeswhich shav the higheramplitudes.This resultimplies that,
in certaincasesgdeterministicmistuningcanbe usedto decreas¢heresponse
amplitudesn comparisorto the tunedconfiguration.Finally, the influenceof
randommistuningon the resonantesponséiasbeenstudied. 500 casesof
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randomlygeneratedrequeng distributionswith the mistuningrangingfrom
e = 0 toe = +0.25 have beengeneratedand analyzedfor excitation EOs
between0 and 16, correspondingo interbladephaseanglesof ¢ = 0° to
o = 360°. In Fig. 9, theresultingmaximumresponsamplitudesareplotted.
The figure shaws that for excitation interbladephaseanglesof o > 90°, all
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Figure9. 1T transoniccompressoamplitudesunderrandommistuning.
randomlyselectedlistributionsresultin larger maximumamplitudeshanfor
thetunedcase while for o = 0° to o = 90°, someconfigurationsaxist with
resultingmaximumamplitudeghatarelower thanfor thetunedconfiguration.
The majority of the configurationseverthelesgield higheramplitudesthan
in the tunedcase,in worst mistunedcaseexceedingthe tunedamplitudeby
morethan40%. It canbe obseredthatthe largestrelative increaseoccursfor
theexcitationinterbladephaseanglewith smalltunedresponsamplitudesand
thatthe spreadf theresultingmistunedmaximumamplitudescorrespond$o
the tunedamplitudesfor eachexcitation interbladephaseangle: It is small
for the caseswith smalltunedamplitudeandlarge for caseswith large tuned
amplitudes.Giventhe factthatthe actualconfigurationof the stochastianis-
tuning in a real machinecannotbe controlledor predicted,it is obvious that
the predictionsfrom a tunedcascadenodeldo not yield a conserative value
for the resultingmaximumamplitudeshput generallyproducetoo low values.

6. Summary and Conclusions

A numericalimethodhasbeenpresentedhatcanbeusedto studytheeffects
of structuraimistuningontheaeroelastibehaior of turbomachinergascades.
The methodhasbeenvalidatedusingdatafrom a recenthigh pressurdurbine
experimentandhasprovento yield acceptableesultsin describingthe magni-
tudeanddistribution of mistunedresonantesponsemplitudeson theturbine
rotor blades. Furthercasestudieson the sameturbinerig andon a transonic
compressorig rotor have beenperformedo demonstratéhe multitudeof phe-
nomenahatcanbe obseredin mistunedaeroelasticystems.

Themethodpresentedherehasbeensuccessfullyappliedto the modelingof
someof thesephenomenaOwing to its formulationwith only a few degrees
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of freedom,t is very fastandthuswell suitedto performparametriosariations
or stochasti¢'Monte-Carlo"- simulations.
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