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Abstract A numericalmethodhasbeendevelopedto studytheeffectsof structuralmis-
tuning on the aeroelasticbehavior of turbomachinerycascades.The approach
usedis the combinationof a modal reductiontechnique,wherethe structural
propertiesof eachbladearerepresentedby only a few eigenmodes,with a lin-
earizedEulermethodfor theaerodynamiccalculations.Themethodis validated
andappliedto two testcases,comprisingof a high pressureturbinerotor anda
transoniccompressorrotor. Both arerepresentative of modernturbomachinery
designs.Theresultsof thevalidationconfirmtheability of thepresentmethod
to accuratelycapturethedominanteffectsthatinfluencetheaeroelasticbehavior
of the cascades.Furthercasestudiesareperformedto assessthe influenceof
alternatingandrandommistuningon the resonantresponseamplitudesandon
theaeroelasticstability.

1. Introduction

Analysisof the aeroelasticbehavior of turbomachinerycascadesin many
casesstill rely on theassumptionof aperfectlysymmetricstructure,whereall
bladesarestructurallyandaerodynamicallyidentical. In practicesmall dif-
ferencesbetweenthe individual airfoils of a cascadeare unavoidable. The
resultingsmallvariationsin thestructuralcharacteristicsof theindividual air-
foils cancausedramaticeffects. For example,straingaugetestsof complete
rotorsoftenshow a spreadin themeasuredresponseamplitudesof thediffer-
entbladesof a factorof morethantwo. Giventhefact thatmostlyonly a few
bladesareinstrumented,this leadsto thequestionwhatthetruemaximumam-
plitudeof all bladesmight be,sincethis is whatthedesignof thebladehasto
take into account.Furthermore,thequestionariseswhattheeffectof thesmall
structuralvariationsontheaeroelasticstabilitymaybe,whichcanoftennotbe
measuredasreadilyastheforcedresponseamplitudes.
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A wide rangeof publicationsexists thatassesseffectsof structuralof mis-
tuning. However, many of theseneglect the aerodynamicdampingandcou-
pling altogether(e.g. [1], [2], [9], [14] [11]) or usesimplifiedmethods,allow-
ing only for two-dimensionalrigid motionsof thebladesections[7]. In other
instances,the aerodynamicinteractionbetweendifferent structuralmodesis
neglected[13]. The presentwork puts more emphasison the aerodynamic
dampingandcouplingeffects,while usinga simplestructuralmodel.Theap-
proachpresentedis intendedto allow theconsiderationof multiple modesfor
eachbladeandis capableof dealingwith sub-andtransonicflow situations.
Its maingoal is theapplicability for designuse,meaningthat it hasto supply
resultsquickly for a largenumberof configurations.

2. Aeroelastic Model

Thestartingpoint of this analysisarethefundamentalequationsof motion
in physicalspaceandin the time domainfor a discretizedsystemof coupled
blades,for exampleconformingto a FEM approach.For a linearelasticsys-
tem,thesecanbeformally writtenas:����� ���� ��
	� ���� �� � ���� � �
���� � �


(1)

Here
��

,
��

and
��

arethe mass,dampingandstiffnessmatrices,respec-

tively, while
� �
��

introducestheaerodynamiccouplingbetweenthebladesand
is dependenton thedeflectionandvelocity of theblades.Thedampingis as-
sumedto be of viscoustype, i.e. the dampingforcesareproportionalto the

velocity. The right handside,
� �


containsthe external forcesacting on the
structurewhile thevector

� �� holdsthedisplacementdegreesof freedomfor the
finite elementsof the completemodel. For an accuraterepresentationof the
vibratorybehavior, thenumberof degreesof freedom(DOF) for a typical cas-
cadewill have to be on the orderof more than10,000times the numberof
blades.In thepresentmethod,a numberof assumptionsareintroducedto ar-
rive at a formulationthat is at the sametime accurateenoughto give a good
representationof thetrueaeroelasticbehavior of thestructurewhile still being
simpleenoughto allow rapidanalysisof a largenumberof configurationswith
variationsin thedominantparameters.

Thefirst assumptionis thatwearedealingwith harmonicoscillationsof the
structure,so that themotionof eachbladecanbeexpressedusinga complex
exponentialapproach.Furthermore,in orderto reducethenumberof DOF, a
modalapproachis employed. It usesasmallnumber����������� of in-vacuomode-
shapes

��
of theindividualbladesasgeneralizedco-ordinates.Thus,eachblade

of thecascaderetainsonly a few degreesof freedom,which arecharacterized
by the amplitudes� ��! � of the respective modeshapes.While the amplitudes
candiffer betweenthe individual blades,the underlyingmodeshapesareas-
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sumedto be identical for all bladesof the cascadeunderconsideration.The
motion

" #$&% of anarbitraryblade ' is thenapproximatedby" #$(%*),+.-0/1-324-65�798 #$&%*),+:-0/1-32;7=<?>A@?BC8EDGFIHKJ=LNMO
PRQTSVU %�W P

#/ P <?>A@?B (2)

with X 8EY[Z]\N^ (3)

Here,the complex exponent
X

consistsof a real part Y that representsthe
angularfrequency of oscillationandanimaginarypart ^ thatcharacterizesthe
evolution of theamplitudewith time, representative of theeffective damping
presentin the systemunderconsideration. In this respect,a positive value
of ^ implies an exponentiallydecayingoscillationamplitude,hencepositive
damping,while anegative valueof ^ consequentlyyieldsexponentiallygrow-
ing amplitudes,correspondingto negative damping,asin thecaseof a flutter
instability. Accordingly, Eq. 1 canbe approximatedusinga reducedsetof
eigenmodesas _A` X(acb Zd\ X(e Zf),ghZEikj #U 8 #l

(4)

In thisequation,only generalizedquantitiesareused.Thevector
#
U contains

thecomplex amplitudesfor all modesretainedfor thecompletesetof blades,
hencefor an annularcascadeconsistingof m %,npo0q3r6s individual blades,eachof
which retains m P�t q3r�s modeshapes,the numberof degreesof freedomin this
reducedsetof equationsis m %,nuo�q3r6swv m P9t q3r6s . The matrix

e
holds the modal

dampingvaluesthat, just like the generalizedmassesandstiffnesses,canbe
assignedto eachbladeandmodeindividually. While thematrices

b
and

e
are diagonal,the stiffnessmatrix g can containoff-diagonalelementsthat
areusedto modelmechanicalcouplingbetweenthe individual blades,asit is
presentthroughthediskonwhichthebladesaremounted.Thevector

#l
in Eq.

4 containsthegeneralizedexternalforceson theindividual bladesandmodes

that resultfrom theprojectionof thephysicalforces
" #l

on theeigenmodesx
by #l 8 x�y " #l (5)

Here,the x y denotesthehermitian(conjugate-transpose) of theeigenvector
matrix x . Similarly, theaerodynamiccouplingforceshave beentransformed
into the modaldomain,additionallyassumingthat a linear aerodynamicap-

proachis valid. Thenthemodalforcesdueto theaerodynamicinteractions
" #l�z

canbewrittenastheproductof thecomplex aerodynamicinfluencecoefficient
matrix i andthemodalamplitudes

#
U :" #l�z 8{i #
U 8 x y " #l�z (6)

Thematrix i , in contrastto theothermatrices,is usuallyfully populated.
It containstheaerodynamicinfluencecoefficientsthatcoupleall bladesandall
modesof the cascade.In the presentmethod,theseinfluencearecalculated
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usinga3D linearizedEulersolver thatis anextensionof themethoddescribed
in [5], for furtherdetailsreferto [6]. Usingthis reducedmodel,blade-to-blade
variationscanbereadily introducedinto thesystemby changingthegeneral-
ized propertiesmass,stiffnessor dampingassignedto any of the individual
blademodes.Additionally, it is possibleto addindividually varying or con-
stantmechanicalcouplingstiffnessbetweendifferentblades.

Eigenvalue Analysis

In theabsenceof externalforces,theprimeinterestis ontheeigenmodesand
eigenvaluesof thecascade,describingtheflutterstabilityandthefreevibration
behavior of thecascade.For thispurpose,Eq. 4 canbereformulatedas| }�~I���,�������I�d��}�~I�����������(�������� ��

(7)

Beinga non-lineareigenvalueproblem,this is fairly inconvenientto solve
numerically. To overcomethis, it is assumedthat theaeroelasticeigenvalues�

do not differ muchfrom thein-vacuoeigenvalues
�(�

. Thenwe canapproxi-
mateEq. 7 as | }�~I���,�������I�d��}�~I�����(�������(�������� ��

(8)

In this approach,no assumptionconcerningthedistribution of dampingin
thecascadeis made,sothatalsotheeffect of dampingmistuningcanbestud-
ied. Ontheotherhand,theapproachcanonly beexpectedto yield valid results
as long as the computedeigenvaluesaresimilar to the in-vacuoeigenvalues
of the individual blades.For practicalpurposes,this conditionis usuallywell
met, asdiscussedin moredetail in [6]. To evaluatethe aeroelasticstability
of a cascadein the presenceof aerodynamicandstructuralcouplingaswell
asstructuralmistuning,we thushave to solve a lineareigenvalueproblemof���,�p �¡�¢�£ ¤N��¥9¦�¡3¢6£ DOF, whichcanbedoneveryquickly andefficiently with stan-
dardnumericalsolversevenfor a largenumberof mistunedconfigurations.

Forced Response Analysis

If externalforcesarepresent,thentheforcedresponseof theoscillationsys-
temis of interest,namelytheamplitudesandphasesof all thebladesafterthe
transientshave decayed.For this reason,it is sufficient to set

� �
§ in Eq. 4,
because§ is now known in advanceto bethefrequency of theexcitationforce�¨

andhenceis alsotheoscillationfrequency in which thecoupledaeroelastic
systemresponds.Theresultinglinearsystemof equations|A� § � }©�d� § ���f�,���E���,������ �¨

(9)

canthenbedirectlysolved. In doingso,theappropriatedynamicproperties
of theindividual bladesandmodesareinsertedin thecorrespondingmatrices
for any prescribedvalueof theexcitationfrequency § .
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3. Validation: High Pressure Turbine Rotor

Thepresentmethodwasvalidatedusingasinglestageturbinerig, represen-
tativeof amodernhigh-pressureturbinestage.It wasdesignedin thecourseof
theIMT Area3 turbineproject[12] andwasusedasa cornerstonein various
Europeanresearchprograms[8]. In theADTurB andin thecurrentlyrunning
ADTurBII program[4], the main emphasisis on aeroelasticeffects. In the
ADTurB program,theexcitationof therotordueto thestatorwakeswasstud-
ied,with aspecialfocuson theinfluenceof mechanicalmistuningof therotor
blades.The resonantcrossingof the43rdengineorder, correspondingto the
excitation by the statorwakes,with the 1st torsionaleigenmodewasstudied
experimentallyin thisprogram.Thedatagatheredin thiseffort will beusedin
the following to validatethe currentmethodfor forcedresponsecalculations
undermistunedconditions.

Theoperatingpoint of the testvehicleis slightly transonicwith exit Mach
numbersjustexceedingunity in thestatoraswell asin therotor. Theeigenfre-
quenciesof all rotor bladesweredeterminedby experimentalmodalanalysis
with the bladesclampedto a massive supportingroot block device. It was
found that most blades1T eigenfrequenciesclusteredarounda meanvalue
to within +/- 1.5%,while sevenbladesexhibitedsignificantlylower eigenfre-
quencies,deviating in excessof 5%. This large deviation wasdueto the fact
thatthebladesweremanufacturedin differentbatches,which resultedin vari-
ationsof the geometrictolerancesand possiblyin the propertiesof the raw
materialused.As aconsequenceof thisfinding,thesesevenroguebladeswere
not includedto calculatethemeanfrequency ª�«9¬�­�® that is usedin thefollow-
ing analysis.Theresultingmistuningparameter̄R°±ªT²Gª�«9¬�­�®�³µ´ is shown in
fig 1 for every blade,highlightingtheseveremistuningof blades5, 11,17,42
and55 to 57. In the rig experiment,thebladesaremountedon a disc,which

blade number

ε
[-

]

0 10 20 30 40 50 60
-0.07

-0.06

-0.05

-0.04

-0.03

-0.02

-0.01

0

0.01

0.02

blade number

n
o

rm
al

is
ed

am
p

lit
u

d
e

10 20 30 40 50 60
0

0.25

0.5

0.75

1

1.25

1.5

1.75

2
computed
measured

Figure 1. ADTurB rotor 1T mistuning
pattern.

Figure 2. Comparisonof computedand
measuredmaximum ADTurB rotor 1T /
43rdEObladeamplitudes.

addssignificantlymoreflexibility to the bladeroot thanthe clampingdevice
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of themodalanalysis.Furthermore,thedisc introducesmechanicalcoupling
betweenthe individual blades. To accountfor theseeffects, the generalized
stiffnessusedin the analysisis assumedto be 11% lower than the valuere-
sulting from thesinglebladeFE calculationanda couplingstiffnessof 0.9%
betweeneachtwo neighboringbladesis introducedinto thesystem.Theseval-
ueswerededucedfrom the resonantfrequenciesmeasuredin the rig test,i.e.
aftercompletionof thetests.

Sweepingtheexcitation frequency throughthewholerangeof interest,the
maximumresponseamplitudesof all bladeswerecomputed.A similar proce-
durewasusedin theexperiment,wherethevariationof excitation frequency
wasachieved by speedingup the rotor. This wasdonesufficiently slowly, so
that theinfluenceof transientprocessescanbeneglected.Experimentallyde-
terminedbladeamplitudesareavailable for 23 of the 64 rotor blades.Fig 2
shows thecomparisonof the resultingmeasuredandcomputedmaximumre-
sponseamplitudesfor all thebladesthathaveexperimentaldataavailable.The
responseamplitudeshave beennormalizedusingthemeanvalueof themea-
suredpeakamplitudesof all blades.

Themeasureddatafor thevariousbladeswastaken from a numberof dif-
ferenttestruns,sothatdatafrom morethanonerunis availablefor afew of the
blades.All theavailabledatais includedin thisfigure,sothatthespreadof the
valuesfor oneblade,e.g.blade32,givesanindicationof therepeatabilityand
measurementuncertaintyof the experimentaldata. The figure indicatesthat
theagreementbetweenmeasuredandcomputeddatais quiteacceptable.Not
only is themeanresponseamplitudeover thewholecascadematchedwell by
thecomputation,but alsothespreadbetweentheminimumandthemaximum
responseof any bladeis reproducedwith goodaccuracy. Furthermore,in many
instancesthe distribution of the amplitudesto the individual bladesis shown
by thecomputationin muchthesamemannerasby theexperiments.

To furtherevaluatetheability of thecurrentmethodto modelthedominant
effectsof mistuningin this cascade,the amplitudedistribution for the com-
pletefrequency sweepis comparedto experimentalvaluesin Fig. 3. Here,the
blades32 through34and36 arechosenfor comparison,sincethecorrespond-
ing measuredvaluesonthesebladesweremeasuredsimultaneouslyin asingle
run, makingthemparticularlywell suitedfor sucha comparison.Thedashed
lines in Fig. 3 indicatethe measuredvalues,while the solid lines denotethe
computedresults.Therotor speedsin this figurearenon-dimensionalizedus-
ing themeanmeasuredfrequency thatwasusedto determinethevaluesof ¶ in
Fig. 1.

Comparingthe differentgraphsconfirmsthe goodagreementbetweenthe
computedandthemeasuredmaximumamplitudes.Furthermore,thefrequency
atwhich thismaximumoccursis alsowell metby thecomputation.Neverthe-
less,somesignificantdifferencesarealsovisible betweenthe measuredand
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Figure 3. Comparisonof computedandmeasuredADTurB rotor blade32 to 36 response
amplitudes.

thecomputedresults.First, thecomputeddistributionsshow muchsmoother
curvesthanthemeasurements.It is not clearat this point if this behavior can
beattributedto stochasticeffectsin theexperimentor if therearedeterministic
phenomenaat work that arenot modeledby the currentmethod. Secondly,
especiallybladenumber32 shows two distinctmaximaof almostequalmag-
nitude,a fact that is not capturedby thecomputation.In total, it canbecon-
cludedthatthepresentmethodis capableof capturingtheessentialfeaturesof
themistunedcascadeandis abletoadequatelyreproducethedynamicbehavior
in termsof resonantamplitudes.

4. Case Study: High Pressure Turbine Rotor

In theexperimentalset-up,only asinglearrangementof thebladeswith their
givenindividual mistuningon therotor circumferencecouldbestudied.From
theseexperimentsalone,it is thusnot possibleto differentiatebetweenthein-
fluenceof individual blademistuningandthe influenceof bladearrangement
on the rotor. It remainsunclear, whetherthespecificexperimentalconfigura-
tion representsatypicalcaseor - by merechance- is arareonewith extraordi-
naryhigh or low amplitudes.Furthermore,from thesingleconfigurationstud-
ied experimentally, it cannotbeshown conclusively whethersomecorrelation
betweenresonantamplitudeandmistuningstrengthexists. To acquiremore
informationon thesetopics,a further analyticalstudywasperformed.Here,
1500caseswerestudied,wherefor eachof thesethe bladeswererandomly
rearrangedon therotor. Eachconfigurationwasthenanalyzedusingthesame
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procedureasdescribedabove for theexperimentalconfiguration.In Fig. 4, the
resultingamplitudevaluesaredisplayed.Here,theindividualmaximumblade
amplitudesareshown asan interval, wherethe maximumandminimum for
eachbladehavebeenmarkedwith thesolidgradientanddeltasymbols,respec-
tively. Note that thebladenumbersgivenhererefer to thebladesthemselves,
not to thebladepositionon the rotor. Eachbladenumberhencecorresponds
to a singlemistuningstrength· . Furthersymbolsshown in thefigurearethe
solid squares,denotingthemedianof bladeamplitudesfor eachbladeandthe
opendiamonds,showing the computationalresultsfor the experimentalcon-
figuration,as in Fig. 2. The figure shows that the bladerelative positioning
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Figure 4. ADTurB rotor 1T / 43rd EO
bladeamplitudesof eachbladeover blade
numberfor 1500configurationsof random
rearrangement.

Figure 5. As Fig. 4, but plotted over
mistuningparameteŗ

aroundthe rotor circumferencehasa large influenceon the responseampli-
tudes.For someblades,themaximumandminimumamplitudesaremorethan
a factorof 5 apart.Themedianvalues,representingthehighestprobabilityof
theamplitudes,however, arerestrictedto a muchsmallerband,rangingfrom
normalizedamplitudevaluesof approx.0.6 to 1.1. Thevaluestakenfrom the
experimentalconfigurationblend into the rangegiven, covering mostof the
amplituderegion. Furthermore,thedistribution of themedianvaluescloseto
normalizedamplitudesof 1 indicatesthat the averageof the experimentally
observed amplitudes,which wastaken as the referencevalue, is very repre-
sentative of a typical configuration.Arrangingthe samedatapointsover the
individual blademistuningparameter· resultsin the graphshown in Fig. 5.
Herea certaindependenceof theminimum,maximumandmedianamplitude
valueson theblademistuningis apparent.Obviously, thespreadof minimum
and maximumamplitudesis highestfor small positive valuesof · , while it
is lower for large negative or positive · . The medianamplitudesarehighest
for thebladeswith large negative mistuning,thendrop to significantlylower
amplitudesfor small negative valuesof · and rise againsharplywith small
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positive ¹ . However, the relative positioningof the bladeshasa much larger
influenceon theamplitudesthantheindividual mistuningstrength.

5. Case Study: Transonic Compressor Rotor

The secondtest casestudiedhereis the rotor of a single stagetransonic
compressorrig [3], representative of a modernHP compressorfront stage.It
consistsof 16 carbon-fiberreinforcedrotorbladesmountedon a titaniumdisk
andof 29 statorvanes.Thetip diameteris 0.38m,maximumrelative rotor in-
let Machnumbersreachº
»½¼�¾À¿GÁÃÂ at thetip. At thedesignspeedof 20,000
rpm,theFEM analysisyieldsthefrequenciesof 762Hz for the1Fandof 1505
Hz for the1T eigenmode.Theaerodynamicinfluencecoefficientsfor the ro-
tor werecalculatedfor thesetwo modesandtheaeroelasticeigenvalueswere
deducedfrom Eq. 6, assuminga constantmechanicaldamping(logarithmic
decrement)for eachmodeof Ä*Å9Æ�Ç�ÈÉ¾ËÊ;ÁpÊ½¿ . Theresultsfor a perfectlytuned
caseareshown in Fig. 6, with the1F-relatedeigenvalueson the left andthe
1T relatedoneson theright handside.Theeigenvaluesareshown asdamping
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Figure 6. 1T and1Faeroelasticeigenvaluesof thetunedtransoniccompressorrotor

(log. dec.) over frequency ratio Ìd¾�ÍTÎGÍGÏ with ÍGÏ beingthe in-vacueigen-
frequency of the respective modes. For the tunedcascade,the eigenvectors
arethe well known traveling wave modeswith constantinterbladephasean-
gle, which is indicatedby theinsetlabelsin Fig. 6. Theresultsshow that the
cascadeis aeroelasticallystable,all dampingvaluesaregreaterthanzero.The
dampingis in all casessignificantly larger than the mechanicaldampingofÄ*Å9Æ�Ç�ÈÉ¾�Ê;ÁpÊ½¿ , indicatingthat thevibrationalbehavior of thecascadeis dom-
inatedby theaerodynamicdampingandcoupling. Finally, Fig. 6 shows that
the eigenfrequenciesof the cascadediffer up to approximately1% from the
in-vacuoeigenfrequency dueto theunsteadyaerodynamicforces.

In the following, the effectsof frequency mistuningarestudiedon the 1T
eigenmode.First, alternatingfrequency mistuningis introduced,i.e. thegen-
eralizedstiffnessisdecreasedfor the odd numberedbladesandincreasedfor
theevennumberedones.Fig. 7 shows theaeroelasticeigenvaluesfor the1T
mode. The circlescorrespondto the tunedconfiguration,while the triangles
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denotethemistunedconfigurationwith a mistuningparameterof Ð�Ñ�Ò�Ó;ÔpÓÖÕ .
Furthermore,the trajectoriesof theeigenvaluesfor thevaluesbetweenÐ�Ñ�Ó
and Ð×ÑØÒÙÓ;ÔpÓÖÕ are indicatedby the lines. The resultsshow that the damp-
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thetransoniccompressorrotorunderalter-
natingmistuning

Figure 8. 1T resonantamplitudesunder
alternatingmistuningwith 4 and18EOex-
citations

ing valuesconverge towardsthe meanof the tunedconfigurationvalues,so
that the dampingof the leaststableeigenvalue is increased,i.e. the cascade
is aeroelasticallymorestable.Thealternatingmistuningseparatestheeigen-
valuesinto two distinctclusters,eachforming asmallovoid similar to theone
of the tunedconfiguration. This indicatesthat the bladesof equalin-vacuo
resonantfrequenciesarecoupledthroughtheunsteadyaerodynamicinfluence
coefficientsspanningtwo bladepassages,while the immediateneighborsare
increasinglydecoupledfrom oneanotherdueto their differing structuralpa-
rameters.Whenusingthesamemistuningpatternandapplyingexternalexci-
tation forces,theresonantamplitudesariseasshown in Fig. 8. In this figure,
the trianglesshow the situationfor a 4 engineorder(EO) excitation, the cir-
clesdenotethe responseamplitudesfor an 18 EO excitation,while openand
solid symbolsdenotethe responseof the odd andeven numberedbladesre-
spectively. A first observationfrom thisplot is thattheresponsesfor thetuned
configurationstronglydependsontheEOof theexcitation- whichis dueto the
differencein aerodynamicdamping,asfoundin Fig. 6. Furthermore,theres-
onantresponsesfor the18 EO excitationdecreasewith increasingalternating
mistuning,while thosefor the 4 EO excitation increase,at leastfor the even
numberedbladeswhich show thehigheramplitudes.This resultimplies that,
in certaincases,deterministicmistuningcanbeusedto decreasetheresponse
amplitudesin comparisonto thetunedconfiguration.Finally, theinfluenceof
randommistuningon the resonantresponsehasbeenstudied. 500 casesof
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randomlygeneratedfrequency distributionswith the mistuningrangingfromÚÜÛÞÝ to ÚßÛáàÙÝ;âuãåä have beengeneratedandanalyzedfor excitation EOs
between0 and 16, correspondingto interbladephaseanglesof æ ÛçÝÖè toæ ÛÀéåêGÝÖè . In Fig. 9, theresultingmaximumresponseamplitudesareplotted.
The figure shows that for excitation interbladephaseanglesof æÀëíì Ý è , all
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Figure 9. 1T transoniccompressoramplitudesunderrandommistuning.

randomlyselecteddistributionsresultin largermaximumamplitudesthanfor
the tunedcase,while for æ ÛhÝÖè to æ Û ì ÝÖè , someconfigurationsexist with
resultingmaximumamplitudesthatarelower thanfor thetunedconfiguration.
The majority of the configurationsneverthelessyield higheramplitudesthan
in the tunedcase,in worst mistunedcaseexceedingthe tunedamplitudeby
morethan40%. It canbeobservedthatthelargestrelative increaseoccursfor
theexcitationinterbladephaseanglewith smalltunedresponseamplitudesand
thatthespreadof theresultingmistunedmaximumamplitudescorrespondsto
the tunedamplitudesfor eachexcitation interbladephaseangle: It is small
for thecaseswith small tunedamplitudeandlarge for caseswith large tuned
amplitudes.Giventhefact that theactualconfigurationof thestochasticmis-
tuning in a real machinecannotbe controlledor predicted,it is obvious that
thepredictionsfrom a tunedcascademodeldo not yield a conservative value
for theresultingmaximumamplitudes,but generallyproducetoo low values.

6. Summary and Conclusions

A numericalmethodhasbeenpresentedthatcanbeusedto studytheeffects
of structuralmistuningontheaeroelasticbehavior of turbomachinerycascades.
Themethodhasbeenvalidatedusingdatafrom a recenthigh pressureturbine
experimentandhasprovento yield acceptableresultsin describingthemagni-
tudeanddistribution of mistunedresonantresponseamplitudeson theturbine
rotor blades.Furthercasestudieson the sameturbinerig andon a transonic
compressorrig rotorhavebeenperformedto demonstratethemultitudeof phe-
nomenathatcanbeobservedin mistunedaeroelasticsystems.

Themethodpresentedherehasbeensuccessfullyappliedto themodelingof
someof thesephenomena.Owing to its formulationwith only a few degrees
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of freedom,it is very fastandthuswell suitedto performparametricvariations
or stochastic"Monte-Carlo"- simulations.
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