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INCREASING THE ACCURACY OF MEASURING THE FLUTTER
OF STEAM TURBINE BLADES IN SERVICE

К. Н. Боришанский

ПОВЫШЕНИЕ ТОЧНОСТИ РЕГИСТРАЦИИ АВТОКОЛЕБАНИЙ
ЛОПАТОК ПАРОВЫХ ТУРБИН В УСЛОВИЯХ ЭКСПЛУАТАЦИИ

FlutterмofмturbineмbladesмmayмbeмaмreasonмofмbladeмdamageъмAppearanceмofмpowerмsteamмturbinesмlastмstagesм
shroudedмbladesмlutterшмrealizedмwithмdiskмnaturalмformsмandмinщphaseмnaturalмformsшмwasмregisteredмinм
serviceмbyмhelpмofмdiscreteщphaseмmethodмmodernмvariantъм Inм thisмpaperмpeculiaritiesмofмpowerм steamм
turbinesмlastмstagesмshroudedмbladesмlutterшмrealizedмinмserviceмwithмinщphaseмnaturalмformsшмareмconsideredъм
Advantagesмandмdefectsмofмregistrationмofмtheseмnaturalмformsмwithмhelpмofмmodernмvariantмdiscreteщphaseм
methodм inductionмgaugesм areм studiedъмAppearanceмofм additionalм errorsмduringм registrationмofмlutterшм
realizedмwithмinщphaseмnaturalмformsшмisмmarkedъмTheseмadditionalмerrorsмareмcalledмbecauseмofмtorsionмandм
longitudinalмvibrationмofмturbineмandмgeneratorмrotorsмassemblyмandмaxialмvibrationмofмstatorмdetailsшмinм
whichмммinductionмgaugesмareмfastenedъмMeasuresшмconcerningмofмerrorsмreductionшмareмrecommendedъ
STEAMмTURBINE;мBLADE;мFLUTTER;мDISCRETEщPHASEмMETHOD;мMEASUREMENT;м
INDUCTION GAUGE; VIBRATION RELIABILITY.
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Itмisмimpossibleмtoмdetermineмtheмdynamicмstressм
levelsмinмturbomachineryмbladesмbyмcalculationшмandм
experimentalмstudiesмareмthereforeмrequiredмforмensurщ
ingмtheirмfailщsafeмperformanceъ
Frequencyмdetuningм isмperformedмforм theмbladesм

fabricatedмforмtheмlastмstagesмofмhighщpowerмsteamмturщ
binesшм iъeъшм suicientмmarginsмareмprovidedмbetweenм
the operational rotations and the rotations where 

resonancesмwithмtheмmostмexcitableмnaturalмformsмocщ
curъмInмsomeмcasesшмvibrationмstudiesмinмexperimentalм
modelмandмfullщscaleмturbinesмareмnotмcarriedмoutмtoм

theмfullмextentъмFurthermoreшмitмshouldмbeмnotedмthatм
aмnumberмofмmodesмthatмareмpotentiallyмdangerousмforм
fatigue strength of the blades can be inspected only 

whenмtheмturbineмisмoperatingъмInмthisмregardшмsystemsм
thatмcanмcontinuouslyмmonitorмtheмstateмofмvibrationм
in the blades under operating conditions are being 

developedъмVirtuallyмtheмonlyмmeasurementмtechniqueм
ensuringмtheмcontinuousмoperationмofмsuchмsystemsмisм
theмsoщcalledмdiscreteмphaseмmethodмфDPMхшмinмwhichм
the vibrational state of the blades is assessed by the 

indicationsмofмixedмsensorsмmountedмagainstмtheмtipsм
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ofмtheмrotatingмbladesм[э]ъмInмrecentмyearsшмdueмtoмtheм
evolutionмofмcomputerмtechnologyшмtheмcapabilitiesмofм
theмDPMмhaveмincreasedмextremelyъ
ItмshouldмbeмborneмinмmindмthatмtheмDPMмcanмbeм

usedмtoмmeasureмtheмamplitudesмofмperipheralмsectionsм
andм theirмoscillationм ratesмorм theмmutualмbladeмdisщ
placementsшмratherмthanмtheмdynamicмstressмvaluesмthatм
are of practical interest. In order to substantiate the 

transitionмtoмtheseмvaluesшм itм isмnecessaryмtoмanalyzeм
theмexperimentalмdataшмiъeъшмtoмdetermineмtheмoscillationм
frequencyшм theм ratioмofм theм tangentialм andм theмaxialм
amplitudeмcomponentsшмtheмdistributionмofмamplitudesм
overм theмwheelмperipheryъм Itм isм ratherм importantм toм
evaluateм andмminimizeм theмmeasurementм errorsм inм
order to reasonably assess the hazards of the registered 

oscillations. This paper discusses the errors occurring 

whenмregisteringмbladeмlutterмinмtheмlastмstagesмofмhighщ
powerмsteamмturbinesмusingмtheмDPMшмandмtheмmethщ
odsмforмreducingмtheмinluence of these errors.

Theмlastщstageмbladesмofмtheмmoreмhighщpoweredм
steamмturbinesмareмtypicallyмshroudedшмiъeъшмaм fullyм
constrained мbladeмringмisмaмparticularмcaseмofмaмcycliщ
callyм symmetricм systemмwhoseмnaturalм formsмhaveм
diferentмvaluesмofмnodalмdiametersмandмnodalмcirclesъм
Twoщtypesмofмoscillationsмcanмbeмidentiiedмwithмreщ
spectмtoмtheмturbineмbladesшмtheмinщphaseмformsмфwithщ
outм nodalм diametersхм whereм theм amplitudesм andм
phasesмofмallмbladesмonмtheмwheelмareмidenticalшмandм
theмoutщphaseмformsмфwithмdiferentмvaluesмofмnodalм
diametersмandмnodalмcirclesхмwhereмtheмamplitudesм
varyмcircumferentiallyмbyмtheмsineмlawъмTheмirstмgroupм
ofмoutщphaseмformsмisмcommonlyмcalledмtheмdiscмonesъ
Theмlastщstageмbladesмinмoperationмmayмexperienceм

resonanceмorмstallмoscillationsшмandмsometimesмlutterъ
Methods for calculating the frequencies of indiщ

vidual and constrained blades have been developed 

forмreducingмtheмriskмofмresonanceмoscillationsм[ю 4]ъм
Sinceмtheмmainмsourceмofмresonantмoscillationsмisмtheм
timeщconstantмnonщuniformityмofмtheмlowмparametersм
onмtheмwheelмcircumferenceшмtheмdangerмofмtheмmajorщ
ity of natural  formsмforмtheмshroudedмbladesмфandмanyм
fully constrained blades) is theoretically equal to zero 

becauseмtheмnaturalммformsмareмorthogonalмtoмtheмdisщ
turbingмloadsъмInмparticularшмtheмworkмofмtheмdisturbingм
forcesмturnsмoutмtoмequalмzeroмforмallмformsмofмinщphaseм
andмmostмformsмofмoutщphaseмoscillationsм[ю]ъмTheмonlyм
dangerousмmodesмareмthoseмforмwhichмtheмequalityм
m = kм isмsatisiedшмwhereмmмisмtheмnumberмofмnodalм
diametersшмandмkмisм theмoscillationмmultiplicityшм iъeъшм
theмnumberмofмbladeмoscillationsмperмrotorмrevolutionъм
This fact is taken into account in the design of stanщ

dardsшм withм onlyм theм discм oscillationsм forм which 

k =мю 4м фandм sometimesмkм=м5 6хмdetunedъмTheм
peripheralмsectionsмmoveмalmostмstrictlyмinмtheмaxialм
directionм duringм discм oscillationsшм becauseм theм
tangentialмcomponentмofмdelectionмisмhighlyмlimitedм
dueмtoмhighмtensileмandмcompressiveмstifnessмofм theм
shroud ring.

Stallмoscillationsмofмlastщstageмbladesмoccursмunderм
lightмorмnoмloadsшмwhenмtheмlowмaroundмtheмbladesм
exhibitsм anмofщdesignмbehaviorмdueм toмaм sharpмdeщ
creaseмinмtheмvolumetricмlowмrateмofмsteamъмStallмosщ
cillationsмhappensмinмdiscмmodesмwhoseмfrequenciesм
areмnotмmultiplesмofмtheмrotationмfrequencyмandмwhoseм
amplitudesмareмunstableъ

The theoretical possibility of various types of blade 

lutterмwasмdiscussedмinм[4шм5]ъмTheмlastщstageмbladeм
lutterмoccurringмinмsteamмturbinesмinмoperationмwasм
discoveredмrelativelyмrecentlyшмafterмaмnumberмofмpowщ
erмstationsмinstalledмcontrolмsystemsмbasedмonмusingм
DPMмsensorsъмFlutterмwithмdiscмmodesмwithмaмrelaщ
tivelyмlargeмnumberмofмnodalмdiametersмwasмtheмirstм
typeмregisteredм[6шм7]ъмInмsomeмcasesшмlutterмwasмtheм
greatest risk factor for blade fatigue strength.

Whenмdevelopingмmethodsмforмcontrollingмtheмosщ
cillationsмinмtheмshroudedмbladesшмtheмfactмthatмallмofм
theм aboveщdescribedм typesмofм theмmostм dangerousм
oscillationsмoccurredмwithмdiscмmodesмwasмtakenмintoм
accountшмiъeъшмtheмaxialмcomponentмofмtheмdelectionм
ofмtheмperipheralмsectionмofмtheмbladeмhadмtoмbeмmeaщ
sured.

The standard version of the DPM recording the 

displacementsмofмtheмperipheralмsectionмofмtheмbladeм
could not be used for controlling the oscillations of 

theмshroudedмbladeшмasмitsмtipмwasм enclosed мbyмtheм
shroudмplatformъмAnмupgradedмversionмofмtheмDPMм
wasмdesignedм[8шм9]мtoмcontrolмtheseмbladesъмTheмesщ
senceмofмthisмversionмisмthatмaмsmallщdiameterмmagnetм
isмplacedмwithinмtheмshroudмplatformшмandмtheмcrossщ
section of the induction DPM sensor is shaped as an 

elongatedмrectangleмwhoseмminimalмinertiaмaxisмmakesм
anмangleм мwithмtheмturbineмaxisъмAsмtheмmagnetмmovesм
pastмtheмsensorшмtheмmagneticмluxмchangesшмandмanм
EMFмwhoseм valueм reversesм signмwhenм theмmagnetм
movesмpastм theмcoreм isм inducedм inм theм sensorм coilъ 
Aмpairмofмsensorsмlocatedмinмoneмaxialмplaneмatмaмsmallм
distance Sмfromмeachмotherмisмusedмtoмbestмmeasureм
theмaxialмcomponentмofмtheмoscillationsъмTheмminimalм
inertiaмaxesмofмtheмcrossщsectionsмofмtheмirstмandмtheм
secondмsensorмmakeмaмч мandмaм мangleмwithмtheм
turbineмaxisшмrespectivelyъмIfмtheмbladeмdelectsмbyмtheм
value xмinмtheмaxialмdirectionшмtheмdistanceмbetweenм
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theмcrossщsectionsмofмtheмsensorмcoresмinмtheмplaneмofм
theмmagnet sмrotationмchangesмbyм∆Sшмwhichмmustмbeм
measuredмwithмaмhighмdegreeмofмprecisionъ
Theмnumberмofмtimeмpulsesмgeneratedмbyмtheмmeaщ

suringмequipmentмatмaмfrequencyмofм4ьмMHzмisмcounщ
tedмinмorderмtoмpreciselyмmeasureмtheмtimeмintervalsм
betweenмtheмpassageмofмtheмmagnetмpastмtheмirstмandм
theмsecondмsensorмofмtheмpairъмTheмreadingsмfromмtheм
revolutionмsensorмlocatedмnearмtheмhalfщcouplingмofм
theмturbineмrotorмareмusedмtoмdetermineмtheмrelationщ
shipмbetweenмtheмtimeмintervalsмandмtheirмcorrespondщ
ingмlinearмvaluesъмAмslotмmadeмinмtheмcylindricalмsurfaceм
ofмtheмhalfщcouplingмisмusedмasмaмkeyphasorъмUsingмaм
highмfrequencyмofм4ьмMHzмallowsмtoмdetermineмbothм
theмamplitudesмandмtheмrevolutionsмwithмaмveryмhighм
precision. Even when the rotational speed of the peщ
ripheralмsectionмisмequalмtoм66ьмmыsшмtheмamplitudeмisм
determinedмwithмanмerrorмofмьъьэ6мmmшмandмtheмnumщ
berмofмrevolutionsмperмminuteшмequalмtoмяьььмrpmшмwithм
anмerrorмofмaboutмьъьья75мrpmмфtheмerrorsмareмreducedм
with a decrease in speeds and revolutions).

The proportionality factor k
n
 between the x and

∆Sмvaluesмdependsмnotмonlyмonмtheмangleм шмbutмalsoм
onмtheмradialмclearanceмbetweenмtheмmagnetмandмtheм
sensorмandмonмtheмaxialмdisplacementмofмtheмmagnetм
relativeмtoмtheмsensorмcenter;мitмisмthereforeмdeterminedм
onмtheмcalibratorъмAsмtheмlutterмfrequenciesмareмnotм
multiplesмofмtheмrotaryмspeedшмtheмbladeмmovesмpastм
theмsensorsмwithмanмarbitraryмphaseшмandмthereforeмtheм
valueм∆Smax which is proportional to the oscillation

amplitudeмxь 
canмbeмmeasuredмduringмaмshortмperiodм

ofмtime:

     max 0

1
.

n

S x
k

∆ =               фэх

Toмassessмtheмlevelмofмdynamicмstressшмitмisмnecessaryм
to know the oscillation frequency f in addition to the 

amplitudeмxьъмSinceмtheмDPMмsensorsмdoмnotмmeasureм
theмentireмoscillationмprocessшм butмonlyм itsмdiscreteм
valuesмonceмperм revolutionмandшмbesidesшм theмbladeм
oscillation frequency f is higher than the rotary speed 

nшмitмisмfundamentallyмimpossibleмtoмdetermineмtheмtrueм
oscillation frequency using a single pair of sensors.

Aмmostмdetailedмdescriptionмofмtheмmeasurementsм
using a upgraded version of the DPM is presented in 

[эь];мweм adoptedм aмnumberмofм theм formulaeм givenм
belowмfromмthisмstudyъмInмparticularшмitмwasмestablishedм
that the following relation exists between the true 

frequency f and the frequency f
meas

 measured мusingм
one pair of sensors:

  f = kn ± f
meas
шм м мммммммммммммфюх

where k is an integer. 

Toмdetermineмtheмfrequencyм fшм itм isмnecessaryмtoм
useмtheмreadingsмfromмtwoмpairsмofмsensorsмlocatedмatм
anмangularмdistanceм∆ мfromмeachмotherшмandмuseмtheм
followingмformula:

 

M

1 2
1

M M
2 2

1 2
1 1

cos( ) ,

i i
i

i i
i i

S S
f

n
S S

=

= =

∆ ∆
∆ϕ

≈

∆ ∆

∑

∑ ∑
              (3)

whereм∆Sэi
мandм∆Sюi

 areмtheмdeviationsмfromмtheмmeanм
valuesмforмtheмirstмandмtheмsecondмpairмofмsensorsмatм
an iщthмmeasurementшмMмisмtheмtotalмnumberмofмmeaщ
surementsъмTheмaccuracyмofмformulaмфяхмincreasesмwithм
anм increasingмnumberмofмmeasurementsшмbutм itмbeщ
comesмpracticallyмaccurateмwhenмmeasurementsмareм
performedмforмseveralмsecondsъ
Afterмindingмtheмfrequencyмfмwhenмregisteringмlutщ

terмwithмdiscмmodesшмitмprovedмpossibleмtoмdetermineм
theмnumberмofмnodalмdiametersмmшмasмwellмasмtoмclaщ 
rifyм theм featuresмofм theмoscillationsм inluencingм theм
possibilityмofмsupplyingмtheмenergyмfromмtheмlowмtoм
theмbladesм[7шмэь]ъ
Theмneedмtoмchangeмtheмmeasurementмtechniqueм

becameмclearмafterмlutterмwithмinщphaseмmodesмwasм
registeredшмoccurringмsimultaneouslyмwithмtheмsameм
frequency in four stages (the blades of the last and 

penultimateм stagesм ofм aм doubleщlowм lowщpressureм
rotorмofмaмhighщpowerмturbineхм[эьшмээ]ъмThreeмformsм
ofмlutterмrelativelyмcloseмinмfrequencyмofмoscillationм
wereм registeredшм slightlyмdiferentм fromмtheмirstм inщ
phaseмfrequencyмofмtheмpenultimateщstageмbladesмandм
theмsecondмinщphaseмfrequencyмofмtheмlastмstageмbladesм
whose calculated values were close to each other.

Theмperipheralмsectionмofм theмbladeм inм inщphaseм
modesмhasмnotмonlyмanмaxialмфxьхшмbutмalsoмaмtangential
(yьхмcomponentшмwithмtheмinequalityмyь> xьмsatisied
forмtheмirstмmodeъмRefъм[эь]мrevealedмthatмtheмfollowщ
ingмformulaмholdsмtrueмwithмbothмaxialмandмtangentialм
componentsмpresent:

  

2 2

0 0

1
cos 2 sin ,

2 2
max

n

fS fS
S x y

k nR nR

   ∆ = +      
 (4)

where R is the radius in which the DPM sensors are 

installed.
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At yь≈мьмandмS << Rмformulaмф4хмnaturallyмbecomes
фэхъмItмfollowsмfromмformulaмф4хмthatмtheм normal мpairsм
ofмDPMмsensorsмwithмsmallмbasesмSмareмinefectiveмforм
measuringмtheмtangentialмcomponentмofмtheмoscillaщ
tion. Provided that yь> xьшмaмsigniicantм increaseмin
theмusefulмsignalмcanмbeмachievedмbyмcomposingм adщ
ditional мpairsмfromмtheмsensorsмthatмareмalreadyмpartм
ofмvariousм normal мpairsъ

Ifмtheмanglesм мforмtheмsensorsмmakingмupмtheм adщ
ditional мpairмwithм theмbaseмS

add 
areм theм sameшм the

measurementмresultsмareмdescribedмbyмtheм formula:

 max 0 0

1
( 2 )sin ;

2

add

n

fS
S x y

k nR
∆ = ± +  .        (5)

Fromмnowмonмweмareмgoingмtoмuseмa + signшмwhichм
can be always achieved by selecting the sensors with 

anglesмч мorм ъ

Itмisмnotedмinм[эь]мthatмtheмhighestмusefulмsignalм
canмbeмobtainedм ifм theмmutualмbladeмdisplacementм
withм theм angularм coordinatesм

j
м andм

k
м areмdeterщ

minedмusingмtheмsameмDPMмsensorъмByмintroducingм
theмnotationsм

k
м

j 
=м шм

k 
чм

j 
=м мчмю

j
шм itм isм

possibleмtoмdetermineмtheмmutualмdisplacementsмat
an ithмmeasurementшмwhenм theмoscillationмphaseмofм
the jthмbladeмmovingмpastмtheмsensorмisмequalмtoм

i 
:

              

0 0

1
( ) 2

( 2
sin cos .

2 2

i
n

j

i

S jk x y
k

)ff

n n

 
∆ = + ×  

ψ + ϕ ψ
× α + 

 

ммммммммммммф6х

Becauseмtheмlutterмfrequencyмisмnotмaмmultipleмofм
theм rotaryм rateшм theмmaximumмvalueмofм theмmutualм
displacementsмisмequalмto:

 0 0

1
( ) 2 sin .

2
i

n

f
S jk x y

k n

  ψ
∆ = +  

            (7)

The condition sin (ψfыюnхм=мэмcorrespondsмtoмtheм
measurementмofм theмmutualм displacementsм ofм theм
bladesмmovingмpastмtheмDPMмsensorмinмantiphaseъмByм
changing the value of ψ (this possibility is incorpoщ
ratedмinмtheмsoftwareмforмprocessingмtheмmeasurementм
resultsхшм itм isмpossibleшм independentмofм theм locationм
coordinatesмofмtheмDPMмsensorsшмtoмdetermineмnotм
onlyм theмmaximumмvalueмofм theмmutualм displaceщ
mentsшмbutмalsoмtoмreineмtheмoscillationмfrequencyмf.

Usingмtheмmodiiedмmeasurementмtechniqueмwithм
formulaeмфях ф7хмallowedмtoмdetermineмtheмratioмbeщ
tweenмtheмaxialмandмtheмtangentialмamplitudeмcompoщ
nents of for the peripheral sections of the blades of 

diferentмstagesмwithмthreeмdiferentмformsмofмinщphaseм
oscillationsшмtheмphaseмshiftмbetweenмtheмoscillationsм
ofмdiferentмbladeм ringsшм theмdependenceмofмlutterм
intensityмonмtheмoperationмmodeмofмtheмturbineъ
Aмnumberмofмerrorsмabsentмwhenмregisteringмlutterм

withмdiscмmodesмwereмrevealedмwhenмanalyzingмtheм
measurementмresultsъмForмexampleшмtheмfrequenciesм
calculatedмbyм formulaм фяхмdidмnotмpreciselyм satisfyм
conditionм фюхъмCertainмpatternsм inм theм variationмofм
amplitudesмandмoscillationмfrequenciesмoverмtheмwheelм
circumferenceмwereм registered шмdespiteмtheмfactмthatм
theм excitedмnormalмmodeмwasм inщphaseъмTheмxь/yь

 
ratiosмwereмsigniicantlyмdiferentмforмtheмbladesмofмtwoм
stagesмofмtheмsameмtypeмoscillatingмwithмequalмfrequenщ
ciesмandмapproximatelyмequalмtotalмamplitudesъ
Letмusмdetermineмtheмcausesмforмtheseмdiscrepanщ

ciesмandмconsiderмtheмpossibilitiesмofмminimizingмtheм
errors detected.

Theм fundamentalм diferenceмofмlutterмwithм inщ
phaseмandмdiscмmodesм isм thatм inм theмirstм caseшм theм
principalм vectorм andм theмprincipalмmomentмofм theм
forcesмactingмonмtheмrotorмfromмtheмbladeмringмareмnotм
equalм toм zeroъм Asм aм resultшм theseм axialм forcesм andм
torques can cause longitudinal and torsional oscillaщ
tionsмofмrotorsмassemblyшмandмtheмoscillationsмofмtheм
statorмcomponentsмwhereмDPMмsensorsмareмmountedъ
Theмexperimentallyмobservedмequalityмofмtheмlutщ

terм frequenciesмofмallм fourмbladeмrowsмisмspeciicallyм
connectedмtoмtheмtorsionalмandмlongitudinalмlexibilщ
ityмofмtheмrotorsмassemblyмcomponentsшмbecauseшмdueм
toмtheмinevitableмmanufacturingмdeviationsшмtheмfreщ
quenciesмofмdiferentм setsмofмbladesмmadeм fromм theм
sameмtechnicalмdrawingмshouldмbeмslightlyмdiferentъ

The presence of torsional oscillations of the rotors 

assemblyм inмoneмofм theмmodesмofм inщphaseмlutterм isм
conirmedмbyмtheмexperimentalмdataмpresentedмinмigъмэъ
Figъмэша shows the readings of the RPM sensor 

locatedмnearмtheмrotor sмhalfщcouplingъмFigъмэ мshowsм
theмreadingsмofмtheмsensorмpairмwithмaмsmallмbaseмSм
recordingмalmostмexclusivelyмtheмaxialмcomponentмofм
theмperipheralм sectionмofм theмdelectionъм Itм canмbeм
seen that the oscillations of the blades and the rotor 

occurмwithмtheмsameм measured мfrequencyмofмaboutм
э5мHzъмComparingмtheмreadingsмofмtwoмpairsмofмsenщ
sorsм usingм formulaм фяхм revealedм thatм theм trueм freщ
quency was fм=мээ5мHzшмiъeъшмrelationмфюхмisмsatisiedм
provided that kм=мюъ
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FigъмэъмDataмreadмfrom:мRPMмsensorмфах;мpairмofмsensorsмregisteringмtheмaxialмcomponent
of the oscillations (b); blade sensor used for RPM readings (cхшмshownмversusмtheмtime

of the readings

nшмRPM

∆Sшмmm

tшмsec

tшмsec

tшмsec

a)

b)

c) nшмRPM

Theмoscillationsмofмtheмrotorмфiъeъшмtheмoscillationsм
ofмtheмkeyphasorхмresultмinмerrorsмinмindingмbothмtheм
frequency and the intensity of the oscillations. In 

order to qualitatively and quantitatively assess the 

efectмofмrotorмvibrationмonмtheмmeasurementмresultsшм
itмisмnecessaryмtoмindмtheмamplitudeмofмrotorмoscillaщ
tionsшмandмtheмpossibleмphaseмshiftмbetweenмtheмoscilщ
lationsмofмtheмrotorмandмtheмbladesмфaмphaseмshiftмmayм
occurмbecauseмtheмlutterмfrequenciesмareмhigherмthanм
theм fundamentalм frequenciesм ofм theм torsionalм andм
longitudinalмoscillationsмofмtheмrotorsмassemblyхъ

The data on the connection between the keyphaщ
sor and the blades can be obtained if one of the blade 

sensorsм isмusedм forмRPMмreadingsшм andмoneмofм theм
blades is used as the keyphasor. This possibility is 

incorporated in the software for processing the reщ
sultsшмwithмtheмsignalмfromмonlyмoneмofмtheмbladesмwithм
magnetsмinstalledмusedмtoмdetermineмtheмrevolutionsъм
Theмmeasurementмresultsмareмshownмinмigъмэшc. It can 

beмseenмthatмtheм changeмinмtheмrevolutions мalsoмocщ
curs with f

meas.
м=м э5мHzшм butмwithм aмmuchм greaterм

intensityшмasмtheмbladeмlutterмamplitudesмareмsubstanщ
tially greater than those of the torsional oscillations 

ofмtheмrotorмinмtheмhalfщcouplingмareaъ
Ifм theм bladeм usedм toм determineм theм numberм ofм

revolutions oscillates with the frequency f and the 

amplitudesмxь and yьмinмtheмaxialмandмtangentialмdirecщ
tionsшмandмtheмphaseмangleмatмtheмmomentмwhenмtheм
blade passes the sensor at an ithмmeasurementмequalsм

i
шм itsмdeviationsм fromмtheмequilibriumмpositionм forм

the ith and the (iмчмэхstмmeasurementsмareмequalмto:

0

1
= + sin ;

2
i i

n

S y
k

 
∆ α  

            1 0

1 2
sin .

2
i i

n

f
S y

k n
+

  π ∆ = + α +     
          (8)

Takingмintoмaccountмexpressionsмф8хшмitмisмeasyмtoмseeм
thatмtheмerrorмinмdeterminingмtheмcircumferenceмusingм
the blade RPM sensor at the ithмmeteringмisмequalмto:

 
1 0

1
2 sin cos .i i i i

n

f f
S S S y

k n n
+

  π π δ = ∆ − ∆ = + α +     
  ф9х

Thusшмtheмdistanceмю Rмчм S
i
мфandмnotмю R) can 

beмmeasuredмinмtheмith revolution; the length of the ith 
revolutionмcanмchangeшмcausingм theм measured мroщ
taryмrateмtoмchangeмasмwellмфseeмigъмэшc).

Knowingмtheмtimeмdependenceмofмtheмkeyphasorм
oscillationsшмitмisмpossibleмtoмassessмtheirмefectмonмtheм
accuracyмofмtheмbladeмamplitudesмandмtheirмfrequenщ
ciesмbyмcalculationшмandмthenмcompareмtheмresultsмwithм
theмexperimentalмdataъ
Dueм toм theм errorм inмdeterminingм theм circumfeщ

renceшмtheмerrorмinмdeterminingмtheмdistanceмbetweenм
the jth and the kth blades for the ithмmeasurementм isм
found to be:

0 0

1
( ) 2 sin cos .

2
i i

n

f f
S jk x y

k n n

 ψ π π δ = − + ⋅ α +    π  
фэьх



St. Petersburg Polytechnic University Journal of Engineering Sciences and Technology. 3(249)’ 2016

44

Thusшмtheм measured мmutualмdisplacementмofмtheм
jth and the kthмbladeмisмgivenшмinsteadмofмformulaмф6хшм
by the expression:

 ( ) ( ) ( ).i i iS jk S jk S jk
➄

∆ = ∆ + δ             фээх

Letмusмtransformмexpressionмфээхмtoмtheмfollowingм
form:

  
0 0 1 2 1

1
( ) ( 2 )( cos sin ),i i

ï

S jk x y C C
k

∑∆ = + α − α  фэюх

where

1

(2 ) 2
sin cos sin ;

2 2 4

j ff f
C  

n n n

ϕ + ψψ ψ π
= −

π

     2
2

(2 )
sin sin sin .

2 2 2

j ff f
C

n n n

ϕ + ψψ ψ π
= −

π
   фэях

Becauseмtheмlutterмfrequenciesмareмnotмmultiplesм
ofмtheмrotaryмrateшмtheмmaximumмvalueмofм∆SΣmax is 

determinedмbyмtheмformula:

          2 2
max 0 0 1 2

1
( 2 ) .

n

S x y C C
k

∑∆ = + +           фэ4х

Inмcontrastмtoмformulaмф7хшмinмthisмcaseмtheмvalueмofм
∆SΣmaxмdependsмnotмonlyмonмtheмangularмdistanceмbeщ
tweenмtheмbladesм шмbutмalsoмonмtheмpositionмofм theм
bladeмonмtheмwheelмcircumferenceшмbecauseмtheмCэ and 

Cюмcoeicientsмdependмonмtheмangularмcoordinateм j
.

Letмusмcompareмtheмcalculatedмandмtheмexperimenщ
talмdependencesмofмtheмefectмofмtheмvibrationмofмtheм
keyphasorмфinмthisмcaseшмtheмbladeмactingмasмtheмkeyщ
phasorхмonм theмaccuracyмofмdeterminingм theмlutterм
intensity. Let us take into account the fact that the 

marginмofмerrorмdoesмnotмdependмonмtheмoscillationм
intensity of the vibrations when using the blade as the 

keyphasorшм becauseм theмmultiplierм фэыk
n
)xьмчмyь is 

includedмinмtheмexpressionмbothмforм∆S
i
мandмforм S

i
.

Toмreduceмtheмefectмofмrandomмerrorsмinмformulaeм
ф7хмandмфэ4хшмletмusмconsiderмtheмcaseмsinф fыюnхм=мэм
allowingмtoмobtainмtheмmaximumмmeasurementмreщ
sultsъмInмthisмparticularмcaseшмletмusмdeineмtheмcalcuщ
lated dependence of the oscillation intensity on the 

angularмcoordinateм
j
шм iъeъшм theмangularмdistanceмofм

the jthмbladeмfromмtheмirstмoneмdeterminingмtheмstartм
of a revolution.

Theмrelativeмcalculatedмvalueмofм∆SΣmaxы∆Smax is
inмthisмcaseмdeterminedмbyмtheмexpression:

2
rel 2

max 2
( ) 1 sin sin sin ( ) .

4
j j

n f n f f
S

n f n nf
∑

π π
∆ ϕ = + + ϕ − π  фэ5х

Theм maximumм andм theм minimumм valuesм areм
achieved provided that sin[(f/nхф

j 
щм х]м=м±эмandмbe

equalмtoмэм±мфnыюfхsinф f/nхъмForмlutterмwithмaмfreщ
quencyмofмээ5мHzмthisмmeansмthatмtheмmaximumмandм
theмminimumмvaluesмdiferмfromм∆Smaxмbyм±мэ7ш6съм
Atмtheмsameмtimeшмtheмaverageм∆SΣmax value for all the

bladesмonмtheмwheelм∆SΣmaxмonlyмslightlyмdifersмfrom
∆SmaxъмInмfactшмforм j

мvaryingмfromмьмtoмю шмtheмsumмofм
theмlastмtermsмinмtheмradicandмofмformulaмфэ5хмisмequalм
toм zeroм andм theм relativeмdiferenceшм approximately
equal to (nю/8fю)sinюф f/nхшмisмonlyмэш55съ
Letмusмcompareм theмcalculatedмdependenceмobщ

tainedмbyмformulaмфэ5хмtoмtheмexperimentalмfoundмusingм
theмbladeмRPMмsensorм forм theмcaseм sinф fыюnхм≈мэъ 
Weмareмgoingмtoмperformмtheмcomparisonмnotмonlyмforм
theм∆Smaxмvaluesмbutмalsoмforмtheмmoreмrepresentaмtiveм
RMSмvaluesшмwhichмareмdeterminedмbyмtheмresultsмofм
allмmeasurementsм ratherм thanм theм individualмpointsм
correspondingмtoмtheмmaximumмmeasuredмvaluesъмFurщ
thermoreшмletмusмmoveмontoмrelativeмvaluesмbyмdividingм
theмcalculatedмandм theмexperimentalмvaluesм intoм theм
corresponding averages for the set. The dependence 

ofм theм calculatedм andм theм experimentalм valuesм ммon 

rel 
=м

j
/ю мisмshownмinмigъмюъ

FigъмюъмOscillationмintensityмoverмtheмwheelмcircumferenceм
versus the keyphasorvibration: calculated (–) and 

experimentalм ф♦хм valuesм usingм theм bladeмRPMм sensor;м
experimentalм valuesм ф■хм usingм theм conventionalм RPMм

sensor.

Itмcanмbeмseenмthatмthereмisмaмgoodмagreementмbeщ
tweenмtheмexperimentalмandмtheмcalculatedмresultsмwithм
the blade RPM sensor used. This indicates that the 

measured мdiferencesм inмoscillationм intensityмoverм
the wheel are fully explained by the vibration of the 

keyphasorмratherмthanмtheмactualмdiferencesмinмbladeм
amplitudesъмFigъмюмalsoмshowsмtheмdependenceмofмRMщ
S

rel
мфdenotedмasм мinмtheмigureхмonм rel

 using a



45

Power Engineering 

conventionalмRPMмsensorъмEvidentlyшмthereмisмalsoмaм
certain dependence of the oscillation intensity on the 

angularм coordinateъмNaturallyшм theм dependenceм isм
muchмweakerшмbecauseмtheмamplitudeмofмtheмtorsionщ
alмoscillationsмofмtheмrotorsмassemblyмnearмtheмRPMм
sensorмisмsmallerмthanмtheмbladeмlutterмamplitudeмфseeм
igsъмэшмaмandмэшмв).

The weak dependence of the average RMS
rel

 valщ
ue in the set on the vibration of the keyphasor was 

alsoмconirmedмexperimentally:мtheмRMS
rel

 value obщ
tained usingмtheмbladeмRPMмsensorмwasмonlyмэш6см
higher than the one obtained using the conventional 

sensorъмTheмdiferencesмforмtheмregisteredмlutterмwithм
theмfrequenciesмofмaboutмэь8мHzмandм98мHzмwereмьш4см
andмьшь5сшмrespectivelyшмandмdidмnotмexceedмtheмmeaщ
surementмandмcalculationмerrorsм фitмwasмpreviouslyм
notedмthatмtheмerrorмmagnitudeмwasмproportionalмtoм
sinюф f/n)).

Theмefectмofмtheмkeyphasorмvibrationмonмtheмerrorsм
inмdeterminingмtheмoscillationмfrequencyмcanмbeмreщ
vealedмbyмusingм theм transformationsм similarм toм theм
onesмpreviouslyмperformedъмAsмbeforeшм letмusм conщ
siderмvirtuallyм theмmostм importantмcaseмallowingмtoм
obtainмtheмmaximumмresults:мsinф fыюnхм=мэъмToмindм
theмfrequencyшмweмneedмtoмcalculateмtheммsumsмthatмareм
aмpartмofмtheмrightщhandмsideмofмformulaмфях;мinмthisм
caseмandмprovidedмthatм[фэыk

n
)xьмчмюyь]м=мэмtheseмsumsм

takeмtheмfollowingмform:

 

2M
2 2

1 2
1

M
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2 4
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i

j

n f
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n f f
(

f n n

�

=

π
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π
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2 4
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n f
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∑
=

π
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π
+ ϕ + ∆ϕ − π
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2M
2

1 2 2
1

M
[cos sin

2 4

sin cos sin( )],
2 2

i

j

f n f
S S

n nf

n f f

f n n

∑ ∑
=

∆ϕ π
∆ ∆ = + +

π ∆ϕ ∆ϕ
+ ϕ + − π

∑
мфэ8х

whereм∆SюΣ are the readings of the second sensor 

locatedмatмanмangularмdistanceм∆ мfromмtheмirstмoneшм
alsoмregisteringмtheмmutualмdisplacementsъ

Theмcalculationsмandмtheмexperimentsмshowмthatм
inм thisм caseм theм change мofм theм frequenciesм isм alsoм
muchмstrongerмifмusingмtheмbladeмRPMмsensorмthanмifм
usingмtheмconventionalмoneшмandмisмfullyмexplainedмbyм
theмkeyphasorмvibrationмфseeмigъмяхъ

FigъмяъмOscillationмfrequencyмoverмtheмwheelмcircumferenceм
versus keyphasor vibration: calculated (–хмandмexperimentalм

ф♦хмvaluesмobtainedмusingмtheмbladeмRPMмsensor;
experimentalмvaluesмф■хмobtainedмusingмtheмconventionalм

RPM sensor.

Theмresultsмofмtheмcalculationsмandмtheмexperimentsм
alsoмconirmмthatмtheмaverageмfrequenciesмinмtheмsetм
practically do not depend on the keyphasor vibration. 

Forмallмthreeмformsмofмlutterмwithмtheмfrequenciesмofм
aboutмээ5шмэь8мandм98мHzмtheмdiferenceмinмtheмaverageм
set frequencies when using the blade and the convenщ
tional RPM sensors did not exceed a few tenths of 

percentмandмwasмsmallerмthanмtheмmeasurementмandм
calculation errors.

Itмalsoмfollowsмfromмcomparingмtheмexperimentalм
dataмpresentedмinмigsъмюмandмямthatмtheмtorsionalмoscilщ
lationsмofмtheмrotorsмassemblyмnearмtheмRPMмsensorм
andм theмlutterмofм theм stageм examinedмoccurredм inм
antiphase.

Whenмusingмtheмreadingsмfromмtheмsensorмpairмwithм
smallмbasesмSшмiъeъшмwhenмmainlyмtheмaxialмcomponentм
ofм theмamplitudeмofм theмperipheralмsectionмisмregisщ
teredшмtheмlongitudinalмoscillationsмofмtheмrotorsмasщ
semblyмcanмhaveмaмsigniicantмefectмonмtheмmeasureщ
mentмaccuracyъмTheмsameмgoesмforмtheмaxialмoscillationsм
ofмtheмstatorмcomponentsмwhereмtheмbladeмDPMмsenщ
sorsмareмinstalledшмrelatedмtoмtheмlongitudinalмoscillaщ
tionsмthroughмtheмthrustмbearingъмForмexampleшмwhenм
registeringмtheмinщphaseмoscillationsмofмtheмrightмandм
leftмbladesмofмtheмpenultimateмstageмwithмtheмfrequenщ
cy fmeas=м7ш6мHzшмitмwasмfoundмthatмtheмaverageмtotal
oscillationмamplitudesмofмtheseмstagesмdiferedмbyмэ5сшм
whileмtheмaxialмcomponentsмofмtheмamplitudesмdiferedм
byмэш5мtimesъмNaturallyшмtheмnaturalмformsмatмtheмsameм

fшмHz

ϕ rel
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frequenciesм shouldмbeмveryмcloseшмandм suchмaм largeм
diferenceмinмtheмxь/yь ratios could be explained by 

theм inluenceмofм someмadditionalм factorsъмFurtherщ
moreшмwhenмusingмformulaмфяхшмitмwasмfoundмthatмtheм
averageмfrequenciesмwereмequalмtoмэээш5мHzмforмoneмofм
theмstagesшмandмtoмэьяш4мHzмforмtheмsecondмoneшмiъeъшм
conditionм фюхмwasмnotм satisiedъмTheмmeasurementм
resultsм forм theмaverageмvaluesм inм theм setмcompletelyм
coincided when using the conventional and the blade 

RPM sensors.

Theмmostм likelyм causeм forм theм signiicantмdifeщ
rences in the xь/yь ratios for the left and right stages 

areмtheмlongitudinalмoscillationsмofмtheмrotorsмassemщ
blyм thatм forмoneм stageмwereм summedмwithм theмaxialм
movementsмofмtheмperipheralмsectionsмofмtheмbladesшм
andмsubtractedмfromмthemмforмtheмsecondмstageъмTheм
diferencesмinмtheм measured мfrequenciesмmostмlikelyм
dependedмonмtheмdiferenceмinмtheмlevelsмofмaxialмvibraщ
tionмofм twoмpairsмofм sensorsмusedм toмdetermineм theм
frequency and the presence of the phase shift between 

theмvibrationмofмtheмstatorмcomponentsмandмtheмbladeм
lutterъмForмexampleшмcalculationsмshowмthatмforмtheм
vibrationмinмoneмofмtheмpairsмofмsensorsмequalмtoмэьсм
ofмtheмaxialмmovementмofмtheмbladesмandмtheмphaseм
shiftмbetweenмtheмaxialмvibrationмandмtheмlutterмequalм
toмьъэ5 шмtheм measured мlutterмfrequencyмisмэьяш6мHzм
forмoneмstageмandмээюш4мHzмforмanotherмфwithмtheмtrueм
frequencyм equalм toм эь7ш6мHzхъмApproximatelyм theм
sameмdiferencesмinмtheмfrequenciesмcanмbeмobtainedм
providedмthatмtheмaxialмvibrationмisмonlyм5сшмbutмtheм
phaseмshiftмisмьшя ъ
Inмsomeмcasesшмdeterminingмtheмlutterмfrequenciesм

byм formulaм фяхмbasedмonмmeasuringмonlyм theм axialм
amplitudeмcomponentмofм theмperipheralм sectionм isм
impossibleъмForм exampleшмwhenм registeringмlutterм
with fmeas=юшюмHzмusingмformulaмфяхшмitмwasмobtained
that fм=мэьяш4мHzмforмoneмofмtheмpenultimateмstagesшм
andм99ш9мHzмforмanotherъмSinceмinмviewмofмrelationм
фюхм theм trueм frequencyм couldм equalм eitherм 97ш8мorм
эьюшюмHzшм itмwasм necessaryм toм useм anotherшмmoreм
reliableмwayмtoмdetermineмtheмfrequencyъ
Theмtrueмvalueмofмtheмlutterмfrequencyмwasмdeterщ

minedмusingмformulaмф7хмwhenмdeterminingмtheмdeщ
pendenceмofмtheмmutualмdisplacementмvaluesмonмtheм
angularмdistanceм мbetweenмtheмbladesъмTheмresultsмofм
theмcalculationsмforмtheмfrequenciesмofм97ш8мandмэьюшюм
Hzмareмshownмinм igъм4ъмTheмexperimentalмcurveмforм
theмmutualмdisplacementмvaluesмversusм мisмalsoмplotщ
tedмinмthatмigureъмTheмrelativeмvaluesмofмtheмmutualм

displacementмA
rel 
=мAф хыAmax are presented versus 

rel
=м ыю ъ

Figъм4ъмMutualмdisplacementмvaluesмversusмangularмdistanceм
between the blades: the calculated (–хмandмtheмexperimentalм
ф■хмvaluesмatмaмfrequencyмofм97ш8мHz;мtheмcalculatedмvaluesм

фщщщхмatмaмfrequencyмofмэьюшюмHzъ
Itмcanмbeмseenмthatмtheмexperimentalмpointsмpractiщ

cally coincide with the calculated curve for f =м97ш8мHzм
andмareмsigniicantlyмdiferentмfromмtheмcalculatedмcurveм
for f =мэьюшюмHzмфespeciallyмforмlargeмvaluesмofм

rel
).

Theмdescribedмmeasurementмtechniqueмallowsмtoм
obtain not only the data on blade oscillations (inщ
cludingмbladeмlutterмwithмinщphaseмmodesхмthatм isм
comprehensiveмfromмaмpracticalмstandpointшмbutмalsoм
someм interestingм dataм onм theм stateм ofм someмotherм
componentsмofмtheмturbineмunitшмespeciallyмwhenмitм
isмoperatingмinмtheмtransitionмmodesъмForмexampleшм
data can be obtained on the torsional and longituщ
dinalмoscillationsмofмtheмrotorsмassemblyшмasмwellмasм
onм theм elasticм spinщupмofм theм rotorsм assemblyшм theм
axialмshiftмofмtheмrotorмandмtheмstaticмdeformationмofм
the blades during rapid ceasing of power; on the 

change of the relative rotor expansions in the spots 

where the DPM sensors are installed during a change 

inмtheмoperationмmodeмofмtheмturbineмunitъмDeterщ
miningмtheмpossibilityмofмaмphaseмshiftмbetweenмtheм
axialм andм theм tangentialм componentsмofм theмbladeм
oscillations due to torsional and longitudinal oscilщ
lationsмofмtheмrotorsмassemblyмmayмbeмofмinterestмforм
assessingмtheмmagnitudeмofмtheмairмdampingмфorмairм
excitationхмwhenмcalculatingмtheмnonщstationaryмlowм
efectмonмtheмoscillatingмbladeмrowъ
Theм followingм conclusionsм canм beм formulatedм

based on the above.

эъмUsingмaмmodiiedмmeasurementмtechniqueмalщ
lowedмtoмdetermineмtheмtotalмamplitudeшмasмwellмasмtheм
sumмandм theмdiferenceмofм theмaxialм andм tangentialм

A
rel

Ψ
rel
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эьъ Borishanskiy K.N. Kolebaniya rabochikh lopatok 

parovykhмturbinмiмmeryмborbyмsмnimiъмGermaniyaшмSaarщ
bryukken:мPalmariumмAcademicмPublishingшмюьэ4ъм5ю8мpъ
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componentsмwithмtheмhelpмofмtheмDPMмsensorsмdeщ
signedмtoмregisterмonlyмtheмaxialмcomponentмofмoscilщ
lations.

юъм Whenм registeringм theм lutterм withм inщphaseм
modesмusingмtheмupgradedмversionмofмtheмDPMшмweм
have found additional errors that were absent when 

registeringмtheмlutterмwithмdiscмmodesъмTheмappearщ
ance of the additional errors can be attributed to the 

factмthatмtheмinщphaseмbladeмlutterмcausesмtorsionalм
andмlongitudinalмvibrationsмofмtheмrotorsмassemblyмandм
mayмcauseмaxialмvibrationмofмtheмstatorмcomponentsм
where the DPM sensors are installed.

3. The consequence of the keyphasor vibration is 

theм naturalмchange мinмtheмamplitudesмandмfrequenщ
ciesмofмtheмbladeмoscillationsмoverмtheмwheelмcircumferщ
enceъмHoweverшм itм shouldмbeмkeptм inмmindм thatм theм
averageмamplitudesмandмfrequenciesмinмtheмsetмvirtuщ
ally do not depend on the keyphasor vibration.

4ъмTheмaxialмvibrationмofмtheмstatorмcomponentsмandм
theм longitudinalмoscillationsмofм theм rotorsмassemblyм
mainlyмafectмtheмaccuracyмofмdeterminingмtheмaxialм
amplitudeмcomponentмofмtheмperipheralмsectionмofмtheм
bladeмandмcanмleadмtoмerrorsмinмdeterminingмtheмoscilщ
lationм frequencyъм Thereforeшм theм levelм ofм dynamicм
stressesмinмtheмbladesмmustмbeмassessedмbyмtheмvalueмofм
theмtangentialмcomponentмofмtheмoscillationмamplitudeъ
5ъмTheмmostмaccurateмvalueмofмtheмlutterмfrequenщ

cyмcanмbeмdeterminedмifмtheмexperimentalмdependenceм
ofм theмmutualмbladeмdisplacementsмonм theмangularм
distanceмbetweenмthemмisмcomparedмwithмtheмcalcuщ
latedмvalueмobtainedмusingмformulaeмфюхмandмф7хъ
6ъмInмorderмtoмimproveмtheмoperationalмreliabilityм

ofм turbineмunitsшм systemsм forмmonitoringм theмvibraщ
tionalм stateмofм theм bladesшм basedмonм theмupgradedм
versionмofмtheмDPMшмshouldмbeмinstalledмbothмinмnewм
highщpowerмturbinesшмandмinмtheмturbinesмwithмfatigueм
damageмofмtheмbladesъ
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