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Mode family identification of a blisk
by tip timing measurements

Vsevolod Kharyton?, Claude Gibert®, Laurent Blanc?, Fabrice ThouvereZ

a. Laboratory of Tribology and System Dynamics UBIES Ecole Centrale de Lyon

Abstract :

The study consists in tip timing measurementseotify the family (flexural, torsion, etc) of somesonant
modes of a rotating blisk. This can be performegblaging different probes over blade tip profiledarthus,
relating its deformed state to a mode family. Tékentification is performed for modes generatindneit
standing or travelling wave response. It is follawey amplitude and phase distribution calculatidreach
blade for identification of nodal diameters number.

Résumé :

Cette étude concerne l'utilisation de mesures pritning afin d'identifier les familles des modésxon,
torsion, etc.) dans une réponse forcée d’'un bliskaation. Pour ceci, plusieurs capteurs sont pkde
long des tétes d'aubes dont les déformées measswée alors associées aux familles de modes. Ddesn

de nature fixe ou tournante ont été identifiés Hestributions des amplitudes et des phases desnaies
d'aubes ont été calculées pour l'identificationndumbre des diamétres nodaux.
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1 Introduction

The main advantage of the blade tip-timing (BTTmmod is that it makes full and contactless monitgof
blade vibration possible even when using only aresar, contrary to strain gauges. Monitoring thatheof
aviation engines requires relevant information alibade vibrations [1]. Thus the BTT method carubed

to develop a relatively non intrusive and on-ligstem for monitoring the dynamic performance of tkede

in operation. Different methodologies are usedrtivigle tip-timing measurements under either synobus

or asynchronous vibration, emphasizing the undgrisdmature of such measurements [2]. As reported i
[3], such data processing methods show dependeetwyebn the number of probes and the frequency
content of the vibration signal. Single-probe measents are described in [4], stressing the angular
position of the probe and its influence on errdreyaximum amplitude reconstruction. Questions camag

the correlation between vibration amplitude measuby probe and blade tip displacement require
consideration [4]. A recent study [5] described ettmdology for performing multi-probe measuremdats
mode shape reconstruction and the possible idestiifin of cracks in blades. A minimum of two prolaes
required to perform this reconstruction for eachasuwement. Most of the studies mentioned assume
synchronous vibration and constant rotation speeithg one measurement (rotation period).

The study will be concentrated around the tip tomineasurements in order to identify a mode belantpn

a certain family: first flexural (1F), first torsio(1T) and second flexural (2F). The identificatiaas
performed placing different probes over blade figfile and, thus, relating its deformed state watmode
family. This can be useful when correlating meagunedes with their numerical counterparts, esplgdial

a region where several modes belonging to diffefi@antlies are closed.

2 Tip timing data processing for mode family identiication

The excitation on the test rig used in the studgimsisoidal, of known frequency and asynchronoub wi
regard to the rotation speed. Thus, greater flbtyibn terms of operation of the blisk in vibrajostate is
possible in this way, it allows calculation of \altion amplitude directly from single probe data.
Consequently, data processing approaches have ttelmoped and applied to experimental tip-timing
measurements.

Blade tip response haglata points at every rotation. A tip responsessumed to be sinusoidal and mono-
harmonic, hence it can be expressed as follows [5]:
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al =Alsin@t) +¢'),j=1.n,p=1., (1)
wherew is the frequency of vibrationA! is the maximum amplitude of theh blade tip anctl/j its phase,

tg, is the time of arrival of thpth blade tip at thg-th proben;, is the number of blades (36 in our casé,

the number of probes. The parameters of Eq.1 amtifetbd using least-squares method over seleatesl t
interval of undersampled tip timing data.

The detailed description of the test rig used hergiven in [6]. The system mainly consists of @haft
driven inside a vacuum chamber by an electric maiiora prescribed rotation speed. The test piece
investigated was the 36 bladed blisk of a highgues compressor stage mounted at end of the $H& (
1la). A particular arrangement of piezoactuatorsaltesi on the disk is able to generate either $tandr
travelling wave excitations. Regarding configuratad tip timing it consists of four probes installby pairs
over leading and trailing edges of the blades(&S. 1b).
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FIG. 1- Experimental configuration: a — instrumented blisk,
b — tip timing system configuration
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All measurements were performed at constant rotapeed2=2072 rpm (+/- 0.2 rpm). In order to be able
to demonstrate the identification of a mode faraly,excited mode should be located in the domaimeaik
blades-to-disk coupling (FIG. 2), where blade defation is more typical for the family of interest.
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FIG. 2— Frequency vs. number of nodal diameters diagtaesa

In the case of cyclically symmetric structures thedes are characterized by their nodal diametarbau
Due to the extension of domain of blade-to-diskpdimg with mode family order (in frequency), modes
with high nodal diameters are preferable to bestigated as they are less effected by the diskcjzation.
At the same time, presence of manufacturing inetiegmlknown as mistuning vanishes the notion ofahod
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diameters for such modes. Especially it concerasibdes in the domain of weak blades-to-disk cagpli
where mistuning influence is more significant [7].

Shown in FIG. 1b, the configuration allowed meamest of blade tip amplitude separately on leadimgj a
trailing edges of blades tips. Thus a mode belangm a certain family can be identified comparing
dependency between measured amplitudes at botks adgedeformed shapes of modes of interest obtained
by finite elements model (FIG. 3).
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FIG. 3 — Computed mode shapes of different families
a — first family (1F), b — second family (1T), ¢hird family (2F)

Computed mode shapes correspond to modes of ingtrewn in FIG. 2. They are the modes of four nodal
diameters located in transition zone between dasnafrstrong and weak blades-to-disk coupling. Saich
choice can be explained by the impossibility tontifg modes with high nodal diameters numbers ia th
domain of weak coupling. Although, the method cohldre been applied to this case for mode family
identification only. Also, for the reason of compdity of results it is preferable to measure tnedes of
the same nodal diameters number as the excitasitterp with four nodal diameter hasn’t been to lhe@nge

for the different modes studied.
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3. Results of tip timing measurements

In this section results of tip timing measuremeants presented with the scope to derive a mode yfamil
notion from comparison of leading edge and traikage tip amplitudes.

3.1 Case study — first family

Here the identification of the first family of mogleassociated with the first flexural mode of blaikes
performed. Using tip timing data the reconstructasrdistribution of blades tips amplitudes (FIG. wWas
calculated using Eq. (1). More information on indae found in [1]. It is seen from the FIG. thatdads a
standing one of four nodal diameters with highemplitordes on the leading edge that is in line with
simulation results from FIG. 3a. The stationaryrelter of the mode is also observed from FIG. 5rerhe
relative phase (w.r.t to blade 1) distribution tfdes tips is shown.
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FIG. 4—-Blades tips amplitudes distribution (first familf/raodes)
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FIG. 5— Relative phase distribution of blades tips (fieshily of modes)

Note that, as shown in ref [1] a calibration oftifping measurement should be performed in ordebtain

true tip displacements from BTT data. Also it didobe stressed out that numerical modes shapes are
compared with the forced response measured clasegisbnances. Although, the correlation at thigesta
seems to be good.

3.2 Case study — second family

The second family of modes is described by torsimvement of blades. Blade tip displacements are
characterized by very important difference betwleading and trailing edges (FIG. 3a) in term of hiuage.
Looking on relative phases between blades, measmtenesults show that the mode nature could be
considered as a travelling wave one of four nodindters (FIG. 6). Analyzing relative phase disifiidn
shown in FIG. 7 it is possible to observe somessigfimode's rotation nature.
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FIG. 6 — Blades tips amplitudes distribution (setéamily of modes)
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FIG. 7 — Relative phase distribution of blades {gecond family of modes)

In [6] the mode of the same family, but of two nodemeters was studied and it was shown to be also
effected by Coriolis effect. It was also shown thetdes located in the zone between domains ofg@aod
weak blades-to-disk coupling could be affected loyidlis effect forcing a mode to rotate. It is wortb
remind that the excitation in this study is thendiag one with forcing frequency close to the mode
resonance and it does not result in the mode ootati

3.3 Case study — third family

The rotating nature of the mode is reflected byiasijuniform distribution of blades amplitudes. Tn-
uniformity of amplitudes obtained from tip timingeesurements (FIG. 8) is caused by participation of
standing wave response at the frequency of intedest to the relatively low rate of mode split the
rotation speed set, and possibly by the fact thateixcitation frequency is not exactly the resonanite.
Note, that the phase pattern characterizing ariodal diameters travelling wave with 40° phaseed#hce
between two neighboring blades seems to be moreeable on the trailing edge (FIG. 9).
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FIG. 8 — Blades tips amplitudes distribution (thiachily of modes)
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FIG. 9—Relative phase distribution of blades tips (thachfly of modes)

It is noteworthy that the summation of the two &llimg waves (backward and forward) contains dtaty
wave part dependant on the relative amplitudeheftivo waves. Mode's rotating nature is easilyveeri
from relative phase distribution.

Comparing results of third and second modes famiksponses, it is possible to state that theimgtaature
is clearer in the case of third family. It could é&eplained by the higher split rate due to Coriefiect that
corresponds to higher coupling with the disk (R.

Conclusions

The main issue of the study is the use of singid@measurements to identify a mode belongingcrtain
family. This was performed by placing the probesrothe blade tip profile and, thus linking its defed
state with a mode family.

Additionally it was shown the identification of thetating nature of two modes of interest influeshdxsy
Coriolis effect. It confirms stated in the previostudies the necessity to take into account thiscef
especially when modes located in the domain ohgtidades-to-disk coupling are under consideration.
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